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APPLICATION OF ANALYTICAL HIERARCHY PROCESS (AHP) TECHNIQUE TO EVALUATE THE
COMBINED IMPACT OF COAL MINING ON LAND USE AND ENVIRONMENT. A CASE STUDY IN
THE HA LONG CITY, QUANG NINH PROVINGE, VIETNAM

Thang Phuong V.U. Le Hung TRINH Nguyen Hai D. O Tu Can V.O.
Hanoi National University Le Quy Don Technical Hanoi National University Vietnam Society of Soil
of Agriculture, Hanoi, University, of Agriculture, Hanoi, Science,
Vietnam Hanoi, Vietnam Vietnam Hanoi, Vietnam

e-mail: vuthangphuong@gmail.com

Abstract. Coal mining is an important contributor to Vietnam’s GDP, however, it also seriously effects on the
environment. The environmental impact of the coal industry includes issues such as land use, waste management,
water and air pollution, caused by the coal mining, processing and the use of its products. In addition to
atmospheric pollution, coal burning produces hundreds of millions of tons of solid waste products annually,
including fly ash, bottom ash, and flue-gas desulfurization sludge, that contain mercury, uranium, thorium, arsenic,
and other heavy metals. This study presents the results of impact assessment of coal mining on land use/land cover,
water resources and urban landscape in Ha Long city, Quang Ninh province, North East of Vietnam. The study was
conducted in the basis of an analysis of samples (12 soil samples, 5 surface water samples and 5 groundwater
samples) and AHP hierarchical technique through a survey of 40 households, 30 managers and 30 technicians in the
coal mining area. The results obtained in this study show that land use change in coal area of Ha Long city is
proportional to annual coal production, in which agricultural land, residential land, river and stream water are the
factors most affected by coal mining.

Keywords: coal mining, environment, land use, AHP, Vietnam.

Introduction was to evaluate the impact of coal mining
on the surrounding environment
specifically on land cover/land use and

water, to contribute to environmental

Mineral resources are one of the most
important natural resources of each

country. Minerals are the source material
for many industries, such as energy
production, building materials, metal, for
agricultural, industrial.... Mineral mining is
one of the most important economic
activities in Vietnam, it also seriously
affects the land cover, natural ecosystems,
and human living environment at varying
degrees. Ha Long City - the center of Quang
Ninh province has big reserves of coal with
over 530 million tons of coal and the
potential for mining is huge. In recent
years, environmental quality in Ha Long
city is severely degraded. In fact, most of
soil, water and air in coal area of Ha Long
city has been infiltrated mixed in many
different types of toxic, seriously affect the
living environment (Ha Long City People's
Committee, 2015). Up to now, there is no
scientific research that has been fully
evaluated about the impacts of coal mining
activities in the coal mine area of Ha Long
city. Therefore, the purpose of the study

improvement after mining and to optimize
land wuse allocation for sustainable
development.

Materials and Methods

The secondary data are collected at
the Ha Long City People's Committee and
some other related departments. These
documents have been issued which related
to natural and socio-economic conditions,
coal mining activities and the impacts of
coal mining on land use, landscape and
water resources in Ha Long area.

Besides, this study examined the
comments of local people (40 votes),
management staff (30 votes) and technical
staff of enterprises in Ha Long coal mine
(30 votes) about the impact of coal mining
on land use/land cover.

The study was conducted on the basis
of an analysis of samples (12 soil samples,
5 surface water samples and 5
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groundwater samples). Samples were
collected during the survey in March 2015.
Sampling sites were selected at the Nam Lo
Phong waste disposal sites, surrounding
area of coal mining sites, coastal areas and
areas with tourist activities.

Finally, analytical hierarchy process
(AHP) method was used to evaluate the
impact of coal mining on soil quality and
land use, water quality and landscape
(Figure 1). The analytic hierarchy process
(AHP) is a structured technique for
organizing and analyzing complex

[ Soil and land vse (C1)

~

Coal mining

A 4

Water environment (C2)

AN N

Landscape (C3)

decisions, based on mathematics and
psychology. Created by Thomas L. Saaty in
the 1970s, this method consists in the
development of a model that reflects the
workings of the human mind in the
evaluation of the alternatives facing a
complex decision problem. Up to now, this
method has been widely applied in many
fields such as land wuse, geology,
environment, agriculture, economy and
military (Adi Setiawan, 2014; Cengiz, 2009;
Le Canh Dinh, Tran Trong Duc, 2011).

Land vsa changs (C11)

Forast degradation (C12)

Arsncultural land dagradation (C13)

Landslids, erosion and soil washout (C14)

Domestic water (C21)

S saawater (C22

River/stream water (C23)

Groundwater (C24)

Negativa terrain (C31)

Positive (C32)

Coastline dynamic (C33)

Urban landscaps (C34)

Figure 1. The variables used in AHP model

Results and Discussion

There are numerous damaging
environmental impacts of coal that occur
through its mining, preparation,
combustion, waste storage, and transport.
The results of the component impact
assessment show that coal mining has the
strongest impact to the agricultural and
residential land, water resources and
landscape. Therefore, the combined impact
assessment of coal mining activities in coal
area of the Ha Long city is based on three

groups: land use, water resources and
landscape (Figure 1).

a) Pairwise comparison (Saaty’s AHP)
amd calculating the AHP weight (order = 1)
(factors affected)

The results of the AHP calculations
show that land use (w = 0.79) was the most
strongly affected by coal mining. Water
resources (w = 0.13) and landscapes (w =
0.08) are secondary and tertiary factors,
which affected by coal mining. The CI value
(<0.01) reflects the rationality in the
calculation (Table 1).
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The weight values of AHP are verified coal mining (40/40 votes), water resources
by comment of people using survey votes. is secondary (38/40) and landscape
The results show that land resources and (25/40) is tertiary affected by coal mining
land use are the most strongly affected by (Table 2).

Table 1.
Pairwise comparison (Saaty’s AHP) and the weight of impact of coal mining on environment
(Saaty’s matrix of order 1)

Factor Variable | C1 C2 C3 Weight (Wi) | Level of impact
Land use C1 1 4 7 0,79 1
Water resources C2 1/4 1 3 0,13 2
Landscape C3 1/7 1/3 1 0,08 3
Table 2.
Summary of survey result of impact of coal mining on the environment
Factor Number of votes Rate of votes (%)
Land use 40/40 100
Water resources 38/40 95
Landscape 25/40 62,5

b) Pairwise comparison (Saaty’s AHP)
amd calculating the AHP weight (order = 2)

After determination of the impact of coal
mining activities on the factors of matrix of
order 1, this study assesses the level of impact
in each major level.

The first is the impact on agricultural
land and residential land. This group has four
components which are determined to be most
affected by coal mining: forest appropriation,
forest degradation, waste rock and landslide.

If CI value less than 0.1, then the
calculation result is accepted. It can be seen
that the weight of landslide factor is highest (w
= 0.54), that is the coal mining activities have
the strongest impact on the removal of rock
material on the surface of the mining area. This
not only affects mining operations but also
affect the environment and landscape of coal
mining activities. Soil pollution due to waste
rock has the second highest weight value
(w=0.31). The impact of these two factors is
not as strong as that of waste rock and
landslides (w=0.17 and 0.13).

Pollution from coal mining may have a
negative impact on surface water and
groundwater. The results obtained show that
the impact of coal mining on river and stream
water resources is strongest (w=0.53).
Groundwater (w=0,31), sea water (w=0,11)

and domestic water (w=0,05) are less affected
from coal mining activities.

Coal mining has also affected the
landscape, in which urban landscape is the
most affected by coal mining activities (w =
0.5). Meanwhile, the coastline change is not
much affected by coal mining (w = 0.07).

To verify the results obtained by
application of AHP technique for assessing
the impact of coal mining activities on
environment and land use/land cover, in
this study we use the information collected
through  the social survey. The
questionnaire was designed with 7
questions, the respondents are the people
who live in areas directly and indirectly
affected by coal mining (40 questionnaires
in Ha Tu, Ha Lam and Ha Khanh wards).
The results which obtained show that all
questionnaires were selected that “coal
mining causes landslides” in coal area of Ha
Long city. Most questionnaires were
selected that “coal mining causes soil
pollution and forest degradation”. Finally,
the factors that most people consider least
affected by coal mining activities are
domestic water (15/40 votes), negative
terrain (15/40 votes), positive terrain
(15/40 votes) and coastline change (10/40
votes).
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Table 3.
Pairwise comparison (Saaty’s AHP) and the weight of impact of coal mining on land use
(Saaty’s matrix of order 2)

Forest Forest Waste Landslide | Weight
Factor Variable | appropriation | degradation | rock a c s) ¢ ‘; (%] Level
(C11) (C12) (C13) b
Forest C11 1,00 2,00 025 | 017 | 009 | 3
appropriation
Forest
. C12 0,50 1,00 0,20 0,13 0,06 4
degradation
Waste rock C13 4,00 5,00 1,00 0,50 0,31 2
Landslide Cia 6,00 8,00 2,00 1,00 0,54 1
Total 11,50 16,00 3,45 1,79 1,00
(CI=0,01)
Table 4.

Pairwise comparison (Saaty’s AHP) and the weight of impact of coal mining on water
resources (Saaty’s matrix of order 2)

Factor Variable D(‘)erses:ic wsaet?ar River/stream Groundwa | Weight | Leve
(Cz1) (Cz2) water (Cz3) ter (C24) W(i) 1
Domestic
water C21 1,00 0,33 0,13 0,17 0,05 4
Sea water Cz22 3,00 1,00 0,20 0,25 0,11 3
er\rlle;,ftté‘:a Cz3 8,00 | 4,00 1,00 3,00 053 | 1
Groundwater C24 5,00 6,00 0,33 1,00 0,31 2
Total 11,50 16,00 3,45 1,79 1,00
(C1=0,08)
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Table 5.
Pairwise comparison (Saaty’s AHP) and the weight of impact of coal mining on landscape
(Saaty’s matrix of order 2)

Negative | Positive | Coastline Urban .
. ) . - Weight
Factor Variable | terrain | terrain | dynamic | landscape W(i) Level
(Cs1) (Cs2) (Cs3) (Cz4)

Negative terrain Cs1 1,00 0,33 2,00 0,25 0,12 3
Positive terrain Cs2 3,00 1,00 5,00 0,50 0,31 2

Coastline Cas 0,50 0,20 1,00 0,17 007 | 4

dynamic
Urban landscape Cs4 4,00 2,00 6,00 1,00 0,50 1

Total 8,50 3,53 14,00 1,92 1,00
(CI=0,01)

Conclusion

Based on this study, it shows that coal
mining has a great impact on natural
resources and environment in Ha Long city,
Quang Ninh province, especially for land
use, water resources and urban landscape.
Land use change in Ha Long city is
proportional to coal production. Soil
erosion and landslide not only affected the
quality of soil, but also threatening the
resilience and the plan for reverting and
reusing in coal mining areas. Waste
disposal sites in study area (Nam Lo Phong,
Chinh Bac, Ha Tu..) were located near
residential areas, coastlines, upstream and
seriously affecting the water quality.

The results obtained in this paper can
be used to assess the impact of coal mining
on natural resources and the environment
and to help managers to take measures to
minimize these negative effects.
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NPUMEHEHUE METOZIA AHANMTUYECKOW MEPAPXHM (AHP) ANA OUEHKH KOMEUHHPOBRHHOIO
BO3AEMCTBUA A0BLIYKM VINA HA 3EMANENOCNb30BAHKE U OKPYIKAIOLLYIO CPERY. HA NPUMEPE B
TOPOAE XANOHT, NPOBMHLNA KVAHT HUHD, BbETHAM

By T.d. YuHs JLX. /Jlo H.X. Bo T.K.
XaHOUCKHH XaHOUCKHU
HaIMOHAJIbHBIX TexHU4YeCcKUuM HaI[MOHAJbHBIN BbeTHaMcKoe
CeJIbCKOXO03AHCTBEHHbIU YHUBEPCUTET, XaHOH, CeJIbCKOX03IHCTBEHHBIN | 061EeCTBO IOYBOBE/IOB,
YHUBEPCUTET, XaHOH, BreTHam YHUBEPCUTET, XaHOH, XaHo#, BbeTHam
BbeTHaMm BbeTHaMm
e-mail: e-mail:
vuthangphuong@gmail.com | trinhlehungl25@gmail.com

AHHomayus: [lo6blua yz2as Aeasemcsi 8aXCHbIM 8Kaadom 6 BBII BbemHama, 00HAKO 3moO makdce cepbe3Ho
e/usiem Ha okpyxcarowyr cpedy. Bozdelicmeue y2016HOU NPOMbIWLIEHHOCMU HA OKPYdcarowyio cpedy 8Kawvaem makue
npobsieMbl, KaK 3eM/1eno/1b308aHue, yodajaeHue omxodos, 3azpsizHeHue 80dbl U 8030yXd, 6bl38AHHOe 006bluell ya/s,
nepepabomkoii u ucnoab3osaHuem e2o npodykmos. B donosneHue k ammocepHOMy 302pA3HEHUN0, CHCUusaHue y2As
ejxce200H0 npou3eodum COMHU MU/ANUOHO8 MOHH MeepdblX 0mX0008, 8KAKYAS J1emy4yio 301y, AOHHYH 301y U 0CAJOK
decyabgypayuu dblMo8bIX 24308, KOMOpble codepircam pmyms, ypaH, mopull, MblubsK U dpyaue msiice/ible Memasansl. B
amom uccsaedosaHuu npedcmas.ieHbl pe3y/ibmambl OyYeHKU go3delicmeus dobbyu  yaasa Ha
3eM/1en0/1b308aHUe/pacmumenbHblil NOKpo8, 800HbIE pecypcbl U 20podckoll AaHdwagm 8 2opode Xa/noHz, nposuUHYUs
Kyane HuHb, cesepo-eocmok Bbemuama. HccaedosaHue nposodusiock Ha ocHose aHaau3a npob6 (12 o6pas3yos nouswl, 5
npo6 nogepxHocMHbslx 800 U 5 06pasyos zpyHmoswvix 80d) u mMemoda aHaaumuveckol uepapxuu (AHP) nocpedcmeom
o6caedosanus 40 domawHux xossaticms, 30 pykogodumeseti u 30 cheyuaaucmos 8 y204bHoll obaacmu. Pesyasmamul,
no/syyeHHble 8 IMOM UCCAed08AHUU, NOKA3bIBAIOM, YMO U3MEHeHUe 3eM/1eNn0/1b308aHUS 8 Y20/1bHOU 0biacmu 2opoda
XasoHz nponopyuoHaNbHO edxce200HOMY Nnpou3eodcmey yais, 8 KOMOpPOM CenbCKOX03slicmeeHHble y200bsl, HcuJjble
3eM/U, peyHble U peyHble 800bl 18AA0MCcs hakmopamu, Haubo.1ee 3ampoHymbiMu dobblyell yas.

Katouessie cnoea: [lobblua yeas, okpyxcarowas cpeda, semaenoavdosarue, AHP, Bbemuam

© Authors, 2017
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G®OPMHUPOBAHME TPAHHTHBIX PACNNIABOB B BbICOKOBAPHbLIX VCIOBHAK
(BENIOMOPCKAA IKNOrUTOBAA NPOBUHLUA, BOCTOR GEHHOCKAHAMHABCKOIO LLIMTA)

KaHAMAAT reos1oro-MrHepasorueckKux Hayk,
Jokykuna K. A. CTaplIKMi HAyYHBIH COTPYAHUK, ['eosornyeckuii
uHctutyT PAH, MockBa, Poccus

e-mail: dokukina@mail.ru

AnHomayus. Jkaoz2umeol, o6Haxcaroujuecsi 80016 ce8epo8oCcmMoyYHol 2paHuysl beaomopckozo opozeHa Ha
3anade ®eHHOCKAHOUHABCKO20 wjuma 6blau CHOPMUPOBAHbI KAK pe3y/1bmam Me30-HeoapxelicKoll cy6dykyuu u
Koaausuu. CeepxeblicOKO6ApHAs U 8bicokobapHas accoyuayus I'puduHckux nopod npedcmasaena TTI enelicamu,
codepxcawumu npocaou, @pazmeHmsl U 0alKu OCHOBHbIX U Y/AbMPAOCHOBHBLIX nopod. Heoapxeiickas
dekomnpeccusi 8bICOKO6APHBIX NOPO0 conposoxcdandcs 4acmuvHolM naasaeHuem TTI znetlicos. HccaedosaHue
PeaKkyuoHHbIX CMPYKMyp 8 Mu2mMamumax no3eoau/0 npociedums usmeHenue PT napamempos npu nepemeweHuu
nopod om nukoswlx yca08uUll 3K102umoeoll ayuu 8 yc.a08us 8bicokobapHol epanyaumosol dayuu (10-13 kbar,
800-850 °C). Muzmamumul Haubo1ee Hacmo npuypo4eHsl K 2paHuyam KOHMpacmHslx no cocmasy nopood (Kucaix
U OCHOBHbBIX), Komopble OblLau Haubosee 6/1a20NPUSMHbI 0151 YACMUYHO20 N/aaejAeHus, Muzpayuu @awouda u
dudpysuu komnonenmos. HauaavHass cmadusi naasneHusi xapakmepusyemcsi popmuposaHuem Kaauesou
2paHumHoll Jselikocomsbl 3amewarujell eHelicbl U NpoHussvlgarujell nopodvl 0CHOBHO20 cocmasa. 'paHam u
penaum-codeprcawjas selikocoma umeem 8biCOKUE COOePHCAHUS 6apusi, IPKO BblpadiCeHHble noioxcumeabvHsle Eu
u Sr aHomaauu npu o4YeHb HU3IKOM COOep’CAHUU BCEX OCMAJ/IbHbIX PeOKUX U PACCESIHHbIX 3/eMeHmos. 3peaas
cmadusi naasaeHus npedcmae/sieHa He60AbWUMU UHMPY3UBHBIMU MEAAMU HOPMAAbHO20 2PAHUMHO20 COCMAsd
Kaauesoli cneyuguku. [paHumer xapakmepusyromcs 60/1ee 8bICOKUMU COOEPHCAHUAMU MAAbIX U PACCESTHHBIX U
ompuyameavHoimu Eu u Sr anomaausimu.

Kaloueavle cnoea: Fesomopckas skn102umoeast npo8UHYUSl, IKJA02Um, 2paHyAUm, 4acmuyHoe nads/eHue,
Jelikocoma, cumniekmum.

BBesenue (Mints et al,, 2014). Co6bITHE C BO3pacToM
- K . 2.7  MJIpA  JileT  OTBe4yaeT  IOCT-
MpeAe1ax HOzxH0-Kosbekod 3KJIOTUTOBOMY JleKOMIIPECCUOHHOMY

aKTUBHOM  OKpauWHbl BJOJb  CEBEPO-
BOCTOYHOM  rpaHunpl  Besomopckoro
aKKpEeLlMOHHOI'0  OporeHa  pa3MellleHbl
TeJa 3KJOTUTOB, CPOpPMUPOBAHHBIE B

MeTaMOpdU3My TpPaHYJUTOBOU  daruu
MOBBIIIEHHBIX JaBjJeHUH. B 3TO Bpems
NPOUCXOAUIO  YaCTUYHOe  ILJIaBJE€HUE

>0 CJI0KHOTO o CTPOEHHUIO
pesybTaTe ME30-HEOAPXENCKOH KOHTHUHEHTaJIbHOTO cybcTpara,
cy6AyKuuu OKEAHHHECKHNX 1 BKJIIOYAIONIEr0 B ceGsf pasHble THUIIBI
KOHTHUHEHTAJIbHBIX KOMILJIEKCOB

FTPaHUTONUAOB (TOHaJII/IT-TI)OHAbeMI/ITOBbIe

(accounanun Canma u 'pupnno) (puc. 1a, THEUChl, TPAaHUTBI W MUTMATUTbI) U

6) (Mints et al., 2014, 2015). [leTa/nbHble

TIOPOZIbI OCHOBHOTO cocTaBa
MccIe/JOBaHUS TIPUBEIM HAC K BBLIBOAY O (MeTaMOpdUIOBAHHbIE MaduuecKHe
TOM, H9TO SKJIOTMTOBBIM MeTaMOp‘bm‘hff JaiKK U pparMeHTbl MadUUECKUX HOPOJ).
Bcex mnopoj BesoMopcKoil 3KJIOTUTOBOM Len HacTos e CTATBH
IpOBUHIIMH 6"”.1 He Nos/AHee 2:7 MJIp/, JIET NpPOJeMOHCTPUPOBATb Ha KOHKPETHOM
Haszaa (Dokukina and Konilov, 2011; npuMepe 3aporKIeHMe KOPOBBIX

Dokukina et al, 2014) n cBasan c IPaHUTHBIX PACIJIaBOB B KOPHEBBIX YaCTAX

fiporeccaMmu Me30-HEe0axpencKoH KOHTUHEHTAJIbHBIX OPOTEHOB.

cy6aykuuu U popmupoBaHueM HxHo-

Kosbckon aKTUBHOM OKpauHbI B KpaTkuii reojioru4yeckuii ouepk
pe3y/ibTaTe 3aKpbITHUS Me30apXeHWCKoro

CaJIMUHCKOTO najseookeaHa npu MeTamoppuieckne KOMILIEKCDI
COIMKEHUH MHUKPOKOHTHHEHTa Mesoapxelicko-Heoapxenckoi

Be/IoOMOpCKONM 3KJIOTUTOBOM INPOBUHIUU

XetosambrHa u Kosbckoro kpaToHa
pacnosioxkeHbl B mpefenax  [0xHO-
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KoJIbCKOM aKTUBHOM OKpaWHbl BJ0JIb
CeBepo-BOCTOYHOH FPaHULIbI
Mesoapxeicko-IlaseonpoTepo30muCcKOro

Be/loMOpCKOro akKKpelMOHHOIO OporeHa
(puc. 1). /IBe acconyayuu 3KJIOTUTOB B
npejesiax NPOBHHLMUU pPaA3JIMAYANOTCA 110
npupoze MPOTOJIMTOB. JKJIOTUTBI
acconyanuu Canmbl GOpMHUPOBAIMCH IO
[opoJiaM OKeaHW4YeCKOW Kopel. B paikone
['pUAWHO 3KJIOTUTHU3aLMU [OJBEpPrajuchb
Jlalku U ¢parMeHTbl NOPOJ, OCHOBHOTO
cocTasa. JIJuCKyccHUM 0 BO3pacTe U IpUpoje

pervona (BosoguueB u gp., 2004; 2005;
2008; 2009; JokykuHa u gp., 2009; 2010;
2012a, 20126; 2014; JlokykuHa, [JOKyKUH,
2015; Dokukina, Konilov, 2011, Dokukina
et al, 2014; ApanoBuy, Kosnosckuii, 2009;
Ko3sJioBckuy, ApaHoBwuy, 2010;
KosnoBckuii, Apanosuy, 2008; Konilov et
al, 2011; Muun u ap., 2010a, 20106; Mints
et al, 2010, 2014; 2015; MopryHoBa,
[lepuyk, 2012; Perchuk and Morgunova,
2014; Cky6aoB u gap. 2011a, 2011b;
CnabyHoB u fp., 2006a, 20066, 2008, 2011;

3KJIOTUTOB bBesioMOpCcKoW 3KJOTrUTOBOM CrenmaHoBa, CremanoB, 2005a, 20056;
NPOBUHIUA B  HACTOAUMHA  MOMEHT CrenanoB, CtenaHoBa, 2006; TpaBuH,
aKTyaJbHbl M  paccMaTpUBalOTCA B KossnoBa, 2005; CubeneB u ap. 2004;
MHOTOYHMCJIEHHbIX nyo6/IMKaLUsX, Kaysauna u ap. 2010; Munanckuu u gp.,

MOCBAIIEHHBIX ME€TPOJIOTNH, TE€O0XUMHH,
reoxXpoHoJiIoTUKU U TeOJUHAMHKE OAaHHOI'Oo

2012a, 20126 u gp.).

opeeausi 3(¢

[E p

I'O)Kiio,-\'
KonbCkas
aKTMBHasi

OKpauHa
(Kepetbckuin
Hagswr)

<

DKJIOTUTbI:
@ cybuykimonHbIe

@ KOJUJTU3UOHHbIC w
neitkocoma

D17-7

0 N [I] CoBpeMeHHbIE OTI0KEHHSI
e N
MpeIc B\aprac Kucible nermaTuToBbIC KUJIbI
\\
\ [To3auue rpaHuTbI
\\ Maduueckue nopossl:
\ 9KJIOTUTBI, TPAHYJIUTDI,
aMprOOTUTBI
K
VYuacTky MUrMaTH3aluu
e -
['neiicb
TexToHuueckas Opexkuus

=% 3aJieraHue nojaocYaToCcTu
N\ 0o
N\
N /«9 @ Touka orbopa oOpaszia Mboic Bapeac

Puc. 1. (a) TekTOHUYeCKasA TO3ULUSA SKJIOTUTOBBIX acconuanui Caamel v ['puHO, 06pasy0LIIUX apXeHCKY0
Benomopckyto sksoruToByto npoBuHnuio (B3I1) B BocToyHoM yacTu PeHHOCKaHAMHABCKOTO MUTA. (0) -
MOJIOXKEHHE 00'bEKTOB HCCeL0BaHUs B [puuHCKOM 30He (cephlii TOH). C HEOOJIBITUMHA U3MEHEHUSIMU O
(MuHn u ap., 2010). (B) ['eosroruveckas cxema Mbica Baprac (Mogudunuposaso us JokykuHa u ap., 2012).
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Xopowmuin npuMep  4acTUYHOTO
IJIaBJIEHUS KOHTPACTHBIX IO COCTaBy
opoJ, pe/cTaBJieH Ha Mbice Baprac (puc.
1 6, B), KOTOpbIM HaxoAuTcad B 3-X
kuiomeTpax oT cena [puguno (VGS-84: N
65256’, E 34240’). 3xech pacnpocTpaHeHbI
Me3oapxelckue ~ 3.0-2.9 wmipnp et
IPAaHUTOTHENChl TOHAJIMTOBOTO COCTaBa C
MPOCI0SAMHU amM$uOb0JIOBbIX  THEHCOB,

HHTPYJHUPOBAaHHbIEe Me30apXeUCKUMU -~
2.82 mapj JeT JalikaMd MeTarabopo u

TEONIOTUA / GEOLOGY

coJepxalide  MHOIOYMCJIEHHble  TeJsa
aMpUOOJUTU3UPOBAHHBIX I'PAHYJIUTOB IO
9KJIOTUTAaM  pas3jU4HOro (0T MepBbIX
CaHTUMETPOB [0 TepBbIX  METpPOB)
pasMepa, OT HM30METPUYHOW [0 CHUJIBHO
YILIOILEHHON pOPMBI.

[Helicbl W  Jaliku  MeTarab6po
COBMECTHO  QOpPMHUPYIOT  CKJI3A4YaTbli
NaKeT C T[OJIOTHMH UIApHUPAMH U
Cy6BEPTUKAIbHBIMU 0CEeBbIMU

IJIOCKOCTAIMU (pHuc. 2a).

Puc. 2. ®oTorpaduu o6HakeHU: (a) fedopMUpOBaHHBIE AUKKU MeTarabopo, MpOHU3aHHbIE XXKUJIAMH IPAHAT U
deHruT-cosepxkaileit jeikocoMbl. CTpesKOM MOKa3aH COXPAHUBIINNCS CEKYIINHA KOHTAKT anodur3sa JailKu ¢
rHeilicamy; (6) rebopMupoBaHHas Jakika MeTarabopo, MpoOHU3aHHas XKUJIaMU IPaHaT U GeHTUT-CcoZepKallen
JiefikocoMmpbl; (B) JlelikocoMa 3aMel[aeT IHENCHI U COJAEPKUT PECTUTOBBIE TeJIa HepacCIJIaBJ€HHBIX TOHAJUTOB U
¢dparmeHTHl MadUIECKUX TOPOA. MasoMoIHas KHUJIa JIEHKOTPAaHUTOB NepecekaeT MUTMaTUTHI; (T) Teso
JIEHKOI'PaHHUTOB NepeceKaeT MUIMATHUThI.

[TosocyaTocTh THENCOB KOoH$OpMHa
JauKOBbIM TeslaM. OJHaKoO Ha HXHOM
OKOHYaHUM MbIca Ha mnpoTskeHUH 30 M
OflHa U3 JaeKk MeTarabbpo coxpaHsieT
CeKyllde KOHTAaKTbl C BMeLJAKIIUMU
rHelicaMM, HacCbILUleHHBIMU BKJ/IOYEHUSMU
Maduyeckux nopoj (puc. 1B). K ceBepy
Jlaiika nedopMUpoOBaHa, UMeeT pa3/AyBbl U
IepeXuMbl, CMATa B  CKJI3QJKU U
6yauHupoBaHa. Ha yyacTkax gepopmanuu

NOPOAbI UCHBITAJHU YaCTUYHOE IJIaBJIeHUe
(Jokykuna u gap. 2009; 2010; 2012
Dokukina et al., 2014) ¢ ¢opMupoBaHuem
rpaHaT- U QeHTuT-coZiepXKallell KHUCI0U
JIEUKOCOMBI (puc. 20). PesvKTBI
VHTPY3MBHBIX KOHTAKTOB anodu3oB Jaek
C THelCaMU TeM He MeHee COXPaHSITCA B
30HaX HHTEHCHUBHBIX JedopManuil (puc.
2a).
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B 30Hax 4YacTUYHOIO MJaBJIEHUA
JelKocoMa 3aMeniaeT THEMCHI, a
MHOTOYHCJIEHHbIE TOHKUE YKUJIBI
JIeMKOCOMBI (OT HECKOJIbKUX [0 JeCATKOB
CaHTHMETPOB B IIMPHHY) paclenIAT
Maduyeckre mopoabl (puc. 26) U
cozepxaT pecTUTOBbIE TeJa
HepacIJaBJeHHbIX TOHAJINTOB U
dparmMeHThl Madpuyeckux nopoj (puc. 2B).
30HBI 4aCTUYHOIO IJIaBJIeHUS C
dbopmupoBaHUEM deHruT-cosepxalei
JIEMKOCOMBbI ~ CTPOTO  NpPUYypOYeHbl K
rpaHuLaM MeX/Jy OCHOBHBIMHU U KUCJBIMU
noposaMHu. JleKorpaHUThI peJCTaBJIeHbI
OTHOCUTEJIBHO KpPYNHBIMH TeJlaMU U
)KWJIaMU JIEMKOKPAaTOBBIX TPaHUTOB (OT
JleCATKOB CAaHTUMETPOB [0 /JeCATKOB
MeTpOB B IIMPHUHY), KOTOpbIe NepeceKaroT
[10JI0CYATOCTb BCeX MeTaMOppUUYeCKUX
nopos (puc. 2B, r). LlupkoHbl wu3
JIEUKOTPAaHUTHOM YKUJIBI ObLIU
fatupoBaHbl MeTogoM LA-ICP-MS u panu
Bo3pacT 2721 + 19 maH set (zanHble JL.M.
HatanoBa wu E.A. BesnoycoBoii). 3TOT
BO3pacT B NpejeJsaxX OIMOKHU COBIAAAET C
KOHKOPJAQHTHBIM Bo3pacToM 2713+6 MJIH
JIeT, IOJIyYeHHbIM B (QEeHTUT-coZeprKalien
neiikocoMme U-Pb-Th wusoTonmHeiMH U
XUMHUYECKMMU MeTOJaMHU IO IIMpPKOHaM
(Dokukina, Konilov, 2011; /lokykuHa u fp.,
2012; Xunnep, lokykuHa, 2016).

IleTporpadus u MUHepa/I0TUA

THeticbl XapaKTepHUsyoTcsa
OZHOPOJHbIM MHHEpPAJbHbIM COCTAaBOM.
9TO MUIMaTU3UpOBaHHble I0JI0CYAThIE
6U0TUT-aMPUO0I-3NUA0TOBbIE,  TpaHAT-
OMOTHUT-3MUJ0TOBblE MJU aMPUOOJIOBbIE
IIJIarMOTHEHChI.

Maguueckue nopodkui,
MopdoJIoruiecKu npeJ/icTaBJeHHbIE
JlaikaMu uau ¢$parMeHTaMU B THeMHcax,
NpeACTaBJASIOT COO0M  BbICOKOOApHBIE
rpaHyJuThl, CcHOPMUPOBAHHBIE  IOCJE
3KJIOTUTOB. PaBHOBECHBINW TpaHyJIUTOBbBIN
rpaHaT-KJWHONMPOKCEH-NJIaru0KJ/J1a30BbIN
MUHepa/bHbIA  MapareHe3nc HUCHbITal
npeo6pa3oBaHUs B YCA0BUSX
amM$ub0IUTOBOM banuu C
dopmupoBaHueM amdubosa U OUOTUTA.
PyTuJ ¥ anaTUT — TUNIMYHbIE aKLeCCOPHbIEe

TEONIOTUA / GEOLOGY

MuHepasabl. ['panat Alm>0-60Prpl4-27Grsis-
24Sps’-3) wuHOrja COAEpP>KUT BKJIOYEHHUS
oMdanuTa, KOTOpPbIA COAEPKUT [0 43
MoJIbHBIX % Jd u xapakTepusyeTtcd
BBICOKUM cojiepkaHueM Ca-Ts (mo 6.5 mol
% Ca-Ts) (puc. 3).

Jlelikocoma  UMeeT  MOJIOCYATYIO
TEKCTypy: 4YepeJjoBaHUMEe MOJIEBOLINAT-
KBapLeBbIX (* TpaHaT) MNOpPOCAOEB U
pOCJIOEB HOYTH LeJINKOM
BBINIOJIHEHHBIMU (EHTUTOM C KBapleM (*
rpaHart). Ti- u Ba-cogepxaumuii ¢eHrut (10
3.20 Si cations Ha 11 aTtomoB O, Mg0O 1.62-
1.79 Bec.%, TiO2 0.16-2.27 Bec.% u BaO
0.39-0.76 Bec.% (puc. 4) wumeer [jBe
reHeparnuu. [lepBas npejcTaBJieHa
OTHOCUTEJbHO IIUPOKHMH YeUlyHKaMu
(puc. 5a). Bropas reHepanus ¢eHrura
npe/icTaBJeHHas CUMILJIEKTUTOBBIMHU
CpacTaHUsIMM C KBapLeM M  4acTo
pa3BUBaeTCsd BOKPYr ¢(eHruTOB MepBOM
reHepayuu (puc. 5a). [losieBble mmnaThl
npe/iCTaBJeHbl KaJlUeBbIMU U KaJIUEeBO-
6apueBbIMU M0JIEBBIMU IIMaTaMH,
MJIarM0KJIa30M MUpPMeKUTaMu (puc. 56). B
cocTaBe JIEKOCOMBI BCTPEYaloTCs
KJIMHOIIOU3UT-KBapIeBble CHUMILJIEKTHUTHI
(puc. 58B), rpanat (Alm#6-52Prp6-13Grs30-
37Sps+13), KJIMHOMUPOKCEH, pyTHI,
LIMPKOH, alaTUT U aJIJIAaHUT.

B  JefikocoMe  ObLIM  U3y4YEHBI
peakLUOHHbIE CTPYKTYpbl, OTBedaloliue
YCJIOBUSM BBICOKHUX JaBJEHUN U/Wau
TeMmeparyp.

1. CkeJsieTHble UM CHUMILJIEKTUTOBBIE

cpacTaHus Ba-denrura, KBapLa
(¥n1aruokJias) nepeceKarnT
OTHOCUTEJbHO  KpyIHble  ONTHYECKH

O/IHOPO/IHble 3epHA KaJIMeBOTO I0JIEBOTO
mnata (puc. 5a). Ha rpanune c ¢eHrur-
KBapLEeBbIMU CpPaCTaHUSMHU B KaJUEBOM
[I0JIEBOM LINATE MOBBIIIAETCS COJlepKaHUe
6apusi u dopMHpyeTCcs 30Ha/bHAsA KakMa
KaJIMW-6apueBOr0 MOJIEBOrO IUMaTa C
NOBBILIEHUEM  COJepXkaHusi 6Gapus K
nepudepuu.

2. MupmekuThsl (BepMHUKYJISIpHbIE
BblleJIeHUs] KBaplia B IJIarMOKJase)
HabJIIOJAI0TC B TECHOM acconuanuy ¢
beHruT-KBapL-MJaruokjaa3oBbIMU
CpocTKaMH (puc. 56).
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3. BepmukysnsapHble IpopacTaHUs
KJIMHOLIOM3WUTa M KBapua (KJIWHOLOM3HUT-
KBaplLeBble CUMIIJIEKTUTHI)
cbopMHUpPOBaHbI B pABHOBECHUU C PEHTUTOM
M QeHruT-KBapLeBbIMH CpacTaHUAMU
(puc. 5B). PesukToBble 3epHa KaJbLuUTa
WHOTrZa BCTpeYalwTcsd B 00/acTAX, TAe

pPa3sBUBAIOTCA  KJIWHOLOU3UT-KBapLieBble
CUMILJIEKTUTHI.
4. Ha rpaHune ¢ nopojaMu

OCHOBHOTIO COCTaBa (HanpuMep, IOPOJaMH
Jlalki) B JlelKocOMe  HabJI0JalTcA
KOpPOHBI KaJINeBOr'0 I0JIEBOrO IUNAaTa Ha
rpaHMle C KBaplieM U CPOCTKaMU OMOTUTA
Y IJIarMoKJIasa (puc. 5r).

5. PectuToBble rpaHat (Alm*6-47Prpl2-
13Grs36-37Sps#-) U KJIMHONIMPOKCEH

[a]

TEONIOTUA / GEOLOGY

3aMelaloTCsl  KJIMHOLLOU3UT-KBAapPL,EBbIMU
CUMILUIEKTUTaMU. B 3Tux e o6pasuax
KJIMHOLOU3UT-KBapleBble CUMIJIEKTUTHI
obpacTaldT  ONTHUYECKH  OJHOPOJHBIM
OUOTHUTOM, BHYTPHU KOTOpOTro
HNPHUCYTCTBYIOT yepBeobpasHble
BKJIIOUEHUSI KaJIMeBOTO M0JIEBOTO LINAaTa U
KBapua. LleHTpasibHBIE 4acTH
IJIarMOK/Ja30B B HENOCPeACTBEHHOMH
6/JIM30CTM €  KJHUHONMUPOKCEHOM U
rpaHaTOM Ipe/iCTaB/JeHbl aHTUIIEPTUTAMU
— peryJsipHbIMU BbIJIeJIEHUSIMU ONITHYECKHU
O/IHOPO/IHOT'0 KaJIMEeBOTO MOJIEBOTO LINaTa
B IJIaruoKJIase. B IJIaroKJsase
HabJl01al0TCs UAMOMOpPPHbIE KPUCTAJLIbI
6uoTHTa 6€3 BKJIIOYEHUHN U LIUPKOH.

Alm + Sps

@ Jleiikorpanutsi
O Grt-Ph seiikocoma

<> Macuueckne
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O Maiiku metara66po
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Puc. 3. CoctaBel rpaHaToB (a, 6) 1 KIMHONUPOKCEHOB (B, I') B mopojax Mbica Baprac. Grs - rpoccyssap, Alm -
asbMaH/uH, Sps - cneccapTuH, Prp - nupor, |Jd - xxazjeur.
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Puc. 4. CocTaBbl MOPO1006PaA3YIOINX MUHEPAJIOB B JIeHKOcoMe: (a) MHTErpaJbHBIA COCTAB 3MU/I0T-
KBapLeBbIX CHMIJIEKTUTOB Ha TpeyroJbHoU Juarpamme Ca - (Si- (Na, K)) - (Al + Fe); (6) cocTaBsl
[0JIEBBIX LINATOB; (B) cocTaBbl 6e/10# oAbl a.p.f.u. - GopMyibHbIE €UHHULIBL.
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& 200, um

Puc. 5. MukpodoTorpaduu u BSE n3o6pakeHrs1 peakIiuOHHBIX MUKPOCTPYKTYP B JieliKocoMe (a)
IIUPOKas INJIaCTUHKA peHTUTa, 06pacTarmilas CKeJeTHBIMUA GeHTIUT-KBapLeBbIMU CPACTAHHUSIMHY,
MukpodoTorpadus B CKpeLeHHbIX HUK0JX; (b) MUpMeKUTBI, MUKpodoTOrpadrs B CKpeLeHHbIX
HUKOJISIX (C) BEpMUKYJ/IsIpHbIE CHMIJIEKTUTHI KIMHOLOM31UTA U KBaplia B paBHOBECUH C GEHTUT-
KBapL,eBbIMU cpacTaHusiMy, BSE usobpaxkenue; (d) cpacTaHus naruok/aasa M 6UOTUTA, OKPY>KEHHbIe
HeNnpepbIBHBIM «PBOM» KaJIMEBOI'0 [10JIEBOTO LIAaTa HA rpaHuLe ¢ kBapueM, BSE usob6paxeHnue.
A66peBuatypa MuHepasnoB gaHa no (Whitney, Evans, 2010).

JletikozpaHumul COCTOAT u3 CTPYKTYpYy: IJIEHKM KaJMeBOr'0 I0JIEBOrO
KaJIUeBOr0 I0JIEBOrO IlUMAaTa, KHUCJIOro mmnaTta pasfZieIlIl0T OBaJibHble  3epHa
IJIarMOKJa3a, 6MoTUTAa U KBapla. B pegkux KBapla M HaTpUeBbId IJIaruokJas. B
cay4yasgx B JIeMKOTpaHHUTaxX  TaKxe iepOPMUPOBAHHBIX U pa3rHeNCOBaHHbBIX
0o6Hapy«uBaeTcd GEHIUT U KJIWHOLOU3UT- JIEMKOTPaHUTHBIX TeJsax BOKpYT
KBapleBble CHUMILJIEKTUTHI. AKLeCCOpHbIe IJIACTUHOK 6MOTUTa GOPMUPYETCA HOBBIU
MUHepa/Jbl  MpeJACTaBJeHbl  [pPaHAaTOM rpaHar.

(Alm*9-63Prp49Grs30-37Sps>-21), UPKOHOM, Feoxumus

anaTUTOM U MarHeTUTOM. .
HenedbopMupoBaHHble JIeHKOIpaHUTHBIE HAGZU?ZHQUCbI MMELoT
Tesla UMEIT XapaKTEPHYI0 BHYTPEHHIOH TOHaJUTOBBIA (Puc. 6a) rpaHUTHBIN
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coctaB (A/CNK = 1.05-1.08, Puc. 66),
NOBBIIIEHHBIMU coJiepkaHusAMU Ba u Sr,
MOBBbIIEHHble  cofepaHusa JIP33 wu
He3HAayUTeJIbHble  IOJIOKUTEJNbHblE U
oTpuuaTesbHble aHoMaauuud 1o Eu
(Eu/Eu* = 0.5-1.2) (Puc. 7).

Maguueckue nopodsl pas3dyvarTCAa
o MarHesuajbHocTu Mg # = 0.47-0.60.
PerpeccMBHO Hu3MeHeHHble 3KJOTUTBHI U
aM$UuO0IUThI B THeMCaX XapaKTEPU3YIOTCS
HU3KMMU COJEpPKAHUAMU M IJIOCKUM
pacnpegenenueM P33 ¢ oTpunaTe/lbHBIMU
aHoMasusamu no Eu (24-82 ppm, Lan/Lun =
0.7-0.8, Lun/Smny = 0.9-1.7). [aiiku
MeTarabbpo He3HAYMUTEbHO 060TrallleHbl B
conepxanuur P33 (46-120 ppm, Lan/Lun =
1.5-6.7) u uMmeloT oTpunarteabuble Eu u Sr
a”HoMausuu (Sr/Sr* = 0.5-0.6; Eu/Eu* = 0.8-

0.9) (Puc. 7).
Jletikocoma OTHOCUTCA K
Cy6I1IeI0YHbIM nepaJloMUHEBBIM

rpaHdTaM c KajaueBou cnenudukoit (Naz20
2.18-3.2, K20 3.8-4.9 Bec. %, Puc. 6), umeet
BbICOKOEe cogepxkaHue Si0z (69.8-77
BeC.%); aHOMaJIbHO BBICOKHE COJeprKaHUsA
Ba (1548-3533 ppm) nmnpu  HU3KUX
cojiepKaHUAX BCeX OCTaJIbHbIX
paccessHHbIX  3JieMeHTOB. JlelikocoMa
nMeeT oboramenbid B JIP33 (Lan/Lun =
6.7-68.9, Lun/Smn = 0.06-0.82) wau W-
o6pasnbiil (Lan/Lun = 2.97-3.27, Lun/Smy
= 1.43-2.26) P33 cnektp (Puc. 7) c
MOJIOKUTEJIbHOM €BpONMEeBOM aHOMaJueu
(Eu/Eu*=1.1-12.4) v HH3KUe BaJIOBble
cogepxxanue P33 (6-29 ppm), uyto B
COBOKYNIHOCTU  fIBJIIETCA  NPU3HaKaMHU
3BTEKTUYECKOM MNPUPOAbl  JIEMKOCOMBI
(nanpumep, Skjerlie, Johnston, 1996).
JletikoepaHumul nepajJloMUHeBbIE
XapaKTEePU3YIOTCH KaJheBOU crenupuKou
(Naz20 2.76-3.9, K20 3.1-4.91 Bec. %, Puc.
6), HopMaJIbHbIM coziepxkaHueM SiOz (66.6-
74.5 wt. %), NOHMXKEHHBbIM COJiep>KaHHeM
6apus (Ba 429-858 ppm), JIP33
o6orauieHHbIM cnekTpoM (Lan/Lun = 9.7-
55, Lun/Smny = 0.13-0.46) (Puc. 7) c
OTpULATEJIbHOM €eBpOINUEeBOM aHOMaJiueu
(0.3-0.6) u cymmou P33 110-300 ppm.

TEONIOTUA / GEOLOGY

JIMCKyccus ¥ BBIBOABI
Hnmepnpemayus peakyuoHHbIX CMPYKMyp

CkesleTHble M CHUMILJIEKTUTOBBIE
cpactanusi  Ba-deHruta, KkBapua u
IJIarMoKJa3a QopMmupyeTca 3a  CYeT
KaJIMeBOro noJsiesoro mmnara 4 Ba- u COz- u
H20-copepxauiero pacnsasa uiu Garouja:
Ksp + melt/fluid £ Ky = Ph + Pl + Qtz. /Ie
reHepanuy eHruTa B JIEHKOCOME MOHO
OOBSICHUTbL C HCII0JIb30BaHUEM BbIBO/IOB
u3 pab6otel (Waters, 2001): mupokue
yellyWku ¢QeHruTta TMepBOM TeHepaluu
BeposiTHee BCero NpeJCTaBJAT CO60U

NPOAYKT KpUCTa//IN3al U1
HemnocpeJCTBEHHO U3 pacmniasa.
CkeJieTHbIE U CUMIIJIEKTUTOBBIE

KBaplcojep:kalide cpacTaHUsl GeHruTa u
IJIaTMOKJIa3a €  KBapleM HaobopoT
pa3BUBaJUCh 3a CYeT TBepAou ¢asbl (B
JlAHHOM CJlyyae KaJIMeBOTO I0JIeBOIO
1mnarTa) B Cy6COJIIOAYCHBIX YCI0BUSIX.
JNUAOT-KBapLeBble  CUMIJIEKTUTHI
M3BeCTHbl B MarMaTH4YecKHUX MOpOoJax Kak
NPOAYKTHI cy6CcoMUAYyCHOM
KpUCTa/IM3alUu U3 pacmaaBa (Schmidt,
Poli, 2004 u «ccpbuiIkKM B HeH), B
MeTaMOopPUUECKUX nopojax npu
peakyusix pacnaza Ca- u Al-copeprkamux
MUHepaJOB, TaKUX KaK IJIarkoKJas,
rpaHat, am¢u6oa u nupokced (Enami et
al., 2004; Ravna, Roux, 2006). B ycnoBusx
Jebunuta BOAbI B BBICOKOOAPHBIX
(Schmidt, Poli, 2004 u cchuiku B Hell) U
YJIbTPaBbICOKOOAPHBIX MUTMaTUTOBBIX
TepperiHax (Korsakov et al, 2002, 2006).
[paHaT ¥ KJWHONHUPOKCEH O04YE€BU/HO
ABJIAIOTCA PECTUTOBBIMU Ppa3zaMu peaKkL U1
Grt + Pl +melt = Czo + Qtz u Cpx + Pl + melt
= Czo + Qtz. ®ase pacmiaBa n0-BUJUMOMY
OTBeYaeT IJIarMOKJ1a3-aHTUIIePTHUT.
KopoHnbl mnosieBoro mmata Mexznay
KBapLeM M OHOTUT-IJIAaruOK/Ia30BbIMHU
CpacTaHUSIMHU 0-BUAUMOMY
Npe/CTaBJISAT cobou peakiumo
VHKOHITPYSHTHOTO IJIaBJieHUs (EeHruT +
kBapi: Ph + Qtz = Bt + Kfs + melt + Ky, rge
KaJIMeBbIM II0JIEBOM LINAT  ABJAETCH
NepuUTeKTUYEeCKOM ¢a30l, a Maaruokjaas
N0-BUAMMOMY OTBe4YaeT pacliaBy.
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JTa peakKLus XOpOIIO H3y4YeHa B
3KCIlepHMEeHTaJIbHbIX paboTax (cm,
HanpuMmep, Brearley A. ], Rubie, 1990), a
NPOAYKTHl 3TOM peakLUU U3BECTHbl B
pa3HbIX MeTaMOpPUYECKUX TepperHax

Onpedenenue PT ycaosuli naasaeHus

Panee 6bL1M npoBezeHbl olleHKH PT
yCc/I0BUM  dopMupoBaHUSA (eHruTa B
nerikocomMe (Dokukina, Konilov, 2011).
@enrutoBbii  reobapomerp  (Caddick,
Thompson, 2008) pan BbicOKOOGapHbBIE
ycoBus opMUpPOBaHUA AocTUrawuiyie 25
k6ap npu 3aZjaHHoul Temmeparype 750 °C
(2). PT oueHKH NpOBOAUIUCH IO PEHTHUTY,
cbOpMUPOBAaHHOMY o KaJIneBOMY
[0JIeBOMY 1IMAaTy B pPaBHOBECHUU C
KJIMHOLIOU3UT-KBApLIEBbIMU CPaCTaHUSAMM.
BosibIIMHCTBO ucciaesoBaresiel
paccMaTpUBalOT KJIMHOLOM3UT-KBapLeBble
CUMIIJIEKTUTHI, KakK
BbICOKOTEMIIEpATypHbIe CTPYKTYDBHI,
cbopMHUpOBaHHbBIE M3 pacljaBa MU
dbaronga npu Temnepatypax > 850 °C
(Ravna, Roux, 2006; Korsakov et al.,, 2002;
Beard, 2005). MuHepaJibHbI{ NapareHe3uc
deHrrvTa, KJIMHOLOM3WTA W  KBapua
oTBeYyaeT IJIaBJIEHUIO 6oJsiee
BbICOKOOApPHOM accolaliu B JIEUKOCOME,
4YacTbI0 KOTOPOM ObLJI KaJIMEBBIM MOJIEBOU
mnaT, a OUeHKM (GOpPMHUPOBAHUSA ITOU

accolyanum COOTBETCTBYIOT
3KCIepUMEHTaJbHbIM JaHHbIM.
MuHepanbHbIE acconMaluy,

Hab/siofaeMble B HIMpax Ha TCpaHUIle

MeXJly  peTporpasiJHo  HW3MeHEeHHBIMU
9KJIOTUTAaMHU 1’} rpaHaT-(GeHIrnTOBOU
JIEUKOCOMOY, BEpPOSATHO OTBEYarT

NUKOBOU peakuuu mjaBjeHUust Zo + Kfs +
Qtz = Ph + Grt + Mel.

JlaibHellllee  IJIaBJIeHUWE  TOPOJ,
dbopMupoBaHHEe TPAaHUTHOTO paciljlaBa U
nepenJiaBjeHve Yyxe CcHOPMUPOBAHHOU
JIEUKOCOMBI MPOUCXOUJIO npu
nepeMelleHUH IMOpoJ A0 NpPU CHUXXKEHUU
JlaBJIeHUs Z0 HU>KHEKOPOBBIX v
CpeIHEKOPOBbIX ~ YpPOBHEeM B  1oJje
rpaHyJUTOBOM  pauuu  NOBBILIEHHbIX
JlaBJleHuU. BHyTpM KHAaHUTOBOrO I10JId,
JleTUJipaTallUOHHOe IlJIaBJieHhe QeHruTa
NPOMCXOJUT TMpU TeMmIepaType 6oJiee

TEONIOTUA / GEOLOGY

7852C (Thompson, 1982; Vielzeuf, Schmidt,
2001). KasueBbli  moJsieBOM — mmnaT
NpejACTaBJseT 3/ecCb MNepUTEKTUYEeCKOU
dazou U SBJISIETCS BaXKHbIM
CBU/IETEJILCTBOM, 4TO poLEecChl
IJIaBJIEHUS] TPOUCXOJUJIU B OTCYTCTBUU
Bozbl (Brearley, Rubie, 1990; Thompson,
1982).

Bt-Grt u Grt-Cpx reorepMoMeTphl U
Grt-Cpx-Pl-Qtz reo6apometp (Fonarev et
al, 1991) Takxke JawT  yCJIOBHUA
rpaHyJUTOBOM  pauuu  NOBBILIEHHbIX
nasseHun: 750-800 °C and 10-12 Kkbar
(Dokukina, Konilov, 2011). Takue xe
OLleHKM JaBJIeHUsl U TeMIepaTypbl Aajlu
IrpaHyJINTOBbIE MHHepaJbHbIe
napareHe3ucbl B IOpPOJAax OCHOBHOIO

coctaBa (Dokukina, Konilov, 2011).
PaBHOBecHast rpaHaT-KJIUHOMUPOKCEH-
IJIarioK/a30Bast MHUHepaJbHasI

accouunanusa ¢dopmupoBasacb 840-870 °C
(Grt-Cpx reorepmometp, Powell, 1985) u
13.4-13.6 x6ap (TPF-corsnacoBanubiii Grt-
Cpx-Pl-Qtz reo6apometp, Fonarev et al,
1991) wau 12.7-15.5 kbap npu 3ajjaHHOU
temnepatype 800 °C  (Cpx-Pl-Qtz
reobapometp, McCarthy, Patifio Douce,
1998).

®opmuposaHue N1elikocoMbl

/lBa TUIla TPAaHUTHOU JIEMKOCOMBI C
KOHTPAaCTHBIMHU reoXruMHYeCcKUMHU
CBOMCTBaMU BCTpeYarTCcs B
MeTaMOpQHUUECKUX TeppelHaX, KOTOpble
WCIBITAJIM  4YaCcTUYHOe IJIaBJeHue, U
XapaKTepU3yIOT pas3Hble CTaJUU NpolLecca.
JlelikocoMa oTBeYyaeT CTaJUU cerperanuu
M 3KCcTpakuuu pacmiaaBa (Brown, 2013;
Sawyer, 1987, 1998; Solar & Brown, 2001a,
2001b; Hinchey & Carr, 2006; Korhonen et
al, 2010; White & Powell, 2010).
[losutuBHble Eu u Sr aHomManuu B
JIEMKOCOME MOTYT ObITh CBSI3aHbl C paHHEH
KpUCTa/l/IM3aledl MOoJIeBBbIX IUNATOB WJIH

OTCYTCTBUEM  TOJIEBBIX  ILINAaTOB B
HMCTOYHHKE. ['paHuTHI HanpoTUB
XapaKTepUsyoT O3/ HIOI0 CTaiuIo
NJIaBJIEHUSA U dbopMupyroTcs u3

9BOJIOLMOHUPYIOLMX MOPLMHU pacl/aBsa,
NpPOCAaYMBAWOIIUXCA M  3aCThIBIIMX Ha
N03/JJHUX CTaJUAX NpoLecca.
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HoBooGpa3oBaHHble TpaHUTHI IO
COCTaBy NOMNAJA0T B N0JIe CUHTETUYECKUX
CTEKOJI, IOJIyYeHHbIX B 3KCIIEPUMEHTAX 10
YaCTUYHOMY  IJIaBJIEHUIO  apXeHWCKHX
TOHAJIUTOB U MeETAaTOHAJUTOB B CYXHUX
ycaoBUsX npu 6-12 kbap u 15-32 k6ap
(Patifio Douce, 2005; Watkins et al., 2007)
(Puc. 6a). Copepxkanue P33, 3HaueHus
Eu/Eu* wu  Sr/Sr* B  JelKocoMe,
Jerkorpanutax u TTI rHekcax XOpolio
koppeaupytoT (Puc. 7). Takas koppensinus
xapaktepusyeT TTI rHelcbl Kak UCTOYHUK
KM CJIOTO pacIljiaBa.

Pe3ynbTaThl reoXruMHYecKoro
MOJleJIMPOBAaHUs], NpPOBEJEHHOro  JJd
IpPOBEPKM TUIOTE3bl, YTO TIpaHUTHasd
Marma 3BOJIIOLMOHMpPOBaJa yepes
yacTuyHoe IuiaBiaeHue TTI' ruencos c
nocjaeaywuien cenapanueu u
$pakMOHHON KpHUCTa/JIM3al MU pacljaBa
B 1LleJIOM BOCIpPOH3BeJM IJIaBJIeHHE
THENHCOB C (OpPMHUPOBAHHUEM HEOOJBIIUX
00'bEMOB JIEUKOTPAHUTOB U JIEUKOCOMBI,
KoTopas npeJscTaB/seT cobou
OCTAaTOYHBIK I0JIEBOLINATOBBIA KyMyJaT
NpU cTeneHu miaasaenus F = 40 %.

Jlokanu3anus MpoLeccoB IJaBJeHUs
Ha TpaHULiaX KOHTPACTHBIX IO COCTaBYy
nopoJ, Mmo-BUAUMOMY He caydauHo. Kak

cnenyer u3 pe3y/bTaToB
9KCIepUMEHTaIbHOT 0 NJ1aBJIeHUSA
pacc/0eHHBIX KPUCTa/IJINY€eCKUX

NpPOTOJIUTOB B cyxux ycaoBusx (Skjerlie et
al, 1993; Skjerlie, Patifo-Douce, 1995),
MOPOJIbI, HUCTOIEHHble B MOJBHXHBIX
KOMIIOHEHTaX, HeCloCOOHble MPOU3BECTHU
paciyiaB B~ HOpPMaJIbHbIX  YCJIOBUSAX
CTaHOBATCA 6oJiee  CHOCOOHBIMH  Ha

KOHTaKTax C  [NOpoJaMH,  KOTOpble
cozepxaT KOMIIOHEHTBI,
JlecTabunusupymouide BoAHble Gasbl U
VHULMMpYIOLIMe JlerupaTalliOHHOe
JaBJjeHue. B TaKoOM cJydae,
aHaTeKTUYeCKue IPaHUTHI MOTYT

BKJIIOYATh 3JIEMEHTBI U3 JIBYX WJIU GoJsiee
HMCTOYHUKOB, KOTOpble yYaCTBYIOT B
miaBiaeHuu (Skjerlie et al, 1993; Skjerlie,
Patifio-Douce, 1995).

[TosieBbIE HabJII0eHUA 5
MUKPOCTPYKTYpPHbBIE 0COOEHHOCTH
HCCIeJ0BaHHbIX MMUIMaTUTOB
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NOKa3blBAalOT, 4YTO TMOPOJbl OCHOBHOIO
COCTaBa TaKXXe BOBJIEKAJIUCh B IJIaBJIeHUE
Y CTaHOBUJIUCb HCTOYHUKOM 3JIEMEHTOB
[T HOBOOOpa30BaHHbIX T'paHUTOB (Puc.
2). CooTHolleHUE MEXAY 3JIeMEeHTaMHu B
rpaHUTax, THelcaXx U OCHOBHBIX MOPOJAxX
JleMOHCTPUPYIOT NOBbIILIEHHbIE
KOHLleHTpayuu TP33 B JiedKorpaHuTax,
OTHOCUTeJIbHO mJaruorHeicos (Puc. 7).
[To-BUAMMOMY, OCHOBHBIE NMOPOJbl MOIJIH
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Abstract: The eclogites exposed along northeastern boundary of the Belomorian orogen in the eastern
Fennoscandian Shield were formed as a result of Mesoarchean-Neoarchean subduction and collision. The ultrahigh-
pressure and high-pressure association of Gridino rocks consists of TTG gneisses with interlayers, fragments and
dykes of mafic-ultramafic rocks. The Neoarchean decompression of high-pressure rocks was accompanied by TTG
partial melting. The reaction structures in migmatites make it possible to trace variation of PT parameters during
transfer of rocks from the peak eclogite-facies conditions to the conditions of high-pressure granulite facies (10-13
kbar, 800-8500C). Studied migmatites are related to the boundaries between felsic and mafic rocks, which are the
most suitable for partial melting, fluid migration, and component diffusion. The initial stage of melting is marked by
formation of minimum-melt potassic granitic leucosome that replaces gneiss and percolates mafic rocks. High-
pressure garnet- and phengite-bearing leucosome is distinguished by a high Ba content, striking positive Eu and Sr
anomalies along with very low concentrations of all other trace elements. The mature stage of melting is
represented by small-volume leucogranitic intrusions, which are characterized by high contents of trace elements
and negative Eu and Sr anomalies.

Keywords: Belomorian eclogite province, continental crust, eclogite, granulite, partial melting, leucosome,
symplectite.
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uccs1edo8aHull ycmaHos8/AeHa UX NPUHAO/eHCHOCMb K 2pynne HU3Wux aHmpakcoaumos. 06pazosaHue meepdozo
bumyma 6 Kucablx eyakaHumax p. CuHapbl npoucxodusno Ha nos3dHell cmaduu Ccmavos/neHuss meaa
n/aa2uopuoIuUmos 8 MOMeHm opMupo8aHusl XaayedoHos8bIx (a2amosbix) MUHOAAUH U cekpeyull. 3ameepdesaHue
u ebinadeHue aHMpakcoaUumMa u3 2udpomepMaabHbIX paAcmeopos, no eceli 6UAUMOCMU, NPOU3OWI0 NPU PE3KOM
npeobsadaHuu kapb6oHamM-uoHda, m.e. 8 MUHOQAUHAX NPU KPUCMAAAU3AYUU KAAbyumd, d 6 KpaeeblX 30HAX
6peK4uposaHus naazuopuoaumos — dpyeozo kapboHama, cudepuma. HcmouHukom eewyecmaa 0415 opMuposaHus
anmpakcoauma 8 naazuopuoaumax p. CuHapsl Mo2au NOCAYHCUMb, KAK emewaroujue ocadoyHsie nopodsl, max u

2/1y6uHHble (MaHMuliHble) y2aes000podHble ParoudblL.

Kawuesvle csnoea: anmpakcoaum, XaayedoH, NAA2UOPUOAUM, MYPUHCKASL cepusl, PAHHUL mpudac,

3aypasave, 3anadnas Cubupb.

BBegeHue

TypuHckasi cepusi paHHero TpHaca,
npejcTaB/eHHas NpeuMYyILeCTBEHHO
KaHHOTUIIHBIMH nopoJiaMu pUOJHUT-
6a3aJIbTOBOro COCTaBa C MOJAYUHEHHBIMH
NpOCJOSIMU MECYaHWKOB U aJIEBPOJIUTOB,
LIMPOKO pacnpocTpaHeHa B/10JIb
BOCTOYHOI'O CKJIOHA Ypasia U B 3anajHoOu

Cubupwy, rze, IJIaBHBIM obpaszom,
BBINIOJIHAET KpyIHbIe
cy6bMepuIMaHaIbHbIE rpaGeHbl B
JIOIOPCKOM dyH1aMeHTe. Paspes

HIDKHEMe3030MCKUX 06pa30BaHUM 10 peKe
CuHapa cuyuTaeTcd OJHUM U3 OMOPHBIX
(Kirichkova, Kulikova, 2005 u gp.) ansa

NMOHUMAHHUS  XapaKTepa CTPOEHUS W
cocTaBa  TYPHUHCKOM BYJIKAHOT€HHO-
OCaJIOYHON CcepuM U TNPUHUMAETCS B

KadyecTBe MapacTPaTOTUIIMYECKOro JJIs ee
HI>KHeW (CyllecTBEHHO BYJIKAHOI€HHOM)
6uuypckoi cuthl (UBaHOB, 1974; u nap.).
3HAaYMMOCTb 3TOT0 paspesa NpOsiBJIeHa B
JIByX acnekTtax. [Ipexxzae Bcero, aTo mo4TH
e/IMHCTBEHHbIN paspes cepuy,
06pa3oBaHHUSA KOTOpPOM  BBIXOAAT Ha
JIHEBHYI0 NOBEPXHOCTb, B OTJIMYME OT
JIpyTUX pa3pe30B BYJKAaHUTOB 3amnaJHOU

Cubupu MOJIHOCTBIO HepeKpPbIThIX
0CaJIOYHBbIX YeXJIOM IOpCKUX U 6GoJiee
MOJIOABIX OTJIOKeHUH. OT yCcTbA peku
YepHaa Ha 3amaZe A0 HOro-BOCTOYHOWU
OoKpauHbl epeBHU bopucoso (KaTaickuit
paiioH, KypraHnckas 06s1acTb) Ha BOCTOKE,
Ha NpOTSHKeHMH 5 KM HabJswjaeTcd
NpaKTUYeCKU HeNpepbIBHbIM pa3pes, rie
MOXXHO HabJioJaTb BCe  4YJeHbl W
NeTPOTUNBI CEePUU KU HUX COOTHOLIEHUSA
ZApyr ¢ Apyrom. /Ipyros 3Ha4uMoM 4epTou
paspes3a ABJfeTCAd HaJU4ue B HeM
IJIaArMOpUOJINTOB. B paspese pexku CuHapbl
(mo obGHa)keHHMAM ee JIEBOTO CEBEPHOTrO
O6epera) BbIABJIEHbl U BblJleJIeHbl TpHU
XapaKTepHbIX KOMIIOHeHTa (C 3amaja Ha
BOCTOK): 1) ByJIKAHOT€HHO-0CaJ04YHas
ToJIla, MoOIIHOCThI0O Ao 300 M, moJoro

najaroiiast Ha BOCTOK; 2)
CyOByJIKAHUYECKUE TeJia
[JIAaTUOPUOJIUTOB, ceKyljue o
OTHOLIEHHWI0 K 3TOW ToJlle; 3) AallKu
JLOJIEPUTOB, NpophIBaKOLIMe BCe
npefblgyuide  KOMIIOHEHTBI, BKJIOYasd

nyiaruopuosintel (MBaHoB, Pacysios, 2006).
[Io ocobGeHHOCTSIM CBOEro MHUHepaJo-
netporpaduyeckoro MU  XHMHYECKOTO
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CcoCTaBa BYyJIKAHOTe€HHble 0O6pa3oBaHHUSA P.
CuHapel (M camMa TypUHCKas cepus B
1[eJIOM) — 3TO TUIHUYHBIK MpeJCTaBUTENb
KOHTHUHEHTaJbHOM TOJIEUT-6a3a/JbTOBOH
dopmanyy, ee KOHTPACTHOTO PHOJIUT-
6a3aJIbTOBOrO THUIIA.

Kpome Toro, uMeHHO 3JeCb B/0Jib
BCEro BYJIKAHOTEHHO-0CaJJ0YHOT0 pa3pesa,
dakThYecKM Ha TrpaHULe Ypala U
3anagHoit  Cubupu, 0OHApPYKUBAIOTCS
HaXO0JIKM yIJeBOJOpPOJOB U OUTYMOB.
O4eBUAHO, YTO UX CKOMJIEHHUSI MOTYT ObITh
CBfI3aHbl C YIJ€BOJOPOJHBIMU 3aJjieKaMu
3anagHo-CubUPCKOTo MeraoacceiHa,
KOTOPbIN SBJISJICS U SIBJSIETCS TJIaBHbIM
nocTaBUIMKOM HepTH U rasa B Poccuu. O
TaKOW HaxoJKe TBepJAbIXx OUTYMOB Mbl U
pacckakeM B HacTosllel pabore.

MeTOABI MCC/IeOBAHUA

AHa/IUTHYECKUe
NpPOBOJUINCH B

yccjel0BaHusA
pasHbIX Hay4YHbIX W
06pa3oBaTe/IbHBIX yupexaeHUsAxX .
ExkaTepuHOypra U 4BJAKTCA BIOJIHE
CTaHJAPTHBIMUA INPU HU3yYEeHUU TBepPJbIX
yraeBojgopoaoB (@uaunmos, 2013). B
YpajibCKOM TOCyJapCTBEHHOM TOpPHOM
yHUBepcuTeTe Ha audpakromerpe /JIPOH-
2.0 (anamutuk HJI. CanoxxHuKOBa)
IPOBOJUJINCh vcciel0BaHUA
peHTreHo$a30BOro  COCTaBa  TBeEPJbIX
OUTYMOB U YIJIMCTBIX CJaHLeB. U3yyeHue
XUMHUYECKOTO cocTaBa o6uTyma
IPOBOJAUJIOCH B HHcTuTyTE
opranudeckoro cuHrteda (MOC) YpO PAH
(aHaIUTUK I0.T. Atnyk) C
WCIIoJIb30BaHWeM aBToMaTudeckoro CHN-
a”HasuzaTtopa Mmozeau PE-2400, ¢upmbl
"Perkin Elmer", onpegenenue C, H, N
NpOBOAUJIOCHE C morpemHocTbio  0,3%.
3nech xxe B UOC YpO PAH npob6a 6utyma
vM3yyajsacb B HHQpakpacHou o06JacTu
cnektpa Ha MWK ®@ypbe-cnekTpomMeTpe
Spectrum One B, ¢upmbr "Perkin Elmer”
(ananutuk 1O.I. fAtayk). B HHcTutyTe
reojoruu U reoxumun YpO PAH
NPOBOJUJINCh MHUKDPO30H/I0BbIE
MCC/IeIOBAaHUs Ha 3JIeKTPOHHO-30H/J0BOM
MuKpoaHanusaTtope |JXA-5 ¢upmbr "JEOL"
(ananutuk E.C. IaranoB) u caenaH

nuddepeHMaTbHBIN TEPMHUYECKUU
a"anu3s (/[ITA) Ha gepuBatorpade Q-500D
(ananutuk B.I. [leTpuiesa).

I'eosioruyeckoe 1noJjioKeHue u BO3pacT
IJIarMOpHUOJINTOB

M3ydyeHHBI pa3pe3 pacnoJiokeH B
3aypaJibCKOU Mera3oHe, KOTopas ABJeTCs
camou BOCTOYHOU CTPYKTypOu
0O6HaKeHHOH 4acTH Ypasbckoro
CKJIaZyaToro Iosica U HMeeT, MO BCeH
BU/JIUMOCTH, aKKpeLMOHHYI mpupojy. B
3TOM Mera3oHe pa3BUTHI BeCcbMa INeCTpble
10 COCTaBY NaJle030MCKHEe ByJIKaHOTeHHbIEe
Y 0CaZi0uHble TOJIIIU. B no3sHel nepMu u
HayajJle TpUACOBOr0 IepuoZia BO BpeMs
OTpaHUYEHHOTO HOCT-KOJIJIM3UOHHOTO
pacTsxeHUs U CyIepIJIIOMOBOIO
Mmarmatusma (Ivanov et al, 2013) B
3aypasibckoid Mera3oHe cdopMUpOBaiach
cucTeMa COPOCOB U MOJIOJbIX TPabeHOB C

VHTEHCHMBHBIM INPOSIBJIEHHUEM  PHUOJIUT-
6a3aJIbTOBOTO MarmaTu3Ma. ITo
nocJaeJHUM WU30TONHBIM JlaHHBIM,
MOILHbIM TPAINOBbIA BYJIKAaHW3M HadaJCcd
NpaKTHUYeCKU OZJHOBPEMEHHO Ha

OTPOMHOM TEpPpUTOPUU OT Ypajaa Jo
lHentpanbHout Cubupu (okosio 250 ™MuH
JIET), ¥ IPOJ0JKAJICA B BH/Jle 3aTyXalOIHUX
HMIIYJIbCOB elle okosio 20 MJH JeT
(Reichow et al., 2009b; u np.).

N3ydeHHbIe HaMU PHOJIUTHI
3aJleral0T B IOpPOJAxXx OUYYPCKOH CBUTHI
TPUACOBOTO MepHoJa, KOTOopas CJoXeHa

KOHIJIOMepaTaMH, TydonecyaHMKaMU
OCHOBHOTO  COCTaBa, MeCYaHUKaMHU C
NpOCA0SIMU YTJIUCTO-TJIMHUCTBIX

apruJIMTOB M MOULIHBIMM  IJIaCTaMHU
6a3anbToB (MantoTun u ap. 1977). Booab
6epera pexku CMHapbl OOHAaXKEHUSI KUCJIbIE
BYJIKAHUTBHI HabJII0AAI0TCA Ha
npotsikeHud 1-1,5 kM. OHM ciaraioT /JBe
KpyIHble 3KCTPY3UU MOIHOCTBIO oT 200
go 500 M, KOHTaKTbhl C BMeIAIOUUMU
NOopo/JilaMM, KakK T[paBWJO, pe3Khe U
pByumue. OOuee mnaZeHUe  PHUOJIUT-
6a3a/IbTOBOTO KOMIIJIEKCA U BMeLAIIUX
nopoJi BOCTO4YHOe, c yriaamu 40-500,
NOpoAbl pa3pe3a OMOJIAXKUBAKOTCA B
BOCTOYHOM HampaBJieHUHu (puc. 1).
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Puc. 1. MecTo pacnoJsioKeHHUsI U XapaKTep 3aJieTaHus JIaruopuoauToB Ha p. CuHapa (o (MUBaHOB,
1974) c ynpolieHUsIMHU U JJONOJHEHUSIMU aBTOPOB). YCI0BHbIe 0603Ha4YeHUs: 1 — rpaHUT-NOPUPEI
KapboHa; 2 — U3BECTHSIKU KapboHa; 3 — TJIMHUCTBIE CIaHIbl Kap60Ha; 4 — 623a/bThI U THAJIOKJIACTUTHI
TpHaca; 5 - apruJuIMThI, aJ1€BPOJIUTHI U IECYUAHUKU TPHUACa; 6 — IJIarHOPUOJIMTHI TpHaca; 7 -
MOKPOBHBIE OTJIOXKEHHUS MeJla U NaJleoreHa; 8 - coBpeMeHHbIe YeTBEPTUYHBIE OTJIOKEHUST; 9 -
TEeKTOHHYeCcKHe HapyleHus; 10 - me6eHOYHbIH Kapbep.

B camom KpyInHOM TeJjie PHOJIMTOB

3aJI0KEH [JIEMCTBYHOUIMU  11e6eHOYHbIN
kapbep (puc. 2A). BysnkaHuTbhl HHOrJa
pOpBaHbI JlalikaMu1 Z11abas3os.,

MoOILHOCTBIO 0 10 MeTpoB, KOTOpbIe
XOpOLIO BBIJENATCA TEMHOU OKpACKOU

(puc. 2B). B puosnTax oOTMeyarTCHd
TEKCTypbl Te4yeHHUs U 30HbI ApOOJIeHUH,
3a/le4eHHble  arperaToM CUJepuTa ¢
BKJIIOYEHUSAMU TBepPAbIX OUTYMOB (puc.
20).
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Puc. 2. A - BHelrHUH BU/ e 6GEHOYHOTO Kapbepa 613 Jiep. boprcoBo Ha p. CuHapa, B - gaiika
J1aba30B NPOPhIBAIOILAs TEJI0 IJaruopruoanToB, C - pasapo6/ieHHbIe M GpeKYHPOBAHHBIE
IJIaTUOPUOJIUTHI C BKIIOYEHHUAMU TBEPAbIX 6I/ITYMOB, B- MHWH/JaJ/JIMHA araTta B [IJIaruOpHUOJIUTE.

Ilo XUMH4YE€CKOMY COCTaBy KHCJbIE

BYJIKAHUTDI OTHOCATCA K
[JIaruoOpruoJinTaM, HHOraa Iepexoad B
AA0HUTDBI. HJ'[al"I/IOpI/IOJII/ITbI CJIOXKEHBbI

C1ab0M3MeHEHHBIM CTEKJOM C KPYNHBIMU
BKpalJleHHUKaMu aHopToksasza (go 0,5
cM); KpoMme TOTO, OTMevaIuCh
dTopamnarur, 11aMO3UT-CUJePUTOBBIE
arperaTbl (BO3MOHO, I1ceBJ0OMOpP}O3bI 1O
NEepPBUYHOMY >KeJIe3UCTOMY MHUPOKCEHY),
dbeppoatOMUHOCENAJOHUT U KeJIe3UCThIN
pytua (UBaHoB u ap., 2002).

B nsnaruvopuosuTax HabJI0Jar0TCA
YyacTble araToBble MUH/IAJIMHBI U CEKpeLuU
(pasmepom ot mnepBbix cM go 20-30 cm),
BbINIOJIHEHHblE KaK YWUCTO XaJsleJOHOM
(puc. 2D), Tak 1 kapbOHaAT-XaJlleJOHOBbIM
arperatoM. KosinyecTBO MHHJAJUH B
IJIATMOPHUOJINTAX yBeJIMYHUBAETCA K
BOCTOYHOMY KOHTAaKTy, T.e. K BepxHeH
4acTU 3SKCTPY3UBHOIO Tesa, U MMEHHO B
HUX HaMHU 6bL11 06HapyKeHbl
He3HAUUTeJIbHble CKOIUIEHUSI TBEPAbIX
6utymoB. HHTepecHo, 4YTO B Kope

BbIBETPUBAHUA
pacrnoJarauaochb
MeCTOpOXKJieHUe araToB, HbIHe CpbITOE
111e6€HOYHBIM KapbepoM. GPS-
KOOpAHWHATbl MecTa o0T60pa 006pa3LoB
IJIATUOPUOJIUTOB ¢  6utymom - N
56°22.565', E 62011.202".

B cuiny  BBICOKOM  3HAaYUMOCTH
006beKTa [Ji1 pervoHaJbHON TIeO0JIOTHH,
o6HaXKaw1uecs 3/leCb BYJIKAHUTBHI
HEOJJHOKpPAaTHO JAaTupoBaivcb. K Havyany
1970-X romoB MMeJOCh He OoJjiee JecsaTKa
K-Ar-onpeseneHui, rjiaBHbIM 06pa3oM IO
KUCJIBbIM BYyJIKAHUTaM, JaBIIMX LUQpPHI B
vHTepBajse 235-162 maH Jer (MBaHOB,
1974). Bosiee coBpeMeHHasi aHaJMTHUKa
[0KasaJia, 4YTo Ar-Ar Bo3pacT IJIarMoKJa3a
M3 TOJIIU 0a3ajbTOB paBHseTca 244,9 +
1,2 ™MJH JleT, a [JaruOpHUOJIUTHI,
fJatupoBaHHble  U-Pb  MerozoM  1no
LJUPKOHaM, UMeIT BO3pacT 0ko0J10 250 MJIH
set (Reichow et al., 2009a; [lyukos, 2010).
HenaBHo mnosiydyeHHble u3otonHble U-Pb-
fatupoBkd (SHRIMP-II) uupkoHoB wu3

MJIATUOPHUOJIUTOB
HebOoJIbIIIoe
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MJIarMOPUOJIUTOB, NoKasaJu
HeoJJHO3HauYHble BO3pacTa ¢ pa3berom OT
284 no 229 MJH JileT U 3HAYUTeJbHOH
nomnyJisiuuen B obsactu 235 + 2 MJIH J1eT, a
TaKXe C IPUCYTCTBHUEM SIBHO PEJIUKTOBOTO
3epHa C JaTUPOBKOHN OoJjiee 2 MJpJ JIET
(Chuvashov et al, 2013). Ha paHHbI#
MOMEHT B PETMOHAJIbHBIX Te0J0TUYECKUX
KapTax BO3paCcT pUOJUT-6a3a1bTOBOM
TOJIIIU NpUHUMAaETCS KakK
pPaHHETPHUACOBBIM.

Pe3ysibTaThl U3y4eHMs TBEPAOTO

outyma
B MHOro4YMcjJeHHbIX MMHJAJHHAX
arara, 0COOGEHHO B KapboHarT-
XaJILeJOHOBBIX arperaras, 4acTo

OTMEYaKTCs YepHbIe MAPUKU U 3JUIUICHI
TBepJoro 6utyma, pasmepoMm o 1,5 cm,
HHOTIa BBITSHYThIE BIJIOTH hifo}

06pa30BaHUsA YepBe0OPa3HbIX Bbl/leJIEHUH,
JIOCTUTaux 5 cM B AJMHY MU 1 cM B
ceyeHuH (puc. 3).

Puc. 3. BoigiesieHre 4epHOTro
aHTPAKCOJIUTA B KapOOHAaT-XaleJOHOBOM
cekpenuu. p. CuHapa, gep. bopucoso.

Hau6osbiiee 175 CKOILJIEHUE
Ha6JII0ZlaeTCs Ha TpaHUIE XalleJoHa C
KapbOHAaTOM, B KOTOPOM OHHU CJIAraloT
TOHKO pacCesiHHYI0 BKPAIJIEHHOCTb B BUJIE
MeJbYyalliuxX CcPepousioB, pasMepoM B
poiu MM. biarogapsi aToMy KapOoOHAT
npuobpeTaeT  Cepyw  OKpAacKy. B
HEKOTOPBIX ciydasx HOJI00HbBIE

BblJleJIEHUs] HAOJIOJAMMCh B  KpaeBbIX
30HaX IKCTPY3UU CcpeJd OPEKYMPOBAHHBIX
IJIATMOPHUOJIMTOB (CO claelaMU XPYIKO-
IJIACTUYHOTO TeYyeHHUs]) B HMHTEPCTULUAX
06JIOMKOB MOpPOJbl. 3JeCb OHU CJararmT
KceHOMOpdHbIe 3epHa B Macce
TOHKO3EPHUCTOTO  cujepuTa. YepHoe
BEIleCTBO HMeeT CHUJIbHBbIA OJiecK, He
NpOCBeYMBAeT B TOHKHUX CKOJIaX, H3JIOM

PaKOBUCTBIM. TBepLocTb O0KO0JIO 3 IO
mkase Mooca. Ilpu HarpeBaHuu He
miaBuTcAd. PeHTreHoda3oBoe wu3yyeHHe

6uTyMa  1@OKa3aJo  HajJlu4yhe  [BYyX
pPasMbIThIX OOJIBIIUX OTpaxkeHuu 27,6 u
3,58 (B aHrcrpemax), 4YTO MO3BOJIUJIO
OTHECTH HX K YTOJIbHBIM CTeKJaM, TaK
Ha3blBaeMbIM BUTpUHUTaAM. bosiee Bcero
OHU  TOAXOJUJIHM K  3SYBUTPUHUTAM
(renudunpoBaHHbIE L[ eJIJIF0JIO3HbIE
KOMIIOHEHThl ~ KaMeHHbIX yIJeH), Ho
3TaJIOHHbIE 3YBUTPUHHUTBHI OTHOCATCA K
JIETKOIJIAaBKUM MaTepHajaM B OTJIUYHUE OT
HallluX 06pasIioB.

UK-cnekTp 6uTyma noKasaJj
60JibLII0€ KOJIMYECTBO I0JIOC MOIJIOLEeHUs
(cm1): 3047, 2922, 2853, 1907, 1600, 1496,
1439, 1372, 1211, 1033, 948, 872, 830,
809, 751, 647,582,470 (puc. 4).

PacumiudpoBka cnekTpa nNpoBoAuIach
HaMHU 110 CPAaBOYHBIM JlaHHBIM (EpeMuH u
Ap., 1980; Xummusda.. 1988). Ha cnektpe
OTYETJIUBO BblZleJIsIeTCs noJsioca
MOTJIOLIEeHUA 3047 cml, kotopas
OTHOCUTCS K BaJIeHTHbIM KOJIeOaHUAM
apoMaThdeckux U ojsepuHoBbiXx C-H
cBa3el, a moJiocbl 872, 809, 751 cm1
ABJIAOTCA JNebopMaIMOHHBIMU
KoJle6aHUAMU ITUX cBa3edl. 06sacThb
cnektpa 2700-3000 cm! o6ycioByieHa
BaJIEHTHBIMU KOJIe0aHUSIMU
anudaTrUieCcKux C-H CBfI3eHn c
MakcuMmyMmamu 2922 u 2853 cm-1, a mosiochl
1439, 1372 cml OTHOCSTCS K
JfiebopMalMOHHbIM KOJIe6aHUAM
YKa3aHHbIX CTPYKTYp (XOTS BO3MOXHO
OHU BbI3BAHbI NPUCYTCTBUEM
KapboHaTHOro wmarepuasna). He6osblnas
obsactb morsonieHna B 1907 cml
ob6ycsioBseHa KoJsiebaHueM rpynnbl C=O0.
Haubosee cuibHasg moJsioca MOIJIOLEHUSA
pacnoJsioxkeHa B o6s1actu 1600 cm! u vaie
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BCEro OTHOCHUTCA K BaJIEHTHbIM
Kosieb6aHusAM apoMmatuueckux C=C cBsazel.
[Tosiockl morsionienusa 1211, 1033, 948 cm!
XapaKTepHbl [/ KoJiebaHUH YTIJiepoj-
KUCJIOPOJHBIX CBSI3€ B IPOCTBIX 3QUPHBIX
rpynnax, npu 3toM nuk npu 1033 cmt

MOXET TOBOPUTh O Hasuuuu rpynn S=O0.
Heb6ousbmoe norsomenue B o6aactu 3400
cMm! cBaA3bIiBaeTcda ¢ koJsiebaHueM N-H. B
1esioM o6pasel MOKa3aJ CTaHAAPTHBIN
HabOp MO0JIOC TOTJIOUEHUS] XapaKTepPHbIH
JIJIsI MHOTHX YTJIEBOJIOPO/IOB U YTJIEH.

cm!
4000 2800 1600 1000 450
Puc. 4. UK-criekTp aHTpakKco/MTa U3 araToOBOM CEKPELMU B IIJIaTMOPUOJIUTAX.
HccinepoBaHue BelllecTBa METO/0M aHaJIMTUYEeCKMM [pU3HAaKaM, TBep/ble
IuddepeHIIMATBLHOTO TEPMUYECKOTO OUTYMBI oOHapy>KeHHbIe B

aHa/lM3a B OJIHOM CJiyyae JaJio XOpOLIo
BbIPQOKEHHBIA 3K30TepMUYeCKUN 3ddeKT
B ob6sactu 565°C, apyroMm ciaydae 6oJiee
pa3MbITbIi 3QPeKT ¢ MaKCUMyMOM B
obJiactu 580°C, HO c 60JbLIUM
KOJIMYeCTBOM INUKOB B HHTepBase 380-
630°C (puc. 5), 4TO MO3BOJISIET OTHOCUTh
BEIleCTBO K KepuTaM WJd HU3IIUM
AHTPaAKCOJIUTaM (YepeBko, 1999).
XUMHYECKUH COCTaB OMTyMa CJeAYIOLUN
(mo aBy™ 3amepam): C - 90,06-90,57%; H -
3,98-4,09%; N - 0,99-1,53%. Cpennuit

nokasatenb (H/C)ar paBHsieTca 0,53.
Kpome TOTrO, MUKPO30HOBbIMHU
HCC/IeIOBAHUSAMU B HeM OOHApYyKeHbI
npUMecd Cepbl Ha YpOBHe MepBbIX
npoueHToB (oT ciaegoB go 2,1 mac.%). Ilo
BCEM BbIllIe npUBeZeHHbIM

nyaruopuosiutax p. CHHapbl OTHOCATCS K
a"ntpakcosutaM (Hunt, 1978; ®uaunmnos,
2013; wn wMH. gap.). Ilpuuem 1o
KOJIMYECTBEHHBIM XapaKTEpPUCTHUKaAM, B
KJaccuPUKalMu KayCTOOMOJIUTOB, OHH

nonajarwT B rpymnny HU3LIUX
a"nTpakcosuToB (OpJsioB, YcneHckuit, 1936;
@®uaunnos, 2011). Ilpu 3TOoM camu
aHTPAKCOJIUTHI OTHOCAT K TaK
HasblBaeMbIM  nupob6butymaMm  (Landis,
Castano, 1995), a Bce TBepjable

yrJIeBOLOPOAbI MexayHapoHbIN
KomuteT no YrosbHoM u OpraHu4eckou
NIeTPOJIOTUM pPEeKOMeHJyeT OTHOCUTb K
MUTpabMTyMaM M NoMellaeT UX B Tpyniy
akcygatuHuTa (Puannnos, 2013).
WHTepecHO, 4YTO NMOJLOOGHBIE HAXOAKH
TBepAbIX  YIJEBOJOPOJLOB B  KUCJBIX
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ocajiouHble mopoAbl (Stasiuk, 1997 u MH.
Jp.) WIH TUAPOTEPMAJIbLHO-CYJIbOUHbIE
MectopoxaeHus (Rasmussen, Buick, 2000
M MH. pap.). Haubosnee mnoxoxasa (c
HM3y4YeHHbIM HaMH OO6BEKTOM) CHUTYyalUs
OoTMeyYaeTcs Ha MeIHO-CYyIbPUIHBIX
MeCTOPOXAeHusAX Yuiau, Tr7e PHUOJIUT-
aH/Ie3UTOBbIE OTOKU MEJIOBOTO BO3pacTa
NepecjaauBalTCs C YIJepo/Cco/IepKallluMU
0CaJIKaMM M aHTPAKCOJIUT BCTpeYaeTcs

TaM B TU/JPOTepMasibHbIX KapOOHATHBIX
xunax (Wilson, 2000). Kpome Toro,
OTMEYalTCs HEMHOTOYHC/IEHHbIE HAXOAKHU
aHTPaAKCOJIUTOB CBSI3aHHbIE C
3¢pdy3suBHbIMU nopogamu (boremus, n-os

KpeiM, VYpan, Kapenus), B KOTOpBIX
OUTYyMbl OOBIYHO KOHIIEHTPUPYIOTCA B
MHUHJAJUHAaX U B  MEXIOAYLIEeYHOM

npoctpaHcTBe (Puannnos, 2013; Jehlicka
etal, 2003 u gp.).

Tmax=580
p + Tmax=780
420,/
AnTpakcomut  J
: /
Tmin=255 .
—_ \ Tmin=710
P Tmax=510 v
/ b

. Tmin=435 Tmin=560 \  Tmin=925

YINIMCTBIU CJIAHCIT \

1 —
(o]
20 500 T,°C
Puc. 5. TepMorpaMMbl aHTPAKCOJIMTA U YIJMCTOTO C/1aHL[A U3 MJIarHOPUOJIUTOB.

06Cy:K/ieHHe pe3y/IbTaTOB MUHEepalbHBId  COCTAaB MO  JIAaHHBIM
PEHTTeHOCTPYKTYPHOTO  aHaJM3a  He
[Tpoucxoxzenue TBEPAbIX GUTYMOB B CUJIbHO OTJIMYAeTCHd OT OKPYXAKUHUX HX
Tzﬂax I/IArHOpHO/INTOB MOZKET BYJIKAHUTOB: KBapll, KaJWeBblii MOJIeBOM
OUBACHATBCA  ABYMs#,  MO-BUAUMOMY, IIMAaT, IUIAaTMOKJa3 W caoga. OYeBHHO,
paBH‘l)_IBepOHTHbIMHVmHOTeSaMH' s YTO  YIVIACTble  CJAHLbl  UCIBITAJIH
0 fiepBon (1 HanboJee MeTacoMaTM4eCcKhe M TeMIepaTypHble
pangOCTpaHeHHOI/I) p FUNOTESE, npeo6pa3oBaHUA B NPOLEcce HAXOX/EeHHUH
éy CTpaToM  AJis1  0bPasoBAHMA  ITHX B KHC/IOH saBe. OpraHM4ecKoe BelecTBO
MTYyMOB  HOCAyXHJIM — BMeIalolune yAaJ0oCh yCTaHOBUTb TOJBKO METO/0M
feciaHnkn € HpOCJ]IBOHM” yTInCTO- JITA, ero copep»aHue COCTaBJISIET OKOJIO
[JIMHUCTBIX - CJIAHLEB. Kpaeson 30HE 1% ¥ 3K30TepMUYECKUH MK HAXOAUTCA B
SKCTPY3MBHOTO TeJa MJIarMOPUOJUTOB nnTepBane 435-560°C ¢ MAKCAMyMOM B
HaMM OTMe4Ya/uCh KCEHOJUTbI YTJHCTBIX 510°C (cm. puc. 5). ITH  crempl
claHues, pasMepoM fJo 5-10 cm. Mx YIJIEeBOJOpPOAa MOMKHO COOTHECTH C
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cinaHueB. Kpome Toro, no ganueiM /ITA B

YIJUCTOM  cJaHLe cofepxutca 8,5%
Mesnkoyvewmyiyartoro (0,001-0,005 wMm)
rpa¢uTa, BHUAUMO YacTb OPraHUYECKOTO
BelllecTBa BCe xKe HOo/iBeprJach
MeTaMOpPUUECKUM npeo6pa3oBaHUSIM.

BriosiHe BeposAATHO, YTO NpH BHeAPEHUH
IJIATUOPUOJINTOB  NPOPbIBAJIMCh  TOJIILHU
NeCYaHUKOB U TIJIMHUCTBIX CJaHLEB C
OpraHUYeCKMMM OCTaTKaMHM, BCJIe/iCTBUE

yero B BYyJKaHUTaXx CPOPMUPOBAIOCH
6oJibLIOE KOJINYEeCTBO YIJIACTBIX
KCEHOJIUTOB. [Ipu porpeBe  3THUX

KCEHOJINTOB (kak u BMelalouX
0CaJIOYHBIX TOPOJ), YACTh OPTraHUYECKOI0
BEeIleCTBA BO3TOHAJIOCHh U LIUPKYJIHUPOBAJIO
C THUAPOTEpPMaJbHBIMH pPAcTBOpaMH B

KpaeBOM  4YaCTH  IJIarMOPHUOJIMTOBOTO
MacCHBa, a 4acTb - WCIIbITaB
MeTaMopdusM, mnepeuio B rpadut. Ilo
BCel BU/IMMOCTH, yIJ1€BO0PO/bl
NOCTOSTHHO HaXO/AUJIUCh B
TUAPOTEePMaJIbHOU CUCTeMe, HO
OTMeYaTbCd OHHU CTaJM TOJIbBKO Ha

kapboHaTHOU ctaauu. Ckopel Bcero, npu
06pa3oBaHUM KapboHaTa OHU pPE3KOo
npuobpesu TBepJoe COCTOSSHUE B BH/JE
aHTPAKCOJIUTA, a 0 3TOT0 HAaXOJWJIUCh B
ra3oBO-XMJIKOM  COCTOSIHMM, UYTO U
00bsicHAeT ux chepudeckyro popmy.
To/JYKOM K 3TOMYy MNpOLLECCY MOCIYKUJIO
peskoe npeobsiajjaHue B
rUJpoTepMaJbHON CHUCTeMe KapOoHaT-
VMOHA; B MUH/Ia/IMHaX [IPU POCTe KaJbLHUTA,
a B OpeKYMpOBaHHBIX MJIATMOPUOJIATAX
npy  0Opa3oBaHWUM  TOHKO3EPHUCTOIO
CUJIepUTa, T.e. TAKXKe KapOoHaTa.

[lo BTOpO¥ runotese, GopMUpoBaHUE

TBepPAbIX yIJ1€BO/I0PO/I0B MOTJIO
NPOUCXOJUTb 38  CYeT  TJIYOMHHBIX
b IHBIX VCTOYHHUKOB. Ecnun

paccMaTpuBaThb PHUOJIUT-06a3a/IbTOBYIO
dopmanyio  3aypasbCKOM  30HBI, Kak
pe3yabTaT BJIMSIHUA MaHTUHHOTO
CyIepIJIoMa, NpUBeAIIEro K
dopmupoBaHUI0O TrpabeHOB MO  BceH
3anagHoit Cubupu (Dobretsov, 2003 wu
Zp-), TO AHTPaAKCOJIUT Mor
cbopMupoBaTbCAd 3a CYeT NpPHUBHOCA
rJIyOMHHBIX (MAaHTHUIHBIX) YTJ1€BO/OPO/IOB.
Teopuss abGUOTreHHOr0 MPOMUCXOXKIEHUSA

HepTH U rasa B ToOCJHeJHee BpeMs
HabupaeT 6oJsbllIOE KOJIMYECTBO
CTOPOHHUKOB (KyapsiBues, 1973;

Kucherov et al, 2002; Glashby, 2006;
Ivanov et al,, 2010; u MH. fip.), B TOM 4HucCJIe
Y 10 JJaHHBIM U3y4YeHHUs] MeCTOPOXKJEeHUHN
3anagHoit Cubupu (Fedorov et al, 2007;
Tumypsues, 2014; u pgp.). Kpome Toro,
abuoreHHble  YIJIEBOJAOPOAbI  HEJAaBHO
ObLIM  OOHapy»XeHbl B NPOAYKTax
COBpPEMEHHOro ByJIKaHM3Ma Ha KamuaTke
(Cunaes u gp., 2016).

Kakasi u3 mpeJCcTaBJIeHHbIX TUNOTE3

ABJISETCA NpaBUJIbHOM, CKa3aTb
Jl0CTaTOYHO 3aTpYyAHHUTEJBHO. Jna
YBEPEHHOI'0  ONpeJieieHUs1 UCTOYHHUKA

BellecTBa TBEP/AbIX YIJEBOJAOPOJAOB, IO
BCEW BUJMMOCTH, MOTPEOYETCS MPOBECTHU

JIOTIOJIHUTE/IbHbIE HW3bICKAaHUS B BUJE
M30TOMNHHU YTJIepoJa U KUCJI0poa.
3akyIloyeHue
Takum o6pasoMm, HaMu cjJejiaHa

nepBasg HaxoJKa TBepJblX OUTYMOB B
miaruopuosnutax p. CuHapel (KaTakickuit
paiioH, KypraHckasi 06s1acTh), BXOASIUX B
COCTaB  paHHETPUACOBOW  TYPUHCKOU
BYJIKAHOTEHHO-0CaZJOYHOM  CepuHd  Ha
rpanule Ypana u 3anagHod Cubupu. Ilo
JlAaHHbIM KOMIIJIEKCHBIX aHaJIMTUYeCKUX
uccaegoBanul (xumnueckudi, [ATA, UK u

peHTreHo$a30BbIN aHaJIu3bl)
yCTAHOBJIEHA HUX MPUHAJJIEXHOCTh K
rpyiie HU3LIUX AHTPAKCOJIUTOB.

Ob6pasoBaHUe TBEPJOr0 OUTyMa B KHUCJBIX
ByJIKaHUTax p. CMHapa HPOUCXOJUJIO Ha

N0o3JJHel CTaJiuM CTAaHOBJIEHUA TeJa
NJIaTMOPHUOJINTOB B MOMEHT
dbopmMupoBaHusa MHOTOYHCJIEHHbBIX

XaJllle/lOHOBbIX (araToBblX) MHUHJAAJUH U
ceKkpeLi. 3aTBep/leBaHHWEe U BblNaJleHUe

aHTpPAKCOJUTA M3  THUAPOTepMaJibHbIX
pacTBOpOB  NpPOM3OULJIO NpPU  Pe3KOM
npeo6/jajaHud  KapOOHAT-WOHA, T.e. B
MUHJQJIMHaX npu KpUCTa//IN3alL U1
KaJbllMTa, a B  KpaeBbIX  30Hax
OpeK4uMpoBaHUsA  NJIAarMOPUOJIMTOB -
chjiepura. HUcToyHUKOM A
dbopmupoBaHus CUHApCKOTro

aHTPAKCOJIUTA MOTJIM TOCAYXUTb, Kak
BMelllaloll[ie 0CaJj0YHble MOPOAbI, TaK U
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rJ1yOUHHbIE (MaHTUIHBIE)
yriaeBosopoiHble  ¢uongbl.  Haxomku
TBePJbIX OMTYMOB B KHCJBIX BYJKaHUTaX
p. CuHapa peAKM U He HMEWOT
IPOMBILIJIEHHOTO 3HAa4yeHUs, HO OHHY,
6sarozapss CBOMM KpYINHBIM pa3Mepaw,
MOTYT ABJATbCA peKpacHbIM
KOJIJIEKLIUOHHBIM 17 My3eHHbIM
MaTepHaIoM.

BbiaarogapHocT

ABTOpBI 6/1aroZlapHbI BCEM
YHOMSIHYTBbIM B PYKONHUCHU aHAJMTHUKaM 3a
BbINIOJIHEHHbIE ~ MCC/AeJJOBaHUA OUTyMa.
Kpome Toro, ortgesnbHoe cnacubo Mbl
BbIpakaeM HalIMM KoJuleraM H, K
COXXaJIEHUI0, HblHE IOKOWHBIM [Ipy3bfM,
K.II. UBanoBy u A.T. Pacysi0By 3a noMo1b B
NpoBeJileHHbIX paboTax.

UccnepoBaHuss  NpoBOAATCA  NpPHU
nojaepxke Poccuiickoro HaydyHoro ¢poHja
(mpoexkt No¢ 16-17-10201 "®dynpgameHT
3anasHo-Cubupckoro HedTerasoHOCHOTO
MerabaccelHa: reoJjuHaMHu4ecKas
HCTOpHUS, OIleHKa NepCleKTUB
HedpTEHOCHOCTH").
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ON THE FINDING OF THE SOLID BITUMEN (ANTHRAKOLITE) IN THE TRIAS
PLAGIORHYOLITES ON THE BORDER OF THE URAL AND WESTERN SIBERIA
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Abstract: This paper describes the discovery of the first solid bitumen in the plagiorhyolites of Sinara River
(Kataysky District, Kurgan Oblast), which are part of the Early Triassic Turin volcanic-sedimentary series on the
border of the Ural and Western Siberia. According to data provided by complex analytical studies, they were
classified as low anthraxolites. It was found that the formation of solid bitumen in acidic volcanic rocks of Sinara
River occurred during the late stage of establishment of the plagiorhyolite body during the formation of chalcedonic
(agate) amygdales and secretions. Solidification and sedimentation of anthraxolite from hydrothermal solutions
apparently took place under a radical prevalence of the carbonate ion, ie. in the amygdales during the
crystallization of calcite, while in the edge zones of brecciation of plagiorhyolite - of another carbonate, siderite.
The source of the substance for the formation of anthraxolite in plagiorhyolites of Sinara River could be both the
enclosing sedimentary rocks and deep (mantle) carbohydrate fluids.

Keywords: anthraxolite, chalcedony, plagiorhyolite, Early Triassic period, Trans-Ural
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CARBONATE MICROFACIES ANALYSIS AND MINERAL COMPOSITION OF THE
MIDDLE-UPPER ORDOVICIAN SUCCESSION OF THE MOYERO RIVER SECTION, NE
OF SIBERIAN PLATFORM
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Abstract Lithological re-investigation of upper Volginian, Kirensko-Kudrinian, Chertovskian, Baksian and
Dolborian regional stages (uppermost Darriwilian, Sandbian and lowermost Katian Global Stages) of Moyero River
section results are presented. New data of clay minerals distribution in two outcrop sections have been obtained.
Levels with kaolinite and smectite content as perspective stratigraphical markers have been allocated. Composition
of heavy minerals in terminal part of Kirensko-Kudrinian deposits was studied. By the expected source of
terrigenous material identified Anabar Land. The distribution of the carbonate ramp facies zones in the studied
succession reflects development of marine transgression interrupted at the base of Kirensko-Kudrinian regional
stage, at the middle of Kirensko-Kudrinaian regional stage (base of the Kudrinian substage) and at the base of the

Chertovskian regional stage by regressive events.

Keywords: Ordovician, Siberian platform, clay minerals, heavy minerals, carbonate microfacies.

Introduction

Ordovician outcrops along the
Moyero River valley compose one of the
most  complete and  best-exposed
Ordovician sections on the entire Siberian
Platform. The study of these sections was
carried by different researchers starting
from mid-20th century (Myagkova et al.
1963; Myagkova et al. 1977; Kanygin et al.
2007). However, the results of these
investigations except field description of
outcrops and fragmental biostratigraphical
and paleontological data have not been
published. In modern time, the Ordovician
outcrops of the Moyero River valley were
studied by paleomagnetic methods (Gallet,
Pavlov 1996). As a result of this
investigation, in the Ordovician was
allocated the Moyero reversed superchron,
corresponding to most part of Lower and
Middle Ordovician (Pavlov, Gallet 2005;
Cooper et al. 2012). In the year 2013, a
special expedition was organized in order
to re-investigate this key Ordovician
section.

The  Ordovician deposits are
distributed in the midstream of Moyero
River to the southwest of the Anabar shield
(NE of Siberian Platform, Fig.1, A). Studied
interval includes the upper Volginian,
Kirensko-Kudrinian, Baksian and
Dolborian regional stages (uppermost
Darriwilian, Sandbian and lowermost
Katian Global Stages). These deposits
studied in two sections on the Moyerokan
River right bank (location No 101A,
uppermost Baksian and Dolborian regional
stages, Fig. 1, C) and on the Moyero River
left bank (location No 70, uppermost
Volginian - Dolborian regional stages).
Generally, the Volginian - Dolborian
interval in Moyero River section has 111
meters thickness (Kanygin et al. 2007). The
Volginian deposits are presented as an
alternation of the light gray bioclastic and
algal limestone and dark-gray and
greenish-gray clays. The Kirensko-
Kudrinian  regional stage has a
predominantly clayey composition
(reddish, green and greenish-gray clays
and argillites) with algal and bioclastic
calcareous beds.
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Fig. 1. A - Simplified geologic map of Siberian
Platform and geographical position of Moyero River
valley, 1 - basement uplifts: 1a - Aldan Shield, 1b -

Anabar Shield; B - Simplified geologic map of

Moyero River valley area, 2 - Upper Cambrian, 3 -
Lower Ordovician, 4 - Middle Ordovician, 5 - Upper
Ordovician, 6 - Lower Siilurian, 7 - Upper Silurian,
8 - Permian, 9 - Triassic trapps, 10 - Jeromo Lake; C
- Schematic map of Moyero River midstream: 11 -
number and position of studied locations (by
Myagkova et al., 1977).
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These deposits conformable overly the
Volginian rocks. The Chertovskian, Baksian
and Dolborian interval is composed as an
alternation of dominantly gray and
greenish-gray clays, nodular limestones
and allochthonous bioclastic gradation-
layered limestones.

Clay mineralogy

Semiquantitative mineral
composition of the < 2 um size clay fraction
was analyzed using X-ray diffraction
techniques. The clay mineral association
includes illite, chlorite and mixed-layers
minerals. At several levels contain an
admixture of kaolinite and smectite. Illite
(with admixture of mixed-layers minerals
and chlorite) dominates (more than 50%)
in Volginian - lower part of Baksian
Regional Stage interval. The illite and
chlorite content gradually decrease toward
the upper part of the Baksian and
Dolborian Regional Stage. On these levels,
clays dominantly contain different mixed-
layers with addition of illite. Smectite (less
than 10%) is fixed in two levels in top of
Baksian and Dolborian Regional Stages in
section No 101A (left bank of Moyerokan
River). Mineral assemblage also includes
illite, Mg-chlorite and mixed-layers
chlorite-smectite and illite-smectite
minerals. Kaolinite is present in an amount
less than 10% at several levels. It is upper
part of Kirensko-Kudrinian, the top of
Chertovskian and middle part of Baksian
Regional Stages. All samples with content
of kaolinite have admixture of silty or fine
quartz grains.

Heavy minerals from kirensko-
kudrinian terminal sandstones

The upper 3,5 meters of the Kirensko-
Kudrinian regional stage are composed by
alternation of fine-grained sandstones and
clays. The boundaries of «clay and
sandstones beds have erosional character.
Three samples from lower, middle and
upper parts of sandstones were studied.
For heavy minerals analysis we use < 0,1
mm fraction. The mineral composition of
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the heavy fraction were examined by the
light polarized microscope.

The colored and ore minerals were
not studied. The sandstones have
predominantly quartz composition and
tiny grain size. The colorless heavy
minerals association of sandstones from
upper part of Kirensko-Kudrinian regional
stage include tourmaline, titanite,
staurolite, hornblende, kyanite and zircon
(Fig. 2). The grains of heavy minerals have
rounded and angular-rounded shape. The
listed minerals include minerals with good
and average degree of chemical resistance.
The good resistant minerals are
predominate. Their quantity increasing up
the succession.

Microfacies analysis

About 150 thin sections were
examined with a polarizing light
microscope Carl Zeizz Axioscope 40. For
carbonate microfacies analysis we use the
model introduced by E. Fliigel (Fliigel
2004). The following facies zones of the
carbonate ramp could be distinguished in
the studied interval of the section:

1. The tidal deposits of the inner ramp are
well developed in the Volginian and in
the lower and middle parts of the
Kirensko-Kudrinian = regional stage.
These rocks are represented by
mudstone and bioclastic wackestone
with admixture of algae and tiny quartz
grains. In the lower part of Kirensko-
Kudrinian regional stage these deposits
overlay the facies of coastal sand shoals
and banks. In the middle part, the tidal
facies replaced by restricted marine
facies.

2. The sand shoals and banks of the inner
ramp include two microfacies: 1) oolitic
grainstone with concentric ooids and
bioclastic packstone with several
predominant types of bioklasts. This
microfacies could be found in the upper
part of Volginian and the lower part of
Kirensko-Kudrinian regional stages; 2)
the fine grained quartz sandstones with

phosphate grains comprise the upper
part of the Kirensko-Kudrinian regional
stage deposits.

. Restricted-marine settings of the inner

ramp are composed by the bioclastic
packstone with numerous echinoderms
and wackestone with ostracods. These
facies developed locally and underlie the
quartz sandstones of the sand bank in
the upper part of the Kirensko-
Kudrinian regional stage.

. The open-marine deposits of the inner

ramp (packstone and wackestone with
various bioclasts) compose stratigraphic
intervals of the Chertovskian and the
lower part of the Baksian regional
stages. These facies directly overly the
quartz sandstones of the Kirensko-
Kudrinian regional stage. The sharp
boundary between these two
contrasting facies is interpreted as a
marine flooding surface and sequence
boundary.

. The sediments of the mid-ramp are

represented by intercalation of non-
bioturbated mudstones and highly
bioturbated bioclastic wackestone with
ostracods and trilobites as main
components. These facies are typical for
the lower part of the Baksian regional
stage.

. Carbonate rocks of the upper part of

Baksian and Dolborian regional stages
are composed predominantly by
allochthonous wackestones and
packstones less often floatstones and
grainstones. The bioclasts are presented
by echinoderms, bryozoan, trilobites,
brachiopods, ostracods and calcareous
algae. The bioclasts often are micritized.
The lithotypes distribution of carbonate
rocks in Dolborian regional stages were
studied less detail. But, preliminary this
interval may be interpreted by mid-
ramp or upper part of outer ramp.
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Fig. 2. Microphotographs of selected heavy minerals (A - D) and microfacies (E - H). A: Zrn - zircon, Hbl -
hornblende, B: Ky - kyanite, Tur - tourmaline, P - authigenic phosphate grains, C: Ky - kyanite, D: St -
staurolite, E - bioclastic wackestone with admixture of algae, lower part of Kirensko-Kudrinian regional
stages, F - oolitic grainstone with concentric ooids, lower part of Kirensko-Kudrinian regional stages, G -
bioclastic wackestone with ostracods and quartz grains, upper part of Kirensko-Kudrinian regional stages,
H - allochthonous packstones with echinoderms.
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Fig. 3. Stratigraphic column and distribution of
microfacies of the uppermost Darriwilian - lower Katian
succession on the Moyero River left bank, section No 70

and distribution of microfacies. The position of

boundaries of Global Stages modified by Kanygin et al.
2007, Cooper et al. 2012. Sequence stratigraphy by

Dronov et al. 2009, Dronov et al,, 2015. Legend see in Fig.

1: 12 - limestones, 13 - alternation of limestones and
clays, 14 - nodular limestones, 15 - clays, 16 -
sandstones.

Discussion and conclusions

The lithological investigation of the
upper  Volginian, Kirensko-Kudrinian,
Baksian and Dolborian regional stages of
Moyero River section has allowed to
consider the levels with kaolinite and
smectite content as perspective
stratigraphical markers. The smectite and
clorite-mixed-layers composition of clay
fraction can be an evidence of
volcanoclastic matter. The bentonite beds
in the Upper Ordovician of Siberian
Platform identified in southwest of the
Platform in Podkamennaya Tunguska basin
(Dronov et al. 2011; Huff et al. 2014).

The microfacies analysis of carbonate
rocks displays the range of environments
from tidal (in the lower part of succession)
to upper part of outer ramp in the
Dolborian regional stage. The general
distribution of the carbonate ramp facies
zones in the studied succession reflects
development of marine transgression
interrupted at the base of Kirensko-
Kudrinian regional stage, at the middle of
Kirensko-Kudrinaian regional stage (base
of the Kudrinian substage) and at the base
of the Chertovskian stage by regressive
events (Fig. 3).
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AnHomayus: 'paHumoudsl aMyOHCUKAHO-WAXMAMUHCKO20 KOMN/AeKca pYyOHbIX nojell MoAu60eHo8bIX U
30/10MOpyOHbIX MecmopoxcOeHUll umeom obwjue U omauvumesbHbule 2eoxumudeckue ocobeHHocmu. K obujum
OMHoOCAMcs: coomgemcmaue adakumam U 8bICOKOKAIUE8O0U U38eCmK080-Ue/104YHOU cepul, 00UHAKO8ble 24Y0UHbI
U cmeneHu GpaKyuOHUPOBAHUS] MA2MAMU4ECKUX 04a208. Pasziuvue — 8 N0BbIWEHHbIX KOHYEHMPAYUSIX MAHCEAbIX
pedKo3eMenbHbIX 3/1EeMEeHmMOo8 8 2paHumax MoAUG0eHO8bIX MeCcmopoXcoeHUll OMHOCUMEAbHO MAKO8bIX 8

30/10MOpPYOHbBIX MECMOPOHCOEHUSIX.

Kawuesvle caoea: AmydafcuKaHo-waxmaMUHCKuﬁ KOMNnJ/ekc, zceoxumuveckue 0CO6€HHOC"1LI, 30/10mo,

MOAUODEH.

B BocTtouyHoM 3abalikaibe MeCTOPOXAEeHU N XapaKTepU3yHTCA
Me3030MCKHe 30JI0TOPYAHbIE U MOBBILIEHHBIMU KOHLEHTPALMSIMHU 30JI0Ta.
MOJIMO/IEHOBblE MECTOPOXKAEHHUSI HMENT UcTouHnkamMu 30JI0TOTO U
TECHYI T[apareHeTU4YecKyl CBSI3b C MOJIUO/JIEHOBOTO OpPY/JAEHEHUN SBJSAIOTCSA
WHTPY3USIMU aMy/I>KUKaHO- MHTPY3UBHbIE 06pa30BaHUS aMy/PKUKaHO-

maxTaMUHCKOro komiuiekca (J2-3). OHH
oTMevawTcd B OacceiiHax pek lluika,
['asumyp, Hepya, OHOH. UHTpPY3un sToro
KOMIIJIEKCA ILIMPOKO paCIpOCTPaHEeHbl B

PYAHBIX NOJIAX JapacyHckoro,
Banerickoro, Jlen1bMa4yMKCKOTO,
KinwuesBckoro,  Kapuiickoro,  CpepHe-
['onroranckoro, AHJIPIOIIKUHCKOTO,
BepxHe-AJIMHUHCKOTO 30JI0TOPYAHBIX
MEeCTOPOXKAEHUH, ByrpanHckoro,
[llaxTaMHUHCKOTO, KupekeHckoro u
JlaBeHAUHCKOT O MeCTOPOXKEeHUN.

[IpocTpaHCTBEHHO 3THU MECTOPOXKAEHUS
TArOoTelT K MOHroso-OXOTCKOU CcyType
[7] (puc. 1).

AxagemukoMm CmuphHoBeiM C.C. B
BocTtoyHoMm 3abailikasbe 6blJ BblJeJeH
30J10TO-MOJIM6/1eHOBBIN 1osic [13].
MecTopoxaeHus 30/10Ta U MOJIMOJeHA B
BoctouHoMm 3abaiikajibe HMEIOT TeCHbIE

napareHeTHU4eCKHe CBA3H. Ha
30JI0TOPYAHBIX MEeCTOPOXK/eHUSIX
BBICOKOTEMIIEPATypPHbIE pyAHbIE
accouyaluu c MOJINOJEHUTOM
BBIJIEJIIIOTCSI B 4MC/Ae paHHUX. PyjHble
accouyaluu MOJINOIEHOBBIX

IIaXTaMUHCKOT0 KoMIIeKca [1, 2, 9, 14].
O6pasoBaHUe VHTPY3UH
aMy/PKMKaHO-1IaXTaMHUHCKOTO KOMILJIeKca
CBAI3aHO C KOJIJIM3UOHHBIMU IpOLIECCaMH,
NPOMCXOJUBIIMMHA B Te4YeHUe CpeJHel-
Mo3JHeun I0pBI, B pe3yJbTaTe
cToJIKHOBeHUss Cubupckoro u MoHroJio-
KuTtalickoro KOHTUHEHTOB [7].

UHTpy3un aMy/[>KUKaHO-
IIAaXTAMHUHCKOTO KOMILJIEKca 00pasyloT
IITOKY, JIAKKOJMUTHI  IUIOIIAZbBI0 10

HeCKOJIbKUX coTeH KM? Haub6osiee yacTo
3TO - 2-X, 3-x ¢a3Hble MaccuBbl. [lopojbl
nepBol ¢a3bl NpescTaB/IeHbl KBapL,eBbIMU
MOHIIOHHUTAaMH, JIMOPUTAMHUY,
rabopoaropyUTaMy; NOpoAbl BTOPoi a3kl
- IrPaHOMOPUTAMH, rpaHUTaMH,
KBapLeBbIMU CUEHUTaMU; OpO/bI
TpeTbell  $a3pl - TIpPaHOLUOPUTAMHY,
KPYNIHO3EPHUCTBIMK  NOPPUPOBUIHBIMU
rpanuTamu. Ilopoabl JaMKOBOM Ccepuu
noJpasziesIAloTca Ha JBe rpynnsl. [lepBas,
paHHsAA rpymnmna npeJcraBjeHa
KBapLeBbIMU nopdupamy, IrPaHUT-
nopdupaMu, CHeHUT-NopPrpaMHu.
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Puc. 1. Cxema pa3MeleHUs 30JI0TOPY/HBIX K MOJIUOAEHOBBIX MeCTOPOXAeHUU BocTouHoro 3abakikanbs. 1 -
BBIXO/IbI HHTPY3UH aMy/PKHKaHO-IIaX-TAMUHCKOT'0 KOMILJIEKCa; 2 - MECTOPOX/IeHHUs: a) 30J10Ta: 1 —
AHppIOIKUHCKOE, 2 - BepxHe-AnuuHckoe, 3- Kapuiickoe, 4 - KiroueBckoe; 6) MosnnbaeHa: 5- ByraganHckoe, 6 -
[laxTaMuHCKOE, 7- JKupukeHckoe, 8 - laBeHAMHCKOe; 3 - MoHroJsio-OxoTckas cyTypa: [ - ocHoBHas BeTBb, Il -
OHOHCKasi BETBb.

C 3THUMU JariKkaMu CBSI3aHO
CONYTCTBYMOIlEe MOJIUOJEHOBOE U MEJIHO-
MoJIuOJleHOBOe  opyaeHeHue. Bropas,
No3/JHsASA Tpynna jaek (JAalKu BTOPOTO

JTamna) o6pa3oBaHa rUOpUHBIMU
nopdupamy, Jlamnpodupamy,
rpOPYAUTAMU. C 3TUMU  JlahKaMU
napareHeTH4ecKHu CBAI3aHO 30J10TO€
OpyZleHeHHue. YcTaHoBIEHO, 4TO
Me3030MCKHe pyAHO-MarMaTU4ecKue
CUCTEMBbI BocTtoyHoro 3abalikaibs

SIBJISIIOTCS NPOU3BOJAHBIMU
HIOIIOHUTJ/JIATUTOBOM U BBICOKOKAJIWEBOH
U3BECTKOBO-1IejouHOM MarM. lllomoHuT-
JIATUTOBBIA COCTaB IJIYyTOHUYECKUX U
BYJIKQHOIJIYTOHUYEeCKUX accouyanum
npejnoJjiaraeT MaHTUMHBIA  UCTOYHHUK
MarMaTU4eCcKHUX pacmnjaBoB. MaHTUHHOe
MPOUCXOXKJEHUE 30JI0TOTO u
MOJINO/IEHOBOTO OpyZeHeHuH
noJTBepxaaeTcss u3oTonued Pb, cepbl
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Cy/bPUA0B ME3030MCKUX MECTOPOXKIEHUN
30J10Ta U MoJInbOeHa [14].

AGCONIOTHBIM  BO3pacT HHTPY3UU
aMy/PKMKaHO-1IaXTaMHUHCKOTO KOMILJIeKca
0 pa3HbIM MCTOYHHUKAM KoJebjeTc B
vHTepBasie 180-111 man. set [10, 11, 12].
B ToT Xe nmepuos NIPOUCXOAUJIO
dbopmupoBaHUe 30JI0TOTO U
MOJIMO/IEHOBOTO OpyAeHeHus [1, 15].

Ananus NeTPOreOXMMHUYEeCKOro
cocTaBa TPaHUTOUJOB  aMy/KUKaHO-
IIaXTAMUHCKOTO  KOMILJIeKCa  pYAHBIX

noJied 30JI0TOPYAHBIX U MOJIMOJEHOBBIX
MECTOPOX/JIEHUW T[OKa3blBaeT, 4YTO B
OCHOBHOM, OHU COOTBETCTBYIOT
BbICOKOKaJINEBON M3BECTKOBO-IIIEJ0YHOMU
cepud (puc. 2).

3HaueHus koadpuIMeHTa
SI=Al1203/(Na20+K20+Ca0) wmos. KO
WHTPY3UW aMy/DKUKAHO-IIAaXTaMUHCKOTO
KOMILJIeKCca He npeBbllialoT 1,12, 4ToO
COOTBETCTBYeT TaKOBbIM TIPAaHUTOUAM
OCTPOBHBIX M KOHTUHEHTAJbHbIX AYT
(Tab.s. 1, 2) [8].

YcraHOBJIeHO, YTO MOTeHIUaJbHasi
PYAOHOCHOCTb TPAaHUTOB OMNpeJesieTcs

BO3MO>XHOCTAMH KOHLEHTPHUPOBAHUA
PYAHBIX JJIEMEHTOB B OCTAaTO4YHbIX
MarmMaTH4YeCKHux o4yarax, yCJIOBHUAMMU
Jgerasanguu Ha pa3/IN9HBbIX JTamnax

KpPUCTA/JIM3alMOHHON AuddepeHnManuu
Marm [17], OKHUCJUTENbHO-
BOCCTAaHOBUTEJbHbIMU OOCTAaHOBKaMHU HX
06pa3oBaHUsA [19], pasmepamMmu u
rJ1youHoNM (GOpMUPOBAHUS HUHTPY3UBHBIX
006pa30BaHUM, TeOXMMHUYECKUM THUIIOM
MarM ¥ TeKTOHWYeCKHUMH 0O6CTaHOBKaMHU B
nepuo/ibl pOpMUPOBAHUU UHTPY3HUi [14].

[To reoOXuMHU4eCKoOMy COCTaBY
rPaHUTBl  aMy/PKHKaHO-IIAXTaMHUHCKO-TO
KOMIIJIEKCA COOTBETCTBYIOT UHTPY3UBHBIM
06pa3oBaHUSIM BYJIKAHUYECKUX AYyT (puc.
3).

[Io ycnoBusim ¢opmupoBanus C.

Nmurxapa BbI/IeJIUJI IPaHUTOU/bI
MarHeTUTOBOM U WJIbMEHUTOBOU CepUH
[19]. 2Ttu  oTau4us  0OYCJIOBJIEHBI

[JIyOMHHBIMU YCJA0BUSAMU (OPMHUPOBAHUSA
MarMaTH4YecKUX paciJlaBOB U peXUMaMH

VX KpUCTA/JIM3alMU. YCTaHOBJIEHA YeTKas
CBSI3b MEX/ly MECTOPOXK/JEHUSIMH 30JI0Ta U
MOJIUMETAJLJIOB C rpaHUTaMHU
MarHeTUTOBOM  cepuHM, a TPAHUTOB
WJIbMEHUTOBOU CEpUU — C OJIOBOPYHBIMHU
MECTOpPOX/AeHUsAMHU [16].

BoisiBsIEHO, 4TO IrPaHUTHI
MarHeTUTOBOM CEPUU KPHUCTAIIM30BAIUCh
B YCJIOBUSIX  3aKPbITOM  CHUCTEMBI,
rPAaHUTOU/bl WJIbMEHUTOBOM Cepud - B
yCJI0BUSIX OTKpbITOM cuctembl [19]. B

rpaHUTax MarHeTUTOBOM cepuu
Fe;03/FeO> 0,5; B rpaHyTax
WibMeHUTOBOM cepun < 0,5 [4].

['eoxuMHYecKkrue 0COGEHHOCTHU YKa3bIBAIOT
Ha  obpa3oBaHue rPaHUTOU/IOB B
06CTaHOBKAax KaK 3aKpbIThIX, TaK U
OTKPBITBIX cucTeM (puc.4).

[Io reoxuMHyecKHUM OCOOGEHHOCTSIM
npeob6Jajarouias 4acThb I'PaHUTOB
COOTBETCTBYIOT [-TMNy, HCTOYHUKAMHU
KOTOpbIX  SBJSIOTCA  MarMaTU4YecKHe
nopo/ibl. YacTb rpaHUTOB MOJIMG/JEHOBBIX

MecTtopoxaeHud - S-tumy. [lo Ba/Rb
OTHOLIEHUSIM 3HAYUTeJbHas 4acThb
rPaHUTOB 6/113Ka rpaHuTam
a”gesutoBoro Tuna (cpeaHee Ba/Rb
coctasssieT 5,5 nmo [17]), MeHbIIasg 4acThb
COOTBETCTBYeT TIpaHUTAM JIATUTOBOTO

tuna (Ba/Rb - 14,0 no [17]), ABAsArOUXCSA
IuddepeHnpaTaMu 6a3ajbTOBOM MarmMbl
(Tab.s. 1).

Jist OLIEHKH CTerneHu
nuddepeHMaM MarMaTU4YECKHUX 04aroB
WHTPY3UBHbIX o6pa3oBaHUM ObLIU
paccyUTaHbl Eu/Eu* oTHoueHus B
rpaHuTax paccMaTpUBaeMbIX
rpaHuTou/ioB. Hawubosblield cTeneHbIo
IuddepeHMad MarMaTU4YeCKOro oyara
cpefd TPaHUTOUZJOB pPYAHBIX MOJIEeH
30JI0TOPYAHBIX MeCTOPOXeHUHN
XapaKTepHUsyoTCcsa IPaHUTHI
AH/IPIOLIKMHCKOTO MeCTOPOX/eHUs
(Eu/Eu* - 0,47-0,53),
HEe3HA4YUTeJbHOUCTENEeHbI0
aubdepeHMaUd ~ WJU  OTCYTCTBUEM
TaKOBOM - rpaHuTouAbl Kapuiickoro u
BepxHe-AJIMUHCKOTO MeCTOPOXKAEHUMN
(Eu/Eu* - 0,74-1,03) (Ta6s. 1).
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Puc. 2. Kpanuduka-unnoHHble suarpaMmmsbl nopos: a) K20 - Si02, 6) K20+Na20 - Si02 B rpaHuTOUaX pyAHBIX
1oJiel 30JI0TOPYAHBIX U MOJIMG€HOBBIX MeCTOPOKJeHU . [10/151 UHTPY3UBHBIX cepui Ha Auarpamme: [V -
mwomoHuToBas , IIl - BbicokokaineBasi U3BeCTKOBO-1les104Has, I - cpegHekanineBas U3BECTKOBO-1Le/I04Has, | -
OCTPOBOJLYKHasl ToJIeuToBasA. [paHUTOU/ bl pyAHBIX N0OJIeil: 1 — 30JI0TOPYAHBIX MECTOPOXKAEHUH, 2 -
MOJIMGIEHOBBIX MECTOPOK/eHUH.
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Puc. 3. Juarpamma Rb - Y+Nb g5 rpanutounos [8]. [Toss Ha fuarpamMmmax: syn-COLG - KoJLIM3MOHHbBIE
rpanuTel, WPG - BHyTpuniuTHbIe rpaHuThl, VAG - ocTpoBoAyxHble rpaHuThl, ORG - rpaHUTBI OKeaHUYeCKUX
Xpe6TOB. [paHUTOUIBI PYAHBIX MOJIEN: 1 — 30JI0TOPYAHBIX MECTOPOXKAEHUH, 2 — MOJHOAEHOBBIX

MEeCTOPOXAEHUH.
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Puc. 4. luarpamma Fe+3/Fe +2 - Al/(2Ca+Na+K) Jiyis1 T paHUTOU/I0B PYAHBIX OJIEH 30JI0TOPYAHBIX U
MOJINO/IEHOBBIX MECTOPOXKAEHUH [4]. [paHuTOUABI: 1 - 30JI0TOPYAHBIX MECTOPOXKAEHUH, 2 — MOJING/IEHOBBIX
MeCTOPOX/IeHUH, 3 - 3HaYeHHsI HOMePOB Npo6 B TabJI. 2.
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Ta6uuna 1.

Cozep>kaHus eTPOreHHbIX KOMIIOHEHTOB (Macc. %), ¥ 3/71leMeHTOB-IIpuMeceil B T(PaHUTOUAxX

aMy/PKMKaHO-LIaXTaAMUHCKOI'0 KOMIIJIEKCA B PY/IHBIX MOJISIX 30JI0TOPYAHBIX MECTOPOXKIEHUN
BocTtoyHoro 3a6aiikanbs (r/T)

Ne npo6 489 489-1 548 548-3 694 694-1 695 684 684-1 685
Si0z 69,00 69,00 67,80 67,30 69,10 69,00 72,00 71,00 69,60 70,50
TiO; 0,62 0,61 0,35 0,33 0,27 0,42 0,35 0,28 0,32 0,32
Al03 14,40 14,00 15,00 14,70 15,60 14,80 13,30 15,10 15,50 15,60
Fe 03 0,64 0,78 1,28 1,23 0,86 1,16 1,01 0,77 0,74 0,69
FeO 2,16 1,84 1,68 1.56 1,37 2,11 1,68 1,33 1,48 1,52
MnO 0,03 0,04 0,03 0,04 0,04 0,06 0,04 0,04 0,04 0,04
MgO 1,66 1,49 1,40 1,06 1,18 2,23 1,90 0,57 0,89 0,80
Ca0 2,09 1,83 2,68 2,49 0,92 1,83 1,56 0,92 1,02 1,02
Na,0 3,39 3,88 4,53 4,19 3,86 4,39 4,00 4,54 4,86 4,75
K20 4,55 4,58 3,57 4,10 6,15 3,20 3,18 3,98 3,92 4,00
P,0s 0,17 0,17 0,13 0,13 0,11 0,16 0,12 0,17 0,17 0,16
I 1,08 1,06 1,25 2,36 0,65 0,85 0,73 0,79 0,74 0,90

Cymma 99,79 99,28 99,7 99,5 100,1 | 100,21 99,9 99,5 99,3 100,3
As 110 100 39 99 81 140 56 400 220 105
Pb 65 61 35 21 30 15 17 27 36 19
Rb 190 200 64 80 160 119 105 127 110 109
Sr 410 360 560 550 480 434 410 780 920 940
Zr 280 280 110 110 88 130 114 160 145 150
Nb 18 16 6,4 5,5 8,3 6,9 7,4 12 6,4 7
Sn 4,4 8,1 - - 2,1 2,3 1,8 1,8 - 1,8
Sb 3,1 5,4 4 12 4 - - - - -
Ba 660 580 800 1130 1500 240 250 800 1000 1030
La 41,80 40,30 13,50 17,00 13,2 21,1 20,7 27,7 28,3 29,0
Ce 103,0 95,60 33,60 32,70 46,0 51,4 49,4 66,2 71,6 74,0
Pr 10,00 8,80 2,50 2,60 3,5 5,4 4,9 6,3 6,8 7,0
Nd 37,00 31,50 10,90 11,10 12,7 21,1 17,9 21,5 22,3 22,8
Sm 6,40 5,40 1,60 1,70 2,6 4,0 3,2 3,94 4,2 4,2
Eu 0,81 0,64 0,33 0,38 0,73 0,78 0,66 0,84 1,01 1,03
Gd 4,30 3,40 1,26 1,18 1,8 2,6 2,2 2,15 2,4 2,45
Tb 0,52 0,47 0,38 0,39 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5
Dy 2,70 2,30 0,91 0,90 1,3 1,9 1,6 1,7 1,5 1,6
Ho 0,53 0,48 0,20 0,20 <0,5 <0,5 <0,5 <0,5 ,0,5 <0,5
Er 1,50 1,26 0,51 0,50 0,75 1,0 0,84 0,8 0,7 0,75
Tm 0,18 0,17 0,08 0,09 <0,3 <0,3 <0,3 <0,3 <0,3 <0,3
Yb 1,30 1,00 0,51 0,51 0,70 0,94 0,80 0,8 0,67 0,69
Lu 0,18 0,15 0,09 0,10 <0,15 0,16 0,14 0,17 <0,15 <0,15
Y 16,30 13,30 5,60 5,60 7,3 9,7 8,9 9,0 8,1 8,1

Ba/Rb 3,47 2,90 12,50 14,13 9,38 2,02 2,38 6,29 9,09 9,45

Fe+3/Fet2 0,30 0,42 0,76 0,79 0,63 0,55 0,60 0,58 0,50 0,45

Eu/Eu* 0,47 0,53 0,71 0,82 1,03 0,74 0,76 0,88 0,97 0,98

Eu/Sm 0,13 0,12 0,21 0,22 0,28 0,20 0,21 0,21 0,24 0,24

YTR+Y | 226,52 | 204,77 | 78,87 83,48 72,66 | 112,40 | 104,72 | 138,39 | 148,57 | 152,97
ASI 0,89 0,76 0,92 0,92 1,04 1,06 1,01 1,11 1,09 1,12

[Ilpumeuvanue kK Ta6s. 1: AHasu3bl BbINoJHEHBI B ['eosorudeckom uHctutyTe CO PAH (r.

YnaH-Y13). CuMKaTHbIe aHATU3bI BBIIIOJIHEHBI CTAHAAPTHBIM MeTOZ0M (aHaJIUTHKU B.A. iBaHOBa,

0.B. KopcyH, B.b. JIsirgeHosa, JI.B. MutpodaHoBa), asieMeHTHBIH cocTaB ~-PPA MmeTo10M (aHAJIUTUK

B.2K. Xancapaes), peakoseMesibHble 31eMeHThl — ASP-AES MmeToioM (aHanuTuku JI.A. JleBaHTyeBa,

T.U. Kaszauuesa); [lpo6ser mectopoxaenui: 489, 489-1 - AngproomkuHckoe; 458, 458-3 -

KnwoueBckoe, 694, 694-1, 695 - Kapuiickoe; 684, 684-1, 685 - BepxHe-AJTUHHCKOE.

ASI=Al1203/(Na20+K20+Ca0) B MoJIeKyJISIpPHBIX KOJIUY€ECTBAX.
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Cpeau rpaHUTOUJOB PYAHBIX MOJIeH

MOJINO/IeHOBBIX MeCTOPOXAeHUHN
3HAYUTEJIbHOU CTeINeHbI0
IuddepeHMaM MarMaTU4YECKHUX 04aroB
XapaKTepHU3yoTCcs IPaHUTOU/bI
KupukeHckoro U [llaxTaMUHCKOI0
Mmectopoxaenud (Eu/Eu* - 0,60-0,68),
He3HAYUTeJbHOU CTeINeHbI0
IuddepeHualnun - rPaHUTOU/bI

JaBenauHckoro mecropoxgenus (Eu/Eu*
-0,94-0,96) (Tab.s. 1).

Ana BbISIBJIEHUSA r1youH
dbopmMupoBaHusa PYZAOHOCHBIX
MarMaTH4YeCKHX 04YaroB HC-II0Jb30BaHbI
Eu/Sm ortHomenuss B TpakToBKe C.O.
BunokypoBa [5]. Tak, Eu/Sm = 0,2
OTBeYyaeT rpaHuLe BepXHEU
KOHTHHEHTaJbHOU Kopbl [5]. 3HaueHus
Eu/Sm B paccMaTpuBaeMbIX TIpaHUTax

yKa3blBaeT Ha obpa3oBaHUe
MarMaTH4YeCKMX 04YaroB B  BepxHeWu
KOHTUHEHTAJIbHOW KOpe UM  HWXHeH

KOHTHHEHTaJIbHOU Kope (TabJ. 1, 2).
XUMHYEeCKMH COCTaB TPaHUTOUJOB
3aBUCUT OT CTeNeHW U  TJIyOUHBI
dpakMoHUpOBaHUA UCXO/HBIX
MarMaTH4YecKMX pacin/iaBoB. B kavecTBe
nokasaTeJisl [JyOMHbl GPaKLIMOHUPOBAHHUSA
HCIOJIb3yeTCs K03QPUIUEHT
rauHo3emuctoctu Kal = (Al-2Ca)/(Na+K)
aT.KoJ., TpU  OILeHKe CTeNeHU
dpakMoHUpOBHAUA - OTHOLLIEHHE
Si02/Ca0 [18]. MarmaTuyeckue o4yaru
rPAaHUTOB  aMy/KMKAHO-LIaXTaMUHCKOIO
KOMIIJIeKca B PYAHBIX N0JIAX
30JI0TOPYAHBIX u MOJIMO/IeHOBBIX
MeCTOPOX/JIeHUH, M0 YKa3aHHbIM BbIlle
N0Ka3aTeJsiM, XapaKTepU3YIOTCS HU3KOU U
cpefiHel cTeneHbl0 (pPaKLMOHUPOBAHMUS,
BbICOKUMHU M CpPeJHHMH T[JyOMHAMU
dpakuuoHupoBaHus (puc. 5).
['eoxruMuyeckue 0COGEHHOCTHU
VHTPY3UH aMy/KMKaHO-LIaXTaMUHCKOI0
KOMIIJIeKca yKa3blBalOT Ha 170:¢
COOTBETCTBUE aJlaKUTOBBIM
o6pasoBaHUsAM (Tab.1. 2, puc. 6).
dopmupoBaHUe aJlaKMTOB
CBA3bIBAETCA C MpoLeccaMy IJaBJeHUs
MaHTHEHN CyOy-IUpPYIOllel OKeaHU4YeCKOH
autocheprl  [6]. AmakUTbl  HUMEWOT
caefymwouiye XapaKTepUCTHUKAMU:

BesnynHa (La/Yb)n He ©Gosee 10;
cogepxxanue Yb - menee 1,8 r/t; Y<18,0
r/T; Sr>300 r/t. Takue reoxuMuyeckue
0COOEHHOCTH 00YCJIOBJIEHDI
NpPUCYTCTBUEM TrpaHaTa B pecTute [6].
YcTaHOBJIeHO, YTO B 3abalKa/lbCKOM Kpae
nopGUpoBble  TPAaHUTbl  aAMY/KUKAHO-
maxTaMHUHCKOro kommjaekca (J2-3), c
KOTOPBIMHU CBA3aHO MOJIM0/leHOBOE
opyZeHeHue [ITaxTaMUHCKOTO
MeCTOPOX/JeHUs,  COOTBeTCTBYOT K-
ajakuTtam [2]. PopMupoBaHHE aJaKUTOB
4acTO CONPOBOX/JAETCH MPOMBIIIJIEHHOU

MUHepaJu3alnuen 3JIEMEHTOB
xaJbKoUIbHOTO psja [22].

Ha pguarpamme (La/Yb)n - Yn
COCTaBbl TPAHUTOUJOB  30JI0TOPYAHBIX
MeCTOPOXKe-HUU B OCHOBHOM
cocpefloTOYEHbl B  MOJIe  a/laKUTOB,
IPaHUTOU/bI MOJIM6/IeHOBBIX Me-

CTOPOXJEHUN — B I10JIe OCTPOBHBIX AYT U
aKTUBHBIX KOHTHHEHTA/JIbHbIX OKpauH.
[Ipy 3TOM TOYKHU COCTABOB I'PAaHUTOU/OB
30JI0TOPYAHBIX MeCTOPOXAeHUHN
JIOKAJIU3YIOTCA B OCHOBHOM B/I0JIb JINHUU
nJiaBJieHusT aM@PUOOJUTOB, TPAHUTOUJbI
MOJINO/IeHOBBIX MeCTOPOXAeHUHN
KOHLIEHTPUPYIOTCS B BepxHel kope (puc. 6
6).

Pacnipesenenve  peZiKo3eMeJbHbIX
anemeHTOB (P33) B rpaHuTOoNgax pyJHbIX
noJiel 30JI0TOPYAHBIX W MOJIMOJE€HOBBIX
MeCTOPOX/AEHUN HMEKT OTJUYUTEJbHbIE
0cobeHHOCTH (pHuc. 7).

Tak, B rpaHuTou/ bl M0OJIM6/1eHOBBIX
MEeCTOPOXAEHU N B CpaBHEHUU Cc
rpaToOHUAAMHU 30JI0TOPYAHBIX
MeCTOPOX/IEeHUN XapaKTepUu3yrTcs 6GoJiee
BbICOKMMH KOHLEHTPALUUSAMHU TsKeJbIX
P33 (tabax 1, 2, puc. 7).

JTo yKas3plBaeT Ha TO, 4TO
MarMaTuyeckyde oO4Yard MOJIMOJ€HOBbIX
MEeCTOPOXAEeHU N B CpaBHEHUU Cc
MarMaTH4eCKMMH o4araMu 30JI0TOPYAHbIX
MECTOPOXK/IEHUH, UMeU ooJiee
rJIyOMHHbIE MarmMaTh4yecKhe HCTOYHHUKHU.
[loBbIlIEHHBIE KOHLEHTPALMU TSKeJbIX
P33 orTMmevaroTcd B TEMHOIBETHBIX
MHHepaJax.
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Ta6sunna 2
Cozep>kaHus eTPOreHHbIX KOMIIOHEHTOB (Macc. %), ¥ 3/71leMeHTOB-IIpuMeceil B T(PaHUTOUAxX
aMy/PKUKaHO-LUIaXTaMHUHCKOI'0 KOMILJIEKCA PY/HbBIX OJIEH MOJTUOAEHOBBIX MECTOPOXKAEHUM
BocTtoyHoro 3a6aiikanbs (r/T)

Ne npo6 446 453 183 192 290 71 72 74 86 271 273
Si0z 67,6 63,3 69,0 69,9 67,4 66,5 66,7 66,2 68,3 70,8 70,7
TiO, 0,47 0,64 0,41 0,36 0,44 0,49 0,46 0,48 0,39 0,26 0,29
Al03 15,5 16,3 14,7 15,0 16,3 14,5 14,6 14,5 14,6 14,6 14,5

Fe 03 1,96 1,69 1,21 1,09 1,80 0,75 0,74 0,77 0,74 1,27 1,31
FeO 1,68 2,44 1,21 1,30 1,37 2,44 2,14 2,31 1,63 1,04 1,15
MnO 0,03 0,58 0,02 0,03 0,03 0,05 0,04 0,05 0,02 0,04 0,04
MgO 0,96 1,24 0,97 0,87 1,14 2,53 2,28 2,62 2,32 1,00 1,09
Ca0 1,64 1,79 1,88 2,29 2,38 2,99 2,70 2,91 1,50 1,80 2,07
Na,0 3,94 3,56 4,03 3,99 3,89 3,86 3,79 3,86 4,10 4,16 4,62
K20 4,58 5,05 4,31 4,05 4,35 4,65 4,43 4,81 4,27 3,88 3,13
P05 0,12 0,17 0,11 <0,10 0,12 0,15 0,15 0,15 0,19 <0,1 <0,1
I 1,13 2,43 1,57 0,90 1,21 1,05 1,26 0,92 1,34 0,78 0,87

Cymma 99,61 | 99,19 | 99,42 | 99,78 | 9943 | 9996 | 99,29 | 99,58 | 99,40 | 99,63 | 99,77

Zn 88 730 28 57 32 67 48 59 36 35 36
As 12 23 13 5 4,3 15 31 16 - 5,7 15
Pb 11 15 23 17 21 15 9 47 29 32 32
Rb 150 187 186 162 151 173 173 200 140 92 80
Sr 317 360 474 469 555 352 370 394 776 519 582
Zr 202 216 160 149 190 185 167 188 135 95 100
Nb 13 8,7 9,4 9,2 8,9 13 13 17 6 6,1 7,9
Sn 2,6 4,1 - - 2,0 1,9 2,4 3 - 16,3 -
Sb - - - - 2,6 6 4,4 3,8 2,7 - -
Ba 1210 2770 817 624 924 646 623 650 1070 879 652
La 44 44 31,1 28,07 38,9 42,2 34,3 38,2 51,1 23,6 28,6
Ce 78 90 59,6 52,9 76,8 80,2 67,0 75,0 92,5 43,9 47,4
Pr 8,1 10,3 7,3 6,4 7,43 8,05 7,2 7,9 9,2 3,52 4,13
Nd 31 44 24,2 21,45 34,1 28,5 25,8 27,3 33,9 17,8 19,8
Sm 52 8,3 3,95 3,8 5,74 4,9 4,4 5,2 5,6 2,48 2,78
Eu 1,18 2,14 0,70 0,65 0,95 0,79 0,79 0,79 0,95 0,58 0,69
Gd 4,7 7,6 3,05 2,80 3,42 3,3 3,5 3,5 3,2 1,43 1,68
Tb 0,64 1,03 0,33 0,32 <1 0,47 0,51 0,7 0,55 0,44 0,13
Dy 3,97 59 2,23 2,13 2,63 2,4 2,2 2,4 1,5 1,00 1,27
Ho 0,74 1,03 0,39 0,41 0,64 0,5 0,5 0,5 <0,5 0,23 0,26
Er 2,42 3,08 1,07 1,14 1,56 1,3 1,2 1,5 <1 0,60 0,83
Tm 0,33 0,41 0,24 0,21 <0,3 <0,3 <0,3 <0,3 <0,3 0,01 0,06
Yb 2,43 3,0 1,17 1,32 1,44 1,35 1,3 1,35 0,6 0,69 0,80
Lu 0,38 0,44 0,14 0,16 <0,3 <0,15 0,18 0,15 <0,15 0,13 0,15
Y 20 26 12,55 13,1 15,1 13,8 17,1 15,1 9,5 6,37 7,61
>TR+Y 203,09 | 247,23 | 148,02 | 134,86 | 188,71 | 188,76 | 16598 | 179,59 | 208,60 | 102,78 | 116,19

Ba/Rb 8,07 14,81 4,39 3,85 6,12 3,73 3,60 3,25 7,64 9,55 8,15

Fe+3/Fe+2 1,17 0,69 1,00 0,84 1,31 0,31 0,35 0,33 0,45 1,22 1,14

Eu/Eu* 0,73 0,82 0,62 0,61 0,65 0,60 0,62 0,62 0,68 0,94 0,96

Eu/Sm 0,23 0,26 0,18 0,17 0,17 0,16 0,18 0,15 0,17 0,23 0,25

(La/Yb)n 12,56 | 10,11 | 1845 | 14,76 | 18,74 | 21,69 | 18,32 | 19,63 | 16,59 | 23,72 | 24,83
ASI 1,08 1,12 0,99 0,99 1,07 0,86 0,92 0,86 1,03 1,02 0,99
[IpuMmeuanue K Ta6J1. 2: [paHUTOUABI PYAHBIX MOJIEH MOJIMO/IEHOBBIX MECTOPOXKAEHUN: Byraannckoro - 446,

453; XKupukenckoro- 183, 192, 290; lllaxtramuHckoro - 71,72, 74, 86; laBenguHckoro - 271, 273.
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Puc. 5. luarpamma (Al- 2Ca) / (Na+K) - Si02/Ca0 creneHu v riny6UHHOCTH GpaKIHOHUPOBAHUS I'PAHUTOU/IOB
aMyJKMKaHO-IIaxXTaMHUHCKOT0 KoMILieKca. [1oJis 3HaueHul rpaHUTOU0B Py HBIX NoJiel: 1 — 30J10TOpyAHBIX
MEeCTOPOX/IeHUH, 2 - MOJIM6/JeHOBBIX MECTOPOXKAEHH K.
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Puc. 6. a) puckpumuHanuonsas guarpamma (La/Yb)n - Yn mo [20, 21]. BA/IP - nopoibl 6a3anbT-aHAe3uT-
JAIUTPHUOJIMTOBBIX ACCOLMALMI OCTPOBHBIX AYT U aKTUBHBIX KOHTHHEHTA/NbHBIX OKpParH, 6) AuarpamMma
(La/Yb)n - Ybn a/11 UHTPY3UH PYAHBIX OJIEH 30JI0TOPYIHBIX U MOJIMOAEHOBBIX MEeCTOPOXKAeHUN. TpeH b
MJIaBJIEHUS pa3/IMYHbIX UCTOYHUKOB: | - KBapIeBble 3KJIOTHUTH, I - rpaHaToBbie ampuboauTsl, 111 -
aMm¢uboauTel, IV - rpaHaTcoaepkalnas MaHTHs € coZiepkaHreM rpaHara 10%, V - rpaHaTcomepxKamiasi MAHTHS
c coepxaHueM rpaHata 5%, VI - rpa"aTcoepkaliasi MaHTHs C coZiep>kaHrneM rpaHarta 3%; BM - BepxHss
MaHTH, BK - BepxHss Kopa: TOHAJUTHI, JIArMOTPAaHUTHI, IJIarMOrPAaHUTOTHENHCEI. ['paHUTON Bl PYAHBIX
noJsiei: 1 - 30JI0TOPYAHBIX MECTOPOXK/EHUH, 2 — MOJTUG/J€HOBBIX MECTOPOXK/AEHUH.
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Puc. 7. Cnaiijep-guarpamMma pacnpepeeHust
pesiKo3eMeJIbHBIX 3JIeMEHTOB B IPAaHUTAX
aMyPKMKaHO-IIaXTaMHUHCKOT0 KOMILJIEKCA PYHBIX
1oJie 30JI0TOPYAHBIX U MOJTUOLEHOBBIX
MeCcTOpOXAeHnH BocTouHoro 3a6aiikaibs.
['paHuThl: 1 - 30710TOPYHBIX MECTOPOXKIAEHUH, 2 —
MOJINO/IeHOBBIX METCOPOXKAEHUH; 3, 5 - moJis
3HayeHU# P33 B rpaHuTONAX 30J10TOPYAHBIX
MeCTOpPOXAeHUH; 4 — 10151 3Ha-4eHUUl P33 B
rPAaHUTOHUAX MOJIUGIEHOBBIX MECTOPOXKAEHUH; 5 -
06J1aCTH COBMAieHUS 3HaYeHu P3J B
IPaHUTON/AX 30JI0TOPYAHBIX U MOJTUOAEHOBBIX
MECTOPOXAEHUH.

Takum obpasomM, TPAHUTOU/bI
PYAHBIX  ToOJei MOJIMOJIEHOBBIX U
30JIOTOPYAHBIX MeCTOPOXKAEHUMN o
reoXuMHU4YeCKUM 0COOEHHOCTSIM
COOTBETCTBYIOT WHTPY3UAM
BYJIKAHUYECKUX AyT. JTO MOATBEPXKAaeTC
JaHHbIMU ASI, He mpeBblimaromwumu 1,12.
['paHuTOUABI 30JI0TOPYAHBIX u
MOJIMO/JIEHOBBIX MECTOPOX/JAEHUW HMEIT
clefyroluue ob6iue reoxvuMu4yecKue

XapaKTepUCTUKHU:

1. Ha coJiepxaHue K20 OHU
COOTBETCTBYIOT BbICOKOKaJINEBOU
U3BECTKOBO-1eJI0OYHOHN cepuu
(K20>3%);

2. llo cootHomenusaM (La/Yb)n - Yn

npeob6safawiias 4acTb T'PAaHUTOU/OB
COOTBETCTBYET aJJaKUTaM;

3. [lo nmnokasarenaM Ko3$pPULHUEHTOB
rauHo3emuctoctu (Al-2Ca)/(N+K) wu
CTeNneHu bpaKLMOHUPOBAHUSA
(Si02/Ca0) oHM XapaKTepu3ylOTCH, B
1[eJIOM, BBICOKUMU U  CpPeJHUMH
rJIyOMHAMHM, a TakXke CpeJHUMH
CTeneHsIMU GpPaKIMOHUPOBAHUS;

4. Ilo cremneHu OTKPBITOCTH CHUCTEMbI

MarmMaTH4eCcKHX o4yaroB OHU
COOTBETCTBYIOT WHTPY3UAM
WJIbMEHUTOBOM WU  MarHeTHTOBOH
cepuy;

5. Tlo COOTHOIIEHUIO Ba/Rb

npeobJsazialoias  4acTb  T'PaHUTOB
6JIM3Ka rpaHUTAM aH/Ie3UTOBOrO THIIA.

K quciay OTJIMYHTEJIbHbIX
0COOEHHOCTEN OTHOCATCS MOBBIIIEHHbIE
KOHI€EHTpalunuu"u TAXEJIbIX
peaKO3eMeJIbHbIX 3JIEMEHTOB B I'PAHUTAX
MOJII/I6,C[eHOBbIX MECTOI)O)K,C[GHI/II‘/’I
OTHOCHUTEJIbHO KOHueHTpaLU/Iﬁ TAaKOBbIX B
30JIOTOPYAHBIX MECTOPOXKAEHUAX.
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PETROGEOCHEMISTRY, THE CONDITIONS OF FORMATION OF GRANITOIDS OF AMUDZHIKAN-
SHAKHTAMINSKIY COMPLEX (J-5) IN THE ORE FIELDS OF GOLD AND MOLYBDENUM ORE
DEPOSITS, EAST-ERN TRANSBAIKALIA

Abramov B.N.
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RAS, Chita, Russia

Address: 672014, Chita, str. Nedorezova, 16a, PO Box 521.
Phone: (3022) 20-61-25, e-mail: b abramov@mail.ru

Abstract: The granitoids of the Amudzhikan-shakhtaminskiy complex of ore fields by molybdenum and gold
ore deposits, have common and distinctive geochemical features. To common include: accordance to adakites and
high-potassium calcalkaline series, the same depth and degree of fractionation of the magma chambers. The
difference is in elevated concentrations of heavy rare earth elements in granites of molybdenum depos-its relative to
those in the gold ore deposits.
Keywords: Amudzhikan-shakhtaminskiy complex, geochemical characteristics, gold, molybdenum.
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MONITORING OF REAL ESTATE OBJECTS BASED ON MATERIALS,
OBTAINED FROM UNMANNED AERIAL VEHICLES

Limonov A.N. Gavrilova L.A. Zhiltsova E.A.
PhD, Head of ,Dep artment, PhD, Assoczat.e Professor, PhD Student, Department of Aerial
Department of Aerial Photogeodesy, Department of Aerial Photogeodesy, . .
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Adress: 15, Kazakova street, Moscow, Russia, phone: +7(499)2618232, e-mail: wernjer@gmail.com

Abstract. Unmanned aerial vehicles (UAVs) are one of the types of platforms of surveying equipment in Earth
remote sensing. The use of UAVs is effective in comparison with the use of manned aircraft when urgent updates of
digital maps are needed, as well as monitoring of the occurring changes in small areas dispersed in space. In these
cases, the use of manned aircraft will lead to unjustified costs, which is inexpedient from the economic point of view.
In addition, the lack of favorable weather conditions often leads to a disruption in the performance of aerial
photographs in the planned time, when the Aerial Survey is most effective and expedient. The use of only ground
surveys also leads to an increase in the cost of work, and in some cases to the inability to conduct them (lack of
access to protected territory, private property, etc.). In these conditions, the use of a remote-controlled aerial model,
equipped with the necessary surveying and control equipment, which is easily delivered to the object of the survey,
makes it possible to carry out aerial surveying quickly even in the absence of stable weather conditions necessary for
the performance of traditional Aerial Survey. For the UAV application, a short-term "window" of good weather is
sufficient. In addition, the possibility Aerial Survey of from low altitudes allows it to be carried out at low continuous
clouds. The use of a UAV is effective when surveying linear objects, inventorying and cadastre of properties, as well
as for obtaining operational information in emergency situations.

Keywords: Aerial photography, UAV, remote sensing, land monitoring, accuracy.

Currently, there are several types of a flight program and calculation of the
remotely controlled UAVs capable of photo centers coordinates, and then
carrying digital cameras. The resulting entering them into the on-board
digital images are used for computer program;
photogrammetric processing when
creating and updating cartographic e aerial survey;
products, as well as for obtaining a variety
of thematic information. At the Department e image referencing;
of Aerial Photogeodesy of the State
University of Land Use Planning, a e orthorectification (output products -
technology for creating cartographic orthophotomaps);
material using UAV has been developed
and is constantly improving.  The e field interpretation of properties;
technology includes the following steps:

e the formation of a photographic * vectorization Of. dlg.ltal
. " orthophotomaps according to field
complex with a description of the . .
interpretation;

technical requirements of each module,
the technical preparation of the

complex; e obtaining vector plans;

e geometric accuracy of evaluation of the

° reparator work for surveying,
brep y ying output products.

including  calculations of aerial

photography parameters to obtain the The  technology  of  creating
requ1r.ed accuracy of the cartographic cartographic  products from images
material being created, development of obtained with UAV is similar to traditional.
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However, there are a number of
peculiarities due to the specificity of
obtaining images. UAV is designed to
perform aerial survey work on local areas
of the terrain from heights of 200-1000 m
in a radius of 10 km or more from a mobile
control point. The flight control of the UAV
is carried out in manual mode by the pilot-
operator, located on the control point (the
car with the equipment). The position of
the UAV is assessed visually on the monitor
screen, displaying the video image
broadcast from the UAV by the traffic
camera in real time. The monitor also
shows telemetry data (altitude, speed and
battery status), as well as UAV position on
the digital map.

Of particular note are the problems of
photogrammetric processing of images
obtained by digital cameras from the UAV.

From the standpoint of the
correctness of photogrammetric
processing, special requirements arise for
the surveying equipment and the aerial
survey as well.

semi-professional or consumer digital
cameras are used as a filming equipment.
The cost of such digital cameras is much
lower than the cost of used aerial cameras.

The choice of a digital camera used
for surveying with a UAV must be
determined by the following.

The image properties of the camera
are characterized by two main parameters:
geometric resolution and motion blur.
Geometric resolution (pixel size) in
professional digital cameras, as a rule, is 3-
10 microns, which provides sufficient
accuracy of measuring coordinates when
photogrammetric processing of images.

Image motion blur caused by linear
and angular movements of the UAV are
eliminated by short exposure time.
Therefore, the camera should have the
maximum possible short exposures. When
aerial surveying with UAVs of aircraft type,
having a cruising speed of 80-120 km / h,
the image blur will not exceed the
permissible value of 0.02 mm. When using
helicopter-type devices, as a carrier of
cameras, which fly at low speed, the image

blur is practically eliminated. The
measurement properties of the digital
image are characterized by the magnitude
of the residual distortion. The effect of
distortion is eliminated by a special
program for converting a digital image
according to the camera calibration.

The weak point of digital (not
photogrammetric) cameras is the small
size of the matrix - 1/3 ....5 / 3 inches. The
small size of the matrix leads to an increase
in the number of images, which will further
increase the volume of field and in-house
work.

In addition, the small format of the
matrix corresponds to a small aerial photo
base (B), that leads to a not better
surveying index K = B / H (H is the height
of the survey). The surveying index
determines the accuracy of the digital
elevation model. The optimum value is K =
0.7-1.0. Therefore, the coefficient K must
be adjusted by the height of the survey. In
this case, the camera should be oriented so
that the long side of the matrix is directed
in the direction of the flight strip. In
addition, for correct photogrammetric
processing of images, the camera should be
calibrated, i.e. the interior orientation
parameters and the values of lens
distortion must be determined with high
accuracy.

The article presents the results of
experimental studies on the effectiveness
of UAV applications for creating
orthophotomaps used for monitoring land
in urban areas.

Aerial survey of the urban area was
carried out with the UAV "Ptero". The 1
km? survey site is an open flat area,
partially built up by multi-storey buildings.

The survey was done by a semi-
professional calibrated digital camera
Canon EOS5D. The camera is installed in
the lower part of the fuselage of the UAV.
Images were saved in a removable memory
module (flash drive) and upon completion
of the flight they were imported into the
computer for analysis, viewing and
preliminary processing.
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The shutter response frequency (the
exposure interval) was calculated taking
into account the following parameters:

o the specified UAV speed;
e the required overlap of images;

e altitude above the ground;

e the opening angle.

Investigation of the geometric
properties of images obtained with
UAVs in this experiment

Initial data

The format of the frame is 36x24 mm
(4368x 2912 pixels)
Survey Options:

e Focal length 30.87 mm (3746
pixels)

e Average flying height above

ground 200 meters

Figure 1. The image obtained from the UAV

The flight control of the UAV was
performed remotely from a portable base
station via a telemetry channel. The
memory of the autopilot contains
information about the direction of the
flight strips and the photo centers
coordinates.

Figure 1 shows the image obtained
from a UAV on an urban area.

Determining of the tilt angle of the image

The tilt angles of the image are
unknown , as a rule, or Kknown
approximately. In our studies, as a result of
the development of phototriangulation, the
values of the direction cosines were
obtained at the DPW "Talca".

Further, for the selected images, the
rotation parameters of EO are calculated
for the selected images according to the
formulas (1)
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a3
o = arctg —

o4

@ = arcsin(—b,)

bl
K=arctg —
b (1)

where a - the longitudinal tilt angle of the
image; w - the transverse tilt angle of the
image; k - the swing angle of the image; a3z,
b1, bz, bs, c3 - the direction cosines.

The following limiting values of the
rotation parameters of EO are obtained

a, degrees | w,degrees | o, degrees

15,6 '6;2 '81'5

To determine the total tilt angle of the
image op from the known rotation
parameters of EO, the author L.A. Gavrilova
derived the formula (2).

cos' a+cos’ w

cosa, =
2cosa*cosw )

The maximum tilt angle ap of the
image was 16.4 ° in this experiment.

On the basis of the obtained tilt
angles ap, the geometric properties of the
image are analyzed according to the known
photogrammetry formulas.

Determination of the difference in
the scale of the image due to its tilt angle

With these parameters of survey, the
scale difference is 1: m = 1: 6500 in the
central part of the image, at the edges of
the image 1: m min = 1: 8400; 1: m max =
1: 5900; The relative multiscale is 38%.

The determination of the
displacement of the image points caused by
its tilt angles ap

The maximum displacement for a
point located on the principle line and as
far from the isocenter is 2, 8 mm in the
scale of the image.

Determination of foreshortening of
directions on an off-nadir image

The maximum foreshortening of the
direction to the points located in the
corners of the working area of the image is
5.9°.

Determination of foreshortening of
areas on an off-nadir image

For f = 30.87 mm; H = 200 m; ap =
16.4° at the edge of the photo on the
principal line, the relative foreshortening
of areas is = 7%.

Displacement of the image points due
to the combined effect of the terrain and
the tilt angle

For points on the earth's surface with
a height difference up to 15 meters,
displacement on the off-nadir images is 4
mm.

For multi-storey buildings (height 60
m), the displacement of the roof points
relative to the base was 7.5 mm.

Features of the geometry of the
images caused concern in the loss of
accuracy in  the  photogrammetric
processing of images.

In order to test the possibility of
orthorectification of images for the
creation of an orthophoto, experimental
studies were performed. The creation of
the orthophoto was carried out at two
digital photogrammetric workstations -
«Talca» and «Photomod». The technology
of orthophotomap creation was carried out
according to the traditional scheme. The
total accuracy of the full range of work was
evaluated based on the final result.

To assess the accuracy of the
orthophotomap within its limits, 30
uniformly located control points were
chosen.

The geodetic coordinates of the
control points were obtained on site by
GPS-equipment and an electronic total
station with an accuracy of 1 mm.
Differences in the geodetic and
photogrammetric coordinates of the
control points are used to determine the
RMSE of photogrammetric transformations
when an orthophotomap is created.

The root mean square error of the
planned position of the orthophoto points
was 0.37 m.
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Mxy=0.37m

The accuracy of the created
orthophotomap meets the requirements of
the normative documents, the RMSE for
determining the coordinates of the control
points does not exceed in plan 0.3 mm for
the scale of the created orthophoto 1: 2000.

Analysis of the technology of creating
orthophotos from images obtained from
UAV determined the advantages and
disadvantages associated with the features
of the production of such aerial
photography.

The main advantages of survey with
UAVs before classical aerial survey are:

e compactness and removable modules;

¢ the possibility of starting and landing in
a limited area;

¢ no need for special airfields;

e the possibility of low-altitude aerial
survey (below the cloud boundary);

¢ simplified scheme for obtaining permits
for flights;

e mobility and efficiency in operation;
e noiselessness;
¢ ease of maintenance;

e saving material and time, etc.

Survey with UAVs is particularly
effective when you need to take photos of
small areas with a small height.

Essential disadvantages
UAVs in aerial survey are:

of using

o the images have large tilt angles, which
cause the appearance of "dead zones"
in areas with high-rise buildings, as
well as significant scales of images that
complicate their stereo-
photogrammetric processing;

e vibration caused by aerodynamic
characteristics of UAV and flight
conditions, reduce the visual
properties of the images. As a result of
the experimental work, the following
features of the images of urban areas
obtained from UAYV, their geometric
and visual properties,
photogrammetric processing:

e significant tilt angles of the images lead
to a decrease in the longitudinal and
transverse overlap of stereopairs. As a
result, there are difficulties in the
relative orientation of the images
during the selection of tie points;

e shadows falling from high buildings,
greatly complicate the finding of
photogrammetric points;

o the images show significant
displacement of the images of the roofs
(so-called "blockages") of multi-storey
buildings from the point of nadir,
resulting in the formation of geometric
shadows ("dead zones"). This feature
of the images determines the selection
of working areas on the images for the
subsequent exclusion of "dead zones";

o the difference in scale within the image
leads to local disturbances of the
stereo model, which makes it difficult
to construct digital terrain models in a
stereophotogrammetric way. This, in
turn, causes difficulties in the
orthorectification of images of urban
areas.

In the following experiment, a version
of orthophotomapography based on UAV
images using exterion  orientation
elements, determined in flight (without
image georeferencing), and the possibility
of using them for monitoring of properties
was considered.

In the experiment we used images
obtained from UAV Irkut-10 on the
territory of Dmitrovsky District, Moscow
Region. The aerial survey was performed in
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a scale of 1: 32 000 by a digital calibrated
SIGMA-DP2S camera with a focal length of
24.2 mm.

The images were attached to the
.KLM format, in order to be displayed in the
Google Earth program, as well as the
exterion orientation elements defined in
the flight.

PHOTOMOD 6 Lite was used for
photogrammetric processing of images for
the purpose of orthomosaic plotting. Lite
version of the program can handle a
relatively small number of images (no
more than 40). Therefore, images were
initially selected for small groups of one or
more land plots. The main criterion for
selection was the availability of
information on land plots on the Public
Cadastral Map: cadastral number, area.

Information about the terrain is also
needed for creating an orthophoto. For the
construction of a regular DEM, the grid
spacing was calculated by the formula 3
derived by L.A. Gavrilova.

_ V2X8p X f XMy,
rmXtgv

L (3)
where 6y - is the permissible displacement
for the relief on the created plan (0, 3 mm),
f - is the focal length of the camera (24.2
mm), M - is the denominator of the scale of
the created plan (M = 5000), r, - is the
maximum distance from the nadir point
(12,43 mm), tgv - is the maximum slope in
the treated area (tgv = 0.20).

Some settlements (5) of the
Dmitrovsky district were selected for
formation orthophoto mosaic.

Land plots were found in the
automated information system "Unified
state property register ". Coordinates of the
turning points (in the coordinate system of
the MSC-50) of the selected land plots were
obtained from the "Unified state property
register ".

In the course of photogrammetric
processing an orthophoto mosaic (Figure
3) of scale 1: 5000 was obtained (the
merging of orthophotos was performed in

the program PHOTOMOD 6 Lite
GeoMosaic)&

The service GIS component Maplnfo
is used in the Unified state property
register to display the graphic cadastral
information and its processing. Therefore,
to obtain the coordinates of the turning
points of the boundaries of the land plots,
the orthophotomaps obtained were saved
in the "MaplnfoTable" format. The
processing was done in the MapInfo demo.
The total number of images in the
processing is 94, orthorectificated images
are 45.

For the turning points of the
boundaries of the land plots,
measurements of the coordinates on the
orthophoto are made and an accuracy
estimate is made in comparison with the
data from the Unified state property
register.

The root-mean-square error of the
planned position of the turning points of
the boundaries of the land parcels is
calculated by the Gauss formula:

[A]?

m= _|—. (4)

n

And m was 1.8 m in our experiment.

The results of the assessment of the
accuracy of the coordinates of the turning
points of the boundaries of land plots make
it possible to assert that the obtained
orthophotomaps can be used for the
purposes of monitoring land parcels
classified as:

e to agricultural lands (with the
exception of land parcels classified as
agricultural land and provided for
personal subsidiary, summer cottage,
truck farming, gardening, individual
urban or individual housing
construction);

e to the lands of the forest fund,
e to the lands of the water fund,

e to the reserve lands.
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Figure 3. Orthomosaic:
A - orthophoto image, constructed in the program PHOTOMOD 6 Lite GeoMosaic;
B - location of ortho images in the Google Earth program

In conclusion, it should be noted:

expediency, profitability and use of
unmanned aerial vehicles for the
aerial survey in the management of
cadastre and monitoring of properties;

the need for precompute calculations
of the parameters of aerial
photography taking into account the
technical characteristics of the aircraft
and the camera;

further photogrammetric processing
and interpretation of images to create
orthophotomaps and other
cartographic products of the specified
accuracy requires qualified training of

specialists in the field of aerial
photography, photogrammetry and
interpretation.
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MOHMTOPHHI OBbLEKTOB HEABWRUMOCTH N0 MATEPHANIAM,
NONYYEHHLIM C BECTIMNOTHLIX NETATENbHLIX ANNAPATOB

Jumonoe A.H. T'aepunosa JI.A. Kunvyosa E.A.
Kanouoam mexnuyeckux Hayx, Kanouoam mexnuyeckux Hayx,
. . Acnupanm, Kageopa
3asedyrowuii kagheopoti, Kageopa Jloyenm, Kageopa
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Tocyoapcmeennuiii ynugepcumem no
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semaeycmpouicmsy, Mockea, Poccus semaeycmpoticmsy, Mockea, Poccus

Anpec: MockBa, yi, KazakoBa, 4. 15, Tesiedpon: +7(499)2618232, e-mail: wernjer@gmail.com

AnHomayus: B ducmaHyuoHHOM 30HOUPOBAHUU 3eMHOU nosepxHocmu 6Gechu/somHble JemamesbHble
annapamul 84510Mcs1 00HUM U3 8U008 Hocumesel ceémo4Hol annapamypel. [Ipumenerue BIIJIA cmanosumcs
apPexkmusHbIM NO CpPABHEHUW C UCNO/Ib308AHUEM NUJAOMUPYEeMbIX JemameabHblX annapamos hpu
HeobxoduMocmu Cpo4H020 06HOB/AEHUSl INEKMPOHHBIX KAPM, d MAKX’e MOHUMOPUH2A NPOUCX00AWUX U3MEHEHUUl
Ha He60/1bWUX paccpedomoyeHHbIX 8 NPOCMPAHCMEE Meppumopusx. B amux cayuasx npumeHeHue nuaomupyemou
asuayuu 6ydem npusodums K HeonpasdaHHbIM 3ampamam, 4mo Heyeseco06pasHo € 3KOHOMUYECKOU MmOoYKu
3peHusi. Kpome mozo, omcymcmaue 61a20npusimubiX N0200HbIX YCA08ULl HepedKo npusodum K Cpbl8y 8bINOJAHEHUS.
aspogpomoceémouHblx pabom 8 HameueHHble Cpoku, kozda APC Haubosee 3pdekmusHa u yesecoobpasHa.
IIpumeHeHue 00HUX AUWb HA3EMHbBIX MEMO0J08 c60pa UHPOPMAYUU U 8bINOIHEHUE 2e00e3UHeCKUX CoEMOK MAaKHce
gedém k y0oposcaHuio pabom, d 8 HEKOMOPbLIX CAY4ASIX K HEB03MONCHOCMU UX nposedeHust (omcymcmeue docmyna
Ha OXpaHsleMyld meppumopuro, 8 4HdcmHble 61adeHuss u m.n.). B amux yc/a08usix UCN0/b308AHUE 1€2KO
docmasasiemoll kK 06vekmy CcséMku, JUCMAHYUOHHO ynpasasiemoll asuamodeau, 060py0o8aHHOU Heobxodumoll
CBoEMOUHOU U ynpasasiiowell annapamypoll, n0380./1siem onepamusHO 8bINOIHAMb A3p0PHoOMocsEMOYHbIe pabombl
dadce 8 cayvae omcymcmeus ycmou4ugblx N0200HbIX YCA08ULl, HE06X00UMbIX 018 8bINOAHEHUSI MPAOUYUOHHOU
ADC. [las npumenenus BIIJIA docmamouHo kKpamkospemeHHO020 «OKHA» Xopouweli nozodsl. Kpome amoeo,
B03MOJMCHOCMb CBEMKU C MA/AbIX 8bICOM N03680./sem eé nposedeHue npu HU3KOU CNAOWHOU 064A4HOCMU.
Hcnoavzosanue BIIJIA sgppekmusHo npu ceéMKax JAuHelHbIX 06beKkmos, npu uHeeHmapusayuu u kKadacmpe
06eKM08 HedsuicUMoOCcMu, d makice 04151 NoAy4eHuUs onepamusHol UHPOPMaAYyUu npu Ype3sbIMaliHbIX CUMYaAYUSsX.

Kawuesvle caoea: Aspogomocsemka, BIIJIA, ducmanHyuoHHoe 30HOUpOBAHUE, MOHUMOPUHZ 3eMesb,
Mo4HOCMb.
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Abstract. Forest fires are an integral part of Mediterranean ecosystems and a key factor in forest fire
management. Accurate information regarding the spatial extent of burned areas is essential for the quantification
of the environmental impact of forest fires while at long term such information could be used in improving existing
forest fire management plans. The aim of this study was to evaluate the efficiency of several spectral indices in
burned area mapping using object-based image analysis (OBIA) and medium (Landsat5 TM - 30m) and very high
(IKONOS pan-sharpened - 1m) resolution satellite imagery. In the case of the pan-sharpened IKONOS the Soil
Adjusted Vegetation Index (SAVI), the modified Soil Adjusted Vegetation Index (mSAVI2) and the Normalized
Difference Vegetation Index (NDVI) were used, while in the case of Landsat 5 TM the Char Soil Index (CSI) and the
Normalized Burn Index (NBR) were additionally employed. The multiresolution segmentation algorithm was
selected and applied to all layers generated from the computation of the aforementioned spectral indices. Training
samples were defined based on the multispectral pansharpened IKONOS image and used in the classification process
in all different cases. Results were statistically and spatially compared with the official burned area perimeter
provided by the National Forest Service.

Keywords: IKONOS, NDVI, CSI, forest fires, Mediterranean ecosystems.

Introduction monitoring while at long term such
information could be used in improving
existing forest fire management plans
(Chuvieco and Congalton 1988).

Satellite remote sensing constitutes a
practical and cost-effective tool for burned
area mapping (White et al. 1996). Satellite
sensors are a valuable means for the
production of accurate burned area maps
since they provide broad areal coverage

along with the high spatial and temporal

Forest fires are an integral part of
Mediterranean ecosystems and a key factor
in forest fire management. Until the year
2000 the number of forest fires had
increased, not only in the Mediterranean
basin, but also in the rest of Europe
(Schmuck et al. 2011). Even though the
number of fire events have decreased the
last decade (Fussel and Jol 2012), the

phenomenon of climate change is expected
to cause a significant increase in the
frequency and severity of fires (Kalabokidis
et al. 2015), leading to further damage of
the already degraded Mediterranean
ecosystems.

The effectiveness of forest fire
management is highly dependent on
precise and current spatial information
related to the fire-affected areas (Gitas et
al. 2004). In particular, the information
provided by detailed and current burned
area maps contributes to the quantification
of the environmental impact of forest fires,
land use and land cover changes

resolution (Giglio et al. 2009, Polychronaki
and Gitas 2012).

Optical satellite data have been
extensively used for decades in the
detection and mapping of burned areas
(Chuvieco and Congalton 1989, Giglio et al.
2009, Polychronaki and Gitas 2012). This
mapping is usually based on satellite data
of medium and very high resolution, such
as Landsat and IKONOS imagery (White et
al. 1996, Roy et al. 2002, Epting et al
2005).

Moreover, a variety of remote sensing
analysis techniques are being employed in
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burned area mapping such as Maximum
Likelihood classification (Razali and Nurud
2012), Support Vector Machines (Alonso-
Benito et al. 2013), Unsupervised
classifications (Van Wagtendonk and Root
2003) and Object-Based Image Analysis
(OBIA) (Alonso-Benito et al. 2016). OBIA
provides increased accuracy and detail in
classification  in  comparison  with
conventional pixel-based analysis. Within
this paradigm, rather than treating the
image as a collection of pixels to be
classified based on their individual spectral
properties, the image pixels can be initially
grouped into segments. The production of
these groups is a process called
segmentation and it is the first and most
important step in OBIA (Baatz 2000).
Segmentation aims at dividing the image
into continuous groups of spectrally
homogeneous objects that ideally
represent real objects of interest in the
study area (Jasani et al. 2009). The object
segments can then be classified according
to spectral and other criteria, such as
shape, size and relationship to neighbor
objects (Blaschke 2010).

Furthermore, spectral indices are also
extensively employed by remote sensing
experts in many different scientific fields.
(Huete 1988, Chuvieco et al. 2002).
Regarding burned area mapping, spectral
indices have given a great advantage to the
scientific community by enhancing the
differences between burned and unburned
pixels and, consequently, improving the
accuracy of the final cartographic products
(Cao et al. 2009). Some of the most widely
used burned area related spectral indices
include the Normalized Difference
Vegetation Index (NDVI) (Rouse Jr et al
1974), the Soil Adjusted Vegetation Index
(SAVI) (Huete 1988), the Modified Soil
Adjusted Vegetation Index 2 (mSAVI2) (Qi
et al. 1994), the Global Environmental
Monitoring Index (GEMI) (Pinty and
Verstraete 1992), the Burned Area Index
(BAI) (Martin 1998) and the Normalized
Burn Index (NBR) (Key and Benson 1999).

The aim of the present study was to
evaluate the efficiency of spectral indices in

burned area mapping using OBIA and
medium (Landsat 5 TM) and very high
(IKONOS pansharpened) resolution
satellite imagery. The specific objectives of
this study were:

e The selection and calculation of spectral
indices commonly used for burned area
mapping based on the spectral
availability of medium resolution
(Landsat5 TM) and very high resolution
data (IKONOS pan-sharpened).

e The employment of OBIA on Landsat 5
TM and IKONOS images for burned area
mapping using the calculated indices.

e The comparison of the results with the
official burned area perimeter provided
by the forest service.

e The evaluation of the efficiency of each
index in burned area mapping.

Study area and dataset description

The study area is Mount Parnitha.
Mount Parnitha is located in the southern
part of Greece, north of Athens. Parnitha is
a national park and also part of the
NATURA 2000 network. In 2007, a forest
fire destroyed 36,000 acres of land, from
which 21,800 acres were Greek fir forests,
a species endemic to Greece. Many wild life
habitats were also destroyed, such as bird
nesting areas, and deer habitats (National
Forest Service).

Two satellite images were used in
this study, namely Landsat-5 TM and
IKONOS, acquired several days after the
fire. The Landsat image consists of seven
spectral bands with spatial resolution of 30
m each, except for the sixth one which has
120 m resolution. The IKONOS image is
pan-sharpened and consists of four
spectral bands with 1m spatial resolution
(Laben and Brower 2000). In addition, the
official fire perimeter, provided by the
Greek Forest Service, was used for the
accuracy assessment of the results.

Methodology

The general steps of the methodology
employed in the present study are
presented in the following flowchart
(Figure 1):
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Landsat 5 TM
Radiometric calibration and atmospheric correction

Pre-processed Traming | Pre-processed

sample IKONOS im
selection age

Landsat image

Selection and | Select d
calculation of Seisiatit
calculation of
NDVI, SAVI, NDVL SA
mSAVI2, CSL : anw’
NBR o
¥ w

—» Layer stack (Landsat/TKONOS, index, TTA mask) —

Eight images for classification

OBIA

Eight burned area maps

(five with the Landsat image and three with the IKONOS
image)

Spatial accuracy assessment
Results interpretation
Figure 1. Methodology flowchart

The first step of the methodology case of variations in scene illumination and
included the pre-processing of the satellite viewing geometry, atmospheric conditions,
data. Pre-processing aims at correcting the and sensor noise and response. The type of
sensor and platform-specific radiometric the correction may vary depending on the
and geometric distortions of data. specific sensor and platform wused to
Radiometric corrections are necessary in acquire the data and the conditions during
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data acquisition (Chander and Markham
2003).

The pre-processing of the IKONOS
and Landsat satellite images included
radiometric calibration and atmospheric
correction. The radiometric calibration was
performed through the conversion of the
pixel values from digital numbers (DN) to
radiance values and, subsequently, to top
of atmosphere (TOA) reflectance values.
Next, the histogram subtraction method

(Jensen 1986, Chavez 1988) was employed
in order to atmospherically correct the
satellite data.

The indices for this study were
selected according to the international
literature, their compatibility with various
sensors and the amount of data required
for them to function (Barati et al. 2011,
Harris et al. 2011, Vifa et al. 2011). The
selected spectral indices are briefly
described in the following table (Table 1).

Table 1.
The spectral indices used in the present study for mapping the burned areas
Index name Equation Reference Description
. An index designed for
Normalized NIR — RED vegetation detection
Difference NDVI = ———— (Rouse Jretal. 1974) 8¢
X NIR+RED (or in our case, the
Vegetation Index:
absence of)
A s _ NIR-RED An index designed for
v Szltlaj'?i?rﬁilix- SAVI= NIR+RED+L (Huete 1988) soil color and
8 ' (1+1L) moisture detection.
Modified Soil mSAVI2= A version of SAVI
Adiusted without the “L
juste (2+NIR—1— | (Z*NIR+1)Z— (Qietal. 1994) constant, which
Vegetation Index — 8%(NIR-RED) .
. represents vegetation
' 2 coverage.
Performs well in
. _ _ NIR : burned area mapping
Char Soil Index: CSI= — (Smith et al. 2005) with Landsat TM
images.
Normalized Burn NIR-Band7 (Key and Benson Slml.la.lr to NDVI but
NBR=——— modified for burned
Index: NIR+Band? 1999) :
area detection.
NDVI, SAVI, mSAVI2, CSI, NBR were resolution (Im). Ten samples were
calculated using the Landsat images but selected for each class (burned and
only the first three indices were computed unburned). Subsequently, a Test and

for the IKONOS image since it lacks the
short-wave infrared (SWIR) spectral bands.

Next, the training samples were
selected using the IKONOS pre-processed
image considering its very high spatial

Training Area (TTA) mask was produced
from the samples, which was used to train
the classification algorithm in all cases.
Finally, the pre-processed Landsat
data, the produced TTA mask and each of
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the calculated spectral indices (NDVI, SAVI,
mSAVI2, CSI, NBR) were combined leading
to the creation of five new images
(LandsatNDVI, LandsatSAV],
LandsatmSAVI2, LandsatCSI, LandsatNBR),
each of which consisted of eight layers
(Table 2). The same procedure was
performed for the pre-processed IKONOS
data and the respective spectral indices
(NDVI, SAVI, mSAVI2) resulting in three
new images (IKONOSNDVI, IKONOSSAVI,
IKONOSmSAVI2), each of which included
five layers (Table 2).
Table 2.
Landsat pre-processed image layers, (b)
IKONOS pre-processed image layers

Landsat images: IKONOS images:

Layers: Layers:
S Blue band
L Green band
Green band
- Red band
Red band NIR band
NIR band (Index)
SWIR1 band TTA mask (Thematic
SWIR2 band layer)
(Index)
TTA mask
(Thematic layer)

(a) (b)

In order to classify the burned areas
of each generated image, segmentation was
initially employed. The classification of the
created image objects into the classes
“burned” and “unburned” was performed
through the application of a supervised
classification algorithm, namely the
Nearest Neighbor (Gutin et al. 2002), which
was trained by the samples contained in
the TTA mask.

The Nearest Neighbor classification
algorithm was executed using the features
of mean values and standard deviation of
the spectral bands. Each classification was
followed by an enhancement of the
resulted cartographic product using user
selected thresholds of the Near Infrared
(NIR) spectral band and exported as a
vector layer for its subsequent accuracy
assessment.

Results and discussion

The application of the methodology
described in the previous chapters resulted
in the eight burned area maps were
produced. The specific cartographic
products were then evaluated for their
spatial accuracy. Hence, the areas
misclassified as burned or as unburned
were identified and adequate calculations
were performed. More specifically, each
vector was initially merged with the official
perimeter. Then each vector was divided
with its corresponding merged vector. The
result of this division represented the
overall spatial accuracy of each map (Table
3).

Table 3.
Overall spatial accuracy
Indices Spatial accuracy
Landsatsavi 81.22%
Landsatnpvi 81.22%
Landsatmsaviz 81.09%
Landsatcg; 81.36%
Landsatngr 80.67%
IKONOSnpv1 79.11%
IKONOSsav1 79.52%
IKONOSsaviz 81.89%

Generally, the accuracy assessment
results showcase that the application of
OBIA and the Nearest Neighbor algorithm
on images created using spectral indices
from medium and very high resolution
satellite imagery, yields high spatial
accuracy in burned area mapping. More
specifically, all the generated cartographic
products were highly accurate achieving
overall accuracy of approximately 80%. In
addition, the highest spatial accuracy
(81.89%) was achieved by IKONOSmsavi2. It
is also noteworthy that the most and least
accurate burned area maps were produced
by the classification of the IKONOSusaviz
and IKONOSn~pvi images respectively. Since
the IKONOS pan-sharpened image offers
very high spatial resolution (1m), it was
expected to result in a higher spatial
accuracy than the ones of the Landsat
bands (30m). However, the difference of
the spatial accuracy from the highest
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scoring index and the lowest scoring index
is only 2.78% and in some cases (NDVI and
SAVI) the use of the Landsat image led to
the production of a more accurate burned
area map compared to the IKONOS image
(Landsatsavi: 81.22% and IKONOSsav:
79.52%, Landsatnpvi: 81.22% and
IKONOSNpvi: 79.11%).

[t is apparent that in case of using the
IKONOS image, the generated burned area
maps included significantly more noise
compared to the Landsat image despite the
enhancement performed to the
classification result using user selected
thresholds. This suggests that very high
spatial resolution might be a disadvantage
in burned area mapping unless proper
methods are applied to presume upon the
specific characteristic of the satellite
Sensor.

Taking all under consideration, it can
be noted that the spatial resolution of the
applied satellite images and the applied
indices, did not play a key role in the
burned area maps’ overall spatial accuracy.

Conclusions and future research

In this paper, five spectral indices,
namely NDVI, SAVI, mSAVI2, CSI and NBR,
were evaluated for their efficiency in
burned area mapping using OBIA of
Landsat and IKONOS satellite images. The
application of all selected indices and
satellite images resulted in highly accurate
burned area maps using a relatively simple
methodology. The conclusions drawn from
the present study are the following:

e OBIA, Nearest Neighbor and the
spectral indices employed on Landsat
5 TM and IKONOS pan-sharpened
images yield high spatial accuracy in
burned area mapping.

e The choice of spectral index has little
impact in the accuracy of burned area
mapping products.

e The application of OBIA and the use of
the selected spectral indices led to
equal performance of Landsat 5 TM
and IKONOS pan-sharpened images in
burned area mapping.

e The selection of the appropriate
classification method plays a leading
role in accurate burned area mapping.

Future research could include the
performance evaluation of different
spectral indices in mapping fire-affected
areas. Moreover, the spectral indices
employed in the present study could be
applied on other satellite data and the
results could be compared with the ones of
this work. Finally, it would be of interest to
examine other classification techniques in
burned area mapping by employing the
satellite data and spectral indices used in
the present study.
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AHHOmayus: JlecHbie nodxcapwsl 684510mcs1 HeomosemaeMol yacmoio Cpedu3eMHOMOPCKUX 3Kocucmem U
KA04esblM PAKMOPOM 8 ynpas/aeHuu JAeCHbIM X035UcmaeoM. [As1 KoauuecmeeHHOoU oyeHKU 8030elicmaust 1eCHbIX
noxcapos Ha OKPy*Carwyrw cpedy Heo6xodumMa moyHas UH@Popmayus 0 NPOCMPAHCMBEHHOU NPOMSANCEHHOCMU
COJMCHCEHHBIX PAliOHO8, 8 MO 8pemsi KAK 8 00/120CpOYHOU nepcnekmuse makasi uH@opmayusi moxcem 6bimb
UcCno/b308aHA 0AS1  YAYHWEHUS  Cyuecmeylowux NnJAaHo8 ynpae/neHusl JecHulmu nodxcapamu. lleas
npedcmas/neHHO20 Uccaedo8aHusi — OyeHKd 3P@PekmusHOCmMb HECKOAbKUX CneKmpa/bHblX hokazameseli npu
Kapmupo8aHuu  COMCHCEHHbIX obsaacmell ¢  UCN0/b308AHUEM  00BEKMHO-OpUEHMUPOBAHHO20  AHA/AU3A
uso6bpascerutl (OBIA) u cpeowt (Landsat5 TM - 30 m ) u oueHs svicokux (IKONOS - 1 M) cnymHUKO8bIX CHUMKO8
paspewenust. B cayuae IKONOS ucnoav3osascs modugpuyuposanHsiil undekc mSAVIZ u undexc NDVI, moeda kak e
cayyae Landsat 5 TM uHdekc (CSI) u HopmaausosauHbuill uHdekc (NBR). Asnzopumm ceameHmayuu
MYAbMUPE30ASYUU Obla 8bIOPAH U NPUMEHEH KO 8CEM CA05IM, 2EHEpUPYeMbIM NPU 8bIMUCACHUU 8bIUWEYNOMSIHYMbIX
cnekmpasbHblX uHdekcos. 06pasyvbl 0451 oGyveHus 6bliu onpedeseHbl HA OCHOBE MYJAbMUCNEKMPAAbHO20
usobpascerusi IKONOS u ucnoswv3zosanuce 6 npoyecce kaaccuukayuu. Pesysbmamel 6biau cmamucmuyecku U
conocmas/ieHsl ¢ 0uyuabHLIM NepumMempom o62opesuieco patioHa, npedocmasaeHHbiM HayuoHaabHoU secHol
CAYyHC601L

Kawuesvwte caoea: IKONOS, NDVI, CSI, necHbie noscapbl, cpeduseMHOMOPCKUE IKOCUCTNEMbl.
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Abstract: Soil surveys employ interpolation of point measurements that provides spatial distribution of
information for the full study area. However, no specific interpolation method is determined for each soil parameter. The
aim of this work was to identify the optimum interpolation method and its parameterization to improve mapping of
degraded soils of Xanthi agricultural land. Electrical conductivity (EC), exchangeable sodium percentage (ESP), cation
exchange capacity (CEC) and pH measurements from 598 soil samples were used. Inverse distance weighted (IDW) and
spline interpolation, as well as the power of IDW were evaluated. IDW with power 3 was proved as the most accurate
method. Using thresholding, we identified the spatial distribution of saline, sodic, and acidic soils of the study area.
Furthermore, degradation sources were identified, including parent material and inappropriate fertilization for acid soils
and irrigation with saline water for alkaline soils. The results enabled us to propose amelioration measures and
agricultural practices, according to degradation types and levels. The data was provided by the project "Soil Map of

Eastern Macedonia and Thrace".
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Introduction

Soil degradation is one of the main
causes of reduction of yield and
consequently loss of sustainability in
agricultural production, and in the long run,
desertification. Among the several types of
degraded soils in Greece, this work focuses
on three of them: saline, sodic and acidic
soils. Saline soils are soils that contain
excessive soluble salts. The formation of
sodic soils is caused by sodium which tends
to be the prevailing ion in the exchangeable
phase. The results of this process can lead to
the destruction of the soil structure and the
severe degradation of the soil surface,
which may lead to desertification. Lastly,
acidic soils have pH below 5.5, which plays
an important role in regulating the
availability of plant nutrients (Misopolinos,
1991).

Soil degradation is usually caused by
inappropriate agricultural practices and
application of low quality of irrigation water
(Misopolinos, 1991). Soil degradation has a
severe impact on the quantity and quality of
agricultural production, on environmental
sustainability and consequently on socio-
economic conditions of local communities.

In order to minimize the negative effects, we
need to manage existing degraded soils and
prevent further expansion, which requires
mapping and soil surveys.

Soil mapping and surveys are
achieved by using geographic information
systems (GIS) and are mostly based on point
measurements from selected locations,
usually formed by sparse sampling
schemes. They are organized in the
graphical interface of the GIS program in
layers, and after processing, are presented
in thematic maps (Silleos, 1990). Spatial
interpolation methods fill in information of
the entire study area, taking into account
the spatial location of a few sampling points
and the assumption that locations are close
together tend to have similar characteristics
(Robinson and Metternicht, 2006). Some of
the many interpolation techniques are IDW
(Inverse distance weighted), kriging and
spline.

Geoinformation specialists
collaborating with soil scientists have
examined the application of several
interpolation techniques on the relevant
soil properties. However, no specific
interpolation method is determined for
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each parameter for each test site. The aim of
this work was to improve the mapping of
degraded soils and the specific objectives
were to identify the optimal interpolation
method for several soil parameters
associated with degraded soils and to
identify the optimal parametrization of the
selected interpolation method.

Materials and methods
Study area

The study area is the agricultural area
of the Prefecture of Xanthi, administratively
belonging to the region of Eastern
Macedonia and Thrace, located in the
northeastern part of Greece.

As seen in table 1, most of the land is
covered by forests, especially the
mountainous area in the north, while the
agricultural land is about 25% of the whole
area, located in the southern part of the
Prefecture.

Table 1.
Land use of the prefecture of Xanthi
Land use Area (ha)
Forest land 113.000
Agricultural land 48.500
Arid land 8.600
Pastures 5.250
Settlements 4.350
Industrial Land 700
Totalczll'l(;a t;f the 180.400

Agricultural production involves mainly
annual crops, with corn, cereals and cotton
being the most important. In the past, sugar
beet and tobacco were widespread crops
contributing to the farmer’s income.
Nowadays tobacco (Basmas variety) is rain
fed and located mainly in the hilly areas of
the prefecture. The most important
vegetables grown in the prefecture of
Xanthi are industrial tomatoes and green
beans, mainly due to the existence of the
respective manufacturing industries. Tree

crops that exist in a limited area are
pomegranate, kiwi, apple and walnut
(http://www.agroepiloges.gr/NomosKsant
his.aspx).

The sources of irrigation water are
multiple, such as rivers, lakes, and wells. As
a result, irrigation water quality varies
depending on the state of the source.
Especially groundwater, is affected by the
chemical composition of rocks and minerals
of the vadose zone.

The climate in Xanthi is continental
with mean annual precipitation of 540mm.
The average temperature ranges from 0 to
280C throughout the year, based on 21 years
of data (www.wunderground.com).

Datasets and data collection

All data used in this work were
collected within the project "Recording of
nutrients, heavy metals and hydrodynamic
properties of soils for the rational use of
fertilizers and water and the production of
safety products in the Region of Eastern
Macedonia and Thrace" (Misopolinos,
2010).

The main dataset for this work
consists of 598 surface soil samples of the
agricultural area, as shown in Figure 1.
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Figure 1. Spatial distribution of sampling
points in the study area
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Soil sampling, as part of mapping the
agricultural land of Eastern Macedonia and
Thrace, was performed by specialized
teams of agronomists and experts in soil
science using dedicated equipment (GPS
tablets, hydraulic soil samplers, digital
cameras, etc.).

Soil sampling procedure included
excavation and studying of soil profiles, soil
auger boreholes and description of soil
layers based on international standards for

ensuring compatibility with the European
Soil Database.

In the frame of the above-mentioned
project, 22 soil parameters were measured
in the laboratory by analyzing soil samples
according to ISO standards. In this work,
four of them were selected (Table 2) that
are key soil properties for identifying and
characterizing soil degradation due to
acidity and salinity.

MOYBOBEAEHHE / SOIL SCIENCE

Table 2.
Soil parameters determined and methods of analysis
Parameter Method Reagents Bibliography
Amended Extraction with water 1: 5
H H-meter water based on "Method of Soil Analysis
p p 1982", American Society of
Agronomy p.451
Electromagneti Internal Method of saturated
EC water .
C aqueous solution
Ammonium | IMCH;sCOONHY, |y 0 4i6i64 method AFNOR NFX 31-
CEC acetate pH 7.0
130
Exchangeabl Ammonium 1M CH3COONHg4, Modified internal method Doll and
e Na* acetate pH 7.0 Lucas, 1973

Spatial interpolations

Each spatial interpolation method
serves a specific use, depending on the
purpose of the study (Robinson and
Metternicht, 2006). In the present work,
IDW was chosen to create thematic maps of
soil parameters: pH, CEC, ESP and EC
(Tuncay et al, 2013). In addition, spline
interpolation was applied for electrical
conductivity (EC) for comparison.

The standard IDW method of ArcMap
/ Spatial Analyst was applied on the
sampling points of soil properties to create
continuous surfaces. IDW configuration
included: Output cell size = 30 m, minimum
number of points = 12, no maximum
distance. In particular, for the power of the
distance function, which controls the
influence of nearby points, three options
were used: the minimum value (0.5), an
average value (2), and the maximum value

(3)-

In a similar manner, the standard
spline method of ArcMap / Spatial Analyst
was applied on the sampling points of EC.

Evaluation of interpolation results

Following map  creation, the
assessment for the selection of the most
representative map (of the three created by
spatial interpolation method IDW) for each
of the four soil parameters (pH, ESP, CEC
and EC) was performed. As a criterion, the
absolute difference from the reference
maps was used (Equation 1).

abdif ference = @ 100%, (1)
where refis the reference maps, estim is the
estimated from this work value of the
respective parameter.

Finally, the assessment for the final
maps selected was made, based on the
lowest abdifference percentage (Schloeder
etal,, 2001).
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As reference maps in this work were
considered the thematic maps produced
within the above-mentioned soil mapping
project (Misopolinos et al, 2010), using
mainly kriging by the expert team
employed.

Classification for the delineation of
degraded soils

In order to map the degraded soils, the

parameters were used. These maps were
based on threshold values for each
parameter that determine saline, sodic, and
acidic soils (Table 3). The implementation
of the threshold values was performed
through ArcMap / Spatial Analyst Tools.

This process resulted in the spatial
distribution of the degraded soils of the
study area.

final interpolation maps of each soil
Table 3.
Threshold values for the determination of degraded soils
ECe (dS.m-1) pH ESP (%)

Saline > 2 <8.5 <15
Saline - sodic > 2 <8.5 >15

Sodic <2 > 8.5 >15

Acidic - <5.5 -
High risk for
acidification ) 5-5<pH<6.5 )

Results and discussion
Soil parameter maps

IDW spatial interpolation method was
used to estimate four soil parameters pH,
EC, CEC and ESP of the study area and to
create the corresponding interpolation
maps (thematic maps). Three values of the
power parameter used by the IDW method
were tested, for each soil parameter
mentioned. These were power values of 0.5,
2 and 3, which gave different accuracy of
spatial information and consequently
different levels of accuracy of the produced
maps. The choice of power for the equation
that gave the most representative situation
is important for the interpretation of soil
data so that measures can be taken to
improve degraded land and adapt
agricultural practices.

Figure 2 shows the three thematic
maps created for pH. The selected colour
palette is consistent across the three maps,
and covers the range from the lowest value
of 4.3 (acidic soil-red color) to the highest
value 9 (alkaline values - blue color).

From figure 2 we infer that soils with
low pH values are located in three areas: on
the north-eastern side in a small extent, on
the north-west side and in the central and
southern area where is the largest area of
acidic soils.

Figure 3 displays the three thematic
maps created for electrical conductivity
(EC). The selected colour palette is
consistent across the three maps, and
covers the range from the lowest value of 0
mS / cm (red color) to the highest value of
10 mS / cm (excessive soluble salts).

In figure 3, it is evident that the soils
with low EC values cover almost the entire
area. However, small areas appear on the
north-eastern side of the study area where
the soil has electrical conductivity
ECe>2mS/cm (yellow color), causing
salinity problems.

Figure 4 shows the three thematic
maps created for the CEC - Cation Exchange
Capacity. The selected colour palette is
consistent across the three maps, and
covers the range from the lowest value of
CEC which is 2 meq/100g (red color) to the
highest value of 44 meq/100g (blue color).
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Figure 2. Thematic maps of soil parameter pH created with IDW method for three power
values of 0.5, 2 and 3
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Figure 3. Thematic maps of soil parameter EC created with IDW method for three
power values of 0,5, 2 and 3

N Power=0.5 Power=2 Power=3
w%‘;
S [ ' o Wior
) ' ]
" .4 . : A . ’ ;' : . A
H“..- . . ‘W -“Q.. > « = -
3 b' . T | b’ ] PO |
youb i v kw.qd >
¢ ’ J ‘e . » -
CEC L T
Ve \d
0 5 10 20 Km
- 44 l I | ] |
. 2

Figure 4. Thematic maps of soil parameter CEC created with IDW method for three
power values of 0.5, 2 and 3
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It is evident in figure 4 that the soils
with low CEC values are located in two
areas. On the northeastern side in a small
extent and on the southwest side of the
county where appears to be the largest
extent of degraded soils. Larger values
appear in the center of the study area.

Figure 5 represents the three thematic
maps created for the exchangeable phase

N

W

Power=0.5

Na + (ESP) in the soil. The color gradient is
uniform and includes ESP values from 0%
(red) to 80% (blue color).

[tis evident from figure 5 that the soils
with high ESP values (blue color) are
located in the southern region and on the
southeastern side of the prefecture.

Power=2 Power=3

—
Figure 5. Thematic maps of ESP created with IDW method for three power values of
of 0.5, 2 and 3
Accuracy of interpolation Table 4 presents the absolute

The evaluation of the thematic maps,
that were produced using the IDW method
for different parameterizations, and
different power values for the equation, was
achieved by comparing them with the
reference  maps, which were the
interpolation maps created within the soil
mapping project.

differences (based on equation 1) of spatial
information derived from IDW method (for
the three power values) versus the
reference level for all four soil parameters.
It is evident that all soil parameters had the
highest accuracy when IDW power of 3 was
used, having the lowest difference from the
reference maps.

Table 4.

Absolute difference (%) of the IDW method for the three power values compared with
the reference maps for all parameters examined

Soil Parameters 05 Po;ver 3
pH 7,55% 4,122% 3,59%
CEC 19,9% 12,4% 11%
EC 47,5% 27,6% 23,3%
ESP 95% 55,6% 43,7%
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Maps of degraded soils

Figure 6 represents the acidic soils
after applying the thresholds (Table 3). It is
obvious that the areas with acidic soils are
located in the central and northern parts of
the prefecture. The red areas are acidic,
meaning pH is below 5.5 and the yellow

W

Acidic soils

[ ]<all other values>
Il Acidic
[_1High risk for acidification

areas show that the soil has a high risk for
acidification where pH value is 5.5 < pH <6.0
thus deeper investigation should be
performed by measuring soil ANC (Acid
nurturing capacity). Finally, the rest of the
area seems to have no problem with pH
values> 6.
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Figure 6. Map of acidic soils of the prefecture of Xanthi (Greece)

Figure 7 represents the degraded soils
due to salinity, based on the thresholds of
table 3 for ECe and ESP. It appears that
saline soils are located in the center of the
area (blue color - EC> 2mS / cm). Sodic and
saline soils (red color - EC> 2mS / cm and
ESP> 15) are a small percentage and are
mainly located in the eastern part of the
area nearby the sea, as well as two other
disconnected areas around the center of the
study area. Sodic soils, which are non saline
(orange color - EC <2mS/cm and ESP>15)
are located on the coastal front to the south
part of the study area, mostly degraded due
to sea proximity and salt water intrusion in
the aquifers.

Conclusions

Interpolation maps were created for
the soil parameters pH, EC, CEC and ESP
using spatial analysis techniques and GIS.

We evaluated the effect of the power
value on the generated map, which is the
key feature in the parameterization of the
IDW spatial interpolation method.

Comparison with the reference maps,
showed that a small difference exists for soil
parameters pH, CEC and EC, while for ESP
the difference was significant.

It was found that the optimal
interpolation method was IDW, and the best
parameterization for the interpretation of
soil data, was power 3, resulting in the most
representative depiction of the actual soil
conditions.
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Acidic soils of the study area and soils
that have a high risk for acidification have
been identified and accordingly agricultural
practices have to be applied for restoring or
maintaining soil quality. Similarly, for soils

W

Degraded soils
due to salinity

[ 1<all other values>

Bl Saline pe

[ Sodic
B Sodic and saline

which are degraded due to salinity or have
a high risk of secondary salinization were
identified providing a tool to farmers and
regional authorities to counter-act in farm
or catchment area level respectively.
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Figure 7. Map of degraded soils due to salinity of the prefecture Xanthi (Greece)

It is obvious that this process,
including the identification of degraded
soils in high productivity agricultural land,
is the first and most decisive step in the
implementation of agricultural practices
and remediation measures in the context of
the protection and improvement of
agricultural production.
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*

OLEHKA METOA0B NPOCTPAHCTBEHHOM HHTEPNONALMK ANA
KAPTOIPA®MPOBAHWA AETPAAPOBAHHBIK NOYB B KCAHTH (TPELIUA)

KapacmoostcuanHu E. K.Buaac T.AnexkcaHdpuduc
JlabopaTopus JUCTAHILUOHHOTO JlabopaTopusi MpUKIAJHOU JlabopaTopusi JUCTAHILUOHHOTO
3onguposanuda u 'MC, NOYBEHHOW HayKH, YHUBEPCUTET 3ongupoBanuda u 'MC,
YHuBepcuTeT ApucTtoTens ApucroTens YHuBepcuTeT ApUcToTe A

Appec: [ToutoBsiii opuc 248, GR-54124, r. Canonuky, 'perus, e-mail: thalex@agro.auth.gr

Annomayun: Ilpu uccredoganuu noue UCNOALIYIOM UHMEPNONAYUIO MOUYEUHBIX USMEPEeHUL, Komopas
obecneuugaem npocmpancmeenHoe pacnpeoeienue ungopmayuu. OOHaKO 0151 KANCO020 NApamempa Nousbl He
onpeoenen KOHKpemHwlli mMemoo unmepnonayuu. Llenv 3moil pabomwl 3axknoyanacs 6 onpeoeienuu OnMmumMaibHO20
Memooa UHMepnonAYuu U e20 napamempuzayuu 0N YAVHulenus Kapmupoanus 0e2paouposaHHbiX NOYE
CenbCcKoXo3alcmeenuvix 3emenv Kcammu. Hcnonvzoeanu 2nekmponposoonocms (EC), obmennoe npoyenmmuoe
cooepoicanue nampus (ESP), kamuonooomennasn emxocmv (CEC) u usmepenus pH uz 598 obpaszyosé nouswi. Buiau
OYeHeHblL 836euleHHbie N0 oOpamuomy paccmosinuto (IDW) u unmepnonsyus cniainos, a maxsice mowHocms IDW. IDW
¢ mowHocmuio 3 6bll noOmeepiHcoeH Kak Haubonee mouHwlil Memod. Hcnons3ys nopocosoe 3Hauenue, Mol ONpeoeu
NPOCMPAHCMBEHHOE pacnpedesieHue co008bIX U KUCIbIX Noys ucciedyemou ooracmu. Kpome mozo, bvLiu 0OHapyiceHvl
NPUYUHBL 0e2padayull, 6KIOYAs HeNpaguibHoe YOoOperue OJisi KUCIbLX NOYE U OPOULeHUE COLEHOU 000U OJisl WESIOUHbIX
nous. Pe3ynbsmamol n0360aUnU NPEONOACUMb MEPONPUAIMUA NO METUOPAYUU 8 COOMBEMCIMEUU C MUNAMU U YPOSHAMU
oezpadayuu. JJannvle bulau npedocmasienvt npoekmom «llousennas xapma Bocmounoii Maxedonuu u @paxuuy.

Knwoueswie cnoga: npocmpancmeennas uHmepnoaayus, 0ecpaouposantsie no48sl, KUCI0MHOCMb, 3ACONEHHOCHIb.
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