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Suite & la demande croissante de matiéres premicres minérales, il est nécessaire de
développer de nouvelles méthodes de prévision et de recherche de minerais, en particulier celles
fondées sur I'¢tude de la corrélation spatiale entre la position des gisements et des ¢léments de la
structure profonde de I’écorce terrestre.

La surface du territoire de la Russie a été bien étudiée, particulierement évidemment 1a ou
les affleurements sont fréquents. Ainsi, la quasi totalité du territoire de la Russie est couverte par
des cartes géologique a 1’échelle du 1:200 000. Une partie de ces cartes géologiques a ¢été
numérisée (une carte géologique numérique de la Russie a 1’échelle 1:2 500 000, un grand
nombre des cartes a 1’échelle du 1:1 000 000 et du 1:200 000). Ces documents permettent de
mettre en ceuvre des méthodes d'analyse statistiques. A ce jour, la totalité du territoire de la
Russie est presque couverte par des cartes gravimétriques aux échelles du 1:1 000 000 et du
1:200 000. La plupart de ces cartes a déja été transformée a un format numérique qui permet de
réinterpréter les données en applicant des méthodes mathématiques avancées. Dans les
conditions économiques actuelles, le probléme du pronostic et de la recherche de nouveaux
gisements d’or a repris de l'importance. Dans le cadre de cette recrudescence de I'exploration
miniére, cette importance croissante les méthodes géophysiques, géologiques et géochimiques
jouent un réle croissant. Cependant, un certain nombre de difficultés subsistent :

1 — Les anomalies gravimétriques et magnétiques, en général, ne sont pas des indices

directs de la minéralisation.

2 - L'analyse des tendances régionales des deux paramétres géophysiques et

géochimiques montre que les anomalies correspondantes sont des objets ayant hérité de

certains éléments de la structure des systémes minéralisés, et de ce fait ne sont que des
indications indirectes de minéralisation possible.

3 - Les systémes minéralisés ont des structures différentes pour des dépdts de minéraux

différents, et, inversement, pour les mémes substances, les structures / types de gisements

peuvent varier en fonction du contexte géodynamique.

4 - Pour les anomalies géophysiques et géochimiques il n’existe pas de méthode

d'évaluation quantitative de leur relation spatiale avec les objets minéralisés.

Dans le méme temps, les développements récents dans les systémes d'information
géographique (GIS) permettent d’analyser les données multidisciplinaires géologiques et
géophysiques pour la recherche fondamentale et les applications économiques. Il est permis
maintenant d'envisager la mise au point d'une nouvelle classe de méthodes de calcul débouchant
sur 1'¢laboration de cartes probabilistiques permettant 1'identification de nouveaux gisements.,
Cette approche est basée sur les méthodes statistiques et d’inversion. Dans ce cas, l'inversion

consiste a établir la corrélation spatiale entre corps minéralisés et divers ¢léments géologiques et
11



tectoniques. La connaissance de ces corrélations permet alors la construction de cartes de
probabilité. Les valeurs maximales de ces cartes constiant un estimateur de la probabilité
maximale de trouver de nouveaux gisements (ou confirmation l'existence de ceux qui sont déja
connus). Il y a trois facons de résoudre ce probléme: (i) en utilisant les données observées
(informations des gisements connus), (ii) en pratiquant une approche empirique fondée sur des
données d'experts et (iii) troisiéme qui combine l'approche "data driven” et I'approche expert.

Un grand nombre d'é¢tudes similaires porte spécifiquement sur la description des
méthodes mathématiques d'inversion de l'ensemble original de données géologiques et
géophysiques pour générer une carte prédictive. Beaucoup de modéles mathématiques d'
« inversion » existent, les plus classiques étant : la méthode booléenne (Bonham-Carter, 2002),
la logique floue (Bonham-Carter, 2002), la fonction de pondération (ou l'intersection des indices
; Bonham-Carter, 2002) et les méthodes algébriques (par exemple Siris ; Vaillant et al., 1995).
Ces modeles mathématiques d'« inversion » ont été bien étudiés et décrits dans la littérature
(Knokx-Robinson et al., 1997 ; Bonham-Carter, 2002 ; Carranza, 2009). Toutefois, la question se
pose souvent de la validit¢ des données géologiques et géophysiques utilisées pour réaliser
I'inversion. Ce travail se concentre sur les méthodes d'analyse stochastique permettant d'évaluer
la sensibilité des inversions au regard des données initiales et la stabilit¢ du résultat de 1'analyse
statistique, en déterminant les « obligations minimales » que doivent respecter les données
d'origine (le nombre minimum d'objets, leur répartition spatiale, etc.)

Pour effectuer la simulation stochastique, l'auteur a développé un logiciel original
permettant : (i) de créer des modeles artificiels de situations typiques géologiques, (ii) de définir
le test adapté pour détecter des corrélations spatiales entre les gisements d'or et les structures
susceptibles de contrdler les minéralisations Les caractéristiques géologiques sont approximées
par des formes géométriques simples : des polygones pour décrire les contours des intrusions,
d'affleurements de roches métamorphiques, etc. ; des lignes matérialisant la position des failles,
des contacts géologiques, etc. Pour chaque mode¢le artificiel, les caractéristiques topologiques
des objets sont définies : position spatiale, longueur, surface, orientation, degré de regroupement.
L'auteur a développé une méthode de classification de la corrélation entre les emplacements des
gisements d'or et les structures sensées controler la position des minéralisations, afin d'évaluer la
fiabilité des lois régissant la distribution spatiale des gisements d'or.

Comme zone de référence pour le développement et la validation des méthodes optimales
d'analyse stochastique pour construire des cartes de prévision des zones auriféres on a choisi de
bien étudier la Yenissei Ridge, ou, d'une part des données géologiques et géophysiques sont
disponibles et ou d'autre part, 47 gisements auriféres sont connus. Pour cette raison, le district de

I"Yenissei Ridge constitue un set d'apprentissage exceptionnel. La majeure partie des gisements
12



sont situés dans le district d'or du Nord-Yenissei, qui a été largement étudi¢ (Petrovsky N.,
Bernstein P.S., Brovko G.N., Gavrilov A.M., Korneev T.Y., Lee L.W., Musatov Y.l, Novozhilov
Y.l., etc.). Nous notons qu'a ce jour, diverses cartes prospectives sur la teneur en or dans le Ridge
Yenissei ont été¢ publiées. Elles sont fondées notamment sur les résultats des recherches de
Brovkina G.N. (1985), Ruchkin G.V. et Konkin V.D. (1998), Simkin G.S. (1998), Konstantinov
M.M (1998), Safonov Yu.G. (2007), Cherkasov S.V., (2008), Camomille (2010. C'est la
convergence forte des résultats avec toutes les cartes prédictives déja construites (chapitre 5)
pour l'or, qui permettra de juger l'efficacité¢ de la méthodologie proposée.

La prédiction spatiale des zones auriferes serait incompléte sans 1'é¢tude de la structure
profonde de la région, avec la création d'un mod¢le tridimensionnel de I'Yenissei Ridge, basé sur
les données géologiques et géophysiques. Dans le méme temps, 1'idée moderne de I'évolution des
structures géologiques de la région est basée notamment sur les travaux de Kirichenko G.IL.,
Lesgafa A.V., Kuznetsov Y.A., Musatova D.l., Semikhatova M.A., Sourkov V.S., Khain E.,
Volobuyeva M.I., Petrov O.A., Hersakovoy T.N., Konstantinov M.M., Cherkasov S.V., Safonov
Yu.G., Vernikovskiy A.E.,. Vernikovskiy V.A, Datsenko V.M., Salnikov E.B., Ash A.M.,,
V.P. Kovach, A.B. Kotov, Travin A.V..
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I. ETAT ACTUEL DE LA PREVISION DES ZONES AURIFERES
BASEE SUR DES DONNEES GEOLOGIQUES ET GEOPHYSIQUES

« La science est du savoir organisé. »
Herbert Spencer
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Les tentatives d'analyse du lien entre des gisements d’or avec la structure profonde de
I'écorce terrestre ont €t€ entreprises au cours du siecle denier. L'existence de tels liens était
montrée d'une maniere convaincante par Pejve A.V. en 1956 et, a partir de la fin des années
soixante-dix, se développent des méthodes statistiques permettant des estimations. Pour la
premiere fois, la méthodologie était décrite et formalisée par Berman M. en 1977.

On peut rappeler I'approche classique predictive des provinces d’or par 1’analyse de la
formation de minéralisations, dont les bases ont été jetées par Konstantinov R.M, Kuznetsova
V.A, Roundkvist D.V., Tomson I.N., Chtcheglova A.D.. Konstantinov M.M. (2006). Ces auteurs
proposaient la méthode suivante de 1'analyse de la formation de minéralisations :

> FEtablissement des situations standards géologiques favorables a la présence et la

genése de gisements correspondant a un processus de formation donné ;

» Précision des frontieres et les possibilités de l'application de la méthode des analogies

des gisements, en utilisant 4 un méme type de genése ;

> Argumentation de la possibilité de la découverte de nouveaux gisements appartenant

a la classe génétique étudiée, ainsi que de types non traditionnel ;

» Définition de la spécificité de la situation géologique de la formation des grands

gisements de minerai.

Simultanément a cette approche se développe l'utilisation des méthodes mathématiques
« des transformation » de 1'ensemble initial des données géologiques et géophysiques en cartes
indiquant les zones de probabilités hautes, moyennes et basses de présence de minéralisation. Un
exposé complet de ces méthodes des transformations est donné dans les travaux de Knokx-
Robinson (1997), Bonham-Carter (2002), Carranza (2009) et autres auteurs. A la différence des
approches classiques, I'utilisation des modé¢les mathématiques prévoit suivant :

1. Partant des données géologiques et géophysiques, une base de données numériques est
crée. Elle contient les propriétés topologiques des structures profondes et diverses
couches paramétriques ;

2. Les couches paramétriques sont classées selon l'estimation de leur influence sur le
controle des minéralisations et les résultats sont utilisés pour construire des cartes
probabilistes de la minéralisation d’or ;

3. Les zones a prospecter en priorité sont alors mis en évidence.

Deux types de méthodes de construction des cartes prévisionnelles sont considérés
(Knokx-Robinson et Groves, 1997) : conceptuel et empirique. La premiére méthode prévoit la
définition des structures géologiques susceptibles de controler les minéralisations et les
associations entre ces structures favorables a la genése de gisements d'or. La méthode empirique

se fonde sur l'analyse de la distribution spatiale des gisements d’or connus autour de divers types
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d'objets géologiques. On espere déduire de cette analyse l'expression d'une loi statistique
permettant de prévoir la localisation des gisements. La méthode est bien adaptée pour I'¢tude des
structures géologiques de base.

L'é¢tude de l'¢tat de l'art du probleme de la prévision des zones auriféres selon le
regroupement des données géologiques et géophysiques montre la nécessité de l'élaboration

d'une méthode universelle d'analyse statistique d'aide a la décision en exploration miniere.
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1. Les différents types de mineralisation auriféres

3ajada MporHo3a M MOMCKA 30JI0TOPYAHBIX MECTOPOKIACHUN SBIISIETCS IPUOPUTETHOM B
COBPEMEHHBIX dKOHOMHUYECKHX YCJIOBUSAX. HecMoTps Ha TO, YTO 30JI0TO SIBISIETCSA JTOCTATOYHO
PACIIPOCTPAHEHHBIM DJIEMEHTOM, KIapK ero cojepkanums B 3eMHOM kope 4.95 107%, u
M3YYCHUIO OTPEEICHHBIX THIOB 30JI0TOPYIHBIX MECTOPOXKACHHUI TMOCBSIIEHO MHOXECTBO
HAy4YHBIX paboT, mpobiemMa GOpMUPOBAHUS U KPUTEPUH MOKCKA 30JI0TOPYIHBIX MECTOPOXKICHUIN
octarotcst criopabiMu (Cadonos H0.I'. 2007). OxHako OTMETUM, YTO MECTOPOXKIACHHUS 30J10Ta, B
OCHOBHOM, CBSI3bIBAIOT C TPAaHUTOMJAMHM KHCIOTO U YMEPEHHO-KHCIOIO COCTaBa, PEXE C
MIOPOJIaMH LIEJIOYHOT0, OCHOBHOI'O U YJIbTPAOCHOBHOI'O COCTABA.

Pemenune mnporHo3HBIX 3a/Jay OCYHIECTBISIETCS B Pa3IWyHBIX MacmuTabax. Haumbonee
rJ100aMbHBIMU CTPYKTYpPaMH, C TOYKU 3peHHs] MeTaiioreHnueckoro aHanusza (Pynaxsuct /1.B.,
1975), aBnstoTCS 30J0TOPYAHBIE MPOBUHIIMHM — YacTh 3€MHOM KOPBI, MPEICTABISIONIEH cOO0i
CIIOXKHYIO, HO OJHOTHIIHYIO T€OJIOTUYECKYIO CTpPYKTypy. B mpenenax 3010TOpyAHBIX
MIPOBUHIIMHI, KaK MPaBUIIO, PACHPOCTPAHEHBl MECTOPOXKACHUS OJHOW WM JIBYX 30JIOTOPYIHBIX
dopmanuit. [To Bpemenu hopmupoBaHus BBIIESIOT 30J0TOPYIHbIE TPOBUHIIMH APEBHUX IIUTOB
U UX 00pamJICeHUI, MPOTEPO30HCKHE, KaJCAOHO-TEPIIMHCKUE U ME30-KaHO30MCKUE MPOBUHIIMH
(Koncrantunos M.M., 2006).

B mpenmenax  30M0TOPYOHBIX  MPOBHHIMI  PACIONAralOTCs  pPYyAHBIE  PalOHBI.
Tomconom M.H. (1983) mox pynHbIM paliOHOM IMOHHUMAETCS: «METAJUIOT€HUYECKas IUIOINIA/Ib
cpeaHero Macmrada U M30METPHYHON (POPMBI ¢ OOLIMM MOBBIIICHHBIM (POHOM PYJOHOCHOCTH,
BKJIIOUAIOI[Asl TMPOMBIIUIEHHBIE OOBEKTHl M KOHTPOJMPYIOIIAACS TEKTOHOMAarMaTHYeCKUMU
(04aroBbIMM) CTPYKTYpaMH, K KOTOPBIM IPUYpPOYEHbI 30HAJbHBIC apeanbl MarmMaTH3Ma,
reo(u3nyecKue aHOMaJIMU U MHOTOSIpyCHOE Opy/JeHeHne». COBpeMEHHOE OIpeesIeHHe PYAHOTIO
paitona nano KoncrantunoBeiM M.M. (2006) — «orpaHuyeHHass MO IUIOIIAAU KpyIHas
TEPPUTOpUSL TOBBIILIEHHOM pPYIJOHOCHOCTH B IIpeleiax METAJUIOTeHUYECKOH IPOBUHIINY,
XapaKTepU3YIOWascsi OOIIHOCTBIO TE0JIOTMYECKOTO  CTPOCHUs, HCTOPHUM  DPAa3BUTHA U
METaJJIOTEHUN.

ITo mepe paszBuTusi TOTpEeOHOCTEH KiacCU(UKAIUU 30JOTOPYAHBIX MECTOPOXKICHHUI
pHoOpeTaIn LEeNeBOM XapakTep, Bo3pacTalla UX CI0KHOCTb. B mocnennue 15 ner B cBA3M C
pa3BuTHEM (OPMALMOHHOTO TMOJXOJa HAy4yHble KiIacCU(UKAUMU NPUOOpEeNnH CI0XKHOE
cucreMHoe cTpoeHue. lleneBble Kinaccupukanmum — Ui TPOTHO33, ITOMCKOBBIE,
MIPOMBIIIICHHbIE, TEXHOJOTUYECKUE U JPyrHe TaKKe CYLIECTBEHHO YCIOXHWINCH. B Poccun
nepBas KiaccH(pUKaus pya 30J0Ta CBsi3aHa ¢ uMeHem TetseBa A.ll., B Toxe Bpewms,
byneiaaukoB A.S. B 1931r. knaccupummpoBam MECTOPOXACHHUS 10 MHHEpaTbHOMY (U

XI/IMI/IHCCKOMY) COCTaBy U MCTAaCOMAaTUTAM. BnepBHe (I)OpMaI_[I/IOHHy'IO KHaCCI/I(I)I/IKaI_II/IIO IMPOBCII
19



3axapos E.E., kotopas B mnocnenytromem passuBanace llluno H. A., ®orensmanom H.A.,
Bonaposuuem I'.I1., boponaesckum H.U., PagkeBuu E.A. u Mouceenko B.T'., ll{ep6akoBbim
10.T"., boitnem P., u np.

B cepenune XX Beka Oblia MpeioKeHa CISAYIOIas KIacCU(pUKAIMS 30JI0TOPYAHbBIX

mectopoxaeruii (M.I'. Marakpsta, 1955):

1. BeicokoreMnepaTypHble THAPOTEPMAIbHBIE MECTOPOXKIACHHUS 30JI0TOAPCEHONUPUTOBOMN
(dhopMarninu, 3a1eraroume cpean JOKeMOPUHCKUX TOPOJ;

2. CpenHeremnepaTypHble THIpPOTEpMalIbHBIE MECTOPOXKICHHS, 3ajeraliolye B Mopojax
KpPOBIIM ME30-KallHO30MCKMX M MaJe030HCKUX TPaHUTOMIOB, JHOO cpenud camMHx
I'PaHUTOU]IOB;

3. HwuskortemmepaTypHble THAPOTEPMAIbHBIC MECTOPOXKICHHS, CBS3aHHBIC, KaK IPaBHIIO, C
TPETUYHON BYJIKAHUUYECKOU J1E€ATEIILHOCTHIO;

4. JKenesuctble M CBUHIIOBbIE WUIAMNBI CYIb(UAHBIX MECTOPOXKACHUH, B KOTOPBIX 30JI0TO
HAaKaIUIMBaJIOCh BMECTE C THUIAPOOKUCIAMH JKejle3a, KapOoHaTaMu U cyilbpaTaMHU CBHHIA,
BTOPUYHBIMU CEpEOPSHBIMU MUHEPATIAMH;

5. 30JIOTOHOCHBIE POCCHINH, KOTOpPbIE BO3HUKAIOT B MPOILECCE pa3pyLICHHUs KOPEHHBIX
MECTOPOKIEHUM 30J10Ta U 30JJ0TOHOCHBIX IIOPOJ;

6. Popmanus MeTaMOP(OTreHHBIX MECTOPOXKAEHUH THUIIA 30JI0OTOHOCHBIX KOHIJIOMEpATOB,

MO/IBEPIIIKUXCSl MeTaMOppU3My.

OTrMmeTrM, 4TO B HACTOSIICE BpeMs MMEHHO (OpPMAIMOHHBIC KiIaccu(UKamuu Hambosee
TOYHO  OTpPaXalT  yCJIOBHS  OOpa3oBaHWs W COCTaB  MECTOPOXACHUH  30J0Ta
(KoncrantunoB M.M., 2006). Han6onee nmonHoi sBisiercs cuctematuka [IHWUI'PU, Ha ocHOBe
KOTOPOM C YCIIEXOM MOTYT OBITh Pa3BHTHl YacTHBIC KIACCU(DUKAIMM TEOXHUMHUUYCCKUX,
MUHEPAIBHBIX, CTPYKTYPHBIX, METACOMATHYECKUX B JPYTUX THIIOB MECTOPOKICHHIA.

[IpuBeneM COBPEMEHHYIO TI'€OJOTO-MPOMBIIIICHHYIO KIACCU(UKAIMIO 30JI0TOPYAHBIX
MECTOPOKIEHUI W TOpHU3HAKW  BEAYIIUX  PYAHBIX  QopMmaiuii,  MOpeaIoKEHHYIO
KoncrantunoBom M.M. (2006):

» 3or0TocepeOpsiHas  (30JIOTOTEIUTYpUAHAS,  30JIOTOAMYIsIp-KBapIieBas, 30J0TOCEpeOpo-
aayJsp-KBapIeBas), XapaKTepHbIE T€OJOTHUYECKHIE YCIOBUS: BYJIKAaHOIUTYTOHUYECKHUE T0sca,
AKTUBU3MPOBAHHBIE 00IACTH 3aBEPIICHHON CKIaI4aTOCTH U CPEJMHHbBIE MACCUBHI;

»  30J0TONONIUCYAbQUIHAS  (30JIOTOCKAPHOBAs,  30JIOTOMOJHUOJEHOBAas,  30JIOTOBUCMYT-
TEJUTypOBasi), XapakTEpPHBbIC TEOJOTHYECKHE YCIOBUS: TMOJBHKHBIC CKIagdaThie Tosica ¢
BYJIKAHOTC€HHO-KapOOHATHBIM 3aIlOJTHEHUEM, aKTUBU3MPOBAHHBIE O0JIACTH 3aBEPIICHHOU

CKJIIaA4aTOCTHU, CPCAUHHBIC MACCHUBBLI;
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> 30JIOTOMBIIIBSIKOBUCTO-CYAbQHUIHAS  (30JI0TOCYNbOUIHAS,  30J0TOCYPbMSHO-PTYTHAS,
30J10TOCY/Ib(QHUIHO-BKPAIUIEHHAs C TOHKOJUCIEPCHBIM 30JI0TOM «KapJIUHCKOTO THIIA»),
pacnpoCTpaHEeHbl B pejeax MOABMKHBIX CKJIQAYaThIX MOSICOB C TEPPUTEHHO-KapOOHATHBIM
3a0JIHEHUEM;

» 30J0TOKBapueBas (3omoromnopdupoBas), paclpoCTpaHEHbl B Mpeleiax —IOJABHIKHBIX
CKJIIYaThIX MOSCAaX C TEPPUTECHHBIM 3aNI0JTHEHHUEM;

»  3010TOCYIb(OUIHO-KBapIIEBas u 30JI0TOKEJIE3UCTO-KBapLIUTOBAS, XapakTepHbIe
re0JIOTUYECKHE YCIOBUS: 3€JIEHOKaMEHHBIE 105ICa APEBHUX IIUTOB;

> 30JI0TOYpaHOBasi (30JOTOHOCHBIX KOHIJIOMEPATOB), XapaKTEPHBIC I'C€OJIOTMYCCKHE YCIOBHSI:
HaJO0XEHHbIE MEXTOPHBIE TPOTHObI IPEBHUX HIUTOB.

Kopennbie MecTOpOXA€HHS 30J10Ta IPOMBIIIJICHHOT'O 3HAUYE€HUSI OTHOCSATCS B OCHOBHOM K
THJIPOTEPMAIILHOMY THITY, ¥ 3aJeraloT Ha OONBIINX, CPEJHUX M Malblx riryOomHax. Hambonee
[IUPOKO PACIPOCTPAHEHHBIMH MOP(OTOTHYECKUMH TUIMAMU TPOMBIIUICHHBIX PYIHBIX TeEl
KOPEHHBIX MECTOPOXKJACHHUI 30JI0Ta SIBJSIOTCS: KUl U KWIOOOpa3HbIE 3aJIeXU, KUIbHBIE U
MUHEPAJIN30BaHHbIE 30HBI, JTUH3000pa3HbIe 3aJIeKU U ITOKBEepKU. [lo MHHEpanbHOMY cocTaBy
PYd  KOPEHHBIX  MECTOPOXICHUH  BBIACHSIOTCS  CIENyIONIME OCHOBHBIE  (hopMaruu
(«Metogudeckue ykazaHus ...», 1974): 3010TOKBapieBasi, 30J0TO-KBapIl-CyIb(uIHAs,
30J10TOCYNb(PHUIHAS U 30J0TO-cepeOpsiHO-xanleoHoBass. HekoTopbie U3 HUX BKIIIOYAIOT B ceOs
10 HECKOJIbKY cyOdopMalnii, OTIMYAIOIIUXCS TI0 KOMIUIEKCY pya1000pa3yomux MuHepaios. [1o
npeodIaaoeMy COCTaBy HEPYAHBIX MHHEPAJIOB, CIIATAIOIINX 30JI0THIE PY/IbI TPOMBIIIIEHHOTO
3HAYEHUs, BBIIEISAIOTCS KBaplieBble, OAPUTOBBIE, TYPMaJIMHOBBIE, KapOOHATHBIE M CKapHOBBIE
dopmanmu. I[lo xapakrtepy pacmpeieneHus 30J0Ta Pa3IUYarOTCs, HWMEIONINE YETKHE
re0JIOTUYECKHE TPAHUIbl M JUIICHHBIE OMPECIICHHBIX T'€0JIOTUYECKUX KOHTYpOB. B mepBom
cllydae BMEIIAIOIIME pYyAHbIE Telda MOpPOAbl HE COJAEpKaT 30J0Ta B IMPOMBIIIJICHHBIX
coJiepkaHusAX. B Tex ciydasx, Korja pyAHble Tejla HE UMEIOT OIPENEJCHHbIX I'€0JOrMUeCKUX
TPaHUIl, OKOHTYPUBAaHUE PYAHBIX TENl MPOBOAUTCS IO pe3yldbTaTaM OMpPOOOBAHUS
(«MeToauueckue ykazanus ...», 1974). Hanbonee MHOTOUHCIEHHBIMU SIBIISIIOTCS 30JI0TOPYIHBIE
MECTOPOKIEHUS JKWIBHOTO THUIIA, MPUHAIJIEKAIIUE K 30JI0TOKBApLEBOW Qopmaluu C He-
OOJIBIIMM KOJIMYECTBOM CYJIb(UIOB, YacTO 3ajerarouye cpean (GIumouaHbIX Touml. JlaHHBIN
TAN MECTOPOXKICHH, B OCHOBHOM, MPUYpPOYEH K CHUCTEMaM TpPEIIMH, COTJACHbIX C
npoctupanueM ocanouyHbix nopon (Kazanckuit B.U., 1972). MecTopoxaeHus >KUIbHOTO THIIA,
pacmojio’)KeHHbIE B MAacCHMBaxX HHTPY3UBHBIX IMOPOJA, MUMEIOT KaK 30J0TO-KBapi-CyJb(UIHBIHM
COCTaB, TaK M COOCTBEHHO KBaplIEBbIH; HEPEIKO KHWJIbI JOCTUTalOT OOJBIIMX pPa3MEpoB IO
npoctupanuto (1o 2 -3 km) U nmo maneHuto («Meromuyeckue ykazaHus ...», 1974). 30HbI

MMOBBIIIEHHOM MHHCpAJIU3allUl PYAHOTO 30JI0Ta OOBIUHO 3ajIeraroT cpean ruapoTepMaibHO
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W3MEHEHHBIX TEPPUTCHHO-OCAJOYHBIX WU BYJIKAHOT€HHO-OCAJOYHBIX MOPOJ M MPEACTABISAIOT
co00¥ y4acTKH TeKTOHUYECKH OCJIa0JEHHBIX TTOPOI.

Takum oOpasom, [ KaXJIOro W3 MEPEUMCICHHBIX THUIOB  30JI0TOPYIHBIX
MECTOPOKIEHUI paHee ObLTU YCTAHOBIICHBI T€OJIOTMUECKUE TOMCKOBBIC MIPU3HAKH U YCIIOBHUS UX
dbopmupoBanusa. OHAKO U B HACTOSAIIEE BPEMS 3TH BOMPOCHI OCTAIOTCS OCTPO AUCKYCCHOHHBIMH
JUIS. Pa3IMYHBIX THUIIOB 30JIOTOPYIHBIX MecTopoxkaeHud. IlepBocTeneHHON 3amadeil moucka
30JIOTOPYIHBIX MECTOPOKACHUH SIBIISIETCS BBISIBIICHHE PYIOKOHTposmpytommx ctpykryp (PC).

Ilepen aBTOpOM cCTOsIa 3ajaya M3y4EHUS CIEAYIOLIUX THUIIOB 30J0TOPYAHBIX
MECTOPOKIEHUI: 30J0TOKBapIeBOi (MecTopoxkaeHuss TutumyxTta, BacumeeBckoe u 1p.),
3omotocynbduaHoi (Omumnuanuackoe, boromobosckoe, Benyruackoe u np.) u opmanueit
30JI0TOHOCHBIX KOp BBIBETpUBaHHUS (OKHCIIEHHBIE PYIbl MECTOPOXIAeHUH OIMMIUaAHHCKOTO,
Benyrunckoro, Camcona u ap.) u nouck coorsetctByromnmx um PC (I'puropos B.T., 2003).

TUNUYHBIME TIPEJCTABUTENSIMU 30JI0TOKBAPIIEBOM (hOpMAIIUU SBISIOTCS MECTOPOKICHUS
U PYIONPOSIBICHHS, PAcTIONOKeHHBIe B 30He MmmmMOunckoro pasnoma (Enuceiickuii kpsik). K
MECTOPOKIEHUSAM 3TOM dopMaiuu oTHOCITCS TuTUMyxTHHCKOE, KBapieBas ropa, nposiBieHus
MuxainoBckoe, pydbs 3oiotoro, AsixtuHckoe, HwukomaeBckoe, baOymkuna I'opa,
Bepxueynepeiickoe, I'epden, BacunbeBckoe, boromodosckoe, [TomyTHUHCKOE U psll IPYTHX
MECTOpPOKIEHUI M TposBIeHu. PacmpeneneHue 30J0TOPYIHBIX KU M 30H KBapleBOTO
MIPOKUIIKOBAHMSI KOHTPOJIUPYETCs 30HAMHU TeKToHM4Yeckux HapymeHui (Uepkacos C.B., 2008).
3omo0Tto-cepedpsiHo-kBapi-cyabhuaHas dopmanus (KyseeBckoe, borynaeBckoe) mposiBieHa B
npenenax Anrapo-KaHckoil 30J0TOHOCHOM 30HBI U MEJIKUMHM MPOSIBIIEHUSMHU 30J0TOKBApLIEBON
dopmanuu B 6epesurax Bocrounoro CasHa.

TUNUYHBIM MpEACTaBUTENEM 30JI0TOCYIb(UIHON Popmarun sBisieTcs OTUMIHAAUHCKOE
KOMIUIEKCHOE CYPbMSHO-30JI0OTOPYJHOE MECTOpOXkaAeHHue, Haxoasuieecss B CeBepo-EHucerickom
30JIOTOPYIHOM paiioHe. PernonanbHble OCOOCHHOCTH JIOKAIM3AaMK ATOH  (opMmaruu
OTIPEACINSAIOTCS AK30KOHTAKTOBBIMH 30HAMHU TPAaHUTOMIHBIX WHTPY3UH (TaTapCcKO-asiXTUHCKUN
komiuieke YNP;ta («Kpymusie u cynepkpynssie...», 2006), BRICOKOTEMIIEPATYPHBIMUA 30HAMH
pErMoHaNBbHOIO MeTaMop(du3Ma, JIOKAIM30BaHHBIMU IPEUMYLIECTBEHHO B KapOOHATHO-
TEPPUTCHHBIX W TEPPUTEHHBIX (QOpMAIUAX CYXOMHUTCKOW cepun Rj,. MecTtopoxaeHus
JIOKAJIMU3YIOTCS, KaK MPaBUIIO, B CPABHUTEIHHO CIaboMeTaMOpP(PU30BAaHHBIX (3E€JIE€HOCIAHIIEBAs
danus) TEppPUTeHHBIX OTIOXKEHHUSAX CYXOMUTCKOM cepun Rj, (KopauHCKas, ropOHMIIOKCKas,
ylepencKas CBUTHI).

Pe3ynbratel mpenmecTByromux reoioruueckux uccienosanuil (Yepkxacos C.B., 1999,
KoncrantunoB M.M., 1999) noka3piBatoT, uTo B npejenax EHMcelckoro kpsixa nepeurcieHHbIe

TUIIBL 30JIOTOPYAHBIX MeCTOPO)KI[eHI/Iﬁ HMCIKOT CXO0KCC TI'CHCTHUUYCCKOC IIPOHUCXOXKICHUC (CM.
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pasaen 3). DTOT BBIBOJ MOBJIMSAJI Ha BBIOOP OOBEKTOB NpU (OPMHPOBAHUU HMCKYCCTBEHHBIX
reoJIOTHYECKUX MoJieniel (cM. pazien 2)
2. Hypotheéses de relatives a la formation des systémes minéralisés

Jns neneid M3ydeHUs 3aKOHOMEPHOCTEH pa3MemeHus H (OPMHPOBAHUS MOJE3HBIX
HCKOIIaEMBIX TEPBOCTENICHHOE 3HAYEHUE MMEET BBISIBICHHUE CBA3EH MEXIy ITOBEPXHOCTHBIMU U
TIIyOUHHBIMM ~ CTPYKTypaMu 3eMHON Kopbl («Kpymuble u  cymepkpymHbie...», 2006).
CymiecTBoBaHME ATUX CBA3el Obuto yOemuTensHO TokazaHo A.B. Ileiie (1956r.), Ha mpumepe
ITTyOMHHBIX PA3JIOMOB, KOTOpBIE DPA3JESAIOT 3€MHYIO KOPY M BEPXHIOIO MaHTHIO Ha OJIOKH,
pa3uyHble IO HUCTOPUM PA3BUTUS U PEXKUMY TEKTOHWYECKUX JBWXKEHUH. OTH OJOKH,
pa3BHUBAsCh HA NPOTSDKEHHWU JUIMTENBHBIX IIEPHOJOB TE€OJOIMYECKOM HCTOPHM, BIUSIOT Ha
pacnpeneneHne MOIHoOCTel U (anuil ocaJoyHbIX M 0CaJOYHO-BYJIKAHOT'€HHBIX TOJILI, CIIy’KaT
KaHaJlaMU /Il IPOHUKHOBEHUS! B BEPXHIOIO YaCTh 3€MHOM KOpbl MarMaTHYECKHUX pacIljiaBoB, U
HEPEIIKO, OTIPENENAIOT MOJIOKEHHE 0YaroB, B KOTOPBIX 3apOKIA0TCS 3TH paciuiaBbl. [ TyOuHHBIE
CTPYKTYpPBI, KaK PaBUIIO, UMEIOT OOJIBIINE pa3Mephbl, MPEBOCXOIAIINE MOIIIHOCTh 36MHON KOPBI,
OCIIOKHSIOT TIOBEPXHOCTH MOXOpPOBHYMYA M JAPYrME€ TPaHULBl pa3fend, KOHTPOIUPYIOT
pacnpenesicHue HEOJHOPOJHBIX MacC B MaHTHM. Pa3nuyaroT JWHEWHBbIE W IUIOUIaJHbIE
rITyOuHHBIE CTPYKTYphl. K JIMHEHHBIM CTPYKTypaM, OTHOCAT TNIyOWHHBIE Pa3JIOMBI, pa3UYHbIC
no Mopdoiaorud. OHU NPUYPOUYEHBl K TEKTOHHMUYECKUM 00JacTsAM pa3HbIX TUHOB. [InomianHbie
CTPYKTYpbl BECbMa pa3HOPOJHBI Ha IUIATPOpMax, B CKJIAT4aThIX OONACTIX U MeECcTax
TekToHOMarmaTuueckoi aktusuzanuu (C.B. Yepkacos, 1999 r.), u yacto orpaHUYMBaIOTCS
TITyOMHHBIMH Pa3JIOMaMHU.

M.M. KoHcTanTMHOBOM (1999) YCTaHOBJICHBI clenyromue riTyOUHHbIE
PYLOKOHTPOJIUPYIOLIUE CTPYKTYPBI AJIs PA3IMYHBIX TUIIOB MECTOPOKICHUMN:

» N5 30JI0TOCEPEOPSHBIX MECTOPOXKIECHUH — TIIyOMHHBIE CTPYKTYpPhl pU(TOTEHHOTO THTIA U
JIOKaJIbHBIE 30HBI Ae(PUIINTA IUIOTHOCTH HA THIA0KCCATEHOM YPOBHE,

» Ui 30JIOTOYIJIEPOAMCTBIX MECTOPOXKICHUH — pPErHOHAJbHBIE CTPYKTYPHBIE JKPaHHBI,
TEPMOKYIIOJIbHBIE CTPYKTYpHl, (DJIaHrOBbIE YacTW KPYNHBIX JIMH3 pPa3yIUIOTHEHHs Ha
ME300UCCAIBHOM YPOBHE KOpbI, KPYIHBIE CJIOXHOIOCTPOCHHBIE 30HBI CKJaa4aTo-
Pa3pbIBHBIX HApYyILIECHUH,

» IS 30J0TO-TIOJUCYIB(PHUI0-KBAPLUEBBIX ~ MECTOPOXKICHUH —  KYyNOJBbHO-OJIOKOBBIC
CTPYKTYpbI, JUIMTEIbHOM SHJOTC€HHON AaKTHUBHOCTH, BBIPQXEHHBIE MOJM(pA3ZHBIMU
UHTPY3UBAMHM W JaWKOBBIMH CEpPHUSIMHU IIOBBIIIEHHOW OCHOBHOCTH, KOTOPBIM OTBEYAET
CUCTEeMa IJIOTHOCTHBIX HEOJHOPOAHOCTEH, yX0A4111asi Ha 3HAUUTEIbHbIE TTTyOUHBI.

OnHOI U3 BO3MOXHBIX MOJAENEH, 0OBACHAIONIEH NTyOMHHOE CTPOCHUE 30JI0TOPYAHBIX

paﬁOHOB, ABIIACTCA O606H_ICHH8.}I MOZCIIb KOHAYKTHBHO-KOHBCKTHBHOT'O TCINIOMACCOIICPCHOCA. B
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JaHHOM MoJzenH, KoTopas Obula TOCTPOEHAa B IPOLECCEe MPEAIIECTBYIOUIMX HCCIeI0BaHUN
Cesepo-Enucetickoro 3omoropyaHoro paiiona (Uepkacos C.B. u ap., 1999), npenamnomnaraercs
HaJIMuue B CpellHed Kope INIyOMHHOM CTPYKTYphl B (hopMe KpymHoro cuia (MomHocTteio 10-15
kM, 10 100 kM B IONEPEYHMKE), XapaKTEPU3YIOLIErOCs IMOHMW)KEHHON IUIOTHOCTBIO U
ceiicmuueckoi mpospaunocteio (L.M. Cathles, 2003). Be3ycinoBHo, Takoi CHIIIT HE MOXKET OBITH
OJTHOPOJHBIM TEJIOM, €ro, CKOpee, MO)KHO OXapaKTEpH30BaThb KaK 30HY OTHOCHUTEIIBHO
FOMOTE€HU3UPOBAHHONW 3€MHOM KOpBl € TPAaHUTU3MPOBAHHBIMM Mopoxamu. B moxemm
IIpEIoaraeTcs, 4To B MEPUOJ CBOETO Pa3BUTHUs JlaHHAs 30HA IOJIY4YMJIAa MOIIHBIA IPUTOK
TEIUIOBOM SHEpruM u3 Oosiee TIyOMHHBIX CJIOEB, UII KOTOPOTO OHAa TaK JK€ CIYXKHUT
cBoeoOpazHbM «3kpaHom» (L.M. Cathles u ap., 1997). M.M. Koucrauturos (1999) cuwmraer,
4T0: «MaremMaTnyeckoe TEpMOAMHAMUYECKOE MOJIEIMPOBAHUE JAHHOIO MPOLIECCa YKa3bIBaeT HA
TO, YTO HamOOJee MHTEHCUBHBIM TEIUIOBOM MOTOK M3 CpEIHEN KOpPbl K MOBEPXHOCTU AOKEH
HAOJIOAATECS B KPAeBBIX YACTAX CPEIHEKOPOBOTO CUILIay. B cOOTBETCTBHMU ¢ MpeIOKEHHON
MOJIeNIbl0, Hambosee MEepClHeKTUBHBIMU A (HOPMUPOBAHMS KPYMHBIX PYIHBIX OOBEKTOB
pyaooOpa3oBaHus B MacIiTabax 3eMHOW KOpPBI SBIISIOTCS KPAaeBble YAaCTH CPEAHEKOPOBBIX 30H C
MOHWKEHHOW  MJIOTHOCThbIO.  llpemnoxkeHHass ~ MoJenb  KOHIYKTHUBHO-KOHBEKTHBHOI'O
TEIUIOMACcCONepeHoca Co3/laeT (U3MYECKHe TPEANOCHUIKH JJIs  TMPHUBJICYCHUS JTAaHHBIX
reo(u3NUECcKuX METOMOB: IPABUPA3BEIIKU, CEHCMOPAa3BEIKU U 3JIEKTPOPa3BeAKH (CM. paszen 3).
3. Méthodes statistiques pour la prévision des gisements d'or
Knaccuyeckum moaxonoM mpu MpPOTHO3E 30J0TOPYAHBIX MPOBUHILMNA MOYKHO Ha3BaTh
pyaHO-(DOPMAIIMOHHBIA aHAIH3, OCHOBBI KOTOPOTO ObUTH 3asiokeHbl KoHCTaHTHHOBBIM P.M,
Kysnenosoit B.A., Pynnksucrom [1.B. (1975), Tomconom M.H. (1983), IllermoBoit A.Jl. u
JAPYTUMH BbLAAIOIUMKCS YdeHbIMU. Ha ocHOBe 00001IeHHs U cUCTeMaTH3alluid METOAMYECKUX
MaTepHUaJIOB IO MPOrHO3Y 30JO0TOPYAHBIX MecTtopoxiaeHud, KoncrantunoBeiv M.M (20006)
OBUIM TIPEIJIOKEHBI METONWYECKHE PEKOMEHJALUHN IPH MPOBEACHUU PYya0-(HOPMAITHOHHOTO
aHaiu3a:
1. YcTaHOBUTH THUIIOBBIE T€OJOTMUECKHE OOCTAHOBKM HAXOXKICHHS M (OPMHUPOBAHUS
MECTOPOKIECHUN, OTHOCAIIUXCS K ONPEIeICHHON (hopMaIuu.
2. YTOUHUTh TpaHWIBI ¥ BO3MOXXHOCTH TPHMEHEHHsS METOJa AaHaJOTHid TIpU OIICHKE
CJ1a00M3YyYEHHBIX MECTOPOXKICHUN, HCTIONB3YSI UX (POPMALIMOHHYIO TPUHAJICKHOCTb.
3. O0ocHOBaTh BO3MOXKHOCTh BBISIBIEHHS KaK HOBBIX, TaK M HETPAJUIMOHHBIX THUIIOB
MECTOPOKICHHIA.
4. OmnpenenuTh crnenu(pUKy reoJoru4eckoil 00CTaHOBKM (POPMHUPOBAHHUS KPYIHBIX PYIHBIX

MECTOPOKICHUM.
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CnepgyeT OTMETHUTH, YTO BBINOJHEHUE MPENJIOKEHHBIX METOIWYECKUX PEKOMEHIAINN
OCHOBBIBA€TCSI Ha TEOJOTMYECKONM KOHILIETILMU pa3BUTHS peruoHa u  (HopMHUpOBaHUS
30JI0TOPYIHBIX MECTOPOKACHHI, U 4aCTO MPUBOJUT K YCIIEUIHBIM PE3yJIbTaTaM.

OZHOBPEMEHHO C 3THM IHOAXOJOM, JUISl PEIIEHUs IPOTHO3HBIX 3aJad Ha 30JI0TO,
pa3BUBAeTCs HANpaBJICHHE HCIOJIB30BAaHUS MaTeMaTHMYECKHMX METOA0B IpeoOpa3oBaHUil
reosoro-reou3nYeckix JaHHbIX, B OTCYTCTBUM €AMHOM KOHLENIMHM pa3BUTHS pPErHOHA.
HawubGonee momHo mertonsl mpeoOpa3oBanmii omucanbl B paborax Knokx-Robinson (1997),
Bonham-Carter G.F. (2002), Carranza E.G. (2009) u npyrux aBTopoB.

B marematnueckux Mojensx —rnpeoOpa3oBaHuMM  0a30BBIM  TOHSATHEM  SIBISETCS
napaMeTpU4ecKUil CJIO0M: IUIOCKOCTh, HaXoJdllascs Ha BblcOTe H, Ha KOTOpYIO NMpoenupyroTcs
OJITHOTUIIHBIE I€0JIOrHuecKue 00beKThl. [Ipu BBIOOpE reoaornueckux 0ObeKTOB Il COCTABICHHUS
napaMeTPUIecKOro CJosl, Yalie BCEero, UCTIONb3YIOT HHPOPMAIIMIO O BO3pacTe, COCTAaBE, a TAKKE
($U3NYEeCKUX XapaKTePUCTUKAX TOPHBIX OPOA. DTH JaHHBIE MOTYT OBITH MOJyYEHBI TIPU MPSMBIX
UCCIIeIOBAaHMSX, TAKUX KaK JAaTHPOBKA BO3pacTa MOpoJ, NMeTporpadguueckie U reoXMMHUYEcKue
ucciefoBaHus ckBaxuH U Ap. C Opyroil CTOpOHBI, B XOA€ HHTEPHNPETALUU Ieo(PU3MUECKUX
JaHHBIX M TOCTPOEHUHU IUIOTHOCTHBIX, MarHUTHBIX, CEHCMUYECKUX M DJIEKTPUUECKUX U Ap.
MoJIeJield MOTYT OBITh MOJYYeHBI KOCBEHHBIC TAaHHBIE O INIyOMHHBIX CBOWCTBAX Mopoj. Takoii
MOJXO/ IMO3BOJSET MAaKCHUMAJIbHO YYUTHIBATh AalpPUOPHYI0 HMH(OPMAIMIO NPU COCTABICHUH
MOJIEJIM M3y4aeMoro o0beKTa M 3aJlaHUM HEOOXOJMMOI0 KOJMYECTBA MApaMETPUUECKUX CIIOEB
(cm. pazzen 2)

B omimume OT BHIICONMUCAHHOTO pya0-(HOPMAIIOHHOTO AaHajin3a, HCIOJIb30BAHUE
MaTEMaTHYECKUX MOJEJEH NMPEelyCMaTPUBAET CIEAYIOLIYI0 ITAalHOCTh PEIICHUS IOCTaBICHHON
3amaun (puc. 1.1):

1. [lo ucxonmHbIM reoyioro-reopuznyeckuM matepuanaMm Qopmupyercsa 06aza JaHHBIX
pPa3IUYHBIX NapaMETPUUYECKHUX CJIOEB, OTPa)XaroIIMX TOIOJOTHYECKUE M (PU3MUEcKHe
coiicta PC.

2. TlpoBoautcs kinaccuduKanus napaMeTpUYecKUX CJIOEB M OLIEHKA BIUSHUS KaXI0ro u3
HUX Ha pe3ylbTaT IOCTPOCHMSA IPOTHO3HOM KapThl JUIsl IOMCKOB 30JI0TOPYIHBIX
MECTOPOKACHUM.

3. Ompenensercsi ONTUMAIBHBIA METOJ MpeoOpa3oBaHus 0a3bl JaHHBIX HMapaMEeTPHUECKUX
CJIOEB.

4. BblaensioTcs y4acTKH, IEPCIEKTUBHBIE 1101 IOMCKH 30J0TOPYIHBIX MECTOPOKICHUH, Ha

OCHOBE MPUMEHEHHS ONITHMAIBHOTO METO[a TIPE0OPa30BaHUS.
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Puc. 1.1 Ilpunyun cmamucmuueckoeo aHAIU3A 2€0]102UYECKUX OAHHBIX O yenel

nocmpoenus NPo2HO3HbIX Kapm Ha noucku mecmopoxcoenuit (Carranza E.J., 2009)

MeToauka MOMCKOB M pa3BeAKH B 3HAYUTEIBHOM CTENIEHN 3aBUCHUT OT XapakTepa pesbeda
MECTHOCTH U OOHaKEHHOCTH paiioHa. [lo xapakrepy penbeda MECTHOCTU MOTYT OBbITh BBIJICJIECHBI
CIIEAYIOIINE TPYINBI paiioHOB («MeToandeckre ykazaHus ...», 1974): pe3ko pacuiicHEHHBIE
BBICOKOT'OPHBIE U CPEIHETOPHBIE PalOHBI C OYEHb KPYTHIMU CKAJIMCTBIMU CKJIOHaMU (HaIpuMep,
BBICOKOTOpHBIE paiioHbl Cpenneil A3um, KaBkasza, Anras, fAxyruu, KamMuaTku); cpeiHeropHsie u
HU3KOTOpPHBIE PallOHBl ¢ YMEPEHHBIMU OTHOCUTEIBHBIMU BBICOTAMH M CIUIAXKEHHBIMU CKJIOHAMHU
U BOJAOpPA3JENaMU, MOKPHITBIMU PBIXJIBIMH OTJIOXKEHUSAMHU (OOJBLUIMHCTBO pailoHOB Ypaina,
BamagHoit 1 Bocrounoit Cubupu, Jlaasaero Bocroka, SIkyrum um CeBepo-BocToka Poccum);
BBIPOBHEHHBIC PaiiOHBI, CO clabo pacwieHeHHbIM penbedom (Oonmpimas yacte BocTtouHoro u
CeBepHoro Kaszaxcrana, BOCTOYHBIM CKJIOH Ypaja, HycThlHHble pailoHbl Cpenneil Asumy,
MEXropHble BaguHbl Boctounoit Cubupu, lansnero Bocroka.

Panee oTmeuasioch, 4TO CyLIECTBYET JBa METO/a NOCTPOEHUs MPOTrHO3HBIX KapT (Knokx-
Robinson C.M., 1997): xoHuenTyajbHbIi W 3MIUPUYCCKUH. SICHO, 4YTO TMEpPBBIA METOX
IpeaycMaTpUBaeT HCIOJIb30BAHKE OINPEIEICHHOW T'€OJOrMYeCKOW KOHIENIUU (OPMHUPOBAHUS
CTPYKTYp, M CBSI3aHHBIX C HHMH OINPEIEICHHBIX THUIIOB 30JOTOPYAHBIX MECTOPOXKICHUM.
OMOUpUYECKUH METOJ] OCHOBBIBA€TCS Ha aHAJIW3€ IPOCTPAHCTBEHHOI'O paclpe/ieeHus

26



M3BECTHBIX PYAHBIX CKOIUIEHUI BOKPYT Pa3JIMYHBIX TUIIOB I'€0JIOTO-TEKTOHHYECKHX OOBEKTOB,
YTO TpeaycMaTpUBaeT OOHApPYKEHHE CTAaTUCTHUYECKH 3HAUYMMOM CBS3UM MEXIy HUMH. Meton
XOpOIIO aJaNTUPOBAH IS U3YYEHUS T€OJOTHYECKUX CTPYKTYP KPUCTAIUNINYECKUX HIUTOB.
N3yuenne COBPEMEHHOTO COCTOSHHS MPOOJIEeMbl MPOTHO3a KPYIMHBIX 30J0TOPYAHBIX 30H
M0 KOMIUJIEKCY T€0JIOro-reo(pM3nuecKux IaHHBIX MOKAa3bIBAET HEOOXOAMMOCTh B pa3paboTke
YHUBEPCAJIbHOM METOAMKHM CTATUCTUYECKOIO aHaiau3a g PEHIeHUs NPOTHO3HBIX 3a7ad Ha

30J10TO (CM. paszen 2).

4. La prévision des zones auriféres par des méthodes géophysiques

B mocnennee Bpems, mpu IMOMCKax M MPOTHO3€, KaK KOPEHHBIX, TaK M POCCHIMHBIX
MECTOPOXKICHHUAX 30JI0Ta MOJYYWJIM IIUPOKOE pPACHPOCTPaHEHHUE TeO(MU3NYECKUE METOMIbI
WCCIICIOBAaHMS: 3JIEKTPOPA3BEAKH, MarHUTOPAa3BEIKH, TI'paBHPa3BEIKH, CEHCMOPa3BEOKH U
paguomeTpur. OJHUM M3 TPEUMYIIECTB UCCIEAOBAHUN TeO(U3NUIECKUMU METOJIaMU SIBIISIECTCS
CYIIECTBEHHOE CoOKpalieHue oObema Oypenus. [eodusmueckne paboThl TpPOBOAATCA Ha
JOCTaTO4YHO OOJBIIOW TEPPUTOPUM U C BBICOKOM JeTanu3anueil (B 3aBUCHUMOCTH OT

MOCTaBJICHHOM 3a/1a4uM), U MOCJIEAYIOIIUM OYPEHUEM BBISBICHHBIX CTPYKTYP.

HaunOonee mupoko mNpuUMEHSETCS 3JIEKTPOpa3Be/iKa, BKIOYANOLIas pa3zHOoOOpa3Hble
Merozsbl. Mcronb3yeTcss il 1esled MPOCIIEeKUBAHNUS PYAHBIX TEI C BBICOKOW W HU3KOW JJIEK-
TPOIIPOBOAHOCTBIO, 30H TEKTOHMYECKUX HApyLIEHUH, TIEOJOTMYECKUX KOHTAaKTOB U
KapTUPOBaHUS I'e0JOIMYECKHX 00pa30BaHMi, UMEIONIUX pa3IMyHbIE HIEKTPHUUECKUE MapaMeTphl
(Xmenesckoit B.K., 1997). lllupokoe npruMeHEHNE TOIYyIHI METO SIEKTPONpoOUINpOBaHUS HA
IIOCTOSIHHOM M NEPEMEHHOM TOKE, C TIOMOILIBIO KOTOPOTO ¢ OJHOM CTOPOHBI PELIAOTCS 3aJadn
MIOMCKOB PYAHBIX Tel, a C JAPyroil - reojoruueckoro kaptupoBanus. [Ipu mnouckax u
IIPOCJIEKUBAHUN XOPOILO MPOBOASIINX PYAHBIX TEJl UCIONb3YIOTCS TaKKE CIEIYIOIINE METOABL:
BEPTUKAJBHBIX 3JIEKTpUUecKuX 3oHaupoBaHuii (BO3), ectectBennoro noms (EII), Bb3BaHHOM

nossipu3anuu (BIT), numonsHoro maAyKTHBHOTO NTpodunupoBanus (JJUIT) u ap.

MarnuTtopasBeqika, Ipu NOUCKaX MECTOPOXKACHUIN MPE/ICTABICHHBIX 30J0TOKBAPLEBBIMU
KHUJIAMH, HCIIOJIb3YETCSl C IIeJIbI0 T'€0JIOrMYeCKOro KapTUPOBAHMS MEPCIEKTUBHBIX IUIOIIAAEH
u1st 60JIee TeTaabHbIX MMOMCKOB. METOIbI MarHUTOPA3BEIKU MO3BOJSIOT OKOHTYPUBATh PYAHBIC
MoJisi, ¥ B HEKOTOPBIX CIydasX JJisi HEMOCPEACTBEHHOTO BBISBICHHS 30J0TOKBAPLIEBBIX U
3oiotocynbpuanbix kui (Jlorauer A.A, 1979). llepBuuyHble NPEANOTIOKEHUS O MeECTax
JIOKAJIMU3alMH PYIHBIX OOBEKTOB MOTYT OBITH CH€JaHbl HA OCHOBE aHalli3a MAarHUTHBIX KapT
macmtaba 1:200000. Ha pmanHOM »9Tame paboT, B YacCTHOCTH, BO3MOXKHO BBIJICTICHUE

HNO3JHCKAJICAOHCKUX MAaCCHUBOB, OTIHYArOIIUXCA BBICOKOII HHTEHCHBHOCTHIO aHOMAJILHOTO
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MarHuTHOoro mons. Ilpu perampHbBIX cbemkax MacmTaba 1:25000 cTaHOBHUTCS BO3MO>KHBIM
BBISIBIICHUE MAaJIbIX MHTPY3WBHBIX TE€J, MPOCICKUBAHUE THUAPOTEPMATHHO HW3MEHEHHBIX 30H B
9HJI0- ¥ IK30KOHTAKTAX, K KOTOPHIM HEMIOCPEICTBEHHO MTPUYPOUCHBI PYIHBIC TETA.

B nacrosimiee BpeMs TI'paBUTAILMOHHBIA METOJ SABJISIETCS OJAHUM K3 BEIYILIHUX METOJO0B
CTPYKTYPHOTO KapTUPOBAHMS 30JI0TOPYAHBIX paiioHOB. Ilpy M3ydeHHH pyAHBIX MOJEH METOAbI
rpaBUpa3BeIKH pemiaroT cieayromme 3agaun ([maakuit K.B., 1967):

» BBISIBJICHHE M U3YYEHHUE PYJOHOCHBIX HHTPY3UBHBIX U BYJIKAHHYECKHUX TEI;
» KapTUPOBAaHUE PYAOBMELIAIONINX U PYIOKOHTPOIUPYIOIINX TEKTOHUYECKUX HAPYIICHUIA;
» W3y4YCeHHE PYJOHOCHBIX IUIMKATUBHBIX U T€OMOP(OTIOTHIECKUX CTPYKTYD;

» BBIABIICHUE 30H TUIPOTEPMAIBHOTO MeTaMOp(u3Ma 1 OKOJIOPYAHBIX H3MEHEHUI
BMEIIAIOLINX TTOPOJ.

Kaxnomy Tumy WHTpY3UBHBIX 00pa3oBaHuil, TakuxX Kak THIEpOa3uThl, TPAHUTHI,
CHEHUTHI, TI'PAaHO-AMOPUTHI M JAp., OyleT OTBeyaTb TI'PaBUTALIMOHHOE IIOJ€ OIpPEEIEHHOrO
XapakTepa W HMHTCHCHUBHOCTH. JlaHHBIA crneruuYHBIA XapakTep ToJisg OO0YCJIOBIEH
TUIOTHOCTHBIMH XapaKTEPUCTUKAMHU TOPOJ, M CYIIECTBYET HECKOJIBKO T'€0JIOr0-Te0(PH3NIECKUX
KPUTEPHEB BBIACICHU MarMaTHYECKUX OOpa30BaHM, KOTOPBIE OMPEACISIOTCS CIEAYIOIINMHU
reosoruueckumMu axkropamu (bpogosoii B.B., 1990):

» MHTPY3UH OOpa3yloT PE3KO OrpaHMYCHHBIC Tela, KaK MpPaBHJIO, OTINYAIOUINECS OT
BMEIIAIOINX TTOPOJ 10 (PU3MUECKUM CBOICTBAM;

» BHYTPEHHSS CTPYKTypa MHTPY3ul 0OyclaBiIMBaeT TOSBICHHE CHEIH(DUISCKUX
IPaBUTALIMOHHBIX AHOMAJIWM, OTJIMYHBIX OT AHOMAJIUN CO3JaHHBIX BYJIKAHOTE€HHO-
0CaJIOYHBIMH (popManusIMH;

» WHTPY3WBHBIE 00pa30BaHWs CKJIATUaThIX O0O0JacTell MPHypOUYeHBI K TMPOTHKECHHBIM
MHTPY3UBHBIM II05iICaM, TATOTEIOIIMM, B CBOK OdYepe]b, K TIIyOMHHBIM pa3jioMaM B
3EMHOU KOpe.

B oCHOBHOM mpH NMOMCKOBO-Pa3BEeIOYHBIX pabOTax Ha 30J0TOPYIHBIE MECTOPOXKIEHHUS,
IpaBUPA3BEIIKy MCIONB3YIOT sl penieHus CcTpykTypHbiXx 3amad (bpomomoit B.B., 1990). B
30JI0TOPYJIHBIX paiioHaX NPUMEHSIOT IPaBHPA3BEIKy, HauMHas C PETHMOHAJIBHOTO H3y4EHUS
(M 1:200000), u 3aKaH4YMBasI J€TAJIbHBIMU HCCIIEIOBAHUSMU MECTOPOKICHHIM.
KpynHomaciitabuele kapthl mons cuibl Tskectd (M 1:50000) mcnonb3yrorcss Ui U3ydeHHUs
MaJIbIX MHTPY3UBOB, Pa3pbIBHBIX HAapYIIEHUH U 30H TMAPOTEPMaIbHOrO MeTamopdusma. Meron
3¢ (deKTUBeH MpU YTOYHEHUHM KOHTYPOB M KOHTAaKTOB MajbIX MHTPY3HUil, OCOOCHHO €CM OHU

OCJIO)KHCHBI HECMArHUTHBIMHA PA3HOCTSAMU UHTPY3UBHBIX ITOPOA.
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[Ipu nouckax 30J0TOPYIHBIX MECTOPOXKIECHUH celicMopa3Be/lka MPUMEHSIETCS PEKO, YTO
OOBSCHSIETCS CJIOXHBIM CEHCMOT€0JIOrMYECKUM CTPOCHHUEM pYIHBIX pailoHOB. B ocHOBHOM,
ceiicMopa3Beka NPUMEHSETCA: TpPU KAapTHPOBAHWU TIOBEPXHOCTH KOPEHHBIX TIOPOJ; IIPH
BbIsiBNIeHNMH PC; mpu KapTHPOBAHUU IUIACTOB METaMOP(GHUUECKUX M M3BEPKEHHBIX MOPOJ; IS
TPAacCUPOBaHMs 30H Pa3pbIBHBIX HapylleHuil. MeToasl pagvoMeTpuu (raMma-cheMKa U [Ip.)
IPUMEHSIOTCS. TOJNBKO HPHU HAIWYMM TOBBIIIEHHOW paJMOAKTUBHOCTU 30J0TBIX pyI JUIs
MTOWCKOBBIX IIEJIeH U Te0JIOTHIECKOT0 KapTHPOBAHUSI.
5. Approches actuelles de 1a modélisation numérique d’un objet géologique en 3-D

bnaromapst pa3BUTHIO KOMIBIOTEPHOW TEXHUKM U MPOrPAaMMHOTO OOeCHedYeHHs,
MOSIBUJIACh BO3MOKHOCTb ONEPUPOBATH OOJIBIINM 00BEMOM BBICOKOTOUHBIX IIM(POBBIX Ie0I0r0-
reo(U3N4YEeCKUX JIaHHBIX, MTOKPHIBAIOIIMX OOIIMPHBIE N0 IUIOLAJAM PETHOHAJIBHBIE CTPYKTYpPbI
(Enuceiickuii kpsik, AJjgaH-CTaHOBOM WM AHaOapckuil muThl, bantuiickuét mut u 1ap.). ITo
MIPUBEJIO K TOMY, YTO MOSIBUJIACH BO3MOKHOCTb CO3/1aBaTh HE TOJIBKO JABYMEPHBIE T€0JIOTHUECKUE
MOJIEJIA 3€MHOM KOpPBI, HO M PelIaTh 3aJa4l TPEXMEPHOIo reojoruyeckoro moaenuponanus PC
IIPU PETHOHAIBHBIX HCCIeI0BaHUAX. Pa3pab0oTaHO MHOXKECTBO IMPOTPAMMHBIX MPOIYKTOB JAJIS
co3manHust u 00paboTkm 1MpoBeIX 0a3 reoyoro-reopusnueckux naHHbIX: ArcGis (ESRI),
MaplInfo (Pitney Bowes Software Inc.); mist mHTepniperanuu reodusmueckux mAaHHbIX: Oasis
Montaj (Geosoft), Encom Discover (Encom); ans co3ganus 1IUQPOBBIX TpPEeXMEPHBIX
reoJIOTMYECKUX  MOJeNed, a  Takke  peleHus  OpAMOM  TpexMepHOH  3azauu
rpaBMMarHuToOpasBenku u ceiicmopassenku: RockWorks (RockWare), 3Dgeomodeller (BRGM),
Cocad (Paradigm) u npyrwue.

B coBpeMeHHBIX NPOrpaMMHBIX MPOAYKTaX PEAJM30BAaHO MHOXECTBO MOAXOJIOB INpHU
cosmannu o0weMHBIX (3D) 1mdposeix reonormueckux wmogmeneir (Calcagno P, 2008). B
JFICCEPTAIMOHHON paboTe aBTOP WCIIOJIB3YeT OJMH M3 HUX, PEAIM30BaHHBIA B Iporpamme
3Dgeomedeller (BRGM). Anroput™M co3gaHus —TPEeXMEpPHBIX  LHU(PPOBBIX  MOJEICH,
UCTOJb3yeMbIi B TIPOrpaMMe, OCHOBBIBACTCSI HAa IOCTPOCHHUU PA3IMYHBIX IOBEPXHOCTEH
re0JIOTMYECKUX CJI0€B (KPOBJIM WJIM MOJOUIBBI), MCIIOJB3Ys: MPOCTPAHCTBEHHBIE KOOPIUHATHI
TOYEK KOHTAKTOB TIEOJIOTMYECKMX CJIOEB M TEKTOHMYECKUX pa3IoOMOB, a TaKxke i
MOJICIUPOBAaHUS TIYOMHHOTO CTPOEHUs, JaHHBblE OO0 »JyieMeHTax 3aneranus. Ilpm >Tom
CYIIECTBYET JIBa M0IX0/1a IOCTPOCHHMS MOBEpXHOCTH reosioruueckux cinoes (Calcagno P, 2008):

»  «IpsMOif», KOrja HM3BECTHA aHAJUTHYECKas (QYHKIMs, OMUCHIBAIONIAs MOBEPXHOCTh

(KpOBJIsL WJIM TIOJIOLIBA) T€0JIOTUYECKUX CIIOEB;

» «KOCBEHHBIII», B CIIydae €CJIHM aHaJUTHYecKas (YHKIUS, OMMCHIBAIOMIAsl MOBEPXHOCTH

I'€OJIOTHYCCKOT'0 CJIOs1 HCEM3BCCTHA
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((HpﬂMOﬁ)) nmoaXxoJ BO3MOXKCH TOJIBKO IPU CO3JAaHUHU HCKYCCTBCHHBIX TI'€OJIOTHMYCCKUX
MO}IeHeﬁ, TaK KaK B PC€aJbHBIX YCJIOBUAX AHAJIUTHUYCCKUC (byHKHI/II/I, OIpCACTIAIOIINEC

MOBEPXHOCTHU I'€COJOTUYCCKUX CJIOCB NPAKTUYCCKH HE YCTaAHOBHUMBEI.

B cnyuwae wucmonp3oBaHUS «KOCBEHHOTO» TMOIXOJa 3aJaHUE aHAJUTHYECKOTO BHJIA
(GyHKIME BO3MOXXHO Ha 0a3e uMerollelics amnpuopHod uHpopmamuu. B cooTBeTrcTBHM C
«KOCBEHHBIM» TIOJXOJIOM TIOBEPXHOCTH T'€OJIOTUYECKUX CJIOEB, 3aJaHHBIX H3OJUHUSIMU
OJTMHAKOBBIX 3HAYCHWH, ONPEICINSIOTCS CKAISPHBIM IIOJIEM, TPAJWEHTHl WU TPOW3BOTHBIC
KOTOPOTO 33/1al0TCsl HampaBieHHbIMH JaHHbIMU (Lajaunie u np., 1997). Paccmotpum ciyyait,
KOTJIa U3BECTHBI HEKOTOPbIE 3HAYCHUS CKAISIPHOTO TOJIsI, ONPEIEICHHOTO BO BCEM ITPOCTPAHCTBE
ypaBuenueM: f(x, y, z) = V. 3agagum, uto moBepxHoctd Vo (Vi) OyaeT COOTBETCTBOBATH
MHOXECTBO TOYEK C KOOpAMHATaMu (X, Yy, Z), MO KOTOpBIX crpaBemmBo f(X, Y, z) = Vo, HO
aHAJTUTHYECKOE YpaBHEHHE, KOTOPOW HE H3BECTHO. Torma MHOXECTBO Touek (X, Y, z), s
KOTOPBIX BBIMOJIHSAETCS HepaBeHCTBO V1>f(X, Y, 2)>Vo oOpasyer 00beM (T€OJOTHYUECKUT CIIoM),

OTpaHWYCHHBIA MOBEPXHOCTIMH (KPOBJICH M MOAOMIBOM citost) Vou V1.

I[J'IH pacucTa HOBCpXHOCTCﬁ V TreojoruuecKux CJIOEB, BO BCEM o0BeMe MoOa€CIn
HUCIIOJIB3YCTCA  MCTOJAUMKA HHTCPIOIAIHNU  OAaHHBIX, B  OCHOBC KOTOpOfI JCXKHUT  JIBa
MPCAIOJIOXKCHUA. BO-HepBbIX, npeanojaractcsa, 4To MOACIUPYCMBIC T'paHHUIbI I'COJIOTHYCCKUX
CJIOCB O6p8.3y1-OT MHOXCECTBO NapalJICJIbHBIX HOBerHOCTeﬁ (COOTBCTCTByeT CIIOUCTOM cpez[e).
,HaHHI)Ie MNpCAITOJIOKCHUA  BBIIIOJIHAKOTCA  JJIA OOJBIINHCTBA TI'€OJOIHYSCKHUX CHTyaHHﬁ,

cootBetctBytomux (Calcagno P, 2008):

> OCaZo4YHbIM OacceilHaM, Ui KOTOPBIX XapakTepHO TMapajuleJIbHOE —3ajieraHue
re0JIOTMYECKUX TPAHULl MEKAY CTPATUTpahUUIECKUMU KOMILIEKCAMU;

> MecTaM BHEAPEHUS HWHTPY3UBHBIX I[OPOJA, B OTOM Ciydyae IMpH HHTEPHOISIUU
HE0OXO0IMMbI JaHHBIE O BHYTPEHHEM CTPOCHMH ISl ONpeeieHus GopMbl HHTPY3HBOB;

> 00jacTsaM pa3BUTHS MeTaMop(du3Ma, KOrja MOKHO IPEIIOJIOKNUTh, YTO TPAHULIBI MEXKIY

cTpaTUrpauIecKMMy KOMILJICKCAMH MapalieNIbHbL;

Bo-BTOpBIX, mpenmonaraeTcs, YTO JAaHHbIE O 3ajJeraHud CTPYKTYp MOTYT OBITh
mpeoOpa3oBaHbl B BEKTOPHBIC JaHHBIC TOJBKO MPHU YCIOBHH M3BECTHBIX KOOPIWHAT MHHUMYM

ABYX TOYCK Ha6JIIOI[€HI/ISI 1 OJHUM 3JICMCHTOM 3aJICTaHUA OJI KaXKI0ro CJIO0A.

Jlns  ompenencHUs BBIINICONMCAHHBIX AHAIUTHYCCKUX (QYHKIUA, B HCIOIb3YEMOM
nporpaMMHOM obOecriedeHun 3Dgeomodeller peann3oBaH MHOTOMEPHBIA T€OCTATUCTHYCCKUN

MCTO I10J HAa3BAHHUCM «KPUT'HHI». MGTOI[ HHTCPIIOJINUU «KPUTHUHI» IMO3BOJIICT PACCUHUTATDH
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¢ynkmio f, omuceIBaronyIo ckaixspHOe mojie V 1o 3HaYeHUSIM B TOYKaxX HaOMoAeHU (X, Y, Z).
B ocHoBe meTona JEXKUT OJAHOBpPEMEHHAs MHTEPHOJSLUS HECKOJBKUX NMEPEMEHHBIX BEIMYUH
(HECKOJIBKUX TEOJIOTMYECKHUX CJIO€B), YUUTBIBAsl MPOCTPAHCTBEHHO-KOPPEISIMOHHBIE CBSI3U
MeXIy HUMHU. [Ipy TakoMm moJxoje IpaHULbl T€0JOIMYECKUX CII0EB MOTYT OBITh IPE/ICTaBICHBI

160 uzoauuusME (2D), 1160 u3onoBepxHocTsMu (3D) moss (puc. 1.2).

CkansgpHoe mosie V TOJHOCTBIO OIPEIENseTcs BO BCEX TOYKAX METOJOM KPHUTHHIA.
Jlanuelii anroput™m Obul ommcaH Lajaunie (1997). Hartepnonsuust 3aBUCHT OT (YHKIHH
KOBapUaHTHOCTH CKaJISIPHOTO IOJIS, HO, KaK MPaBUIIO, OHAa He u3BecTHA. Mcnonb3ys KyOudeckyro
KOBAPMAHTHOCTh, M HaWAsd peIICHHE CHCTEMbl YpaBHEHHH, IIOJlydaeM HHTEPIIOJISAIHIIO

CKaJIApHOT'O IT0JIA.

mMOoYKU /

KOHMAaKmoe

L4 SneMeHmbl
2¢ — 3anecanus

2

Puc. 1.2 Tpunyun modenuposanus mpexmephvix ceono2udeckux mooenet(Calgano et al, 2008)
@) MOYKU KOHMAKMOG 2€0102UHECKUX CII0Ee8 U dNeMeHMbl 3a1e2anus, 6) pe3yibmam uHmepnoasyuu

Kak ObUIO CKa3aHO, BBIIIE B MNPOrpaMMe peaju30BaH alrOPUTM MOJICIHPOBAHHS
pa3phIBHBIX HapylueHuil. [lpy MoIenmMpoBaHHMU pPa3IOMOB IOOABISIOT HPOCTPAHCTBEHHYIO
NEPUOAMYECKYIO HENPEPhIBHYIO (YHKIMIO MPH WHTEPIOJSIMU CKAJSIPHOTO TMOJS METOIOM
«kpurunry (Calcagno P, 2008). [lanHas ¢pyHkuus npuHUMaeT 3HaueHue 0 ¢ OHOW CTOPOHBI OT
MOJIETUPYEMOTO pa3joMa M MEHseT cBO€ 3HadeHue B mpenenax oT 1 10 0, B 3aBHCUMOCTH OT

IMOJIOKCHUA BJOJIb pa3jioMa U paCCTOAHUA 10 pa3jioMa C I[perﬁ CTOPOHBI.

Peanu3zanvss ONMMCAaHHOTO TOJXOJa TPEXMEPHOTO T'E€ONIOTHYSCKOr0 MOJICITUPOBAHUS
YCIICIIHO ONMpoOOBaHa M omucaHa Ha npumepe psaa tepputopuit (Guillen A., 2008). Asropom
BIIEPBBIC IPUMEHEH JaHHBINA MMOAXO I CO3JJaHKsI HOBOM TPEXMEPHON (PU3MKO-TEOIOTHUCCKOM
monenu Enwuceiickoro kpsbka. B momomHeHmu K 3ToMy, B mporpamme 3Dgeomodeller
peaNn30BaH aJrOpPUTM pElIeHUs MPSAMOI 3a7a4u IpaBUPa3BEIKU, KOTOPBIM MO3BOJIMII 0100paTh
OINITUMAJIBHYIO TPECXMCPHYIO INUIOTHOCTHYIO MOACIIb, HE IMPOTHUBOPCHAIlYIO COBPCMCHHBLIM

npejcTaBlIeHUsIM O pa3BuTuu Exmcelickoro kpsoka (cMm. pazaen 3).
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II. METHODOLOGIE DE L’ANALYSE PROBABILISTE DES

RELATIONS SPATIALES ENTRE LES GISEMENTS AURIFERES
ET LES STRUCTURES CRUSTALES

« Un mathématicien est un aveugle qui, dans une piéce sombre,
cherche un chat noir qui n'y est pas »

Charles Darwin
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L'¢tude des objets géologiques, comme celle des processus de genese, montre que la
situation réalisée dans des milieux naturels, est telle que la prédiction exacte des propriétés des
objets est impossible. C'est pour cette raison que les objets étudiés en géologie, sont en général,
considérés comme des variables aléatoires. C'est donc sous l'angle probabilistique que les
relations spatiales entre gisements et structures géologiques a été abordé.

Dans cette thése, le principe stochastique a été utilis€é pour modéliser la structure des
objets géologiques. Les objets géologique de méme nature sont classés et présentés comme les
couches paramétriques de la base de données. Pour chaque couche paramétrique, les cartes des
distances minimales jentre objets géologiques de la couche et objets d'étalon de la couche sont
construites. La distribution de ces distances permet 1'élaboration d'une loi a partie de laquelle les
cartes de distance sont transformées en cartes probabilistes. correspondant a des significations
de la perspectivité sur la minéralisation d’or. La carte finale des zones de prospection des
gisements d’or sera réalisée par: soit l'intersection des cartes probabilistiques; soit en associant,
suivant un mode déterminé, les cartes probabilistes de chaque couche paramétrique. Dans ce
processus, deux étapes présentent une importance primordiale :

1) Le choix de la méthode de transformation des cartes de distances des couches

paramétriques en cartes probabilistiques ;

(@) Le poids de chaque carte probabilistique de chaque couche paramétrique a
I'neure d'associer les cartes probabilistiques pour produire une carte de

prédictivité utilisable en prospection.

L’un des objectifs de cette theése est de créer des modeles mathématiques correspondant
aux contextes géologiques des gisements d'or. De ce point de vue, sur une surface ou zone
d’étude bien définie, il est nécessaire de disposer des coordonnées spatiales des gisements d'or
connus, ainsi que elles des objets géologiques susceptibles de contrdler la position des
minéralisations. Pour réaliser les analyses ultérieures, la forme des objets géologiques est
approchée a l'aide de formes géométriques simples: polygones, ellipses, lignes ou points. En fait,
les polygones peuvent représenter les contours des intrusions, les lignes des failles ou des
fractures et les points les gisements. Ayant représenté un tel modele, nous pouvons étudier les
relations spatiales entre ces objets: soit par la distance entre les gisements d'or connus et les
intrusions; soit par la distance entre les objets or et les fractures. Un des probléme a résoudre est
celui de la détermination de la quantité optima d'objets permettant d'établir les lois de corrélation
spatiale entre les objets géologiques et les gisements d'or.

1. Modélisation directe probabaliste

Cette étude a fait I’objet d’article conjoints soumis a Ore Geology Reviews.
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Abstract

Recent progresses in geosciences make more and more multidisciplinary data available
for mining exploration. This allowed developing methodologies to compute predictivity or
forecast ore maps from the statistical combination of such different input parameters. However,
all of these methods are based on the inverse problem theory and questions on the entry
conditions necessary to perform statistical analyses and modeling are often poorly addressed.

In this study, a direct statistical modeling approach is proposed. Using newly developed
software, the spatial distribution and the topology of objects (polygons and polylines) are
controlled by some parameters defined by users (e.g. density, length, surface, orientation and
clustering of objects). Then, the distance of points of interest with respect to a given type of
objects (polygons or polylines) is given using a probability distribution function.

The statistical analyses of output results from the direct modeling process show that i)
values of mean relative surface of polygons, mean relative length of polylines, the number of
objects and their clustering are critical to statistical appraisals, and ii) the validity of the different
tested inversion methods strongly depends on the relative importance and on the dependency
between the parameters used. In addition, this combined approach of direct and inverse modeling
offers an opportunity to test the robustness of the inferred distribution point laws with respect to
the quality of the input data set. Finally, a workflow is proposed for the analysis and preparation

of cartographic data in a way to perform predictivity map computations.

Keywords: modeling, statistics, predictivity maps, deposits.
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1. Introduction
Recent progresses in geosciences for both fundamental understanding and economic

application make more and more multidisciplinary data available. Newly developed Geographical
Information System (GIS) and statistical methods allow combining datasets, such as geological
and geophysical data, to establish predictivity maps for environmental hazards or mining
exploration. For instance, mineral deposits are often dependent on several parameters such as the
lithology of hosting rocks, the proximity with faults or ductile shear zones, and the proximity with
magmatic intrusions. Therefore, for the specific case of mining exploration, the computation of a
forecast maps is often based on the integration of numerous data sets such as geochemical
measurements (rock or soil exploration geochemistry), geological mapping (lithological contacts,
faults or shear zones) and geophysical data (gravimetric or magnetic anomaly maps, etc.; Figs. 1la
and 1b) (Adams, 1985; Knox-Robinson et al, 1997; Billa et al, 2004; Roy et al, 2006; Cassard et
al, 2008; Feltrin, 2008).

Practically, each one of the variables (set of geo-objects) is referenced as a map layer in a
corresponding geodatabase. Variable values are transformed to corresponding score grids using
reclassification methods. The final predictive map is then obtained by a combination of each
individual score grid in the studied area, the highest values of the combined score grids reflecting
the maximum probability to find new potential ore deposits in the field. In such approach, two
steps are of particular importance: i) the choice of one of statistical methods used for the
reclassification of continuous values to discrete scores and ii) the distinction between the
different degrees of influence of the variables and, thus, the corresponding weight given for the
final map computation.

In most of the studies, statistical computations are based on distance distribution methods
(Berman M/, 1977, 1986; Bonham-Carter G.F., 2002; Carranza E.J., 2009). From a theoretical
point of view, this kind of distance distribution method is based on a comparison between the
expected spatial distribution (distance distribution between geo-objects and all points on the
map) and the observed distribution (also named empirical distribution — distance distribution
between geo-objects and a given set of points, like deposits). This method has been formalized
and demonstrated by Berman M. (1977).

Previous studies often concentrate on the ‘inversion’ of natural data set in a way to obtain
predictivity maps. Classical mathematical models of ‘inversion’ include Boolean methods
(Bonham-Carter, 2002), fuzzy logic (Bonham-Carter, 2002), weight of evidence (index overlays;
Bonham-Carter, 2002) and algebraic methods (e.g. Siris; Vaillant et al., 1995). The accuracy of

these approaches has often been discussed (Knox-Robinson et al, 1997; Bonham-Carter, 2002;
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Carranza, 2009). However, as shown in this study, the “minimum requirements” needed for input
parameters (number of minimum data points, spatial distribution of objects, etc) is of crucial
importance for statistical computations, but this has often only been poorly expressed in previous
studies. In addition, studies can have been made for contrasted scales from regional (e.g. Adams,

1985) to more local scales (e.g. Feltrin, 2008) and one can wonder if scale validity limits exist

a) ¥ _ - for the application of the ‘inversion’
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In order to evaluate the constraints on the input parameters and make application of reverse
methods more objective, a direct statistical modeling approach is developed in this study. The
method is designed in a way to insure a-dimensionality with respect to scale. This approach
particularly focuses on the analysis of spatial relationships between location of points and

various objects (e.g. polygons and/or polylines) which is particularly well adapted to constrain
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the influence of intrusive bodies (polygons) and faults or ductile shear-zones (polylines) on
spatial location of ore deposits (point objects; Figs. 1a and 1b). We propose here to test and
argue the “minimum requirements” needed if one wants to perform a statistical analysis and
‘inversion’ from natural data set (e.g. geological and geophysical data). The “minimum
requirements” refer here to 1) the minimum number of observed ore deposits demanded to insure
a correct analysis, but also ii) the limits on the density and spatial distribution of geometrical
objects constituting the geological map, and iii) the quality of the initial cartographic data. In this
study, this parametrical analysis has been performed either empirically or theoretically. The
“empiric” way consists in comparing input (guided by the natural phenomenon) and output
(information obtained from the observations) probability distributions. If the two distributions
well fit, then the original parameters used for the considered case study are included in the limits
of the requirements.

New software has been developed here in a way to compute synthetic cartographic models
based on given statistical entry parameters (see details below). This software permits the
automating construction of numerous models with similar statistical parameters and the
automating comparison of the input and output distributions for each one of these models.

The new results coming from such a direct modeling approach give quantitative constraints
on the use of input parameters if anyone wants to apply forecast map calculation method for a
given case study. Finally, this work presents a new statistical and ‘universal’ way to classify the
importance among the different variables used for such forecast statistical modeling approach,
regardless of the inversion method used.

2. Direct Statistical Modeling
This study focuses on the spatial relationships in between ore deposits and intrusions

and/or cartographic structures. For synthetic model computation, whatever their size, ore
deposits are considered as individual points referenced by their centre position coordinates (Xo,
yo) (Fig. 1c). For simplifications, map scale structures (polylines corresponding to faults or shear
zones) are modeled as segments and the polygons (corresponding to the intrusions) as ellipses
(Fig. 1c). In the software developed for this study, the synthetic model is computed following
two steps with i) geometrical map model construction (spatial distribution, preferred orientation,
size and number of segments and ellipses) and ii) distribution of the points of interest through the
considered area of the model. Following a given probability distribution law, locations of these
points are calculated as a function of the spatial distribution of the geometrical objects drawn on
the map during the previous computation step.

Before to detail the main two steps, in the following parts, two remarks must be done

here. First, only the topological characteristics of the polygonal or lineal objects are considered
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in this approach, whatever their nature or age. This must be taken in mind during the selection of
the pertinent structures susceptible to control the location of ore deposits. Second, for a given
area, if one wants to highlight the influence of geological structures on the spatial distribution of
deposits, the primary task consists in revealing the statistical parameters describing spatial
relationships among the different mapped objects. In our study, synthetic models are computed
using a-dimensional, 2D Cartesian coordinates but for natural case studies, in a way to insure a
correct minimum distance computation in-between objects, spatial data must be projected using a
square metric coordinates system (e.g. Universal Transverse Mercator, Lambert conical
projection, etc). Using GIS software, such minimum distance can be obtained using Euclidian
distance calculation tools in a 2D projection plane.

2.1 Geometrical map model construction
At very first, it is necessary to define the parameters of the studied zone; the envelope

geometry of such an area might be complex and the error induced on its surface estimation may
directly influence the statistical outcome. Thus, for simplicity at this stage, a square form is
chosen for the map surface, with a given length of side and a standard unit. When dealing with
natural data sets, the size of the studied zone should be chosen to cover, on one hand, all
available geological and geophysical surveys, and, on the other hand, geological structures that
could influence the location of investigated objects, as deposits, for instance.

In a way to compute realistic automatic synthetic maps, two different sets of objects are
considered in this study:

L={lTAMD}, (2.1)
a set of linear form objects (segments I) possessing a characteristic property A(l) and
E={e|B(e)}, (2.2)

a set of polygonal form objects (ellipses e) possessing a characteristic property B(e) (Fig. 1c).
The geometrical properties of these shape objects are computed on the basis of different
parameters (see details below). These objects are distributed over the area in a way to constitute
the simple map scheme of the synthetic model.

2.1.1 Initial parameters of the different cartographic objects sets
During the computation process, the parameters defining the shape and location of

objects — i.e. ellipses and segments — can either be fixed by users or automatically calculated by
the software (cf. random distribution in the limits of other given parameters).
Considering the set & of ellipses, the only one parameter that must be fixed by users is Sg
— the total surface of ellipses - expressed as the ratio of the area occupied by ellipses on the one
of the model zone:
p =Sg/S100% (2.3)
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All others parameters can either be fixed or automatically calculated. Ng is the number of
ellipses drawn on the map. The shape of each individual ellipse e from set [E is given by the
equation

(X_Xe)2 (y_ye)2
5 =1, (2.4)

with (Xe, Ye) the coordinates of its centre and a and b its semi axes lengths. The ratio a/b may be

randomly calculated, with the condition a/b > 1, or fixed by users. The surface of individual
ellipses is defined by
Se = 7(ab) (2.5)

and the total surface of ellipses set thus equals
Se =D un.Se (2.6)
The orientation of each ellipse is defined by a, angle between the long semi axis a of the
ellipse and Y (Fig. 1c).
An important characteristic of the set [& is the cluster factor (Clark and Evans, 1954),
which can be calculated as following
G: =p, /! pe, (2.7)
where
Pn= PN (2.8)

is the mean distance between the center of an ellipse to the center of the nearest neighbor one, pe
the distance between a given ellipse to its nearest neighbor and

pe =1/(2/5,) - 2R, (2.9)
the mean distance between nearest neighbor ellipses expected in an infinitely large random
distribution of density

0z = Ng /(S /(cellsizeX -cellsizeY)), (2.10)

R,=\S./x (2.11)

the average radius of ellipses and

S, =S /N, (2.12)

e

the average surface of ellipses;

o. =0.26136/ N 5. (2.13)

Pe
the standard error of the mean distance to nearest neighbor in a random distribution of density dg

and

Ce = (P4 _IBE)/Gﬁe (2.14)

41



the standard variance of the normal curve. It is notable that the group factor Gg ranges from
clustered (0) to uniform (2.1491) spatial distribution and equals 1 for a purely random
distribution pattern (see Clark and Evans, 1954).

The basic parameter of set IL of segments | is L, the total length of segments, and N, the
number of segments. Segments are defined by the coordinates of their origin (xi, y1) and end

(X2, Y2) summits. The length of a segment equals

L= (% = %)2 + (Y, — Y,) (2.15)

and has an orientation of azimuth B (Fig. 1c). Thus the total cumulative length for the segments

setis

L= ZH_“NL L (2.16)

2.1.2 Algorithm for the objects spatial distribution
The determination of the parameters, that qualify the shape, orientations and spatial

distribution (cluster factor) of the objects, can either be fixed by users or automatically and
randomly adjusted by the software. As shown on the flow chart of figure 2, the algorithm used
for construction of the direct map model consists in three steps for definition of ellipses’

parameters and two for the segments’ ones.

Definition of geometrical properties and positions Definition of geometrical properties and positions
of ellipses (set E): of segments (set L):
e b e ST T T
1 Fix a number of ellipses Ne: : ! Set prefered orientation : : There are groups of ellipses, : ! Fix number of segments Ns: I : Set prefered orientation 1
| - Surfaces of all objects are equal; h : of ellipses: | 1 setR-the maximum distance | : - Lengths of segments equal L/Ns; © o of segm?ntsf ) :
! - Semi axes a and b vary; | -Main direction (an azimuth o, 1 1 betweenellipsesinonegroup: | ~ -~~~ -~ - -~ - - - - ---~- L | - Main direction (an azimuth B, ,
e A | percentage from the total ! | -Numberofgroups:random; | 1| g mne S S m S s ns T T T | percentage from the total number |
__________________ ! number of ellipses); : : - Define to witch group : ! n:)i(anLSq:;;gmen s length: : : of segments); 1
: Fix ellipses surface limits [ : - Secondary direction (an azimuth, | the ellipse belongs; , : iy :r e .ments Ns s defined | | -Secondary direction (an azimuth !
| min < Se <max: I | oyforotherellipses); 1| -Define an ellipse position; L randomly; 9 I 1 Paforother segments);
1 - Number of ellipses N is defined : | -Ration a/b is defined in v - _. ' Lenath Vi ¢ L X ! TTommmmmmmm
! randomly; ' arandom way: | ~Lengths of segmentsLsvary; TRamdonorientation: =~~~ "
! ;o i L arandom, @ D. ... { Random orientation; _ ___ P
[ 5_ur_fa£es_530_f O_bjSCES gre_n(_)(fqila_l; _ B fmmmmmmmmm e m e o | There are no groups; ! s
, Random orientation o.: : “““““““ G | Random model: !
[ttt S - Ration a/b is defined H | - Number of segments Ns not fixed; !
1 Random model: ! inarandom way; | - Lengths of segments Ls vary; !
1 - Number of ellipses Ne not fixed; y, "t T s T Tt E | L _____ N
: - Surfaces Se vary; C
possibilities for ellipses geometrical and spatial distribution parameters possibilities for segments geometrical and spatial distribution parameters

| I Set the total surface of ellipses Sg |

v ) N
A B C
s\ ¢ N\ VAR
D E D E D E
YNY N NY N NN
F GF GF GF GF GF G

| 11 set the total length of segments L |
v ) N
L M N

v N ¢ v N
o pp O P O P

|
T
2 steps during
geometrical model construction

3 steps during
geometrical model construction

Figure 2. Flow chart of the algorithm used for the construction of the geometrical model. Each
column corresponds to one parameter and each capital letter refers to one given possibility for
the given parameter. Details are given in the corresponding boxes in the upper part of the figure.

Considering the ellipses’ parameters, the first step consists in defining the proportion of
the area they occupy throughout the model surface. Three alternate choices can be done (blocks
A, B and C on Fig. 2): i) a fixed number of ellipses with equal surfaces of the objects but
possible various shapes, ii) the range for ellipses’ surfaces values is given using their semiaxes

(a, b) length or iii) the number and surface values of individual ellipses are randomly defined.
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The second step consists in defining the ellipses’ orientation with two alternatives (blocks D and
E on Fig. 2): i) one principal orientation, with an azimuth a;, is fixed for the majority of ellipses
and a secondary orientation, with an azimuth ay, for the remaining ellipses or ii) orientations for
all ellipses are automatically and randomly defined. Still for the ellipses set, a third step consists
in defining the clustered character of the ellipses through the map using the shortest distance in
between centers and the group factor Gg calculation (blocks F and G on Fig. 2). Given all of the
above fixed or automatically calculated parameters, Ng ellipses are finally drawn, one after the
other, on the synthetic map model. One additional principle included in the algorithm is to avoid
solutions where ellipses intersect; if so, the newly created ellipse is rejected and another
computation round is performed as far as the equation for a valid ellipse object can be found.

The computation algorithm results in twelve possible variants for the initial definition of the
ellipses’ parameters, each corresponding to a certain type of map configuration of the direct
model.

Concerning the definition of the parameters for the segments set, the first of two steps
consists in determining the number and length of the segments with three alternate conditions
(blocks L, M and N on Fig. 2): i) the number of segments is fixed and their individual length
constant, ii) the range for segments’ length is given and the total number is automatically
adjusted or iii) the number and length of segments is automatically and randomly defined. The
second step consists in defining segments orientation with two possibilities (blocks O and P on
Fig. 2): 1) one principal orientation, with an azimuth (4, is fixed for the majority of segments and
a secondary orientation, with an azimuth f3,, for the remaining ones or ii) no preferred orientation
of segments is fixed and these are randomly calculated by the program. Based on these initial
parameters, N segments are drawn on the synthetic map with no restriction applied on their
mutual intersection in that case. Moreover, a supplementary restriction can be applied by user in
a way to avoid intersections between segments and ellipses, the segments set is computed after
the ellipses one; as for the case of the ellipses distribution computation, if such a situation
occurs, the newly created segment is rejected and another computation round is performed as far
as coordinates of a segment can be found outside of an ellipse object. If this supplementary
restriction has not to be applied, both sets of objects are independently computed.

In the case of the segments’ parameters definition, the computation process can result in
six different possible map configurations.

As a whole, each group of models with identical basic parameters is characterized by a
sequence of 5 common procedure steps as, for instance, the direct model of class: | (BDF) Il

(MO) (see thick arrows on Fig. 2). As show on figure 2, the combination of the 12 possible map
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configurations for ellipses and of the 6 ones for segments results in a total of 72 possible classes

of geometrical direct map models with similar basic parameters.

p =30 %; Ng = 500;

L = 8000; Ny = 4000,

H(Fy)=1.804 : max=3.170; Rip=0.431;
H(Uyx) = 1.674; max = 2807, Riy =0.404;
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Figure 3. Examples of possible realizations from the direct geometrical modeling showing the
possible diversity and control on the shape and spatial distributions of objects. The model type
corresponds to the succession of steps used for drawing ellipses (I) and segments (II)
(see Fig. 2). Names given for model types (bold capital letters) are the same as used in the text.
All the input parameter values corresponding to each model type are listed at the bottom of the
maps (see Appendix A for details on the notation used). From top to bottom and from left to
right, models are ordered from their minimum to maximum entropy value (see text for further

explanation).
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With a set of initial parameters fixed, the above described cycle of procedures which
create a synthetic map can be operated several times and, thus, many geometrical direct models
of the same class can be obtained. Examples of resulting direct synthetic models are displayed on
figure 3. Each map corresponds to one given possible outcome from the set of initial parameters
fixed. The corresponding values of these parameters as well as the sequence of construction — i.e.
model class — are given for each synthetic map.

It may be pointed out here that no one of the models obtained from the computing
process proposed here could strictly reproduce the map configuration of a given natural case
study as simplifications must be made during the construction of synthetic models. The goal of
this approach is to allow creating a great number of synthetic models of the same class, i.e. with
the same suite of initial parameters values. Fixing these parameters from the statistical analysis
of a natural case study will bring the computed synthetic model to geometrically resemble the
original one but not to reproduce it. So, the model creating program presented here allows
building some random synthetic models based on information coming from natural objects, i.e.
their geometrical properties and spatial distribution. It is important to notice that at that stage,
this method is restricted in 2D and only focus on surface data for regional structures.

2.2 Spatial distribution of the points of interest
Having computed synthetic cartographic models, it is now possible to define the spatial

distribution of the individual points (e.g. points of interest as mineral deposits, for instance)
throughout the considered area. A set Ml = {m | C(m)} of individual points m — possessing a
characteristic property C(m) — is created. The location for each individual point m is directly
controlled by its shortest distance to neighboring ellipses ps and its shortest distance to
neighboring segments p, (Fig. 1c). Thus the spatial location of individual points is strongly
related to spatial distributions of ellipses and segments as function Q(ps, py). During
computation, the shortest distances are automatically calculated in a way to follow density
probability functions selected by user, one for the ellipses and one for the segments. All types of
functions can be fixed in the software and in the case of natural examples modeling, the most
suitable distribution may be chosen to fit with the statistical characteristics calculated from the
shortest distance measurements in between points and polygons (e.g. deposits and plutons) and
points and polylines (e.g. deposits and faults or shear zones).

The procedure for calculating points’ coordinates can be detailed as follows. At first, the
theoretical (input) density probability functions Fv(p) and Uy(p) for the spatial distribution of the
individual points around ellipses and segments, respectively, are defined by user. For this paper,

classical normal law type of distribution has been chosen as:
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where o is the variance and p the mathematical expectance to be fixed (Fig. 4). The probability

(2.17)

value P (o1 < Ye < p,) for the distance from a point to ellipses to hit in the interval [p, 0] can be

expressed by the probability density function (Fig. 4):

1 —(p-n)
F, (p) = e ' dp, (2.18)
o\2r
or
P (r, <Y, srz):cp(ﬂ)—q)(ﬂj, (2.19)
(@2 (@2
where
D(x) =127 [ e du (2.20)
the Laplace function (Kendall and Stuart, 1960)
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Figure 4. The named ‘input’ probability density function type, as used in this paper, follows a
normal law f (p; 1,07) (Gaussian) with p the shortest distance defined in between points of
interest and cartographic objects, x the mathematical expectance of the distribution and o its
variance. The graph shows one example of Gaussian function with f (x = 2, o = 6).

Figure 5 presents the three folds algorithm scheme for the computation of the
coordinates of individual points m. At stage A, one ellipse is randomly selected from the |E
objects set. The “buffer” distance to this ellipse is determined in a way that the whole point set
M population well follows the cumulative probability function Fy(p) fixed. At stage B, buffer
lines are also calculated around all the neighboring segments of set IL. with a distance determined
in a way that the whole point set M population well follows the cumulative probability function
Uy(p) fixed. At stage C, a cross check is made to determine if at least one intersection point
exists in between the constructed buffer lines around ellipses and segments. If not, a new other
round of computation is performed with the same distances to objects values but with another

randomly selected ellipse object. If no one ellipse fits with this shortest couple of values, new
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ones are determined. As far as all the individual points m needed are not distributed over the
area, this three folds algorithm is repeated. In this study, alternative procedures have been tested;
the order of selection of the ellipse object before segments, as presented here, or segment before

ellipses has no influence on the resulting pattern of the synthetic map.

Ve /:KA' Do functional relations with ellipses distribution? )_ -
)
- one ellipse is randomly selected from the E objects set ﬁ}'
- definition of distance to it using the probability densities -
= distribution Fy(p) -t

- creation ,buffer” zone around the selected ellipse

No

\/2@. Do functional relations with segments distribution? =~ _ _

- definition of distance to a segment using the probability

densities distribution Uy(p) -
- searching neighboring segments around the selected 'I
ellipse during step A, with defined distance

o
=
\;—@ Do individual point coordinates set with conditions A & B? )S' -

|Deﬁnition points of interest coordinates |< _________

\%| Definition points of interes coordinates in a random way|

Figure 5. Flow chart view of the three steps algorithm used for computing individual points (m)
locations which can depend on i) the shape and spatial distribution of the geometrical objects
(see Fig. 2) and ii) the density probability function of the shortest distance defined in between
each type of objects and the individual points of interest (see example of a distribution function
given in Fig. 4).

After the direct model construction, two different density distributions may be considered
for each type of objects (ellipses or segments): i) the distribution used as an input parameter
controlling the shortest distance around each type of object (i.e. theoretical or input function) and
i) the distribution calculated from the resulting direct model (i.e. empirical or output function;
Fig. 6). One particularity of this chosen computation process lies in its ability to calculate the
coordinates of the points on the basis of the fixed cumulative distribution functions, i.e. in a way
similar to the solution of an inverse problem, though it is always possible to restore the input
function. One example of a resulting synthetic model is displayed on figure 6 with a certain
distribution of the geometrical objects (ellipses in red and segments in dark; Fig. 6¢); following
the above described procedure, points of interest are dispersed around these geometrical objects
following the input probability density functions, Fv(p) for the ellipses and Uy(p) for the
segments. Figures 6a and 6b show that the density probability functions calculated from the
resulting map model, i.e. Fz(p) and Uz(p) for ellipses and segments, respectively, well follow the

input functions.
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Figure 6. Comparison of the probability density distributions i) calculated for all map points, i.e.
any given location of the studied area (i.e. expected; see text for further explanation), ii) used as
an input parameter controlling the distance around each type of object (i.e. theoretical or input)
and iii) calculated from the resulting direct model (i.e. empirical or output). (a) probability
density functions for shortest distances calculated between all map points g (expected) or
individual points m (output) and ellipses e; (b) probability density functions for shortest
distances calculated between all map points g (expected) or individual points m (output) and
segments I; (c) map of the direct model (“Group Normal type”), with locations of individual
points of interest m, corresponding to the density distributions displayed for this figure.

As the selection of the geometrical objects and the determination of the two shortest
distance values are made randomly, numerous resulting distributions of points can be obtained
from the same given cumulative probability functions. All the possible variants of map
configurations can actually be sorted out according to the entry conditions.

2.3 Classification of geometrical configurations using entropy
As shown above, and as displayed on figure 3, a considerable number of synthetic

cartographic models may be computed using the procedure developed in this study. The
contrasted map geometrical configurations can be characterized through the calculation of
different parameters such as the spatial density of the geometrical objects (ellipses and/or
segments), their clustering factor, mean shortest inter-distance, alignments, etc. However, even
though a certain grouping could sometimes be graphically done between different cartographic
patterns, it is often hard to make a clear and simple classification of them from the parameters
considered above. Moreover, for a natural case study, it is also tough to distinct, a-priori, in
between the geometrical configurations that can offer good conditions or not for predictivity map
calculations.
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Therefore, we propose here to use the concept of entropy proposed by Shannon (1948,
1963), which can quantify the information contained in a given model (Fig. 3). The calculation
of the entropy value corresponding to one particular model is made through the definition of the
statistic laws for spatial distribution of objects throughout the given area. The empirical
determination of these laws — named “expected distribution” in this paper — must be performed
considering a points set representative of any given location throughout the area. Such a set @ of
points g has been created along a regular and evenly spaced lattice; the number of points Nq is
dependent on the total area of the zone as well as the total area occupied by the ellipses:

No = (S - Sg) / (cellsizeXcellsizeY) (2.21)
where cellsizeX and cellsizeY are the cell size values along X and Y axis, respectively. In a way to
ensure that this set points Q is well representative of “any” given location of the considered area,
a minimum of 50 by 50 nodes has been used for the computation in the present study.

2.3.1 Histogram construction
All types of statistical distribution of the shortest distances between polygonal or lineal

objects and individual points m (set IMI ) or all map points g (set @ ) are represented on frequency
histograms, which construction is done using the following technique: the amount of intervals

equals\/ﬁ, with N the number of points, and the size of interval equals

% = (P = Prin) [N, (2.22)
with p max and pmin  the maximum and minimum distance from any nearest object, respectively
(Gmurman, 2003). For convenience we will round off n; to its whole part value. Each point m or
g can be characterized by its shortest distances to neighboring ellipses and segments. The
number of points lying in each histogram interval is normalized by the total number of points N,
which gives the histogram of probabilities of any point hitting in the interval set. The
corresponding histograms can be approximated by functions Fx(p) and Ux(p) for all map points
g and Fz(p) and Uz(p) for individual points m, where F and U refer, respectively, to the shortest
distance between points and ellipses and between points and segments (see Appendix B for more
details).

2.3.2 Model description: Entropy and Information
The entropy H of a discrete random variable Xe with possible values {Xi, ..., Xy} may be

expressed with probability density function Fx(p):

H(F) =— ™ P(F)log P(F,;), 0 < H(Fx) <109 (2.23)
and with
W, =1-H(F,)/log N (2.24)

the redundancy factor, given that 0 <Wg <1 (Shannon, 1963).
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The use of the entropy parameter allows classifying models under the information they
contain. The more the entropy decreases, the more the possibilities to place individual points
decrease and the more constrained is their location with respect to the cartographic objects
(ellipses and segments). On the contrary, the more the entropy increases, the more the
possibilities to place individual points increase and the weakest is the statistical relationship
between the respective positions of objects and individual points. Such feature can be observed
on figure 7, where the entropy value is given in function of the number of objects constituting
the map layer. Figure 3 displays examples of contrasted map configurations. If considering the
synthetic model “MIN”, it is obvious that, due to the very high density of ellipses, a limited area
is still available to distribute the individual points around the geometrical objects; such a
configuration thus presents the “minimum number of possibilities” and gives a very low entropy
value (1.804; out of scale on figure 7). An inverse situation is shown by the “MAX” synthetic
model which offers a rather large area available to distribute the individual points and which is
thus characterized by a high entropy value (7.241; cf. Figs. 3 and 7). These deductions that can
easily be made from the simple graphical analysis of the two end members configurations of
figure 3 is more tough to do for the four other map configurations and the calculation of the
entropy parameter is thus very useful in such cases. This point will be exhaustively discussed

below, in part 5.

—==H(Fx)ellipses, Ge= 1 B Models A/C, ellipses
—*—H(Fx)ellipses, Ge <<l ® Models B/D, ellipses
H(Ux)segments, L.=3000 Models A -D, segments

0 20 40 60 80 100 120 140 160 180 200 220 240
number of objects

entropy
S = N W A L & =1 oo
1
~
|
[

Figure 7. Relationships between the entropy value and the number of objects — black curves for
ellipses and the grey one for segments — calculated from direct modeling results. For randomly
distributed ellipses (Ge = 1) and for segments, the entropy clearly decreases with an increasing
number of objects placed on the map. For a clustered distribution of ellipses (Ge <<1), the
entropy value is systematically higher and is also more stable. Individual values calculated for
each of the «example» models displayed on figure 3 are plotted on the graph.

3. Definition of Anomalous Spatial Distributions
Before to question the constraints on input conditions it is necessary to clearly define

what can be actually considered as an anomalous spatial distribution of points around objects.
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Certain map configurations permit to unambiguously graphically determine that the spatial
distribution of points of interest is controlled by the one of the surrounding geometrical objects
on the map, but for others configurations, statistical parameters calculation is necessary if one
wants to highlight such a control. Moreover, even if obviously recognized, one would often need
to quantify the strength of the control of the cartographic objects on the location of the points,
i.e. the strength of the spatial distribution anomaly. To clarify whether the definition of position
of individual points around objects is controlled by the proximity with these objects or fully
random through the considered area, techniques of comparison of two probability distributions is
used to compare expected locations of points of interest (the probability distribution of all map
points, represented by the @ point set, around objects) and the empirical ones (the output
probability distribution for individual points). Such techniques are known as the “distance
distribution methods” formalized by Berman (1977).

3.1 Test methods of statistical hypotheses
The theoretical model of distance distribution method is based on looking at the difference

between expected (distance distribution between each objects types and all maps’ points) and
observed or empirical distribution (distance distribution between each objects types and another
set of points, like deposits) (Berman, 1977).

To answer what can be actually considered as an anomaly of spatial distribution, we will
firstly define an aspect of function built according to random normal distribution, i.e. randomly
define positions of points with respect to other objects. For this purpose we will count the
shortest distances from each point to neighbor objects, on the surface limited by the studied area
(cf. Fig. 1c), by taking an example of ellipses e from set IE. Using the rule of histogram
construction presented above, two density probability distributions Fx — expected (for density
probability distribution of all points g spatial locations on the map), and Fz — output (for density
probability distribution of individual points m spatial locations; see Fig. 6).

Different statistical tests exist to define the value of a statistical distance between the given
distribution and the expected one and such tests can thus be used to define the anomaly existence
(Appendix C). The first statistical test is used to define significant distinction between
mathematical expectances of two probability distributions (Kendall et al., vol.2, 1979). The
second is the Pearson’s y? used to define significant similarities between theoretical — normal
distribution law — and empirical probability distributions (Chernoff and Lehmann, 1954; Placket,
1983). The last one is based on the Kullback-Leiber Dk, distance calculation (Kullback and
Leiber, 1951), showing how one discrete probability distribution differs from another one (see
Appendix C for details).

3.2 Different cases for anomaly recognition
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Figure 8 shows four simulated cases outlining the relation between expected and
empirical distributions (Carranza, 2008).
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Figure 8. The discrepancy in between two normal law distributions can be classified using two
parameters: the mean (x) and standard deviation (o) values, which leads to four distinct cases:
a) same u and different o, b) different xand same o, c) different xand o, d) similar ¢z and o.
Parameter values corresponding to each curve are given in the table (see text for details on the
equation used). For each of the four cases, the Kullback-Leiber distance Dy, and the Pearson’s
;gzvalues are given to compare the F (expected) and F; (output/observed) distributions.

In the case (a), functions Fx and Fz present a similar type of distribution law with
identical samples mathematical expectances but different sample variances. In this case, it is
impossible to confidently decide the presence of statistically significant difference because the
result of the Pearson’s XZ is not guaranteed and the value of Dy (Fx, F7) is small (Fig. 8a). In the
second case (b), the functions Fx and F; have also a similar type of distribution law, but different
sample mathematical expectances with comparable sample variances; in that case it is possible to
confidently talk about the presence of a statistically significant difference as the result of the
Pearson’s Xz test is almost negative and the Dk, (Fx, F7) attains high values (Fig. 8b). The third
case (c) may be considered as the optimum one; functions Fx and Fz have different appearances
as well as for their sample variances and mathematical expectances. In that case, the result of the
Pearson’s x> test is clearly negative and the Dy.(Fx, Fz) has intermediate values. As the

distinction between the cumulative distribution functions plays a crucial paper for the prognosis,
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the kind of situation displayed on figure 8c is the better expected. At last, the fourth case (d) is
characterized by a coincidence of the empiric and expected distributions as the parameters of
distributions are comparable; result of the Pearson’s ¥ test is clearly positive and the value
Dk (Fx, F2) is negligible (Fig. 8d).

3.3 Role of the geometrical structure of objects on the determination of spatial distribution
anomalies
As shown above, different statistical techniques can be used to highlight spatial

distribution anomalies by measuring difference in between the expected Fx and output/observed
F, probability distributions. However, analyses of results from direct statistical modeling show
that the geometrical configuration of map layers — either of linear or surface type — do not always
offer suitable conditions for highlighting such anomalies. Results of the different tests are
detailed below for both cases of ellipses and segments.

3.3.1. Influence of ellipses spatial distribution on the recognition of point sets distribution
anomalies
In a way to study the influence of ellipses’ map geometrical configuration on the level at

which anomalies of points of interest spatial distribution could be highlighted, we propose here
to express the expected distribution for all map points Fx(p), empirically calculated from the map
data, using a theoretical approach which leads to the definition of the theoretical expected
distribution law Fx’(p).

In our case, the empirical way for computing the expected distribution Fx(p) consists in
calculating the shortest distance between any point of the map and the set of ellipses. On the
other hand, the theoretical way can be detailed, as following.

If considering a random distribution pattern of a point set, in two dimensions, Clack and
Evans (1954) show that the expected mean distance in between points can be expressed by

p, =1/ (2/5;), (2.25)
where o is the density of points. In the present study, a similar approach can be applied to study
ellipses spatial distribution, considering ellipses centers as points and adding the corrections
needed to take into account the spatial extent of such objects. The expected mean distance in
between ellipses centre points is thus also given by (2.25) (Clack and Evans, 1954). The
corrections needed to adapt the equations of Clack and Evans (1954) to the case of ellipses is

done subtracting two R, the “average” radius of ellipses to p,, , i.€.
15E :pex_z'ﬁe’ (226)

where the “average” radius of ellipses (equal to M) is obtained by (2.11). Using all the
preceding equations, the relationship between the number of ellipses and the average distance
between them can be defined as following (Fig.9a):
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Ne = p:°S(0.5—/p/ 7)? (2.27)
The above given calculation of the average distance between ellipses e is based on the first
moment definition of a Poisson type spatial distribution of ellipses through the studied area and,
therefore, equals the mathematical expectance of the shortest distances theoretical distribution
Fx’(p) of all map points around ellipses. However, as its expression depends on the total surface
of the map area, the equation given above is not convenient for applications in the frame of
natural case studies. In a way to give more “universal” curves it is more convenient to consider
here the average radius of ellipses which depends on the percentage of area p occupied by
ellipses, which gives its relationship with the average shortest distance of any given point to the
neighboring ellipses of the map (Fig. 9b):

Q =2 2
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Figure 9. Relationships between the mathematical expectances of expected distributions

M[Fx(p)] and: (a) the total number of ellipses Ng (for a proportion of the surface occupied by
ellipses p= 5%) or (b) the average surface of ellipses value (for contrasted p values, from 2 to
40%). Values have been calculated using both a theoretical way or results from computed direct

models (cf. continuous curves M[F’x(p)] and individual dots M[Fx(o0)] on the graphs,
respectively). For a minimum number of ellipses Ng = 20, theoretical and empirical curves well
follow common trends.

This study shows that the theoretical approach proposed by Clack and Evans (1954), in
the case of point sets analysis, can well be adapted to the case of set of ellipses analysis. Indeed,
for the same input parameters, the mathematical expectances M[F,] and M[F 4] of the respective
empirically calculated F« and theoretical F’x expected distributions, follow common trends as
shown on figure 9a and 9b. For any given map configuration with a random distribution of
ellipses, the average value of the expected distribution of points around ellipses can thus be
theoretically calculated from the only one p — percentage of total area occupied by ellipses — and

5_ —average surface of ellipses — parameters as displayed on the abacus of figure 10a.

For a given mathematical expectance of a fixed input distribution M[Fz], the limits of §_

may be considered as

Se >S, >M[F, T/ (y1/ (4p) -1/ z)? (2.29)
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(with further condition of S, <0.02-S.) as i) the average surface of ellipses must be lower than

the total surface of the area and ii) the number of objects must be high enough to use normal

distribution laws.
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Figure 10. Determination of optimal geometrical configurations allowing highlighting
spatial distribution anomalies around ellipses. Abacuses show the relationships between the
mathematical expectances of expected distributions M[Fx], average surface of ellipses Sg and
the proportion of total ellipses surface p, for: (a) randomly distributed ellipses (Ge = 1) and (b)
clustered ellipses (Ge = 0,5). As explained in the text, mathematical expectances of the
output/observed M[Fz] and expected M[Fx] distributions must be contrasted if one wants to
highlight any potential distribution anomaly attached to the considered ellipses. For a given
M[Fz/ value (2.5 in the current example), a “decision area” can be drawn on the graph, where
M[FZ] is much higher than M[Fx/, a “risk zone” can be considered where M[F7] is slightly
higher than M[Fx] and a zone where no anomaly could be highlighted can be traced where
M[Fz/ <M[Fx]. Values corresponding to the direct model maps exhibited in figure 3 are plotted
on both abacuses and given in table (c).

The abacus diagram shown on figure 10a can be used to determine if an anomalous
distribution of the points of interest around ellipses of the map could be detected or not. Indeed,
as shown above, the recognition and definition of an anomalous distribution is highly dependent
on the difference between mathematical expectance values of the expected Fx and the output F
distributions. If considering a M[Fy] value of 2.5 (=M[F]), as could be calculated from a given
map geometrical configuration, a distribution anomaly of the points of interest can be strictly
defined if M[F,] > M[F,] = 2.5. Practically, such an anomaly could be unambiguously detected if
MIF.] > 4.0 but only recognized with a certain risk if 4.0 > M[F,] > 2.5. As shown on figure 10a,
for a given M[F,] value, these inequality relationships allow constructing a “decision area”
(unambiguous recognition of an anomaly), a “risk zone” and a zone with no anomaly recognition
permitted on the abacus.

The abacus displayed on figure 10a has been built considering a random distribution of
ellipses objects on the map. However, in a real situation, the distribution is rarely random, nor
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uniform, and the more common case is rather a clustered distribution. To acknowledge whether
the spatial distribution of the ellipses is of clustered, or group type distribution, the following
group factor can be calculated (2.7), the above inequality relationship can be expressed as (Fig.
10b):
Sc >S, >MI[F, T/ (; 1/ (4p) -(1/GE)—M)2 (2.30)
Abacuses in figure 10 can thus be used to verify if a given geometrical configuration of
ellipses (average surface of ellipses and percentage of total area occupied by ellipses) can permit
to highlight distribution anomalies of points of interest on the map. This could be done checking,
in the abacus, the location of the representative point with respect to the tolerance curve as made
for the synthetic map models presented on figure 3. Four types of the models described earlier,
two for random and two others for clustered type distributions (see Fig. 3), have initial
parameters of ellipses geometries that satisfy the theoretical distribution mathematical
expectance M = 2.5 (Fig. 10), which means that anomaly distributions, if existing, could be
recognized in these cases.

3.3.2. Influence of segments spatial distribution on the recognition of point sets distribution
anomalies
As for the case of the set of ellipses, one could question the influence of the geometry of

segments on the ability of statistical parameters to highlight distribution anomalies of a set of
points of interest around those objects.

In contrast with ellipses, no theoretical approach can be applied or adapted to describe
the geometrical distribution of a segments set and the only one empirically calculated Ux
expected distribution will thus be used in that case. At least 1000 models have been computed
using the procedure and software presented above and empirical curves are constructed using
different geometrical direct models. Diagram of figure 11a shows the dependence of the
mathematical expectance for the expected distribution of shortest distances between points of
interest and segments against the number of segments. For the same reason as the one exposed
before, the mathematical expectance value M[Ux] can be expressed as a function of the average
value of segment length in a way avoid scale problems and to consider more universal curves.
Figure 11b displays an abacus view of the relationship between the average and the total length
of segments values and can be compared to the one displayed on figure 10 for the set of ellipses.
As for the ellipses, a “decision area”, a “risk zone” and a domain where anomalies can not be
highlighted can be drawn on the abacus, in function of a fixed M[Ux] value. As an example (see
Fig. 11b) for a case study where an average value M[Uz] = 0.9 is computed from the spatial
distribution of the points of interest around the segments, a minimum value of 2 is needed for

M[U¢], the mathematical average value for the expected distribution of any given point, if one
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wants to unambiguously determine that a spatial distribution anomaly exists and, thus, that the
spatial distribution of segments statistically controls the one of the point of interest. In a same
way as for the ellipses, a point can be represented on the abacus in accordance with the
parameters characterizing the geometrical configuration of the segments for a given map. Four
types of the models described in figure 3 have initial parameters of segments geometries that
well satisfy the mathematical expectance M = 0.9 (Figure 11b and 11c), which means that

anomaly distributions, if existing, could be recognized around segments in these cases.
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Figure 11. Determination of optimal geometrical configurations allowing highlighting spatial
distribution anomalies around segments. (a) Diagram showing the relationship between
mathematical expectances of expected distributions M[Ux(p)] and the number of segments. (b)
Abacus showing the relationship between the mathematical expectances of expected distributions
M[Ux], the average length of segments and their total cumulated length. As for the ellipses (cf.
Fig.10), a “decision area”, a “risk zone” and a zone where the segments geometrical
configuration does not allow highlighting spatial distribution anomalies can be drawn for a
given M[Uz(p)] value (2 here). Values corresponding to the direct model maps exhibited in
figure 3 are plotted on abacus (b) and given in table (c).

4. Statistical Tests on the Entry Conditions
Considering the analysis of a natural case, when one wants to use statistical inversion method to

compute forecast maps, one must know what the feasibility of a statistical inversion approach is.
This latter depends on the entry conditions given from the map configuration of the natural case
study: is the map geometrical configuration adapted to properly highlight anomalous distribution
of the points of interest? What is the minimum number of observation points needed to perform a
statistical analysis? Is the statistical approach sensitive on the quality of the mapping? These
fundamental questions are addressed in the three following parts. In contrast with the treatment
of natural data, where the input conditions are, a-priori, unknown, the use of direct statistical
modeling allows to give constraints on the entry conditions needed before to be thinking of

performing statistical analyses and modeling on data.

4.1 Test on the number of observed points of interest needed
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In a way to define a minimum number of individual observed points — e.g. ore deposits —
needed to confidently perform statistical analyses and subsequent predictivity map computations,
basic synthetic models have been computed, following the procedure detailed in the preceding
part 2. The direct statistical approach presented in this paper affords the opportunity to compare
the distribution of distances between points of interest and geometrical objects calculated from
the map (output distributions Fz(p) and Uz(p) for distance to ellipses and segments, respectively)
with the one injected in the model as entry conditions (Fy(p) and Uy(p)). If the output
distributions trends well fit with the ones of the corresponding input distributions, one can
consider that the entry conditions — i.e. map configuration, number and distribution of observed
individual points — are correct enough to perform an inverse statistical analysis and modeling
from initial data (for instance, compare curves of input and output distributions on Fig. 6a an 6b).
In a way to compare these couple of probability distributions, the Pearson’s statistical test has
been used (see procedure diagram on Fig. 12). The diagram on figure 12 shows the results
obtained from the computation of 10000 different models of type D, as presented on figure 3 (see
“Group small” type model). Whatever the standard deviation of the input function chosen, for
each synthetic map model obtained, the number of “observed” points of interest has been
progressively reduced from 40 to a minimum of 3. The comparison between input Fy(p) and
output Fz(p) function distributions shows that a minimum of 42 observation points is needed to
strictly reproduce input density probability functions from the map data analysis (Fig. 12). This
comparison also shows that, for this type of model geometrical configuration, 28 observation
points can be acceptable to carry out a statistical analysis, with a very acceptable probability of
80% to reproduce the input distribution through the output Fz(p) or Uz(p) calculated ones.
Nevertheless, one must keep in mind that the comparison depends on the parameters of the
distribution set. Having more than 40 individual points, it is possible to ensure with confidence
that the observed, output distribution will not differ from the input one, with a probability of
more than 95 %, at a significance level of 5 %. It is possible to take a smaller number of
individual points as well, however, the stability of theoretical (input) distribution parameters can

thus not strictly be guaranteed in that case.
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Figure 12. Test on the minimum number of individual observation points needed to perform
statistical analyses. Test has been performed on D type models (Group Small) of figure 3.
Comparison between input function Fvy(p) output calculated function Fz(p) distributions shows
that a minimum of 28 individual points of interest m is needed to get chance to recognize input
theoretical density probability function through the calculation of the output distribution, from
the result maps of the direct modelling.

4.2 Test of the model stability with respect to the quality of the cartographic data
Before to initiate a statistical analysis of a given area, and an eventual predictivity

modeling based on cartographic data, one must question if the quality of the available data is
good enough to analyse and statistically quantify the spatial relationships in between the points
of interest (e.g. deposits) and the cartographic shape objects. One of the basic applications of
direct models computation is to define its stability depending on the initial parameters; here the
robustness of the system is tested with respect to “missing” cartographic objects. In other words,
it is necessary to define the maximum possible number of missing objects, from a starting
cartographic configuration, so that the restoration of the input functions of density probability
distributions Fy(p) and Uv(p) is still possible through the computation of Fz(p) and Uz(p),
respectively. During this computation process, the stability of the distribution algorithm of
individual points is also checked.

The logic of these statistical tests consists in i) constructing an original synthetic map
model with a set of given initial parameters (see part 2.1), ii) checking if the object distribution
obtained is convenient for a statistic analysis or not (see part 3.3) iii) distributing points of
interest through the map area, following a given input distribution function (see part 2.2), iii)
removing, stage-by-stage and in a random way, a fixed number of cartographic objects (ellipses
or segments) from the original synthetic map and iv) for each of the preceding stages, checking
the difference between the output density probability distributions of individual points m around

ellipses F’z(p) and segments U’z(p) calculated for the new map configuration with respect to the
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original output distributions Fz(p) and Ugz(p). Comparison in between the probability
distributions is made at a significance level o, using different statistical tests (see Appendix B).
Example of such a test is displayed on figure 13. From an original synthetic map model, with
points of interest dispersed over the map (Fig. 13a), a stage where 6 ellipses (on an original total
of 20) and 13 segments (on 47) are removed is shown on the map of figure 13b. As for each
stage during computation process, “new’ output and expected distributions, named “modified”
F’z(p), F’x(p), U’z(p) and U’x(p) are calculated and compared with the corresponding “original”
distributions corresponding to the map configuration displayed on figure 13a (see %2 calculation,
Fig. 13c and 13d). Finally, with all the run of computation compiled, it is possible to determine
a limit of a maximum number of the missing objects (ellipses or segments) which allows

performing the statistical analysis from cartographic data.
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Figure 13. Workflow for performing tests on the quality of entry map data set required to
perform statistical analyses, i.e. on the maximum acceptable number of “missing” objects from a
given original cartographic configuration. Tests have been performed on type D models (cf.
Fig. 3). (a) Map geometrical configuration of the original model. Statistical entry parameters
used for the computation of this model are given below the map. (b) Map geometrical
configuration of the same model, modified after 6 ellipses from 20 and 14 segments from 47 have
been randomly removed from the original sets. (c) Comparison of the output F; and expected Fx
probability distribution functions for ellipses, in between the original and the modified
configurations. (d) Comparison of the output Uz and expected Uy probability distribution
functions for segments, in between the original and the modified configurations. Distribution
functions are compared here using y? Pearson'’s.

4.2.1 Test of the model stability with respect to the number of missing ellipses
To define the minimum number of samples of ellipses ¢ needed from an original set E,

models of two types of distribution A and B are chosen (Fig. 3). Indeed, such cartographic
models have enough cartographic objects (ellipses and/or segments) to perform reliable statistics.
Following parameters are fixed for the initial direct model computation: the total area of the
study zone S =40000, the total number of segments N_ = 200, the total length L = 3000 of

segments and the percentage of the area occupied by ellipses with respect to the total one p=5%.
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In that frame, several (more than 10000) run of cartographic model computation have been
performed for an initial number of ellipses varying from 20 to 400 (by steps of 20). For each
original model, the maximum numbers of removed, or missing ellipses for which the input
distribution is statistically indistinguishable from the output one, are empirically defined
(Fig. 14). Two different statistical tests can be applied here. The Pearson’s 2 test (applied at a
level o = 0.05; Fig. 14a) compares the global trends of both distribution functions. Only the
models for which this test is positive (i.e. F’z = F;) are plotted on the diagram of figure 14a with
the percentage of missing (or removed) ellipses given versus the number of ellipses within the
original map model.The second test compares the mathematical expectances of both distribution
functions M[F’z] and M[F]. Models for which this test is positive (i.e. M[F’z] = M[F;]) are
plotted on the diagram of figure 14b. As shown on figure, acceptable percentage of missing
ellipses are lower in that case, for the same given number of “original” ellipses, as this test is
much more restrictive as the Pearson’s %> one; these values could thus be regarded as the
lowermost possible ones. The calculated curves show a continuous increase of the possible
missing proportion of ellipses with increasing number of ellipses within the original map models.
They also display a non-linear feature, with maximum curvature in the interval 10 to 80 ellipses

for original models.
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Figure 14. Results of the tests on the quality of entry map data set (10000 models). Situations
where the output distribution function F’z(p) of the modified model is similar to the one - Fz(p) -
of the original model configuration are plotted on diagrams (cf. black dots) showing the number
of “missing” ellipses in function of their original number. Tests have been performed on type A
«random normal» models (cf. Fig. 3). (@) Comparison of the two distributions using the
Pearson's y? test at a confidence level of a = 0.05 (Test 1, cf. Fig. 15a). (b) Comparison of the
two distributions based on their mathematical expectances at a confidence level of o = 0.05
(Test 2, cf. Fig. 15a). Diagrams show that when the original total number of ellipses increases,
the maximum proportion of missing objects that can be accepted also increases. For a low
original number of ellipses, about 15% of “missing” ellipses can be suitable. For others most
favorable cartographic configurations, up to 30-40% of the polygonal objects could be missing
or badly mapped (see text for further explanations and discussion).

All the models considered above and displayed on figure 14, are of type A models with a
random spatial distribution of ellipses (Gg = 1). Figure 15a compares the stability of random type

models (dashed lines) with respect to clustered or group type models (Gg << 1; solid lines) for
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the two alternative statistical tests presented above. These curves show that a group type spatial
distribution of ellipses may be less constrained than a random spatial distribution, with at least
5% less of the maximum missing objects needed to restore the input function at the same

statistical significant level.

4.2.2 Test of the model stability with respect to the number of missing segments
To define the minimum number of samples of segments | needed from an original set L,

models of an intermediate type in between A and C (see Fig. 3) are chosen. Following
parameters are fixed for the initial direct model computation: the total area of the study zone
S =40000, the total number of ellipses Ng = 200 and the percentage of the area occupied by
ellipses with respect to the total one p=5%. Three values are chosen for the total length of
segments: LN1= 500, LN2=2000 and LN3=50000. Then, for each original model with a different
number of segments, the corresponding minimum and maximum number of the missing segment
objects for which the input distribution is statistically indistinguishable from the output one, are
empirically defined (Fig. 15b). Figure 15b presents the calculated linear curves showing the
number of missing segments against the total number of segment in the original model. This
parameter varies from 20 to 650 and curves show that more percentage of segments can be
missing to restore the initial input function when the number of segments is initially higher. It
may be noted that the smaller number of segments is, the larger will be the number of individual
points around each segment, and the higher will be the influence of each segment on the location

of individual points.

The two preceding paragraphs show that, even if the quality of the available cartographic
data is not optimal, a statistical analysis and further predictivity map calculations can
nevertheless be considered. Even in the worst conditions, i.e. few ellipses with a group type
distribution through map or few segments with rather limited lengths, about 10% of the
cartographic objects can be “missed” on the input map data. Such a situation could occur using
preliminary exploratory field results, for instance, map documents where lithologies of
geological units could have been wrongly interpreted, ancient cartographic documents or
availability of map document sources with a lower resolution as the one wanted for the studied
zone (and with the smallest map units non represented on the map). In “better” map
configuration conditions, the “missing” cartographic objects can attain up to 30% or even 40% of
the original number of shape objects while maintaining stability of the statistical information

extracted from the data set.
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Figure 15. (a) Comparison of the two types of statistical comparison tests performed on
the original Fz(p) and “modified” F’z(p) distributions of shortest distance around objects in the
case of missing ellipse objects. Comparison is made for type A «random normaly and type B
«group normal» models (cf. Fig. 3). (a) Test 1 (Pearson's y? test at a confidence level o = 0.05)
applied for random or cluster type distributions of ellipses. Test 2 (comparison of mathematical
expectance at a confidence level « = 0.05) applied for random or cluster type distributions of
ellipses (Models type A - RANDOM NORMAL: Gg = I; Ny = 50 - 200; Models type B - GROUP
NORMAL: Gg << 1; Ny = 50 — 200).(b) Results of the tests on the maximum acceptable number
of “missing” segments from a given original cartographic configuration. Comparison Oof
mathematical expectances for the output distribution of points of interest around segments for
the original map configuration Uz(p) and for the modified map configuration U’z(p) (Test type
2; confidence level « = 0.05). Models types used: A/C - RANDOM NORMAL/SMALL: Gg = I;
Np = 50 - 200; L =500 — 5000.

5. Layer Classification Using Entropy
When one wants to combine data for statistical analysis and predictivity mapping

computation, layers containing certain different types of objects may have different importance
levels in the statistical control on location of the points of interest set and problems often arise
when one has to adjust the weight factor values of each layer parameter considered. As already
shown in part 2.3.2., the entropy is strongly related to the geometrical structure of the map
scheme and to the type of the spatial distributions of objects (Fig. 3). The calculation of the
entropy parameter thus allows classifying map layers in regard to their geometrical
configurations. Figures 10c and 11c obviously display that, as the entropy value of a given layer
increases, so does the mathematical expectance of the expected shortest distance distribution, for
any point of the map, around the cartographic shape objects; consequently, as the entropy value
increases, more possibilities exist to highlight spatial distribution anomalies and a certain control
of the objects of this layer on the location of the points of interest.

Here, we propose to define a kind of universal type process to quantify the relative

importance, i.e. the weight values in the predictivity map computations, of each individual layer
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considered, based on the use of the entropy value calculation. If no other specific geological
information could be attached to map geometrical objects, entropy can be used to classify layers
by their importance order.

Let’s consider a case where a density function (input function) is fixed for the spatial
distribution of points of interest around a certain type of map shape objects. As shown above in
part 3.3, the capacity to highlight that an anomaly distribution effectively exists around these
objects — i.e. that the output observed distribution function can be clearly distinguished from the
expected one — directly depends on their cartographic configuration (density, size of objects,
cluster factor, etc) and, thus, on the associated entropy value (cf. part 2.3.2). In the same way, the
cartographic configuration also influences the ability to correctly describe the input probability
density function through the calculation of the output one (cf. density function empirically
calculated from the cartographic individual points and objects data; cf. part 4.1).

We aim here at fixing limits on cartographic geometries — using the associated entropy
value — for favorable, unfavorable or “risky” conditions for recognizing and quantifying
distribution anomalies. For this, a joint comparison of output and expected distribution functions,
on one hand, and input and output distribution functions, on the other, is done. Indeed, as far as
the difference between the output and expected distribution is strong enough, a distribution
anomaly can clearly be defined and quantified even (see Fig. 7 and 8). In contrast, when the
difference in between those two distribution functions approaches the one calculated between the
input and output distributions (cf. estimation error due to the cartographic configuration) it is
absolutely impossible to define any spatial distribution anomaly and to argue that the location of
the points of interest could be controlled by the objects of this considered layer. The Kullback-
Leiber distance is used as statistical variable to define the difference between the two couples of
functions (Kullback and Leiber, 1951). Moreover, to resolve a scale problem, it is possible
to use the redundancy factor defined as: W = 1 — Entropy / (Maximum Entropy), which is a
modified form of the entropy value.

Results are shown on figure 16 for two distinct and fixed input distribution functions:
fn(p; v=1.5,6=2) on figure 16a and fy(p; v=1.5,6=4) on figure 16b. Diagrams display the
Kullback-Leiber distance (Dk.) against the redundancy factor W values calculated for comparing
expected and output functions (black dots) and input and output functions (gray dots) with the
two corresponding regression curves (Fig. 16). Statistical tests done from direct statistical
models show that, for the same input distribution, the Dy, value characterizing distance between
output and expected distributions (dark curves) decreases when the entropy decreases or as the
redundancy factor increases (Fig. 16). The second clear curve refers to the difference between

the input and output distributions. Usually, it is not possible to take into account absolutely all
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features from all layers and for this reason, part of the objects may be falsely used for
calculation, and output distributions may be biased with respect to the input distribution
(Fig. 16). For example, a set of granites with the same age is used, but different in origin, such as
granite type A or S and if the granite type A is related to the mineralization, the granite type S
will bias statistical results. Statistical tests show that the more dispersed the input distribution is,
the bigger the difference between the input and output functions is (Fig. 16). The critical value
of redundancy factor Wcgr will equal the intersection between the two curves (Fig. 16). Under
this condition and for the given entropy value of this layer, the difference Dk, between input and
output distributions equals the Dy, value between expected and output ones, where it is
absolutely impossible to say if the position of individual points is controlled by the objects of
this layer. The next limits are defined using Pearson statistical tests; for each input and output
distributions, Winput and Woygpye Values are determined such that the difference between each
function and the corresponding expected one is negligible (see curves corresponding to 2 tests
on Fig. 16). For enough number of objects, Woumput > Winput; 1ayers with a redundancy factor value
lying in the interval Woypu < W < Wcg can be classified as “high risk” configurations, those
whom Winput < W < Woygput, @s “risky” configurations and those whom W < Wi,y as favorable
configuration for the considering layer. These values depend on parameters of input function and

can be calculated in an empirical way (Fig. 16). For the input function fx(p, p= 1.5, o =2), the

critical Wcg value is 0.54, and for fy(p, u=1.5, c =4), Wcg is 0.41. As a consequence, layers

with W above Wk are absolutely useless for statistical analysis in these cases.
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Figure 16. Determination of the strength of spatial distribution anomalies. The Kullaback-Leiber
distance value is given as a function of the redundancy factor W — i.e. modified entropy value —
for both output/expected and output/input couples of distribution functions. Difference in
between Dy, (expected,output) and Dy (input,output) values increases with decreasing W, i.e.
with increasing entropy value which means that the anomaly attached to the corresponding map
geometrical configuration becomes more obvious with increasing entropy. Graphs (a) and (b)
correspond to two distinct input distribution functions. Determination of the critical redundancy
values W, and of the relative ranks between distribution anomalies is discussed in the text.
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6. Discussion
This study details a technique to classify data sets of objects of polygonal and linear

forms using their geometrical properties, density and types of spatial distribution (from uniform
to group). Through this approach one can also classify map geometrical configurations by
statistical probability revealing significant influences of these object sets on the positions of
individual points using the concept of entropy calculated for a given layer. The technique is
based on the comparison of two probability distributions: the expected distribution of any point
in the studied area around objects and the observed, output distribution of individual points of
interest. This comparison allows judging the presence or absence of dependences between spatial
geometrical configuration of objects and the location of the individual points of interest (the
position of individual points is characterized through the calculation of their shortest distance to
shape objects). For some map geometrical configurations, the expected distribution characterized
for any given point of the map can be reduced to a noisy effect induces by the definition of the
input conditions. So, even with a high density and an enough number of objects, the expected
distribution function cannot be unequivocally used to assert whether the revealed observed
distribution is a consequence of natural or artificial process, or is exclusively caused by a large
number and density of objects. Thus, in such cases, the expected and observed distributions will
be indiscernible on the set of significance level. In contrast, if a map configuration presents a
rather high entropy value, output and expected distribution function can present strong
differences; if so, the anomalies will be revealed and quantitatively accessed by various
statistical tests, such as the Pearson’s test for parametrical distributions, or the Kolmogorov-
Smirnov test for nonparametric ones.

In this study the first important consequence of utilization of synthetic direct model
computations lies in the definition of a kind of noise level from which the observed distribution
will be more probably a consequence of natural processes rather than casual ones. Using
synthetic models, both theoretical and empirical ways have been used to calculate the
dependence of the mathematical expectance of the expected distribution on the objects
geometrical parameters, i.e. their density and type of spatial distributions. In the frame of an
inverse problem resolution on a natural case study, this particular technique permits to rapidly
validate or invalidate the feasibility of anomaly determination for a given layer, or to also adjust
the size of the considered area where they are distributed.

Second, the approach detailed in this paper allows defining the minimum number of
individual observation points necessary to perform a statistical analysis at a significant
confidence level: surprisingly, it comes that, whatever the scale of the study case considered, for

a clustered configuration of the ellipses shape objects, a strict minimum of 28 individual
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observation points may be sufficient to carry out a statistical analysis. In that case, the observed
output distribution will not be much different from the input one with a probability of 20% that
the initial distribution will not strictly reproduced. A minimum of 42 individual points is needed
to ensure with a probability of more than 95%, at a significance value of 5 %, which observed
distribution will not differ from the initial input one.

Then statistical tests performed on statistical direct modeling results point out the
minimum quality of the cartographic data required to perform statistical analysis. It comes out
that, as the original “input” number of cartographic objects increases the percentage of objects
that can be missed to recognize input probability function through the calculation of the output
one increases according to the nonlinear law for object type’s ellipses and linear law for
segments. It is also shown that if the objects display a group type spatial distribution, a smaller
number of objects is required to reveal the input distribution.

Finally, the treatment of results coming from direct modeling shows that a new method
based on the calculation of the entropy value allows classifying the layers from a map data set,
taking into account the intrinsic geometrical map configuration of the shape objects and the
output distribution function calculated. Such a classification is a powerful tool to i) determine
which layers of a data set can be considered for statistical analysis ii) quantify the range value of
the spatial distribution anomaly associated with a particular layer and thus fix the relative weight
values to be used during predictivity map computation processes.

Taking into account the above results obtained from the direct statistical modeling
approach presented here, a six steps methodic routine can be proposed to prepare and classify the
data in the case of the treatment of a natural case study and with the objective to compute
predictivity maps based on the coupling between available data layers (Fig. 17).

At first, the geological, geophysical and geochemical data are divided into three kinds of
layers, by object types: polygonal, linear and points of interest (ore deposits). It is necessary to
note here that only those types of ore objects which can be regarded as a point on the scale of
research must be considered and that the importance of the deposit is not take into account here.
Further on, each type of the data is in turn divided into the layers containing the same family
objects, recognized either on their age, on their structure, chemical composition, etc.

The second step consists in defining the total study area. This can be defined: by some
geological structures extension which can limit the distribution of ore objects, by the area where
known ore objects are distributed, or by the area resulting from the overlap of the different layers
considered. However, for the latter case, it is necessary to only choose those layers which objects

can potentially influence positions of ore objects.
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The third step consists in checking if, for each layer, the map geometrical configuration
of its objects is adapted or not to highlight a potential control of these objects on the spatial
distribution of points of interest (i.e. to highlight spatial distribution anomalies). The
mathematical expectance for expected distribution of all maps point around objects is calculated.
Depending on the objects type and on the geometrical configuration of the layer, a point
corresponding to the case of the considered layer is plotted on an abacus such as the ones
displayed on figures 10a, 10b or 11b. Such abacus construction simply depends on the cluster
factor value for the ellipses objects, the percentage of the total surface occupied by ellipses p and
the average surface value of ellipses and must be adapted to the proper case of each map layer. If
the corresponding point lies within the “decision area” for the given expectance value, then, the
map configuration of the treated layer well allows highlighting a potential spatial distribution
anomaly associated with and the process can continue to next step. If the point lies outside of the
decision area, step two of the present routine can eventually be re-evaluated in a way to better
adjust the spatial extension of the study area. The third step also concerns the individual points of
interest; their number will be checked to well exceed 40 or a very minimum of 28 (cf. part 4.1
and Fig. 12). It is also possible to calculate cluster factor Gy for these point objects. In a case
where Gy = 1, i.e. for a total random distribution, it is most likely that objects are not related
with each other, or that the objects are not numerous enough. As it testifies that random spatial
distribution of individual points is strongly influenced by many factors, the contribution of each
individual one may be insignificant. In a case where Gy <<1, i.e. for a clustered distribution of
points, the less is this factor, the less is, most probably, the number of factors influencing
individual points position. Consequently, the less is Gy, the more important is the contribution of
each factor layer and the highest is the probability to restore input distribution laws.

In the fourth step, entropy value can be calculated to classify layers of objects (polygonal
or linear type). It has been shown that the highest is the entropy value, the littlest will be the
noise influence (i.e. the increase of mathematical expectance and dispersion of the expected
distribution for all map points around objects), and more significant will be the statistical
relationships in that case. On the other hand, if entropy decreases, the noise increases as well
and, even though statistical relationships would be significant between the points of interest and
the given map objects, this would certainly not be correctly highlighted from the statistical
analysis. For the given layers, a more detailed splitting in between objects is necessary, based on
additional parameters. The process finally results in the selection a set of layers with
high/average entropy value, each one playing a significant role in the distribution of individual
points.
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The fifth step in this method is necessary to classify the above selected layers by their
importance, or degree of influence, on the position of individual point. Entropy value of each
layer combined with the “quantification” of the anomaly, i.e. of the difference in between the
observed and expected reference distributions, give a rank value for each layer that can be used
when combining the different parameters for predictivity map calculation (see Part 5 for details).

The sixth and last step actually consists in the predictivity map calculation itself.
Different mathematical models exist to combine the considered parameter values but all are
based on an ordination of the influence of each parameter. Instead of classifying a-priori the role
of each layer parameter considered, the process presented here allows determining this

classification from the only one statistical analysis of the given parameter in a natural case study.

| Step 1: Split into layers. (Fig. 1)

Polygonal objects: Linear objects: \

- Intrusions - faults and shear zones —

- metamorphic rocks - axes of maximums of horizontal Points: .

- sedimentary rocks gradients of potentional fields - ore deposits
- Bouguer anomalies - borders of ,,gzeophysical” blocks etc

- Magnetic anomalies etc. l

\(Step 2: Define the total area for statistical analySJS
k Define basic parameters for each layer (Fig. 1)

Polygonal objects: - -
- the total surface of objects Sg Linear objects: )
and percentage of the total area p - the total length of objects L C
- the number of objects Nz - the number of objects Ny,

- the average surface of an object S, - the average surface of an object Lg

- the cluster fuctor G
Step 3b: Check number of points
Nu= 307 (Fig. 12)

ndividual points:
the number of points N, w

Step 3a: Check basic parameters
Calculation Mtheory and Mempiric
Mtheory = Mempiric? (Fig_ 10, 11)

if NO ifNO

ifYES if YES

Step 4b: Calculation the shortest
distances from individual points
to objects for each layer (Fig. 7)
- define output distribution

Step 4a: Calculation Enropy H for each layer
Classification layers using entropy H and
mathepatical expectance M (Fig. 3, 4, 10, 11, 15)
- define expected distribution

Step 5: Classification layers
using Entropy and Dy (Fig. 8, 16)

Figure 17. Proposition of a chart flow for the treatment of multi-layers natural case studies for
predictivity map calculations. Based on the results obtained from the direct statistical modeling
presented in the paper, methodic rules are given for i) identifying layers presenting suitable map
configurations for highlighting spatial distribution anomalies, ii) determining the minimum entry
conditions necessary for statistical analysis, as discussed in the text and iii) classifying layers, in
function of the strength of the anomaly associated with, to compute predictivity maps.
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7. Conclusions
A new direct statistical approach developed in this paper allows creating automatic map

models controlled by several input geometrical parameters on polygonal (representing map
geological units), lineal (representing faults or shear zones) map objects and their spatial
relationships with points of interest (representing locations of ore deposits). This method is
essentially based on distance distributions analyses but other parameters may be used as
variables, such as the size of objects, their alignment, etc. By definition, input probability
distribution functions are known as entry conditions for the models. Comparison between these
distributions and the one empirically calculated from the map models obtained allows testing the
stability of the calculation of the statistical parameters used to highlight spatial distribution
anomalies in regard with the map geometrical configurations. In this paper, techniques of
comparisons between two probability distributions are tested in a way to propose a process
adapted to highlight anomalies of ore deposits around plutons or cartographic structures, for
example. It comes out from the study that the mathematical expectance comparison of the
considered distribution functions is a very good parameter to consider.

The statistical tests performed on the results from the direct modeling show that:

- for a given layer (polygonal or lineal objects), the map geometrical configuration can be
classified using the statistical entropy value calculation. This parameter value is linked with a
certain degree of freedom allowed by a given geometrical configuration (density of objects,
mean width, clustering, etc) for dispersing individual points, through the map, around objects,

- for a given map layer, one can determine, a-priori, if its geometrical configuration
allows highlighting a potential anomaly distribution of points of interest (e.g. ore deposits)
associated with this layer; i.e. if objects contained in this layer have a certain control on the
location of these individual points of interest. Different “universal” abacuses have been drawn
from the direct statistical modeling results; knowing the percentage of the total area occupied by
objects and their average individual surface if considering polygons or the total length of
segments and their average individual length if considering lineal objects, plot on the
corresponding abacus shows if anomalies could be highlighted i) confidently, ii) with a certain

risk or iii) not at all for the map layer considered,

- to perform a spatial statistical analysis on a given case study, the minimum number of
observation points needed to perfectly —i.e. at 95% confidence level — retrieve the input
statistical parameters through the output distribution computed from the map data is 42,

whatever the size of the area and, thus the scale study considered. Under certain dispersion
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conditions of objects, 28 observation points (cf. ore deposit indices) can even be enough when

considering a very acceptable 80% probability level,

- spatial statistical analysis of map data layers can be performed even if the map quality is
not at a maximum, i.e. even if the scale resolution of the data is not exactly adjusted to the one
expected for the study or even if some map objects have been missed during mapping or
assigned to the wrong map layer. Depending on the spatial density and clustering of the map
objects considered, 10% to 40% of the original number of cartographic objects can be missing
without much modifying the output distribution calculated from the points of interest spatial

distribution,

Finally, a computation process is proposed for analyzing and preparing data for
predictivity mapping exploration on natural case studies. The entropy is used to select the
favorable layers for a statistical analysis. This parameter value can also be used to classify these
layers in function of the strength of their control on the location of the ore deposits. In particular,
such ranking can be easily used to quantify the weight attributed to each layer during predictivity
map computation, i.e. during the combination of the individual score grids calculated for each
variable. At that stage, applications of the principles exposed in this paper should be applied and

test on natural case studies.

Appendix A: Variables used in the manuscript

Sets of objects:
S — the total studied area;
cellsizeX — the size of a cell along axis X;
cellsizeY — the size of a cell along axis Y;

I. The set of ellipses: & = {e1, €5...., en}, n = 1...Ng
Ne — the number of ellipses;
Sg — the total surface of ellipses;
p = Seg/S 100% - the percentage of area occupied by ellipses;

S. =S. / N (A.1)-the average surface of ellipses;

R .=, f S. / 7 (A.2) — the average «radius» of ellipses;

0z = Ng /(S /(cellsizeX -cellsizeY)) (A.3)— the density of ellipses per cell;
pe — the distance between any a specified ellipse to its nearest neighbor;
Pa = (Z p.) I Nz (A.4)-the mean distance between the center of an ellipse to the center of
the nearest neighbor one;
Pe =1/ (2@ )—2R, (A.5)- the mean distance between nearest neighbor ellipses expected
in an infinitely large random distribution of density J¢;
G: = p, ! p= (A.6)—the cluster factor;
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o, =0.26136/ JNS.  (A.7)- the standard error of the mean distance to nearest neighbor in

a random distribution of density Jg;
Ce =(P,—Pe)/ o, (A.8)-the standard variance of the normal curve;

The ellipse parameters V e € [&:

(Xe, Ye) —the center of ellipse coordinates;
a, b — semi axes of the ellipse;

o.— the azimuth of the ellipse;

Se — the surface of the ellipse;

Il. The set of segments: IL. ={ly, I5..., I}, n =1..N_

N_— the number of segments;
L — the total length of segments;

L =L/N_, (A.9)-the average length of the segment;

The segment parameters V | € IL:

(X1, y1) — coordinates of the segment beginning;
(X2, y2) — coordinates of the segment end;

S — the azimuth of the segment;

Li— the length of the segment I,

The set of individual points: M[ = {my, My...., mp}, n = 1...Ny

Ny — the number of individuals point;

oy =N,, /(S /(cellsizeX -cellsizeY)) (A.10)— the density of points per cell,

pm — the distance of any specified point to its nearest neighbor,

Pg = (me)/ N, (A.11)-the mean of the series of distances between a given point to it

nearest neighbor,
o =112, /ciM ) (A.12)- the mean distance to nearest neighbor expected in an infinitely

large random distribution of density o,
Gy =0z py (A.13) —the cluster factor,

¢y =(Ps —Pw) ! o,, (A.14)-the standard variance of the normal distribution,

o, =0.26136/ ,/NMéM (A.15) - the standard error of the mean distance to nearest neighbor

in a random distribution of density d;
The individual point parameters Vv m e M
(X0, Yo) — individual points coordinates;

IV. The set of all map points: @ = {qi, d,..., gn}, n = 1...Ng

No = (S - Sg) / (cellsizeXcellsizeY) (A.16)— the number of points;

Appendix B: Types of density probability distributions and their parameters
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I. Three density probability distributions for each layer containing objects (ellipses or

segments):

1. Expected: A real-random variable Xg (X.), the probability distributions
Fx(0) = P*((-o0, 7]) = P(X < p) (B.1), where
peD(q,e)=inf{r|vqeQ3ecE:d(q,e)<r,VeeE3dqgeQ:d(q,e) <r}(B.2)
- the shortest distance between elements of sets @ and & ( IL) (Hausdorff distance) (Cramer ,
1946);

2. Theoretical (input): A real-valued random variable Yg (Y.) — with normal law (Gaussian) of
distribution fy (o; 1,06%), the probability distributions
~(p-1)’

1 7
F (p:u,0°)=——-—1e 27 dp (B.3), where
/(03 1,0%) m/ﬂj p (B3)

1 — a mathematic expectance, ¢ — a standard deviation

K (o) = CP('OJ) =P(Y < p) (B.4), where
o

D(x) =1/ \/24: ey (B.5) — the Laplace function

p — the theoretical minimum distance between elements of sets Ml and [E ( IL);

3. Empiric (output): A real-valued random variable Zg (Z,) , the probability distributions
F2(p) = P#((-o0, p]) = IP(Z < p) (B.6), where
peD(me)=inf{r| vmeM3ecE:d(m,e)<r,veeEdmeM:d(m,e) <r}(B.7)

the shortest distance between elements of sets M and I& ( IL) (Hausdorff distance) (Cramer ,
1946);
I1. Histogram constructions
X1, ... Xp- sample of distribution some X. We will define splitting of a numerical
straight line: -o < gy < p1 < ... < g1 < px < .

Letn = Z?ﬂl{xje(pk,l,pk]}’i =1...k (B.8), number of the sample units which have got in an i
interval.

Then the piecewise constant functions F : R — R, which is looking like:

F(p)= n,pe(p_.pJ(B.9) is called as the histogram of sample Xy, ... X;. The function

h: R — R, set by equality:

F(o)=n1(nAg),pe(p,_ o] i =1..k(B.10), where
Ad, =p; - pi-1, i = 1.k (B.11)
is called as the normalized histogram, and (B.2) the shortest distance between elements of

sets @ and & (IL) (Hausdorff distance) (Cramer , 1946);
I11. Properties of density probability distributions

If X the continuous random variable:
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M[X]= J._z pdF, (p) (B.12) — the mathematical expectance ;

D[X] = M[(X — M[X])’] (B.13)- the variance;
The entropy H of a discrete random variable Xg with possible values {Xj, ..., Xne} With
probability density function Fx(p) is

H(F) =-> ™ P(F,;)log P(F,,), 0 < H(Fx) <109, (B.14)and whth

W, =1-H(F,)/logN; (B.15)
the redundancy factor, given that 0 <Wg <1 (Shannon, 1963).

Appendix C: Statistical tools used for comparison of two distributions

I. Comparison of statistical averages of two populations with known variances:
Whether the given statistical test allows define significantly distinction between
mathematical expectances of two distributions. If X and Z statistical populations of size N and M,

respectively X,Y —samples means, D[X], D[Z] — samples variances, Ho : M[X] = M[Z] — the null
hypothesis, Ho: M[X] # M[Z] — the competing hypothesis,
Z,,=(X-2)/{D[X]/n+D[Z]/n (C.1)
a random variable as testing criterion for the null hypothesis, a - significance level,
@, =(1-a)/2 (C.2)- critical point of the Laplace function, |Ze| < zer — there are no bases to

reject the null hypothesis, |Zo| > z¢r — the null hypothesis is rejected . (Kendall et al., vol. 3,
1983)
I1. Pearson's chi-square test:

Whether the given statistical test allows to define significantly distinction between two
distributions theoretical and empirical: Ho — the null hypothesis, that a random variable X

subjects to distribution law Fx(p) , P™™ — expected probability of appearance in an i interval,

P*™ - observed probability of appearance in an i interval,

ZZ — NZXEX ((Pitheory _ F)iemp)2 / Pitheory) (C3)

is the Pearson’s statistics.

The rule: If the received statistics surpasses fractile of the distribution law XZ at the set
significance level a with (k —p - 1) degrees of freedom, where k — the number of intervals, and p
— the number of estimated parameters of the distribution law (p = 2 for normal law), hypothesis
Ho could be rejected (negative response of the test). Otherwise the hypothesis could be accepted
on the set significance level o (positive response of the test) (Plackett et al., 1983)

I11. Kullback—Leibler distinction:
For probability distributions Fx(p) and Fy(p) of a discrete random variable X, Y the
distinction Kullback-Leiber is calculating as:

D (R, R) = ZPEY F () In(F (p) [ F, (p)) (C.4)

Distance Kullback-Leiber is never negative, and equal to zero only in the case when X=Y

«almost everywhere», where X and Y vary randomly with distributions of FX(p) and FY(p)
(Kullback et al., 1951)
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2 Conclusion

B PE3YIbTATC TMPOBCACHHBIX ABTOPOM  TCOPETHUYCCKHUX W OKCICPUMCHTAJIBHBIX
WCCIeIOBaHUM Ha OOJIBIIOM KOJIMYECTBE HCKYCCTBEHHBIX Mojensax (6omee 100000),
mpeangaraeTcs CleAyromas METOAUKAa CTAaTUCTUYECKOTO aHaiu3a TIeoJIor0-TeopU3NIECKUuX
JaHHBIX, JUISI TOCTPOCHMS TMPOTHO3HBIX KapT TpPH TMOWCKaX MECTOPOXKISHUH 30J0Ta

(Sterligov B.V. et al., 2009, 2010). MeToarKa BKIIIOYAET IIECTh MOCIIEAOBATEILHBIX ITAMOB.

Ha nepBoM sTarne reonorundyeckue, reopusnueckrie 1 reOXMMHYECKUe TaHHBIE, 110 popme
OPOEKIMH OOBEKTOB HAa T'OPU3OHTAIBHYIO IUIOCKOCTb, PAa3AESAIOTCS Ha TpU THUMA:
MOJIMTOHAJIbHBIE (OMMCHIBAIOIINE UHTPY3UBHBIE, MarMaTHUECKUE 00pa30BaHMs U Mp.), TMHEHHbIE
(cooTBeTCTBYyIOIIME Pa3phIBHBIM HAPYLICHHUSM U IIp.) M TOYEYHBIC (OTBEYAIONIHE KOOPANHATAM
IIEHTPOB 30JIOTOPYIHBIX MECTOpPOXKAeHH) (puc. 2.17). HeoOX0IMMO OTMETUTb, YTO JTAHHBIA BH/]T
CTaTUCTHYECKOTO aHajHM3a LEeJIeco00pa3HO MPOBOIAUTH TOJBKO B TaKOM MacuiTabe, B KOTOPOM
30JI0TOPY/IHbIE OOBEKTHI MOT'YT ObITh IPUHATH B KauecTBE TOUKH. Jlanee, KaKabli THI JaHHBIX
(MOJIMrOHAJIBHBIN, JTMHEHHBIN U TOYEUHBIN) B CBOIO OUEPE/lb Pa3JeIAeTCs Ha «IIapaMeTpUiecKue
CIIOM», COJEp’Kallhe OJHOTUIIHbIE OOBEKThl (OO Mo BoO3pacTy, JuOO Mo TUIy, JUOO IO
NPOUCXOXKACHUI0O M T.A.). Jlamee cTpouTcs Kapra KpaTdyalIIMX pacCTOSHUM 10 OOBEKTOB
napameTpuieckoro cios. [lomoOHBIM 00pa3oM ompenensieTcss HnapaMeTpUuecKui CIIoM Juis
KaX/I0ro Tula OOBEKTOB, IPUYEM BCE OHU HAaXOIATCS Ha OJHOW BbIcoTe H, KOTOpyIO
1enecoo0pa3Ho MPUHUMATh PaBHOM CpefHeil BhICOTE pernbeda 00JacTH uccieqoBaHus. Takum
o0Opa3oM, MOMOOHBIA BHI WCCIECIOBaHUS sBisAeTCS (akTuyecku AByXMepHbIM. OpmHaKo
UCTOJb30BaHUE  PE3YIbTaTOB  HMHTEpPHpETalMd  reoPU3UUecKUX  JaHHBIX, IO3BOJISIET
paccMaTpuBaTh NMPOEKLUUU PAa3HOITYOMHHBIX OOBEKTOB M HCCIEAOBaTh CTaTUCTUYECKHE CBS3H

M€CTOpO)KI[eHI/II\/’I 30J10Ta C HUMH TOXKEC.

Bropoii sranm 3aiitoyaercs B ONpEACICHHUM OOLIEH IUIOMAAM MCCICIOBaHUS H
reOMETPUYECKUX MapaMeTpOB OOBEKTOB KaXJOro MapameTrpuueckoro cios. OOmas Imiomanb
MOKET OBITh OMpe/esieHa M0 Pa3JIMYHBIM KPUTEPUSIM M MCXOJs U3 MOCTaBIeHHOH 3amauun. [lon
T€OMETPUYECKAMHU TapaMeTpaMu MOHUMAIOTCS TMapaMeTphl TPOEKIMHA COOTBETCTBYIOIIMX
JIBYXMEPHBIX (UTYpP: IS TOJIHTOHAIBHBIX OOBEKTOB — 00INas IUIOMIAb OOBEKTOB, CPEIHSS
IUIOIAb OOBEKTa, KOJIMYECTBO OOBEKTOB; Ui JTMHEHHBIX — 00IIast JyIMHA OOBEKTOB, CPEIHSI

JJINHA 00BEKTa, KOJIMYECTBO OOBEKTOB.
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Ha Ttperbem sTame ayii 0OBEKTOB MOJMTOHATBHOTO M JTUHEHMHOTO THUIMA HEOOXOAMMO
OTIPECIIUTh MapaMETPhl «OXHCUOAeMblX PaCTPEeNIeHU» COOTBETCTBYIOIIUX MapaMeTPHUUECKUX
cnoeB. [lox oorcudaemvim pacripesieieHMEM B JaHHOM Ciydae MoJpa3yMeBaeTcsl 3aKoH Fx
pacmpeneNneHus CIy4ailHOM BEeNWYMHBI X, MO KOTOPOMY JOJDKHBI IMPOCTPAHCTBEHHO
pacmpenensaTbcsi MECTOPOXKACHUS BOKPYT OOBEKTOB MapaMeTPUYECKOro CcJos, B Ciydae
OTCYTCTBUS T€HETHYECKOW CBSI3U Mexay HUMHU. CTaTUCTHUECKHE MapaMeTpbl M BUJ JaHHOTO
3aKOHA 3aBUCHUT OT IUIOTHOCTU OOBEKTOB U UX MecTomnoyioxkeHus. Oxcudaemoe pacnpenereHue
MOXKET OBITh PACCUMTAHO KaK TeopeTuuecku 1o ¢opmyne (2.28), Tak W OSMIUPUYECKH.
OMIOUPUYECKH, JAHHOE PACHPEEICHUE MOXKHO TMOJYyYUTh MYyTEM AUCKPETU3ALMH KapTbl
pPacCTOSHUN COOTBETCTBYIOIIETO MapaMETPUUYECKOTO CJ0s, U 3aJaHHEM BEJIMYMHBI WHTEpBalia
JUISL TIOCTPOEHUS TUCTOrpaMMbl. [Ipu 3TOM MUHUMAaNbHBIN pa3Mmep SAYEHKU NpU TUCKPETH3ALUU
mo ocu X, nuO0 1O ocu Y pPACCUMTHIBAEMBIX KapT HE JOJDKEH OBITh OOJbIE HHTEpBaia,
HCIIOJIB3YEMOT0 JIJIsi TOCTPOEHUsI TUCTOrpaMM. Jlajiee pacCUUTHIBAE€TCS BEPOSITHOCTh MONAadaHus
sueeK KapThl B «OyepHbIe 30HbI», U CTPOSTCS THCTOTPAMMbI 0XKHJIa€MOTO pachpezesieHus (CM.
pasnen 2.2). Hanomanm, 4to noa OydepHbIMH 30HAMH TOHUMAIOTCS 00JIaCTH, paBHOY/IAJICHHBIC
OT OOBEKTOB CJIOS Ha IJIOCKOCTH C IOCTOSSHHOW WIMPUHOM, paBHOW BEJIIMYMHE HHTEpBaja
ructorpaMMbl o ocu X. C Ipyroil CTOpOHBI, MaTeMaTUUYECKOE OKUJAHUE pacrpenencHust Fx
IUISL TIApaMETPUUYECKUX CIIOEB, COMEPKAIIMX OOBEKTHI MOJUTOHAIBHOTO THUIA MOHO MOJY4YHUTh
TEOPETUYECKH, MCIIONb3ysd BbIpaKEHUE, BbIBeJACHHOE paHee (cM. pazmen 2.3): B ciyuae
CYIIECTBEHHOTO  pa3liuyusi  MEXAY CTaTUCTHYECKUMM  TapaMeTpamH,  IOJTy4YEeHHBIMHU
SMITUPUYECKUM U TEOPETHUYECKUM IyTEM, MOXKHO YTBEPXAATh YTO, JIMOO HEBEPHO OIPEICIICHBI
reoMeTpHUYECKHe MapaMeTpbl 00bEKTOB, MO0, yTO Oojee BEpPOSATHO, HEBEPHO BBHIOpaHa 0OOIIas
wiomanb uccienoBanus. [{ns 0oOBEKTOB TOYEHYHOro THMHA (PYAHBIX MECTOPOXKIACHUIA)
MPOBEPSIETCSI, YTO HX KOJUYECTBO Oojee 42, 4yTo HEOOXOIUMO ISl HAJCKHOTO PEIICHUS

00paTHOM 3a1a4¥, BBISIBICHUS 30JI0TOPYAHBIX 30H.

Ha geTBepToM sTame As KakI0ro MapaMeTPUIECKOTO CJIOS PaCCUUTHIBACTCS «IHTPOIHUS
CJIOSI», TI0 3HAUYEHHUIO KOTOPOW MPOBOMUTCS JajbHeWInas kiaccudukanus. Kak Obuto oTMedeHO
paHee, 4eM OOJIbIIIE JHTPOMHUS CIIOS, TEM MEHbBIIE OyJeT BIHMSHHE TOMEXHW (yBEIHUCHHE
MaTemaruueckoro oxuaanus M[Fx] u mucnepcun D[Fx] oxxumaemoro pacnpezencHus), U TeM
3HAaYUTeNIbHEee OYAYT BBISBICHHBIE CTATUCTHUECKHE CBA3U (0OoJiee 3HAUMMOE BIHUSHUE OOBEKTOB
OIMCBHIBAEMBIX TIAPAMETPUYECKAM CJIOEM Ha TOJOXKEHHE 30J0TOPYIHBIX MecTopoxkiaeHuid). C
JPYTOf CTOPOHBI, Y€M MEHBIIIE SHTPOIHUS CJIOS, TeM OyIeT OOJIbIlIe BIUSHUEC TIOMEXH, U CHIIbHBIE
CTAaTHCTUYECKUE CBSI3M, BEPOSATHEH, OynyT NPUHATHI 3a He3HauuTenbHblE. [l IaHHBIX

napaMeTpUiICCKUX CJIOCB HeO6XOIlI/IMO Ooiee ACTAJIbHOC p836I/ICHI/Ie 0 BTOPUYHOMY IIPU3HAKY
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Ha JIBa U Ooiee cios. B pe3yibTaTe MOJYy4aroT Ha60p napaMeTpuiICCKUX CJIOCB, OTIIMYHBIX I1O

3HAQ4YEHMIO YHTponuu .

Ha mnpennocnennem »sTame napaMeTpU4ecKue CJIOW KIACCH(PHUUUPYIOTCS IO CTEHeHH
BIMSHUSL Ha TIOJIOXKCHUS 30JI0OTOPYIHBIX OOBEKTOB. /ISl 3TOr0 HCIONB3YyeTCsl METOIUKa
CpaBHEHHs 3HAYCHWH DHTPOIMH CJIOCB M 3HAYCHWH CTATHCTHKM KpuTepus x> Ilupcona (cM.
paszen 2.4). Ha 3akiifounTEeNIbHOM 3Tale€ PacCUUTBHIBAIOTCS IMPOTHO3HBIE KapThl, C IOMOIIBIO

METOJ0B Hp606pa3OBaHHﬁ, OIMMCAHHBIX PA3CJIC 4,
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I11. MODELISATION 3-D DES STRUCTURES CRUSTALES DE
LA YENISSEI RIDGE

« Les erreurs sont les portes de la découverte. »

James Joyce
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L’Yenissei Ridge dans un proche avenir demeure ['une des régions clés pour la
prospection d'or, car elle dispose d'un fort potentiel de ressources existantes pour ce métal. Dans
cette zone, actuellement, les explorations principales des gisements I'or sont localisées a faible
profondeur. Pour connaitre de nouveaux sites potentiels et leur répartition dans cette région, il est
indispensable d'étudier la structure géologique profonde. D’ailleurs, la question sur I'évolution
des structures géologiques de 1'Yenissei Ridge est toujours en discussion.

Plusieurs mode¢les sur la structure interne de 1’Yenissei Ridge ont été historiquement
proposés. Le premier modéle est basé sur le concept de géosynclinal. Selon ce concept, la
structure de la dorsale Yenissei démarrait dans la partie centrale, dite le soulévement Yenissei,
et se poursuivit a 1'Est par des chevauchements (Tissky, Angara-Yenissei) (Hersakova, 1999).
Le soulevement est séparé¢ du grand nombre de chevauchements de longue durée a partir du
Riphéen. Par la suite, les études de la fin du XXe si¢cle ont proposé un nouveau modele
alternatif de I'Yenissei Ridge, qui a combiné des caractéristiques des deux modeles « fixisme »
et « mobilisme » (Hersakova, 1999). Il a été suggéré que la dorsale Yenissei est refermée et
plissée. La formation de dépot stratigraphie dans la zone de la créte s'est produite au moins en
deux étapes. La premiére est liée aux processus collisionnels d'age Grenvillien (1000 Ma) lors de
la formation du supercontinent Rodinia. La deuxiéme étape (900 a 850 Ma) s'est produite avec
un processus arc-collision d’age Piphéen a la fin Riphéen Paleoi-Siberie (Vernikovskaya et al.,
2003). Ce processus s’est terminé avec la mise en place des granites Tatar-Ayakhta (850 £ 50
Ma), et des plissements de la créte de Yenissei (Hersakova, 1999). Pour tester ces hypotheses
actuelles sur la structure profonde de I’Yenissei Ridge et affiner des idées sur la nature de la
formation des zones de minéralisation d'or, les études électromagnétiques ont été menées a l'aide
de sondage magnétotellurique le long du profil « Batolite », des profils seismiquesséismiques
« Batolite » et « Shpate » ainsi que les anomalies Bougeur et les données aéromagnétiques. Dans
la premicre étape de l'é¢tude de la structure profonde du territoire, basée sur des données
géologiques et géophysiques, des modéles de densité ont été construits a deux dimensions de la
structure profonde de la créte de Ienissei dans le programme de GM-SYS (GeoSoft) géotraverses
long « Batolit » et « Shpate ».

La simulation a été considérée comme un ensemble des modeles qui présente différentes
visions sur la structure profonde de la région étudi¢e. Cependant, le modéle de densité inférieure
a 0,8 mGal a été¢ mieux considéré sous I'hypothése que la couverture est plissée dans la région
d’¢étude. Une attention particuliére a été donnée a la modélisation des formations intrusives (a des
profondeurs jusqu'a 5 km), dans les complexes de granites, notamment Gushihinska et Tatar-

Ayakhta, en tant que structures favorables pour des dépots de minerai aurifére.
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La modélisation en trois dimensions a été réalisée dans le programme 3Dgeomodeller
(BRGM, France). Une particularité¢ de ce programme est son principe de la modélisation des
objets geologiques, a travers la construction des surfaces de différentes couches géologiques a
I'aide des points d'observation sur le terrain et I'abondance de données sur les éléments des
couches. Dans la modélisation, comme entrant, est utilis¢ les cartes géologiques numériques
d'échelle entre 1:200 000 et 1:1 000 000, ce qui a considérablement accéléré le processus de
création de modeles en trois dimensions (3D). Les couches du modele géologique sont en
conformité des anciennes vers les jeunes. 17 couches géologiques ont été définies, allant du
manteau a la couverture sédimentaire.

En fonction des types de roches qui constituent de la couche, les valeurs de la densité ont
été définies, variant de 2,05 a 3,25 g/em®. Notez que la densité de o pour les couches profondes
ont été déterminés par des corrélations des valeurs o des blocs et des vitesses V correspondant
aux profils sismiques. Les résultats de la modélisation 3D ont été utilisés pour la modélisation de
densité le long des profils de référence « Batolite » et « Shpate ». Pour obtenir un modéle plus
fiable, la modélisation de densité a ét¢ effectuée le long d'une série de huit profils parall¢les au
profil « Batolite », avec un intervalle de 40 km. En conséquence, un modeéle 3D de densité a été
construit pour la structure profonde de 1’ Yenissei Ridge et les zones adjacentes.

Apres avoir réalisé la paramétrisation de la densité et la configuration des couches
géologiques en résolvant le probléme direct pour la zone de la créte de Ienissei et les zones
adjacentes, un modele a été obtenu pour I’anomalie de pesanteur. Toutefois, nous avons calculé
d‘autres modéles de la structure de la dorsale Ienissei, correspondant a différentes hypothéses
géologiques (Sterligov et al., 2008). La meilleure convergence avec le champ de pesanteur
observé (= 6 mGal) a montré que les modeles de densité impliquant des structures plissées et des
chevauchements correspondent mieux aux données connues . dans la zone d'étude. La partie
centrale de 1’Yenissei Ridge est caractérisée par la structure profonde de granitoides d'age Tatar-
Ayakhta et Gluchihinksa. Le terrain de subsurface présente des structures subverticales,
cependant, les granites Glushihinska présentent une structure interne complexe, et une petite
partie d'entre eux apparait a la surface.

Le modele physique et géologique résultant en trois dimensions de I’Yenissei Ridge
montre une bonne compatibilité avec les données initiales géologiques et géophysiques. La
structure complexe de la région modélisée dans cette étude favorise le concept de tectonique de
plaque avec une structure collisionelle pour I’Yenissei Ridge. Les résultats obtenus dans le
processus d'interprétation des données géophysiques seront utilisées plus tard lors de la

construction des cartes de prévision de l'or.
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Paznen 2 wmactosmedt paboThl OB MOJHOCTHIO MOCBSIIEH aHATU3Y HCKIIOYUTEIHHO
HMCKYCCTBEHHBIX TEOJOTMUECKHX MOJEICH, OTPAKAIIINX CTPOCHHE THIMYHBIX T€0JI0ro-
TEKTOHMYECKUX PaloOHOB, B TpEJAeIaX KOTOPBIX MOTYT OBITh PAaCIOJIOKEHBI 30JI0TOPYAHBIC
MPOBUHIIMK. B Xome ngaHHOrO wuCCleqoBaHUS ObUIM CHENAHBI BBIBOJBI, ITO3BOJISIOIINE
MPAKTUYECKH HUCIOIB30BaTh pa3pabOTaHHYI0 METOIUKY CTOXAaCTHYECKOr0 aHali3a Te0Joro-
reopu3nUecKux JaHHBIX JIJIS PELIEHUS MPOTHO3HBIX 3a/1ay Ha 30JI0TO B Mpefesiax KOHKPETHBIX
pPETHOHOB. SIpKHMM TpPUMEpPOM TAaKOTO pEeruoHa sBiseTcss EHHUCENCKUN KpsiK, KOTOPBIA B
0003pUMOl TMEPCIEKTUBE OCTAHETCS OJHMM M3 OCHOBHBIX 30JI0TOJO0OBIBAIOIINX PETHOHOB,
MOCKONIBKY  37I€Ch  COCPEIOTOYEeH OOJBINON pecypCHBId TOTEHIMAN W JACHCTBYIOIIHE
30J10TOJOOBIBAOIIIME MOIIIHOCTH. 37IeCh e ceildac cocpeoToueHbl OCHOBHBIE 00beMbl I PP Ha
30J10TO, IPOBOJAMMBIE KaK 3a OIOJKETHBIE CPEICTBA, TAK U 3a CPEACTBA HEAPOIOIb30BaTEINICH.
Pemnte 3a1auy BbIJI€NIEHNS HOBBIX MEPCIEKTUBHBIX YYaCTKOB JJisi EHHMCENCKOro Kpska MOXKHO
TOJIKO ITyTE€M U3Y4YCHHS TIYOMHHOTO CTPOCHHS PErMOHA U PYyJOKOHTPOIUPYIOIIUX CTPYKTYP.

Jlns peieHus: MOCTAaBICHHOM 3agaud, o0paboTKa W HMHTEpHpeTanus reoGu3nuecKux
JAHHBIX [TPOBOJIMIIACH B HECKOJIBKO 3TaIlOB:

» TloaroroBka W CBEACHHE B CIMHBIN U(PPOBOI MACCHB T'PABUMETPUICCKUX U MAaTrHHTHBIX
nanublie Ha miomaau 300000 kB. KHIOMETPOB

» TpanchopManuy NOTCHIMATBHBIX TMOJICH, BKJIIOYAIONINE CICKTPAJIbHBIA aHAIW3 U
pacyeT MPOU3BOJHBIX MOJEH.

» BeineneHue 0J0KOB ¢ OAMHAKOBBIMU (DU3HUECKUMHU CBOHCTBAMHU (IIOTHOCTH G, CKOPOCTh
CEliCMMYECKMX BOJH V, HAaMarHM4eHHOCTh) II0 pe3yJibTaTaM pallOHUPOBaHUSI W
CTPYKTYPHOT'O aHaJIM3a MOTEHIMAIbHBIX MOJIEH.

» Pemenue npsMoit U 0o0OpaTHOM 3a7a4y¥l ¢ MUHUMAIIbHBIM HCIIOJIb30BAaHHEM AlPHOPHOM
nH(pOpMaLUU JUIs IOTYYEHHUS MPECTABICHUH O TITyOMHHBIX TOPU30HTAX.

» [In0THOCTHOE MOJEINPOBAHKIE T€OJIOTUIECKUX Pa3pe30B BJOIb T€OTPABEPCOB.

» TpexmepHOe TIIJIOTHOCTHOE MOJACITUPOBAHUE U CO3/JaHHE TPEXMEPHOM (U3UKO-

reoJoruyeckor Mmojienu EHucenckoro Kpsoka U compeieabHbIX TEPPUTOPHUH.
1. Contexte géologique

[Tepen nHawamom 00pabOTKM M MHTEpHNpETAUd re0PU3NIECKUX JAHHBIX PACCMOTPUM
COBpEMEHHBIC TMpEACTaBIeHUs O cTpoeHuu Enuceiickoro kpspka. OTMEHUM, YTO BOMPOC 00
ucropur GOpPMHUPOBAHUS TeOJOTHUeCKuX CTpYKTyp Enuceiickoro Kpsbka 10 cux mop ocrtaercs
OCTPO JHCKYCCHOHHBIM. He cylmecTByeT €IMHOW TOYKH 3pEHHs 10 MHOTHM BOIPOCaM O

rIIyOMHHOM CTPO€HUHU PETHUOHA.

85



Enuceiickuii Kpspk  pacrojio)keH B [oro-zamagHoM oOpamieHun CuOUpcKoit
wiardopmsl. [lo MmHeHHio MHOTHX Teonoros (B T.4. Cepatok u np., 2002; CyranoB u ap., 2002;
KopueB u np., 2004) siBnsieTcss 4aCTUYHO BBICTYNIOM €€ (PyHIaMEHTa, U CJIOXKEH YaCTUYHO
nopoJamu e€ CKJIaayaToro oopamieHusl.

Apxeiickue (?) ornoxeHus pa3BuThl B AHrapo-Kanckoi yactu EHuceiickoro kpsixa
(puc. 3.1). OHuM mnpencTaBlieHbl TITyOOKOMETaMOP(PHU30BaHHBIMH THEMCAMHW M CIIAHIIAMH C
IIMPOKUM pa3BUTHEM B HHUX MeTa0a3UTOB M MeTayiabTpaOa3UTOB BYJIKAHOTCHHBIX U
MHTPY3UBHBIX (Dalliif, NCOIBITABIINX BMECTE C BMEIIAIOIMIMMHU UX OTJIOXKECHHUSIMHU PErHOHATBHBIN
MeTaMop(U3M B yCIOBUSAX IPaHYIUTOBON (hariuu.

K crtparurpaduueckoMy ypoBHIO HWXHEro mporepo3oss PR; oTHocsaTcst kapOOHAaTHO-
BYJIKAHOT€HHO-TEPPUTCHHBIE OTJIOKCHHUSI E€HHUCEUCKOM, TEMCKOHM, KaparaHCKOW W JIepOMHCKON
CEpHI.

Otnoxenus cpennero pudes R, mmpoko pacmpocTpaHeHbl B peruoHe. B mpenenax
EHucelickoro kps>ka €ro OTJIOKEHHUS BBIJEIEHBI B COCTaBE CYXOIMUTCKOW CEpUH, B IMpeaenax
Boctounoro CasiHa - B COCTaBe KailMUHCKOM, YPMAaHCKOM U MAHCKOM CBUT KyBalCKOW CEpHUH.

Otnoxenus BepxHero pudes Rz B Enuceiickom Kpspke BBIIENEHBI B COCTaBe (CHU3Y
BBEPX) TYHTYCHUKCKOM M IIMPOKMHCKON Cepuil, CIIOKEHHBIX BYJIKAaHOICHHO-KapOOHATHO-
TEPPUTCHHBIMU OTJIOKEHUSIMU, METaMOP(PHU30BaHHBIMU B YCIOBHUSX OT 3€JICHOCIAHIIEBOW 0
smuaoT-ampubonuToBoii danuii (Likhanov I.1., 2007). K Bepxaemy pudero B Bocrounom CasiHe
OTHOCSITCS] OTJIOKEHHSI OAXTUHCKOW CBUTHI, CJIaralolINX BEPXHIOIO MOJOBUHY KYyBaliCKOM cepuH.

B Emnwuceiickom kpsbke K BepxHemy pudero — BeHay Rz —V oTHOCATCS OTIOXKEHUS
OCJISIHCKOM, YMHTaCaHCKOM, BOPOTOBCKOM, YAllCKOM M TaCEEBCKOM CEpUil C BO3PAaCTOM IOPOJ
800-670 Ma. IIpeacraBiaeHbl OHH B OCHOBHOM HeMeTaMOp(PH30BaHHBIMH KapOOHATHO-
TEPPUTCHHBIMU OTJIO)KEHUSMH OPOTE€HHOT0 U CyOIIaT(GOPMEHHOr0 3TaroB M PaclpOCTPaHEHBI
TJIABHBIM 00pa30oM BJIOJIb BOCTOYHOW W CEBEPO-3allaHOW OKpawWHBI peruoHa. B mpenemax
Bocrounoro CasiHa K BEHIy OTHOCATCS HeMeTaMOp(U30BaHHbIE TEPPUTECHHBIC OTIOXKEHUS
OKJIEPCKOH CBUTBHI, CJIOKEHHOW ITeCYaHUKaMH, aJ€BPOJIUTAMH, KOHTJIOMEpaTaMH.

[Taneo3oit PZ B mpenenax Enuceiickoro kpsbka m Boctounoro CasiHa mpeicTaBieH
KapOOHATHO-TEPPUTEHHBIMH TJIAT(GOPMEHHBIMU 00pa3oBaHusMU. OHHU NEPEKPBIBAIOTCS ME30-

KaitHo30lickuMu ocaakamu (MZ-KZ) — necuanukamu, aneBpoIMTaMy H apT HJLTUTAMH.
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Puc. 3.1 I'eonocuueckasn cxema Enuceiickoco kpssca u npunecaiowux (pazmenmos 3anaouocubupcxou
naumoel u Cubupckou niamgopmvl, cocmasieHuas no 2ocydapcmeentoi 2eonozuyeckou kapme CCCP
(1983) ¢ oononnenusmu (M.M. Koncmanmuwnos u 0p.). 1-5 - nramgopmennwiii wexon: 1 - naneocen-
HEeO02eHO8ble NecuaHo-2alieunble, 2IUHUCTble 00pa30eanus, yeuu, Ookcumovl, 2 -I0pPCKO-MeN0gbie
KOHMUHEHMATbHblE NeCUAHO-2ANCeYHUKU, 2TUHDL, apeuLiumyl, Oypele yeau (jopckue), bokcumol (Menosbvle),
3 - nepmo-mpuacosas ouabazoeas mygonagosas monya, 4 - KOHMUHEHMATbHbIE NeCUAHO-TUHUCTO-
CllaHyegvle YeneHOCHble MOowY KapOoHa u nepmu, 5 - MOPCKUe U3BeCmKo8UCble SIUHUCNO-Necuanble
omodcenus - 0e80HA ¢ Ihhy3usamu npeumyyecmeeHHo b6a3arbmouoH020 cocmasa U ux mygamu 6
gepxHem cunype - Hudchem Oesone 6 Illpuaneapve u Yynvimo-Enuceiickom npoeube; 6 - @enockue
(cpeonuii npomepo3oU-HUNICHUL KeMOPULl) meppucerHo-epaseumo-neciano-KpacHoygemmuvle moauu, 7 -
CPeOHenpomepo3oUcKue  BVIKAHO2EHHO-MEPPUSCHHO-CIAHYegble,  Veaucmule  alespociaHyesvle,
KapOOHAMHO-MeMAacianyesble MOAACCOUObL, K8apyumvl, Memashehysuevl YUH2ACAHCKOU, MYH2YCUHCKOU
U cyxonumckou ceputl; 8 - HUJICHeNpOmepo30UCKUe KPUCMALIUYeCKUe CIaHYbl, aAMpudoIumsl, Mpamopul,
xkeapyumol, 9 - apxeiickue memameppucenHvle kamaenetcvl u caanywvl;, 10-13 - maemamuuecxue
Komnnexcol: 10-mpuacosvie mpannvl: Oonepumol, 2abbpo-oonepumol, 11, 12-epanumoudwr: 11 -
NOCONbHEHCK020, 12 - mamapcko-aaxmunHcko2o Komniekcos, 13 - eabopoudvt u yriempabazumet, 14 -
2nyOuUHHble pA3loMbl: YCMAHOGIeHHbie (a), npeononazaemvle (0); 15 - mekmouuueckue paspvlébi,
Odewugpuposannvie Ha Kocmo- u aspogomocruumrax; 16 - Ceeepo-Enucetickuii 3010mopyonwlil patiox,
17 - nunus paspesa; 18-22 - memannocenuueckue ooracmu. 18 - 3onoma, 19 - ypana, 20 - meoucmoix
necuanukos, 21 - oceneza, 22 - 3o10ma u noaumemannos, 23 -epanuysvt Enucetickoco xpsoca; 24 -
nonodiceHue ceticmuueckoeo npoguna "bamonum"; 25 - 3010mopyoHvie mecmopodxcoenus: O -
Onumnuaoa, C - Cogemckoe; mexnconokosvie 30ubl paziomos Enucetickoeo kpsoica: 1 - [lpuenuceticrkas, 2
- Bopoeoeckas, 3 - Tamapckas, 4 - Huwumbunckas, 5 — Aukunosckasi,
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B mpenenax paccMaTpuBaeMOro permoHa IIUPOKO pPaclpOCTpaHEHbl Pa3HOOOpa3HbIe
pa3HOBO3pACTHbIE Marmatuyeckue mnopoisl (Ttabm. 3.1), cpopmupoBaBuIMECS B NEPUOABI
IFCOCHMHKIIMHAJIBHBIX, OPOIrCHHBIX, HJ'IaT(bOpMCHHI)IX W aKTHUBU3AIIMOHHBIX PCKUMOB pa3BHUTUSA B
COOTBETCTBYIOIIHME JTalbl apXEeUCKOro, KapelbCKOro M 0aiKalbCKOr0 TEKTOHOMAarMaTHYECKUX
[UKJIOB U B TEPUOJbI KaleJOHCKOW M TepUUHCKON akTuBH3anuu. OHU pPacIpOCTPAaHEHBI MO
oA HepaBHOMEPHO. bosbilas 4acTh KOMIUIEKCOB OCHOBHOTO U YJIBTPAOCHOBHOT'O COCTaBa
TATOTEET K 30HaAM FJ'IY6I/IHHI)IX Pa3jioOMOB M OICPAIOMHUX HUX HapymeHHﬁ, a KUCJIOro — K
AHTHUKJIMHAJIBHBIM MOAHATUSAM M KPACBBIM YaCTIM CHHKIIMHOPHUCB. B PEruoHC MAarMaTu4CCKue
nopoasl 3aHMMaroT 10 30 % miomanyM M OpeiCcTaBiIeHbl MOYTH BCEMU W3BECTHBIMHM THUIIAMHU
T€OTEKTOHMYECKUX 00CTaHOBOK, Pa3HOOOpa3HbBIX (alluii 1 OTHOCATCS K PAa3TMIHBIM (DOpMaITHsIM.
Benymmumu cpean Hux sBISOTCA 0a3uThl, IPaHUTOUIBI U yibTpaba3uTsl. lllenodnpie mopoabl

UMEIOT OPAaHUYCHHOE PaclpoCTPaHEHHE.

(I)OpMalII/lﬂ, a0COTIOTHBIH BO3pacT B MJIH. JIET, KOMILJICKC

Apxei

Komamuum-bazanemosas (>2600), kyzeesckuil (6eCHUHCKUIL)
Jlynum-nupoxcenum-eaboposas (>2600), kumbupcrui
Yapuoxumosas (2600, 2730), bozynaiickuti

Huxnuii nporepo3soi

Komamuum-bazanemosas (1870-2530), wymuxurckuii
Honepum-bazanomosas (2300), unOvlenuncKui
Jlonepum-6azanvmosas (1900) ,606poseckuii
Puonum-o6asanemosas (1900) ,nyeoeckoti
Ipanumosas (1837-1950), mapaxckuil, eapesckuti
lenoyno-raboponanas (1750), meHUCHT HHCKUH

Bepxuuii nporepo3oii (cpennuii-sepxHuii pudeii - BeHx)

Lynum-nupoxcenum-2abopogas, bopucuxunckuti (1262), wiueepckuii
Komamuum-oazanemosas (1051-1400), nonymuunckuil, mopicuxuHckuil, OOUHCKUL
Puonum-6azanemosas (970-1050), kamenckuil, ¢hupcosckuii, RpeousuHCKul
Jlynum-eapybypaumosas, 2nyO00KUHCKUil
Puonum-anodezum-6azanomosas (915-1020), oprosckuii
Tepuoomum-nupoxcenum-2a60poeas, 1eHOaAxXCcKuil
Muemamum-epanumosas (850-865), metickuii
I'panumosas (850+50), mamapcro-asxmuncKuil
Jetixoepanumosas (720-750), enyuwuxunckui
L]enouno-epanum-cuenumosas (635), cpednesopo2o6ckuil
Hilonum-cuenumosas (575-670), cpeonemamapckuti

Hajeo3oii

Hedgpenunosvie cuenumut (P,), kutickuii

Taén. 3.1 Maemamuueckue @opmayuu (Komniexcos) Ooxkembpus u naneo3os Enucetickozo

kpsisca (Yepracoe C.B. u dp., 2006)

Pernon XapaKTCPU3YCTCA MHUPOKUM IIPOABICHUCM IIHS'LIOHKTI/IBHOﬁ TCKTOHHUKU C
Pa3sBUTHEM PA3JIOMOB IMPCUMYHICCTBCHHO YCTBIPCX HaHpaBHeHHﬁ, N3 HHUX CCBCPO-3allaAHOC H

CEBEPO-BOCTOYHOE SBISAIOTCS pe3Ko mpeobnanaromumu. [yOWHHBIE pPa3lioOMbl peruoHa -
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[Mpuenuceiickuii, Yctbanrapckuii, Tatapckmii, Haratunckuii, WmmmOunckuii, MaHCKuUH,
Kanckuii, Tarynbckuii, BuprocuHCKUN pacnojaraloTcsl mapajjjieibHO OCHOBHBIM CKJIaA4aThiM
CTpyKTypaMm M kparo Cubupckoil miaTdopMbl U UMEIOT OOBIYHO KPYTble M CYOBEpPTHKAIbHbBIE
yrael naaenus. HabGmiomaercss enuuas nns Bocrounoro CasHa u  Enuceiickoro kpspka
peruoHasbHas CeTh ITyOMHHBIX Pa3jIOMOB M ONEPSIOUIMX UX AU3BbIOHKTHBOB, KOTOpas XOPOILO
IPOCJIEKHUBAETCS IO TEOJIOTMYECKMM CTPYKTypaM M 10 Teo(U3NYeCKMM JaHHbIM. OTH
rIIyOUHHBIE Pa3JOMbl XapaKTEPU3YIOTCS MAKCUMAJIbHBIM IPOSIBIEHHEM MarMaTH4eCKUX MOPOJ
OCHOBHOIO M YJBTPAaOCHOBHOI'O COCTaBOB. boiblias 4yacTb HMX oOpa3zoBajach B paHHEM
JOKeMOpHH, HO MO3AHEE MOIBEPIIacCh HEOJHOKPATHON aKTUBHU3AIMU C MPOSBICHUEM BJIOJIb HUX
MarMaTUTOB, METaMOP(QUTOB M METacOMATUTOB. Pa3nomsl TpaHcoOpMHOro s CTPYKTYp
CEBEPO-BOCTOYHOTO IPOCTUPAHUSA Pa3BUTBl TAKKE HHTEHCHBHO. OHHU SBIAIOTCA NPUYHHON
C/IBUTOBBIX HApyHmIEHHH M YacTO KOHTPOJHUPYIOT (rekcypooOpasHble Teperudbl B TOJIIAX
TOKeMOpHusl.

Cy1iecTByeT HECKOJIBKO TOUYEK 3peHMs Ha IiyOmHHOe cTpoeHue Enmcelickoro kpska.
IlepBass mMozmens chopMHUpoOBaTach B 30Xy TNEOCHHKIMHAIBHON TEOPHM PA3BUTUS PETHOHA.
JlaHHast MOZIeNb TOJIEPKUBAECTCS] OOJIBIIMHCTBOM HCCIIEJOBAaTENEH IEHTPAJIIbHBIX U BOCTOYHBIX
30H (IloctenpHukoB E.C. 1980). CornacHo 3TUM mIpeacTaBieHUSIM B CTpykType Enuceiickoro
Kpsbka BeaensTes LlenTpansnoe u Ilpuenuceiickoe nogustue, a Takxke BocTounslii, AHrapo-
Tucckuit u Enucelickuit nporuObl. [logHATHS OTACHSAIOTCS OT MPOTHOOB  KPYIHBIMU
JOJTOXUBYIIMMUA PUGEHCKUMH  Pa3IOMaMH, KOTOpBIE B COBPEMEHHOW CTPYKType KpsiKa
MIPEJCTABISIOT COO0H B30POCH! M KPYThIe HAIBUTH, UMEIOIINE 3anaiHoe najeHue. Ha mogaarusx
obHaxkaeTca apxeickuii AR (?) (yHZaMeHT, NepeKpbIThI HUXKHENpoTepo3onckuM PRj
IPOTOIUIAT(OPMEHHBIM UYEXJIOM, A TAaKXKe KOMIUIEKCOM OTJIOXKEHUH HMKHETO — CpeHEro pudes
R2_3.

B pesynbrare ucciaenoBaHuil koHnma XX Beka Oblla MpeioKeHa HOBas MOJIENb
ctpoenusi Enuceiickoro kpsoka, coderaromas B cebe Kak 4epThl (PUKCHCTCKOH, Tak u
MoOunucTko Mmogeneit (Xepcakosa, 1999, Cypkos B.C., 1995). Ilpeanonaraercs, uTo
Enucelickuii KpsiokK HMMEET MOKPOBHO-CKJIQJUaToOe CTPOCHHUE, MPUYEM PHIOMHCKUNA 0a3utr —
yJIbTPaba3UTOBBIN AJJIOXTOHHBIN KOMIUIEKC, HECMOTpPSI Ha CXOJCTBO XMMHMYECKHX COCTAaBOB C
HCAaKOBCKMM KOMIUIEKCOM, HE COIIOCTaBUM € HUM Mo Bo3pacty (puc. 3.2). HcaxoBckuit
KOMILIEKC, BUAMMO, MOJOXE PBIOMHCKOrO, TaK KaK MpPOpPBaH TOJBKO T'PaHUTAMU TaTapo-
asxTHHCKOro Komruiekca YNP;ta (850 mun. net) (Bepuukosckwii B.A., 2003).

B wutore MOXHO 3aKNIIOUHTH, YTO IOKPOBOOOpa30BaHHE Ha TEPPUTOPUH Kpsika
IIPOUCXOJWIIO, KAK MUHUMYM, JBaKJbl: MEPBBIM 3Tall CBSI3aH C KOJUIM3MOHHBIMH IIPOLIECCAMU

rpeHBuiIbcKoi 3moxu (1000 muH. set), Bo BpeMsi (opMupoBaHus CynepKOHTHHEHTa PoauHus.
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Ha »toMm oTalre, I10-BUAUMOMY, MMpOUCXoaAUT 06I[YKI_[I/I$I KOMIUIEKCOB ~ MaCCHBHOM

KOHTHHEHTaJbHOW oOKpauHbl Ha [laneocuOupckuii kKoHTHHEHT. Koimu3noHHBIE MpoIecCh
MIPUBEJIM K TPAaHUTH3AUUU U (GOPMUPOBAHUIO IPAHUTO-THEHCOBBIX KYIOJIOB; Ha BTOPOM 3Tarie
(900 — 850 Ma) mpowumsonuia Kotu3us pudernckoil OCTPOBHOM Iyrd u mo3aepudeiickoin

[MTaneocubupu (Likhanov I.1., 2008).
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Puc. 3.2 Cxemamuueckoe ceonoeuueckoe cmpoenue Enucetickozo kpsoica (Xepcakosa, 1999)
DTOT MPOUECC 3aBEPIIWIICS BHEAPEHUEM TI'PAHUTOB TATAPCKO-aSAXTUHCKOTO KOMILIEKCa
yNP;ta (850+50 muH. neT), u 3aBepInioch GOpMHUpPOBaHHE MOKPOBHO-CKIIAAYAaTON CTPYKTYpPHI

Enwucetickoro Kpsoxa (Vernikovsky V.A., 2007).
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Tonpko HaunHasg ¢ 90-X rol0B NPOLLIOrO CTOJETHS, HEKOTOPBIE UCCIEA0BATENH MPUIILIN
K T[OHMMaHMIO TOKPOBHO-CKJIQJ4aTOTO CTPOEHUS pPETrHOHa, ONpEeAeNiB, B YaCTHOCTH,
AJJIOXTOHHOE 3aJleraHue MCaKOBCKOTO oduonuToBoro komiuiekca (Bepuukosckuii A.B., 2001).
[Tocnenyromme paboOThl, OCHOBAHHBIE HA T€OJIOTO-CTPYKTYPHBIX, HMETPOJIOrO-T€OXUMHUYECKUX,
IEOXPOHOJIOTHYECKUX M TaJCOMAarHUTHBIX MCCIEAOBAaHUIX, YOEIUTENbHO TOKa3aid, YTO
Enucelickuii  KpsiK  SBJISIETCA TMOKPOBHO-CKJIATYaThIM IMOSACOM AKKPEIMOHHOW MPHUPOJIBI
(Bepaukosckuit B.A., 2007), B cocTaB KOTOPOT0 BXOAAT TEPPEUHBI PA3HOU MPHUPOIBI U PA3HOTO
Bo3pacta (puc. 3.3). CornacHo JaHHON MOJENM BHYTPEHHErO CTpOocHWs, EHHCEWCKUil Kpsik,
nogo0Ho pudennam Taiimbipa u 3abaiikaibsi, UMEET MOKPOBHO-CKJIAa4aToe CTPOEHHE, IO
KpaiiHeir Mepe, B cBoei 3amamHor dactu (IlocrenmpHuxoB E.C., 1980). Ilo pesynsTaTam
uccnepoanuii (Bomodyes M.I., 1993) ocTaHIbl 0(pHOIUTOBEIX TOKPOBOB MPOCICKUBAIOTCS HA
BOCTOK Kpsika J0 LleHTpanbHOrO TMOAHATHS, a JBUKEHME TEKTOHWYECKHUX IOKPOBOB
npoucxoauio B no3aHeM pudee Rz u nponomxanocs 10 koHua BeHaa V. Kpome Toro Bo3aMoxHoO,
yro EHMcelickuil Kpsk NpelcTaBiseT co00M CUCTeMy MOKpPOBOB, HAJBUHYTBIX Ha BOCTOYHYIO
gacTh CuOUpCcKO IaThOPMBI U3 CYTYPHOMH 30HBI.

JlanHast KpynHas KOJJIM3MOHHO-aKKPELMOHHASI CTPYKTypa XOpOIIO OTIESETCs II0
reOJIOTUYECKMM U TeOo(U3NYECKHM JaHHBIM OT COCEAHHMX ¢ Hed Teppuropuii Cubupckoin
wiatpopmbl U 3amagHOCUOMpCKOW mauThl. ['panunsl EHMceNckoro kpsbka M €ro CTpoeHHe
IPOSIBIISIOTCA IIMPOKMMH MHTEHCUBHBIMU I'DAaBUTALIMOHHBIMM CTYNEHSMH, COOTBETCTBYIOIIMMU
TJIABHBIM pa3fioMHBIM 30HaM peruona (Koncrantuno M.M, 1999). MomHOCTb 36MHOI KOPHI B
LEHTPAJIbHONU YaCTH 3TOU CTPYKTYphl focturaer 50-51 kM, ymMeHbIIasACh K 3amaay U BOCTOKY A0
40-43 kM. Ilo reodpusnyeckuM AaHHBIM, IIUPHUHA CKJIag4aToi obnactu EHuceilickoro kpska Ha
rinyouHe >10 kM yMeHbIIaeTcsl BABOE, YTO MPUIAET eMy IpuOOBUIHYIO (HOpMY, OOBACHIEMYIO
pa3BUTHEM IIpU €€ POPMUPOBAHUU HAIPSHKEHUN CIIBUTOCKATHUSI B COUYETAHUM C JUBEPreHTHBIMU
HagaBuramu (BepuukoBckuit B.A., 2000). Ilpu 3ToM aMIUIMTYyAbl CMELIEHHUS IOCJIEIHUX
oueHuparores oT 10-20 no 80 km.

Onna u3 mopeneit FOxxHo-EHMCeNckoro kpsi»ka, OCHOBaHHAsl HA TEKTOHUKE JINTOC(HEPHBIX
IUIUT, B KOTOPOH paccmaTpuBaeTcs cyoaykuus IIpoToky3eeBckoro KoMIiuiekca moj MacCUBHYHO
OKpauHy, CIIOKEHHYIO [TPOTOaTaMaHOBCKOH Toumieid, Obuta paccmorpena H.B. Tlomossim(2001).
B ero monenu akkpenMOHHO-KOJUIM3HOHHBIE COOBITHS HAa OKpauHE KOHTHHEHTA INPHUBEIU K
BBICOKOTPATUEHTHOMY MeTaMop(u3My OT TI'paHYJIMTOBOM (palluu MOBBIIIEHHBIX TaBICHUH [0
amM(puO0INTOBOM U K (hOPMUPOBAHUIO IPAHUTONA0B TapakcKoro MaccuBa, BO3pacT KOTOPBIX, KaK
OBLTO cka3aHo BbImIe, coctaBisieT 1840 muH. et (Bepuukosckas A.E., 2004). BepositHo, mocie
3THX COOBITHMI 3amanHas okpamHa CuOupu mnpojomwkana ObITh akTUBHOW. OO 3TOM

CBUACTCIIbCTBYOT TOJICUTOBBIC MeTaba3albThl H HU3BCCTKOBO-LICIIOYHBIC OCTPOBOAYKXHBIC
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METaBYJKAHUTbl €HUCEMCKOW CEpUH, a TaKKE AJUIOXTOHHBIE THMIEPCTEHOBBIE TI'paHUTHl YPPq
(xy3eeBuThl) ¢ Bo3pacToM 1734 + 4 wmuH. ner. C 3TOro BpeMEHHM IO HEONPOTEpPO30s Ha
Enuceiickom Kkpsbke  KakMX-JIMOO MarMaTU4eCKUX COOBITUM HE  yCTAHOBJIEHO, 4YTO
CBUJETEJIBCTBYET O Pa3BUTHM 3[€Ch [IaCCUBHOW KOHTMHEHTAJIbHOW OKpaWHBbl B TEUEHHUE N1OYTU

1000 miH. ner. DTO He MO3BONISIET paccMaTpuBaTh EHMCEHCKHII Kpsk B KauecTBE OOBEKTa

I'PCHBUJIJICKHUX KOJIJIM3MOHHBIX COOBITHH.
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Puc. 3.3 Cxemamuuecras mexmonuueckas kapma Enuceiickoz2o kpsoca (Bepruuxosckuii, 2007).

1. uexon (PZ-CZ); 2 . monaccel (NP,3); 3 . npeumywecmeenno xapoonamuvie omaoxceruss (NPo3); 4 .
oguorumosvie u ocmpoeodysicuvie Komnaexcvl Ilpuenuceiickoco nosca (NP,), nnacuozpanumul ¢
sospacmom 700-630 man. aem; S5 . memamop@u3zoeanHvie om 3eIEHOCIAHYEBOU 00 aMPUOOIUMOBOL
dayuii pruwouonvie omaoocenuss MP(?).NP; 6 . opuonumer Poibuncro-Ilanumbunckozo nosca (MP-
NP?); 7 . epanynum-ampuborumosvie xomnaexcol (PP3). I panumoudet: 8 . mapaxcxue (1840 man. nem),
9 . meitickue u epyounckue (880-865 man. nem), 10 . asxmunckue (760-750 man. nem), 11 . enywuxuncxue
(750.720 man. nem), 12 . mamapckue (630 man. nem), 13 . nocorvrenckue u Hudicnexanckue (511-455
man. nem);, 14 . pazromsr (a), nadsucu (6). Haosueu: Hw . HMwumbuncxut, T . Tamapckuu, Ilp
Alpuenuceiickuii, An . Auxunosckuil. L{ugpol 6 kpyoickax .meppetinol: 1 . [Jenmpanvuo-Aneapcxuil, 2 .
Bocmouno-Aneapcxuii, 3 . Ucaxosckuti, 4 . [lpedusunckuil, 5 . Aneapo-Kanckuil.

[locme cTONMp 3HAYMTENBHOTO TIEpPEephIBA CIEAYIONIEE MarMaTHYecKkoe COOBITHE B
cTpykTypax EHmceiickoro kpsixa 3auKCHpOBaHO JHUIIb 10 gatam 880-860 MIIH. JIeT B TpaHUTaX

taiickoro komruiekca YNP,ts (Vernikovsky V.A., 2007). [To ycTaHOBJICHHOMY T'€0JIOTHYECKOMY
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MOJIOKEHHIO, COOTHOIICHUIO ¢ METaMOP(UUECKUMHU KOMILJIEKCAMH U T€0XUMHUYECKOMY COCTaBY
TEHCKUX TPAHUTOB S-I-THIIOB MpeAIoJiaral0T, YTO OHH OOpa30BAIMChL B PE3yJIbTATe
KOJUTM3UOHHOTO CcOOBITHs. BeposiTHo, 4TOo OHM oOpa3zoBanuch 3a mpenenamMu CHOHUPCKOTO
KpaTOHa U BXOJWIM B cocTaB LleHTpanbHO-AHIrapckoro TeppeiiHa eue 10 €ro CTOJIKHOBEHHUS C
Cubupsto. B pesynbrare komnuzuu LenTpansHo-AHrapckoro teppeitna ¢ CHOMpPCKUM KpaTOHOM
00pa3oBaIKCh MPAHUTOUIBI ASXTHHCKOTO U TIIYHIMXHHCKOTO KomIuiekcoB YNPogl ¢ BozpacTtom
760-720 muH. ner (BeprmkoBckuii B.A., 2006). Oxnako cymiectByeTr mpoOiema pbIOWHCKO-
NaHUMOUHCKUX O(HUOJIUTOB, TUIACTHHBI U YEIIYH, KOTOPBIX MPEICTaBICHBI MKy TaTapcKuM U
NmuMOMHCKMM  HaJBUraMH B BOCTOYHOM wactu LleHTpanbHO-AHrapckoro TeppeiiHa, H
equHUYHBIe Ar-Ar um3otomHo-reoxumudeckue gaHHbie (1050-900 Ma) He TO3BONSIOT
OJIHO3HAYHO ompenenuTh nx Bo3pacT (Bepuukosckas A.E., 2007). Mcxoas u3 ux moyioKeHUS B
cTpykType lleHTpanbHO-AHrapckoro TeppelHa, MpearnojararmT, YTO Yellyd Majle00KeaHCKON
KOpbl ObUTM OOJYIMpPOBAHBI M BOLUIM B COCTaB A3TOTO TeppelHa paHbIIE €ro KOJUIM3UU C
CubupcKUM KpaTOHOM.

Crenyromuii TEeKTOHOMarMaTUYeCKHil STall B PETHOHE CBsi3aH ¢ (OpMUpOBaAHUEM U
aKKpelHrel OCTPOBHBIX Iyr BIOJb 3amagHold oOKpawmHbl CHOMPCKOTO KpaToOHAa B IO3THEM
neonporepo3oe NP3 700-630 mmH. nmer. B To ke camoe Bpems (675-630 muH. 1eT) Ha
Enuceiickom kpsixke 0601 chopMupoBaH Tatapckuid komrieke YNP3t, BkiItouaronuii rpaHuTsl 4-
TUMNA, HE(PEIMHOBBIE CHEHHUTHI, LICJIOYHBIE OCHOBHBIE MOPOJAbI U KapOOHATHUTHI, HMEIOIINE
MaHTUIHYI0O W KOpOMaHTUHHYyI0 mnpupony. @DopmupoBaHUE TMOAOOHBIX MarMaTHYECKHX
KOMIUIEKCOB, KaK IPaBUJIO, OOBSICHSIETCS aHOPOIE€HHBIMU YCIOBUSIMU B CBSI3M C IUIIOMamMu U
(MIM) KOHTHHEHTAJIbHBIM pugToreHesoM. Heobxoaumo oOpaTuTh BHUMaHHE Ha OCOOCHHOCTH
JIOKQJIU3AIMK TPOSBICHUHN CYOIEIOYHOI0 U IIEJIOYHOr0 MarMaTu3Ma MpeaBeHICKOro Bo3pacTa
Ha Enuceiickom kpspke. OHu pa3BuThl BA0Jb Tatapcko-MmnMOuHCKOM 30HBI pa3ioMoB, Kak K
CEBEPY, TAK U K IOTY OT TaTrapCcKkoro rpaHUTOMIHOTO MaccuBa. B ceBepHol yacTu EHUCENHCKOTO
KpsDKa Takve TOpOABl IPEJCTABICHBI IIEIOYHBIMU CHEHHUT-OPPUPAMHU 3aXpPEeOSTHUHCKOTO
KOMIIJIEKCA, aCCOLMUPYIOIIMMUCS CO ILEJIOYHBIMU U CYOIIETOYHBIMU BYJKAaHUTAMHU, TyhaMu U
ocHOBHbIMH mnopoaaMu. B HOxxHo-EHmcelickoM Kpsbke, Ha MNpOJOJDKEHUH TaTapcKol 30HBI
pa3noMoB, UMeeTcss HeOobIIoN UHCTOMONbCKUIT MaccUB CYOILIENOYHBIX JEHKOrpaHUTOB (A-
THUI), BO3pacT KoToporo 683 + 6 muH. neT (Bepuukosckas A.E., 2007). Takum o6pazom, Bce ITH
IIEeJIOYHbIE U CYOIIeTOYHbIE KOMIUIEKCHI ObIIIM 00pa30BaHbl BIOJIb aKTUBHON KOHTHHEHTAJILHOU
OKpauHbI OAHOBpEeMEeHHO ¢ (hopmupoBanuem [IpreHucenckoir OCTPOBHOM AYTU U €€ aKKpeIuei K
Cubupckomy kpatony (700-630 MuiH. JieT Ha3am) B pe3yabTare Cyoayknun. IMeHHO CyOyKITus
OKEaHCKOH IUIMTHI U TOCTH)KEHUE acTEHOC(EPHI, BEPOSTHO, MPHUBENO K (POPMUPOBAHUIO HOBOTO

mMECJI0YHOTI'0O MarMaTH4YCCKOro HCTOYHHUKA.
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Takum 00pa3oM, MOKHO 3aKIIIOUUTh, 4YTO EHUCEHCKHI KpsK SBISETCS CIOXKHOU
KOJUTM3UOHHOW CTPYKTYypoH, chopmupoBaBiieiics B 53M0xy OalKadbCKOHW CKIJIAT4aTOCTH.
Hecmotps Ha Oosblioil 00beM Teoaoro-reopu3nv4eckux UCCIEJOBAHUM BOIPOCH! INTYOMHHOTO
CTPOEHUS 3TOM TEPPUTOPUH U IO CEHl IEHb OCTAIOTCS AUCKYCCHOHHBIMH.

2. Données géophysique disponibles

[lpu pemieHuu peruoHaJIbHBIX 3aJad, METOJbl MArHUTOPA3BEAKH M T'paBUPA3BEIKH
MO3BOJISIIOT BBISBISATh M OKOHTYPHMBAaTh HHTPY3WBHBIC, METaMOp(GUYECKHE M BYIKAHOTCHHBIC
00pa30BaHUsl, BBIABIATH M IPOCIEKUBATh 30HBl TEKTOHHYECKHX HAPYIICHUH OIpeaeniTh
3JIEMEHTHI 3ajJeraHus MAarHUTOAKTHBHBIX MAacC M pellaTh Apyrue TIeosoro-KapTUPOBOYHbIE
3amaun (AHgpeeB B.A., 1962). Ilyrem comocTaBlieHHsT MaTE€pHaJIOB MarHUTOPA3BEAKH H
rpaBUpa3BE/IKM C HMEIOLIUMUCS JUIsl paiioHa HCCJIEeOBAaHUM T'€OJOTMYECKHMMH pa3pe3aMu U
KapTaMH, BO3MOXKHO, YCTAaHOBUTH CBS3b T€X WJIM MHBIX OCOOCHHOCTEH MarHUTHOTO TOJISL U TOJIS
CHJIBI TSDKECTH C ONPEICIICHHBIMH T€0JIOTHYECKUMHU 00pa3oBaHUSIMHU. PernoHanbHble TaHHBIE
MarHUTOPa3BEAKH HCIOJB3YIOTCS JUIsl YTOUHEHHUs TPaHMIl KPYMHBIX CTPYKTYpPHBIX 3JIE€MEHTOB
3eMHON KOpBI, JUIsI KapTUPOBAHUS PAa3IMUYHBIX [0 COCTaBY METaMOP(PHUUECKUX U MHTPY3UBHBIX
MOpOJ CKJIam4aToro (yHAaMEHTa, W3YYEHHUS €ro penbeda, BBIIBICHUS W TPOCIC)KUBAHUS
pa3ioMOB M CKiIamyatbix KomiuiekcoB (ynmamenta (I'mamkuit K.B., 1967). Ilo xapakrtepy
MarHUTHOTO TOJS JJIsl pailoHa UCCIENOBAHUN XOPOIIO KapTHPYIOTCS KPYHHBIE PETHOHAIBHBIC
CTPYKTYPBI, TPOCIEKUBAIOTCS TITyOMHHBIE Pa3JIOMBI.

2.1. Anomalies de Bouguer compléte et anomalies magnétiques

HcxonHpie TpaBUMETPHUYECKUE TaHHBIC TIPECTABICHBI B BU/IC 3HAYCHUN aHOMAJIUN CHIIBI
TSOKECTH B PEAyKIMAX Byre ¢ IUIOTHOCTSAMH MPOMEXKYTOYHOTO ciosi 6 = 2,67 r/em® u
6 =2,30 r/eM® (ceuenne m3oanoman or 1 go 3 mla). Marepuansl IpeaCTaBIEHbI JIEBATHIO
JUCTaMM CTaHIAPTHBIX Tpaneuuil ['ocyaapcTBeHHOM KapThl aHOMaJIM CHIIBI TSXKECTH, MaciuTada
1:1000 000 (P45, P46, P47, 045, 046, O47, N45, N46, N47; puc.3.4). JlaHHbIe 117151 BBITIOJTHEHUS
HCCIIe/IOBAaHUM B paMKaxX MOCTaBICHHOW 3aJaud IpeJlOCTaBJIECHbl aBTOPY B YCIOBHOM YpPOBHE
denepalbHBIM areHTCTBOM 10 Heapornonb3oBanuio (yrukoBa O.[., 1966, Kypennas 3.M.,
1980, Topoukona I'.I., 1980).

I'paBUMeTpHueCKUE TaHHBIE OBUIM IMOJIyYeHBI aBTOPOM B LU(MPOBBIX daitnax dopmaTa
Surfer .grd. Crieryet OTMETHTB, YTO KapThl rpaBUTALMOHHOTO Tois Ag (Maciutaba 1: 1000 000)
COCTaBJICHBI TTyTeM CBeaeHHUs KapT Oonee kpymHoro macmTabda 1:200 000, mo cytu, uToroBas
KapTa 0003HAYEHHOW IUIOIIAAU JNEBATH MUJUIMOHHBIX Tpamneuui cocraBieHa u3 144 Tpaneuunit
Oonee kpymHoro macmraba (puc.3.5). B pesynbprare oO0paOOTKM KapT OBLIM TOMYYEHBI II0
paBHOMEPHOM ceTH, ¢ marom 1 kM, 3HaueHus AQ mus 826 728 touek kaptel (1036 3HaYCHMI 11O

ocu X , 798 - mo ocu Y). VIMeHHO moyydeHHast TyCTOTa CETH IO3BOJIMIA TPUMEHHTH METOIBI
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MaTeMaTHYECKOT0 aHajIu3a MpU pacyeTe pa3InYHbIX TPAHC(HOPMAHT IPABUTALMOHHOIO MOJs Ag,
a Takxe MPOBOJUTH INIOTHOCTHOE 2D MojenmupoBaHue BIOIb OMOPHBIX Mpoduiel «baTomuT) u
«Imary. Ucxognad cucTteMa KOOPAWHAT TPaBUMETPUYECKUX TaHHBIX — mpoekuusa [aycca —
Kprorepa, T1.e. UMIMHIpUYECKHE KOOpAMHATBHI JOJATOThI (A) W mmpothl (@). OpHako mpu
00paboTKe M HMHTEPHpETAllMd JaHHBIX HCIOJb30BANACh MPSIMOYrOJIbHAs CHUCTEMa KOOPAHUHAT
(UTM 30Ha 46N), mosToMy MPOBOAMICS MEpecdyeT CeTH HaOroaeHuil 3 mpoekiuu [aycca-
Kprorepa. B npssMOyrosibHON cucTeMe KOOPAMHAT KOJWYECTBO 3HAYEHHUU IO OCHU X COCTAaBWIIO
901, mo ocu Y — 1156, ogHako cymMMapHO€E KOJIMYECTBO U3MEPEHUI OCTAIOCh IPEKHHUM.

AHanu3upysi KapT aHOMaJbHOTO TOJNs CHJIBl TsKecTh Ag ¢ IUIOTHOCTBIO
IIPOMEXYTOYHOT0 cjiost ¢ = 2.67 u ¢ = 2.30 r/em® B macmraGe 1:1000000 BasKHO OTMETHTDH
cienyomue 0oco0eHHOCTH. MakcuMaibHble 3HaU€HHs aHOMAJIbHOTO IPaBUTALMOHHOTO MOJs AQ
nocturatoT ypoBHs +40 mI'an B ceBepo-3amagHON yacTH IUIOIAAM HccienoBaHui (puc.3.5).
MuHrManbHBIE 3HAYEHUsT OTMEYAKOTCS B FOrO-BOCTOYHOM YAacTH ydacTKa WM PaBHAKOTCA -
180 mI"an, yTO MO3BOJSET BHIIBUTH OOMIYI0 3aKOHOMEPHOCTh YMEHBIICHHS TpeHna Mojis Ag B
I0T0-BOCTOYHOM HaIIPaBJICHUHU.

B uenom, crtpykrypam ueHTpanbHOM 4YacTH EHHCEHCKOro Kpska COOTBETCTBYET
OTpULIATENIbHBIN CpeIHUI YPOBEHb Mo Ag, OT MUHMMAabHbIX 3HaueHu# ot -90 + -80 mI"an, 1o
MaKCUMaJbHBIX 3HaueHui oT -15 + -5 mI'an. B mone Ag oTMeuaroTcsi pa3iMuHbIe 10 XapakTepy
IrPaBUTALIMOHHBIE AHOMAJUU MIMPUHOM BKpecT mpoctupanus 10 50 kM. CpelHHE aMIUIUTYAbI
IPABUTALMOHHBIX AHOMAJUM, Uil 3TUX CTPYKTYp, cocTaBisitoT okojo 50 mlan. B cesepo-
3amagHoi yacTu EHuceNCcKOro Kpsika OTMEYaroTCsl CUJIbHBIE MOJIOKUTEIbHbIE aHOMAJIUU MO
Ag no +30 mI'an u mupunoi 1o 60 kM. C 3anaga EHucelckuid KpsK OTPaHUYUBACTCS Y3KUMH
MOJIOCKAMU TTOJIOKUTENIBHBIX aHOMAJIUM MOl Ag ¥Oro-BOCTOYHOTO MPOCTUPAHUS, IIUPUHON S -
10 kM u mpoTsKEHHOCTHIO 10 40 KM, ¢ MaKCUMalbHBIMU 3HadYeHHUsIMU TIoyist 1o +20 mIl"an. Ha
BOCTOYHOM rpaHule EHHCENCKOro Kpsbka NPOUCXOIUT PE3KOE M3MEHEHHE XapakTepa IO,
cpenHuil ypoBeHb okosio -60 ml'an. FOro-BoctouHas yacTh KapThl, KaK TOBOPWJIOCH BBIIIE,
XapaKTepU3yeTcs CUJIbHBIMU OTPULATEJIBHBIMU  AHOMAIMSMH, JOCTHrass MHWHHMAaJIbHBIX
3HaYeHuW HaJ cTpykrypamMu Boctounoro CasiHa. FOro-3anaHasi 4acTh MIOMAA UCCIAEAOBAHUS
XapaKTepU3yeTCsd  3HAKOMEPEMEHHBbIMM  aHOManusiMH, amiuutyaod 30+40 wmlan, wu
comnocTasisercs co cTpykrypamu Kysnenkoro Anaray (puc.3.5).

Tpancdopmanmu mosst CUIIBI THKECTH AQ HEOOXOAUMBIE AJISi TOCTPOSHUS TUIOTHOCTHBIX
Mozenen (cM. pazzaen 3.3) MPOu3BOIMUINCH C MACCUBOM JAHHBIX C TNIOTHOCTHIO TPOMEKYTOUHOTO
clios o = 2,67 F/CM3, B CBSI3M TE€M, YTO OCHOBHYIO IIomIIaAb EHHUCENCKOro Kpsibka ciararor

opoJsl MeTaMmop(udeckoro coctana (puc. 3.5).
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KoMmumsiiist MarHUTOMETPUYECKHX JaHHBIX AJii 0003HAaYeHHOTO IO TPaBUMETPUU
palioHa wuCClIeOBaHW MPOM3BOAWIACH MO KapTaM aHOMAaJIbHOTO MarHutHoro mons AT
macmraba 1:1000 000 (mpenenax tex xke muctoB P45, P46, P47, 045, 046, O47, N45, N46,
N47) mo perymspuoii cetn 1x1 kM (puc. 3.6). CeueHue H30JMHAM KapT MArHUTHOTO TOJIS
coctaBwio +20 HTn. JlanHsle nonydeHsl B PenepanbHOM areHTCTBE MO HEAPOINOJIb30BAHUIO.
KoHANIMOHHOCTh JaHHBIX MarHUTOMETPUHU COOTBETCTBYET MaTepuajiaM IpaBUMETPHUH Ui Beel
Tepputopun EHuCENCKOTO Kpska U compelenbHbIX obOnacted. bnaromaps stomy, crajno
BO3MO>KHBIM PaCCUUTHIBATh Pa3/IMYHbIE TPAHC(HOPMAHTHI AHOMATBHOI'O MAarHUTHOTO 1oJist AT.

AHanmu3 aHOMaJIbHOTO MarHUTHOro mnojs AT mo3BoJiseT pa3fenuTh BCIO IJIOMIATbL
MCCIIeIOBAaHM, TPAHUIAa KOTOPBIX MPOCIICKUBACTCS C CEBEPO-3allajia Ha IOTO-BOCTOK, U OTHOaeT
CTPYKTYpbl EHUCEHCKOro Kpska. B mocnencTBrue npu reojiorn4ecKo MHTEPIPETAlUNA JaHHBIX
MarHUTOMETPUHU, 3Ta TPaHUIA UIACHTHPHUIMPOBAIACH C HAJIMYHMEM TEKTOHHYECKOTO pasiioma,
Oru0aroIero KpsoK ¢ 3araHON CTOPOHBI.

AHomanbHOe MarHuTHOE mnosie AT B IOro-3amnagHoil 30HE UMEET CIOXKHYIO CTPYKTYPY,
CHJIBHO JU(PQEPEeHIIMPOBAHHYIO II0 XapakTepy. DBbIIENSAIOTCS CHIBHBIE OTpHULIATENILHBIC
anoManuu nojs AT, nocturaronme MUHUMAIbHBIX 3HaYeHui 10 -1000 aTn. FOro-3anagnas 3o1a
XapaKTepu3yeTcs OTPUIATEIbHBIMUA aHOMATUSAMU 1ot AT, KOTOpbIE MTPOCTPAHCTBEHHO XOPOIIO
CONOCTABIIIOTCS C TMOJOKHUTEIBHBIMU aHOMaIUAMU 1oJisi AJ. B To ke Bpemsi 10ro-BOCTOYHOM
4acTu OTpulaTesbHble aHoManuu AT KOppenupyroTcs ¢ OTpUUATEIbHBIMH aHOMAJIUAMHM I0JIS
Ag, npu 3ToM Xxapaktep noisi AT ceBepo-BOCTOYHOM 30HBI Oosiee CIOKOWHBIA. B 3T0il 30HE
YETKO BBIACNAIOTCA CTPYKTYypbl EHMCENCKOro Kpska, s KOTOPBIX CpPEIHHI YpOBEHb MOJIs
cocrtaiseT okono -100 HTn. I'panuusl EHnceNcKoro kpsi’ka XOpoIIo KapTUPYIOTCS 110 PE3KOMY
U3MEeHEeHHI0 xapakrtepa mnoist AT (puc. 3.6). Ecmum crpykrypam EHuceiickoro kpsbka
COOTBETCTBYIOT OTpHUIIATENIbHBIE 3HAaUeHUs 1ot AT, To juisi 0OpaMIIsSIOMKX €ro 00JiacTei 3To
noJjokuTeNnbHble anoManuu noist AT. Takke mo anomanbHOMY MarHuTHoMy oo AT xoporno
KapTupyroTcsi cTpykrypsl Boctounoro CassHa u KysHeukoro Ausaray, pacroyIORKEHHBIX

COOTBETCTBEHHO B FOI'0-BOCTOYHOM M I0I0-3aI1aTHOM YaCTIX palioHa MCCIICJOBAaHUM.
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M30mmHinH aHOMATBHOTO TPABHTAIHORHOTO MO IIKAJIA UHTEHCUBHOCTH 'PABUTAITHOHHOI'O T10J151
ceyenue uzorunuit 5 ml'an
ll) ompuiyjamenbible

6) nynesvie

Ol -166  -131 96 -61 -26 9 44wlan

6) nonoHcumenbHbie

D I'pannuel Tpaneuuit macwrada 1:1000000

I'panuust 3D monenu
Puc. 3.5 Anomanvrnoe noae cunvt msscecmu AQ 6 pedykyuu byze

— 3
(C NIOMHOCMbIO NPOMENCYMOUHO20 ClosL 0 = 2.67 2/cm”)
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HN30/11HHH aHOMQJILHOTO MArHUTHOTO 10151 IKAJIA MFHTEHCUBHOCTU MAI'HUTHOI'O T10JIS

cevenue wsoaunuit 100 nTa

a) ompuyamensuvie - -

6) Hyleevie -1 148677 -559 -442 -324 -207 -89 28 146 263 380 498 673 2333ula
6) nonoxcumensvivie

\:I I'panuusl Tpaneuuii macwrada 1:1000000
I'pannist 3D monenu

Puc. 3.6 Anomanvnoe macnumnoe none AT paiiona Enuceiicko2o kpsasica u conpeoenbHoix
meppumoputl.

OnucanHble IUIOIIAJHBIE MaTEpUajbl JAHHBIX 110 TPABUMETPUM M MAarHUTOMETPUU
macmuitaba 1:1000000 wucronp30BalUCh aBTOPOM Ha 3aKIIOUUTENBHOM JTalle IOCTPOCHHUs
(DUBUKO-TEOJIOTHYECKONH TpeXMEepHOM Mojaenu EHHCEHCKOro Kpsika H  CONpEeIeiIbHBIX

TEPPUTOPUH, C LUETBIO TOMCKA KPUTEPUEB BBISIBIICHUS PYIOKOHTPOJIUPYIOIIUX CTPYKTYP.
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2.2. Données régionales séismiques le long des profils « Batholite » et « Shpate »

Jlia rioyOuHHOrO cTpoeHMs EHucelickoro Kpska CTaBWiIach 3ajada I[PUBJICUEHUS
MaKCHUMAaJIbHOTO KOJHMYECTBAa alpHOPHOHN reosoro-reodusnyeckoir nnpopmanuu. B npegenax
n3ydaeMoi miomraau B nepuon 1968-1991x. roa ObLIM BBHITOTHEHBI YHUKATBHBIC KOMIUICKCHBIC
reou3nuecKre UCCIeOBaHMs BIOJIb MPOTSHKEHHBIX NMpo(uiIel W3BECTHBIX B JIUTEpAType Kak
reorpaBepcoB «baromut» m «lllmar», oTpabOTAHHBIMU B paMKax MPOrPaMMBI [0 H3yYCHHUIO
rnyounHoro crpoenus repputopun CCCP (A.B. Eropkun, 1991).

Martepuansl TIIyOMHHOTO CEMCMHMYECKOTO 30HIUPOBAaHHUS IMpenocTaBiieHbl LleHTpom
«I'"EOH» o pe3ynbratam paboT METO/1a MHOTOBOJTHOBOTO CEHCMHUYECKOTO 30HAUPOBAHUS BIOJb
reorpaBepcoB «baromut» u «llnar». JlaHHbIE NMpeAOCTaBIE€Hbl B BHUJE HHTEPHPETALMOHHBIX
celicMuYecKnXx pas3pe3oB (puc. 3.7), KOTOpbIE COAEpkKAT TOYKA TIAYyOUH MPETOMIISIONINX,
OTpaXalIIUX U OOMEHHBIX TpaHMIl (Jlanee - TOYKH TpaHchopmaruii CeHCMUYECKUX BOJIH —
TTB), wm rpanursl OJIOKOB, BbIIEIAeMBIX Kak 1o TTB, Tak u 1o celcMUYecKUM
XapaKTEePUCTHKAM Cpebl (CKOpocTH MpoaoibHBIX (Vp) u nonepeunbix (Vs) BOIH).

Ha omoproMm ceiicmudeckoM npoduine «batonut» 0ToOpaXXeHbl CKOPOCTH MPOJOTBHBIX H
MOTIEPEYHBIX BOJH, 00O3HAYeHBI M OTPUCOBAHHBI celicMuyeckue TpaHuibsl (puc. 3.7). Ha
CEeHCMUYECKOM pa3pe3e MO YETKO MPOCIES)KUBAIOTCS JBa TTYOMHHBIX TEKTOHMYECKUX pas3jioMa,
orpaHnymBaromux EHuceickuii Kpsok ¢ 3amama u Boctoka (A.B. Eropkun, 1991). Ha
CEHCMHYECKOM pa3pe3e MPHUBEACHBl CKOPOCTHBIE XapaKTEPUCTUKHU TOJIBKO JJis OTAENBbHBIX
yacTel paspesa. JlaHHBIA pa3pe3 COACPKUT TOUKU TIIyOMH MPETOMIISIIOLINX, OTPAKAIOIIUX U
OOMEHHBIX TpaHHUIl, KOTOpPbIC HCIIOJB30BAMCh, HA JTalme MpOBeAeHUS 00paboTKu U
MepPEeUHTEPIPETAUN CEHCMUYECKUX TAHHBIX.

OO1wenpuHsTasl MpoLeaypa MHTEPIPETalUHd JaHHBIX MHOTOBOJHOBOIO CEHMCMHUYECKOTO
30HIMPOBAHUS 3aKJIIOYATACh B BBIACICHUU OJIOKOB, XapaKTEpHU3YIOUIMXCS Oojiee WM MEHee
HEMPEePHIBHBIMU TUHEHHBIMU rpaHullaMu u OnpeIeICHHBIMU CEeUCMUYECKUMU
XapaKTEPUCTUKAMH (CKOPOCTH MpOoAOdbHBIX (Vp) n monepednbix (VS) BOJH, UX OTHOIICHHE),
IpUYeM, CTPOro TOBOpS, pacueT CKOpPOCTEH HaxoOuwics B 3aBUCUMOCTH OT IOJIOKEHUS
pacyeTHBIX ceiicMuueckux rpaHull. [Ipy uHTEepmpeTanuu [aHHBIX TOJYYEHHBIX METOJaMH
obmelt riryOMHHON TOukH M oTpaxkeHHbIX BOJIH (MOB-OI'T) KoHIEHTpanus pacuyeTHBIX TOUYEK
TpaHcopMmaluii ceiCMUYECKUX BOJIH B pa3pe3e OYeHb BBICOKA, MPH 3TOM MPUHUMAETCS BO
BHUMaHHWE HX TYyCTOTa, XOTS TEHJEHIMS TMPOBEICHUs JIMHEHHBIX TpaHMIl OCTaeTCs
nomuHupyromeii. B 1999 rogy Obu1 mpeasiokeH MeToj 00padOTKH CEeHCMHYECKHUX pa3pe3oB
(UepkacoB C.B., 2005), KOTOpbHIi TMO3BOJSET IMOJYYUTh CTATUCTUYCCKH OOOCHOBAHHBIE

MHTEPIpPETALMOHHbBIE pa3pe3bl Kak s MHOroBosHoBoro I'C3, tak u qist MOB-OI'T, npuuem
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pas3pesbl, MOJIIYYCHHBIC 11O JAHHBIM PAa3HBIX MCTOAOB, ABJIAIOTCS BIIOJIHC COITIOCTABUMBIMU MCIKIY

coboii (Eropos A.C., 2000, Hagexxka JI.W., 1999).
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2.3. Données de sondage magnétotellurique le long du profile « Batholite »
B 2000-x romax reodusmueckue HCCIeIOBaHUA BHOIL npodwmis «batomut» ObUTH

JIOTIOJTHEHBI ~ 3JIEKTPOMATHUTHBIMUA ~ UCCIIEIOBAaHUSAMHU  METOAOM  MAarHUTOTEIUTypHUUECKOTO
3ouaupoBanus (MT3).

DnexTpopa3BeAoUHblii  mpopmib  «baTomUT» TepecekaeT pasIM4HbIE CTPYKTYPHO-
TEKTOHMYECKHE IPOBUHIIMM, TEOIIEKTPUUYECKAas XapaKTEepPUCTUKA KOTOPBIX CYIIECTBEHHO
otnuvaercs JApyr ot apyra (puc. 3.8). Ero MokHO pa30uTh Ha TpWU YacTH. 3alaIHbIA |
LEHTpaJIbHBIN, U BocTOuHbIN yyacTku (Penpaman U.C., 2007).

CorimacHO TeO0d3JEKTPHUECKUM OCOOEHHOCTSIM paspes3a, 3amagHas 4YacTh NpOoQuUIIs
npocTupaercs oT BepxoBbeB p. Kac m1o p. Enuceit u Haxoaurcs B mpenenax KpaeBoW 4acTu
3anagHocuOupckoi muThl (puc. 3.8). 3mech mo riyomH 8-10 kM 3ayeraeT MHOTOSPYCHBIN
OCAaJIOYHBII YeXO0J C YepeOBaHHEM OTHOCHUTENBHO 00jiee M MEHee NMPOBOMASAIINX OTIOXKECHUH.
OcoOeHHOCTh 3TOW YacTu NpPOGuUIS SBISETCS KBAa3HCIOHCTBIM XapaKTep BepxHeill wacTu
npopmwirs (mo 10 kM) m ee pe3koe BBHIKIMHHBAHWE IIPH CTHIKOBKE C BBICOKOOMHBIMHU
oOpasoBanusimu Enuceiickoro kpsoxa (@ensaman U.C., 2007) .

B uentpanpHOii yactH, mpoduiIb MEpeceKaeT TrOpPHO-CKIATYATYI0  CTPYKTYPY
Enuceiickoro kpsoka (puc. 3.8). OcHOBHasi 0COOEHHOCTH T€03JIEKTPHUUECKOTO pa3pe3a ITOu
yacTH Npouis — IPUCYTCTBUE BRICOKOOMHON BEpXHEH YacTH Ha IIyOWHAX OT JAECSITKOB-COTEH
METPOB JI0 HECKOJBbKMX KWJIOMETPOB M MPOBOIAMIMX oOpa3oBaHuil. Penbed kpoBmm
MPOBOASIIKUX 00pa30BaHM TOCTATOYHO CIOXKHBIA. Kpome TOro, compoTuBieHHe 3TOH TOJIIH
TaKXe CYIIECTBEHHO MEHSETCS, JOCTHrasi OYeHb HU3KHUX 3HaueHui B nonm OMM. Ha Gombreit
yactu EHucelckoro kpsbka cyMMapHasi MPOBOJUMOCTb MPOBOJHUKOB COCTaBISIET THICSYU H
jecatku  Thicsd OM?, dTO NPaKTHYeCKM IOTHOCTBIO OKPAHHPYET — HIDKENEKAIIMH
reosnektpuueckuii pazpes3 (Genpaman U.C., 2007).

W, HakoHemn, BOCTOYHAs YacTh MPOGWIS pacroyiaraeTcsi B IpeneNax 3armagHod 4YacTH
Bocrouno-Cubupckoit mmargopmsel, mnepecekaer KamoBckuii CcBOJ M 3amajHyl0 4acTh
Tynrycckoii cuneknusbl (puc. 3.8). Ha nanHom nHTepBasie mpouiasi OCHOBHAs IPOBOJIUMOCTb
pa3pesa cocpeioToueHa B BepXHeil ero yactu, A0 rinyouns! 1 km (Peapaman U.C., 2007).

Martepuansl, MOTYYCHHBIE M0 Pe3yJibTaTaM MHTEPHpPETAluu BIOJIb Hpoduis «baTomuT
UCIIOJIb30BAJIMCh B KAYECTBE JOMOJIHUTEIBHOTO MaTepHaia Mpyu NOCTPOCHHH JBYXMEpHBIX (2D)

u TpexmepHbIX (3D) dusnko-reonornuecknx mozaeseit Exuceiickoro kpsoka (cM. paszaens 3.4 u

3.5)
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3. Apports de méthodes indirectes et inverses appliquées aux champs potentiels

'eopusnueckne monst 3eMiau OOYCIOBJIEHBI psAAOM (DaKTOpOM, BaKHEUIIMMH U3
KOTOPBIX  SIBJIIFOTCS ~ CTPYKTYPHO-JTUTOJIOTMUYECKHE U  CTPYKTYPHO-TIETPOPU3NUECKUE
0COOCHHOCTH CTPOCHHS CKIagdaToro ¢yHIaMeHTa U ocanodHoro 4exna (Bomomapckuii P.@.,
1970). Kak npaBuno, HaOiarogaeMble Ha MOBEPXHOCTH 3€MJIM T'PAaBUTAIMOHHBIE U MarHUTHbBIE
MOJIE TPEJCTaBISIOT COOON HMHTErpalbHBIA pe3ysiabTaT BIMSHHUS BCEX aHOMAaJO00pa3yIOIIMX
Macc 3eMHON Kophwl. [lepen mcciemoBareneM CTOWT 3ajaya IMPOBEACHHS MPEIBAPUTEITHLHOMN
00paboTKK W pa3jieNieHus] HaOJI0IaeMOTO TOJISI HA PSJI COCTABISIONINX ISl YCHIICHUS TOUN
COCTaBISIIOIIEH, KOTOpas  BbI3BaHA  HWHTEpeCcylOIUM  oObekToM. Takoil  mporecc
npeoOpa3oBaHMs HCXOJHBIX JaHHBIX Ha3bIBaeTCSd TpaHcPopMalle TIpaBUTAMOHHBIX H
MArHUTHBIX MOJIEH.

O6paboTka reou3MyecKuX HIaHHBbIX mpoBoawiack B mnporpammax COSCAD 3D
(MI'PU, aBropsl A.A. Huxkutun, A.B. IletpoB, A.C. Anekcamun) u GMGeo-Square (MI'Y,
aBTopel A.H. 3aiines), Oasis Montaj (GeoSoft), TRANSF (BRGM), u 3axmoyanack B pacuere
pa3IUYHBIX TpaHCHOPMAHT aHOMAJIBLHOTO MarHUTHOTO oyt AT u mons cunsl Tsbkectu Ag. Ha
MpeABAPUTEIILHOM  3Tane, aBTOPOM  MPOBOAWICS  TepecueT IMojJie B BepxHee
MOJIYIPOCTPAHCTBO, HAa BBICOTY H = 2 kM 171 BBLAENEHUS PETHOHAIBHON COCTaBIISIOIICH
MOTEHLIUAJIBHBIX TOJIEH, CBA3AHHBIX C OCOOEHHOCTSIMHU TIIyOMHHOT'O CTPOEHUSI OJIOKOB 3€MHOM
KOpBHI B Tpejenax HcCienyeMon Iuiomanyd. B manpHeWmeM paccuuTaHHBIE TPaHC(HOPMAHTHI
MOJIsI CWJIBI TSKECTH A(Q MCIOJIB30BAIMCH ISl CHEKTPAJIbHOIO aHajiu3a, MO3BOJISIOLIETO IO
XapakTepy CHEKTpa MO BBIACISITh PA3HOTIYOWHHBICE WCTOYHUKHA. B JIOMOTHEHUH K ITHM
pacdeTaM aBTOp MPOBEN pacueT MPOU3BOAHBIX MO PAa3IMYHBIM HAMPABICHUSM, U BBIYMCIUI
QHAIUTUYECKUI CUTHAJ AJIs 1o AQ, C LENbIO ONpeAeNeHuUs MOJI0KEeHNs UCTOYHUKOB Dilnepa.
[lony4yeHHbIE TaHHBIE HCIIOJIB30BAIMCH B KadecTBe anmpuopHoil mHpopmarmu mpu 2D u 3D
IUIOTHOCTHOM MOJICIMPOBAHUM B PA3JIMYHBIX MporpamMmax. PaccuumTaHHbIe TpaHC(HOPMAHTHI
MOTEHIMAIBHBIX MOJEH CYHIECTBEHHO NMOMOTaloT IPH AalbHEHIIEM KOMIUIEKCHOM aHalIu3e U
HMHTEPIIPETALMH UCTIONIb3YEMBIX T€0(U3NUECKUX TaHHBIX.

Hns  pemieHus 3amad = aBTOMATH3WPOBAHHOTO  CTPYKTYPHOTO — pallOHHPOBAHMS
AHOMAJIbHOIO MarHUTHOTO NoJsA AT M aHOMaJIbHOTO MOJIS CHIIBI TSKECTH AQ, U MOCIEAYOIIEH
re0JIOTUYECKOW HMHTEPIpEeTallii, UCTOIB30BAINCH PA3UYHbIE ANTOPUTMBI KiIaccU(DUKAIIHA.
[lon xmaccuduxamueil, B JaHHOM cllyyae, MOJApa3yMeBaeTcs pa3elieHuEe paccMaTpuBaeMoit
TPYIIBI TPU3HAKOB, MOAPA3yMEBAIONINX PA3IMYHBIC XapaKTEPUCTHKU MOTEHIUAIBLHOTO TOJI,
TaKMX KaK WHTEHCUBHOCTb, JUCIIEPCHUS, 3HAUCHHUS TPAJUCHTOB M Jp., Ha KJIACChl CXOXKHX
napameTpoB. CyIIecTBYIOIIME B HACTOAIIEE BpeMsl alTOPUTMBI KIACCU(PUKALUNA MOKHO

YCJIOBHO pasAaCIMTh Ha TPU I'PYIIIBI: 9BPUCTUHICCKUE, KOPPEIALMUOHHBIC 1 CTATUCTUYCCKHC.
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B paGore aBTOp HCMONB3yeT OBPUCTUYECKHE aJNTOPUTMBI  KIAacCUUKAILUH,
pazpaborannsie A.B. IletpoBeiM u gap. B pamkax nporpammel COSCAD 3D. Cytb
OBPUCTUYECKUX METOJOB KJIACCHU(PUKAIMU 3aKII0YaeTCs B pa3OMEHUU Juara3oHa 3HAYCHUH
KOKIOr0 TMpHU3HAKA Ha 3a/JaHHOE YHUCIIO Tpajalldid 1O COBOKYMHOCTH AaHAIU3HPYEMbIX
MPU3HAKOB W B OOJBIIMHCTBE CIy4yaeB CBOJUTCS K pacyeTy KOMIUIEKCHOTO MapaMerpa,
KOTOPBIN SBISIETCS TUHEHHON KOMOMHAIIMEH COOTBETCTBYIOIIETO HOMEPA MHTEPBaIa I'paaluu
10 COBOKYIMHOCTH aHAJIM3UPYEMBIX MPHU3HAKOB B Kaxxaou Touke HabOmronenws (A.B.Iletpos,
2004). ABtopoMm, i peIICHHS TIOCTABJICHHON 3aja4yu, ObUIM PACCUUTAHBI CJICIYIONIUC
pas3nuyYHbIe BUABI KIACCU(UKALMNA: METONOM IUHAMHYECKUX CTYIIEHUH, METOJOM OOIIero
paccrosiaus, kinaccudukanus mo IlerpoBy A.B. Metox auHamudeckux crymeHuii (K —
CPEeIHMX) 3aKJII0YACTCs B KiIacCU(UKAIMU MHOTOMEPHBIX HAOJIFOJACHUI Ha 3apaHee M3BECTHOE
YHCI0 KiaccoB k B ycIOBHAX MHMHUMyMa HH(OpPMAamuy O Ha4daJbHBIX IEHTpax KJaccoB
(A.B.ITetpos, 2004). Unes knaccupuKauy METOJOM OOIIET0 PACCTOSHUS 3aKIF0YAETCS B TOM,
YTO COBOKYITHOCTh OOBEKTOB, HAXOMSAIIMXCS HA OJAMHAKOBOM PACCTOSHHU OT Kakaoro usz K
ATaJIOHOB, 0o0pa3yeT koMmakTHy rpymnmy (A.B.Ilerpos, 2004). Tpetuit Tun kinaccupukaum
MpeACTaBIsieT co00i anroput™, paspadotanHsiii A.B. IletpoBeiM. JlaHHBIN anropuT™m
MO3BOJISIET MPOBECTH KJIACCH(PHKAINIO MHOTOIPHU3HAKOBBIX T'€O(PU3NYECKUX HAOIIOACHUNA Ha
OJTHOPOJIHBIE, B CMBICJIE BEKTOPA CPEIHEro, 001acTy, 6€3 3HAaHUS KOHEUYHOTO YUCIIa KJIACCOB U C
YUETOM KOPPEISLMOHHBIX XapaKTepUCTUK BCEro Mpu3HakoBoro mpoctpaHcTBa (A.B.Iletpos,
2004). Ananu3 KapT NOKPHIBAIOIIUX TEPPUTOPHIO EHUCENCKOro KpsiKa, paCCUNTAHHBIX TPEMS
crocobamu  Kiaccu(UKauil IMoKas3all, 4yTo HamOOJee BBIPA3ZUTEIBHBIA PE3yNbTaT MOTy4YCH
METOJIOM AMHAMHYECKUX CTylIeHui. Ha mocTpoeHHBIX KapTax KiacCH(PHUKAIUN aHOMaJIbHOTO
MarHuTHOTO 1oisi AT BbIeNneHO 7 MPU3HAKOBBIX 30H, C PA3IUYHBIMHU XapaKTepUCTHKaMu. B
1[€JIOM MO’KHO OTMETUTh YETKOE pa3JieJieHre aHOMaIbHOro MarHuTHoro noiyisi AT Ha J1Be 30HbI
COOTBETCTBYIOUINX EHHCEeickoMy Kpsiky U oOpamisiomux teppuropuit (puc. 3.10).

AHOMAaNbHOE TPAaBUTAIMOHHOE W MAarHUTHOE II0JIe, KaK COBOKYIMHOCTh aHOMAaJbHBIX
MoJie OT Pa3HOINTyOMHHBIX HCTOYHUKOB MOTYT OBITh pa3jiefieHbl Ha COCTABIIAIOIINE I10
Xapakrtepy mnoiisi. DHepreTudeckuii ciektp S(K) CBSI3aHHBIN ¢ TPaBUTAIIMOHHBIME UCTOYHUKAMHU
MOXET OBbITh paccuuTaH i AByxMepHoro ciydvas (Spector A., 1966), mis aHOMalbHOTO
HCTOYHHUKA, PACIIOIIOKEHHOTO Ha IIyOuHe N, ¥ cOCTOSAIEero u3 COBOKYIMHOCTH P MCTOYHHUKOB

cuextp S(K) mmeer Bu:

S(k) :Zp:f‘(k,a;,...,a;).ezkh, (3.1)
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rae kK - dgacrora, o I MapameTp, ONPENCIIOIMNA KaXIbli HMCTOYHUK U fl - byHKIUSA
ommchBaromas Mojaens. Torma raybmHa h g0  moBepxHOCTH  MCTOYHHMKA — OymeT
OPOIOPIUOHATBHA Y - YTy HAKJIIOHA COOTBETCTBYIOIIETO y4acTKa rpad)uKa CIieKTpa, U MOXKET
BBITH BeruuciieHa 1o ¢popmyste (Blakly R.J., 1996):

__AInS(k)__]/
h=— = 7 (3.2)

Mone cunel ., AHomarsneHoe .
maxecmu Ag MazHUmHoe
8 pedykuuu byze none AT

(6=2.672/cm3)

g JWEER naccudvKauma MarHUTHOTO nona AT
KNaccuduKaLma nona Cuibl TAXECTU Ag

CnekmparnbHbIl aHanu3

\J
ncesgonnoTHOCTH ncesaoNNOTHOCTU ncesgonnoTHOCTH
NOBEPCXOCTHOrO Cnos cpeaHero cnoAa rny6uHHOro cnos

182x10° % 0.011 mGatkm 1121 x10% i 0.015 mGalkm
rOPU30OHTaNbHbIV rpagneHs rOPU30OHTaNbHbIV rpaguers
CpepHero cnoa u nonoXxexHue rnyﬁm-moro CNIOA U NONoOXeHue
ocelt MaKCMMUMOB oceil MaKCMMUMOB

Puc. 3.10 Ilpumepvi pasnuuuvix munog mparcopmayuii nOMeHyuanbvix noieti onsi Enucetickozo
KPSIdHCA U CONPeOebHbIX MEPPUMOPUIL.

B Hacrosimee Bpemsi CYIIECTBYET MHOXECTBO TMPOTPAMMHBIX KOMIUJIEKCOB JIJist
CHEKTPAIBHOTO pa3fefieHus MOTeHIMaNbHBIX moiiel, Takux kak TRANSF (BRGM), Oasis
Montaj (GeoSoft), COSCAD 3D u ap. ABTopoMm wucmosib3oBajgach nporpamma TRANSF
(BRGM), npennasHaueHHas g pabOThl C TPaBUTALIMOHHBIMA W MAarHUTHBIMU MOJIAMH, U
paspaboTaHHas B UCCie0BaTeNIbcKOM LieHTpe DpaHiry3ckoi reosorndeckoit cimyx6s1 (BRGM,
Opannus). McxomHbIe JaHHBIE JOKHBI UMETh PETYJISIPHYIO CeTh HAOJIOICHHUN, UMETh (popmar
mudpoBsix Qaitno Surfer .grd. @yHKIMOHATIBHBIE BO3MOXHOCTU MPOrPaMMBl  COCTOSIT H3:
pacueta pa3IMYHBIX TPOU3BOAHBIX TMOJS, BO3MOXHOCTA HPOBOJAUTH PEIYyLUPOBAHUE

aHOMaJILHOTO MarHutHoro mois AT k MOJIIOCY, CHCKTPAJIbHOM pPa3ACICHUU IIO0JIA, pacucTa
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«TICEBIIOTNIOTHOCTEM» pa3HOTTYyOMHHBIX ciioeB. Takxke mporpaMMoi mpeanaraloTcs napamMmeTpsl
GuIbTpaIUy MOTCHIIMAIBLHOTO oA, Ha ciegyromem srane MCXOJHOE IoJie pa3jielisieTcs Ha
TI0JIe OT TPEX UCTOYHHKOB.

OcCHOBOW Takoro pas3ieleHus CIYKUT KOHICNIHS IOCIONHOrO pachpenaeicHus
mwiotHocTer (Jacobsen, 1987, Pedersen, 1991), B COOTBETCTBHM C KOTOPOH HMCTOUHUKU
T'PaBUTAIIMOHHBIX aHOMAIIMH CrPYIMITUPOBaHBI B HECKOJIBKAX TOPH30HTAIBHBIX CIIOSX. JlaHHBIH
moaxon — paspaboran  cmemuanmuctamu BRGM  w mpumensuics  npu 00paboTke
IPaBUMETPUYECKHX JAHHBIX PA3IMYHBIX TEPPUTOPUIA.

[Iporienypa 00pabOTKM NAaHHBIX TPABUMETPUYECKUX H3MEPEHHUN ISl MCCIEeTyeMOTO
y4YacTKa BKJIFOUYAET CIICTYIOIHE TAIIbI:

» AHanu3 CrIeKTPaJIbHBIX XapaKTEPUCTHK ITOJIS;
» CosznaHue oNTUMAIBHOTO (DUIIBTpa pa3/ieieH s MoJIs;
» UYactoTHas QpuibTpanus.

» PazneneHue aHOMaNbHOTO OIS Ag HA TOJIE OT TPEX Pa3HOTTYOMHHBIX HCTOYHHKOB.

16 | JUis ananusa CIEKTPaabHbIX

log A ] |
] p— XapakTepucTuk  nonst  Ag, c
J Ty G oFait
2N Cpemmtt |\ moMoOIIbI0 nporpaMmbl TRANSF,
1 ITorepxXHOCTHBI
BBITIOJTHSIETCS cienyoomas

1 TpaHchopMalus - PacCUUTHIBACTCA

BepTHKaJ’IBHLIﬁ rpaAuCHT C

IMPOOOJIKCHHUEM I10JIA BBEPX HA 2 KM.

0 Hainee CTpoATCA rpaduk
CRIEPOCODDOO | === = NNNNINNNRN | 0Wwnwne
=W s S N m o “NWwROEND© =“Nwhroo~©o© =Nwhro~

°e 14 ° 3 5n/kkm” 3aBHCHMOCTH Y4aCTOTHI k

Puc. 3.9 Cnexmp anomanvno2o nons cunvl msicecmu Ag (oTknaabiBaeTcst mo ocu  X) OT

norapudma amrmutyasl crekrpa l0gA (otknansiBaercs mo ocu Y) (puc 3.9).

[Tyrem anmpokcHMaIuy JIMHEHHBIX YY9aCTKOB TpaduKa MPSMBIMH OTPE3KaMH aBTOPOM
BBIJICJICHBI TPH 30HBI, OTBEUAONIHME UCTOYHUKAM PA3HOTIIYOMHHBIX aHOMAJIMN: OT TIIyOOKOTO,
3aneratoniero Ha riuyounax 20-35xm (wactotel f; =0, f, = 0.16), cpennero, Ha riyOuHax 2-
20xMm (uwactotsl f, = 0.16, f3 =0.6) U MOBEPXHOCTHOTO CJIOs, TIIYOWHOU JO0 5 KM  (4acTOTHI
f3= 0.6, f; = 1.8). Ilonyuennsie 3Hadenus 4dactot f1,f,,f3 u f4 mcmome3yror mas maneHeiinero
CHIEKTPAJILHOTO Pa3/IeJCHUs] TPAaBUTAIIMOHHOTO TTOJIst AQ.

Co3z0anue ¢urempa ona pasoenenus nons. Ilapamerpbl (QuiIbTpa pasaeNeHuss MO
paccuuThiBatoTCsl  aBromMarudecku rnporpammoii TRANSF. CymecTByeT BO3MOXHOCTb

W3MEHEHUs MapaMeTpoB (UiIbTpa, OJHAKO H3MEHEHHE IMpPEIJIOKEHHBIX IapaMeTpoB He
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CHOCOOCTBYET YIJYUIICHUIO (GUIBTpa, MO3TOMY s JajbHelIIed 4YacTOTHOM (uibTpanuu
WCTIOJB30BAJICh TPEIJIOKECHHBIE TMapaMeTphl. B mporpamMme MOXXKHO BBIOpaTh OJUH W3
cnenyromux GuibTpoB: Triangle, Hanning, Hamming, Blackman, Welch. Onnako n3menenue
TUNA (UIBTPA CYIIECTBEHHO HE BIUSIET HAa PE3yNbTaThbl, HOATOMY BeIOOp uibTpa (Blackman)
ObUI TIPOM3BE/IEH ONBITHBIM IYyTEM C YYE€TOM PpPEKOMEHJAIMil aBTOPOB MPOTrPaMMHOIO
obecnieucrus (BRGM).

Yacmomnas ¢urempayus. Ilocne mpoBeneHUs aHaln3a CHEKTPAIbHBIX XapaKTEPUCTUK H
MOCTPOEHHS ONTHUMAIBHOTO (UIbTpa BBINOJHSJIACH YacToTHAas ¢uibTpanus. Merorom
4acTOTHOW (puiabTpanuy ObUIM BBIYUCIEHBI aHOMAJbHBIE MOJISi, COOTBETCTBYIOIINE BKJIAAy B
HCXOJIHOE T0JIE CUJIBI TsKecTU Ag cienyromux ciioes (puc. 3.10):

- AHOManuu nosst Ag oT r1yOMHHBIX HCTOYHUKOB,

- AHomaiiuu Ag OT CpeIHETITyOMHHBIX HCTOYHUKOB,

- AHOManuu Ag OT MaJIorTyOUHHBIX HCTOYHHUKOB.

CnenyeT OTMETUTb, YTO JJISi CPEJIHETO CJI0S MPOUCXOJUT CYLIECTBEHHOE YMEHbILIEHUE
WHTCHCUBHOCTH TIOJII Ag, TIO0 CPaBHEHHIO C TMOJSIMH Ag TIYOMHHOTO W TIOBEPXHOCTHOTO
HCTOYHHUKOB. [/lajiee aBTOPOM pacCUUTHIBAIMCH IICEBIOINIOTHOCTH /ISl ITYOMHHOTO, CPETHETO U
MOBEPXHOCTHOTO cioeB B nporpamMmme « TRANSF» mnst rmyOun 0 — Sk, 5 — 20 kM, 20 — 35km.
OCHOBOH JaHHOTO pa3Ae/eHUs] TPAaBUTALUOHHOTO MOJISI TAKXKE CITYXKHUT KOHLIEMLUS TOCIOHHOIO
pacnpenenenus mioTHocTei (Jacobsen, 1987; Pedersen, 1991), B cooTBeTCTBUU € KOTOpOH
UCTOYHUKHM TPAaBUTALMOHHBIX AHOMAJIMH CIPYNIMPOBAHBI B HECKOJIBKMX T'OPU30HTAIBHBIX
CJI0SIX, B IaHHOM ciiydae B Tpex ciosx (puc. 3.10). I[To momydeHHON KapTe TIIyOMHHOTO CIIOS
pacCUUTHIBAICS MOAYJIb TOPHU3OHTAIBHOTO TPAJAMEHTA IICEBAOIUIOTHOCTH B MPOTpamMme
TRANSF. Ha nonyueHHBIX KapTax TIpaJUeHTa IICEBJOINIOTHOCTH BBIIEISUIUCH OCH €T0
MaKCUMAaJIbHBIX 3HAYeHMH s JajbHeHIedl WHTepnpeTalud MOJIYYEeHHBIX JaHHBIX U
BBIJICIICHUS TIPOTHO3HBIX MPU3HAKOB Ha 30JI0TOpYAHBIE 00BeKTHI (puc. 3.10). Hecmotps Ha TO,
9YTO B HACTOAIIEE BPEMs CYIIECTBYET aBTOMAaTH3WPOBAHHBIE METOABI KapTUPOBAHHS OCEH
MaKCHMYMOB, IPEANOYTUTEIIHBIM OCTaeTCsS PYYHOE rpauuecKoe BhIICICHUE STHX OCEH.

OnHUM M3 pacHpOCTPaHEHHBIX METOJIOB ONpeAeNeHHs TIJIyOWHBI 10 MarHUTHOTO
(rpaBUTALIMOHHOI'0) MCTOYHHMKOB MOXKHO Ha3BaTh METOJ|, OCHOBAHHBIM Ha MCIIOJIb30BAaHUU
ypaBHEHUsI OJHOPOJHOCTH Duiepa (IeKOHBOMIONMs Ditniepa). [laHHOE ypaBHEHUE CBS3BIBACT
MarHuTHOE T1I0JIE M €ro NPOHW3BOJHBIE C TIPOCTPAHCTBEHHBIM MOJOXCHHEM HCTOYHHKA
aHOMAJIUH, CO CTENEHbIO OAHOPOJAHOCTH, Ha3bIBaeMOU "CTPYKTYpHBIN uHAEKe". CTPYKTYpPHBIHA

ungekc (SI) sBusieTcss Mepod MOHWKEHHS YPOBHS MOJS MO Mepe yOaleHHs OT HCTOYHHKA.
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OI[HOpOI[HOC YpaBHCHUC Sﬁnepa I MAr"duTHBIX JaHHBIX MOXCT OBITb HAIMCaHO B

cienyromiem Buze (Blakly R.J., 1996):

(x—x, ]£+(}-—;-D ]E—f[:—:o )i =N(B-T)

~ o

o W oz ’ (3 3)
rne  (Xo, Yo, Zo) — MPOCTPAHCTBEHHOE IOJOXKECHUE MArHUTHOTO HCTOYHHKA, JJII KOTOPOT'O
MOJTHBI BEKTOP MarHUTHOro moyis T Haxoautcss B Touke (X, Y, Z), B - peruoHaibHOE
MarHutHoe nose, N - Mepa MOHMKEHUS] YPOBHS IOJIE U MOXKET ObITh MHTEPIPETHpyeMa Kak
ctpyktypHbid uHACKC (SI). Micronp3ys omucaHHBIN alrOpUTM, OBLTH PacCYUTAHBl UCTOYHHKHU

Diinepa AJi1 aHOMAJILHOTO TOJIs CUJIBI TsikecTH (puc. 3.11).

B nanHOM ciy4ae aBTOPOM HCTOYHHMKH OWJEpa pPacCUUTHIBAIUCH IS IOJYYEHHS
MHPOPMAlUK TOJIBKO O BEPTHKAJIBHBIX I'paHUIAX pa3pes3a, TpaHHuLaX OJIOKOB C pa3IUYHON
IJIOTHOCTHIO. [Ipy 3TOM MOJIOKEHHE HWCTOYHMKA OWiepa MPOCTPAHCTBEHHO HAXOAMUTCS B
CepeIMHE COOTBETCTBYIOILEIO €My BEPTHUKAJIBHOTO KOHTAaKTa. AHAIMW3 IMPOCTPAaHCTBEHHOTO
II0JIO’KEHUSI UICTOYHUKOB Diiepa A noist AQ, MOIy4eHHBIX IPU pacueTax ¢ pa3MepaMy OKHa
5 Ha 5 KM MO3BOJISAIOT OINPENENUTh MOJ0KEHUS TPAHULl PUIIOBEPXHOCTHBIX OJIOKOB, TITyOMHA
KOTOpBIX He mpeBblmacT 5 kM. OTMETHM, YTO ¢ OJAHON CTOPOHBI YETKO BBIJEIACTCA IPAHMLA
EHncelickoro kpspka, XOpOLIO Koppenupyemas ¢ TreoJorudeckuMu gaHHeiMH. C  apyroi
CTOPOHBI POCTPAHCTBEHHBIN aHAJIN3 PACCUMTAHHBIX UCTOUYHUKOB Dilliepa MO3BOJSET ClEIaTh
BBIBOJ] O NMPEUMYILECTBEHHO BEPTUKAIBbHOW KOH(UIYpallil KOHTAaKTOB B mpezenax kpsxka. C
Ie0JIOTUYECKON TOYKHU 3PEHUS, 3TO MOKHO MHTEPIPETHPOBATh HAJIMYUEM B IIpeleiax Kpsbka
IIPEUMYLIECTBEHHO CYOBEPTHKAJIBbHBIX TPAHUL] MHTPY3UBHBIX TEl B pa3pes3e. YBEIUYEHHUE
pa3zmepa okHa 10 10 Ha 10 kM o3BoJISIET CyAUTH O Oosiee rIyOOKHX CTpyKTypax Enuceiickoro
Kpsbka He mpeBblmaommx 10 km. Ha puc. 3.116 oTMeuaercs CyleCTBEHHOE YMEHBILIECHHUE
KOJINYECTBA MCTOYHUKOB, 4YTO IIO3BOJISIET CyIuTb O Oojiee OJHOPOJHOM CTPOECHUHU
COOTBETCTBYIOLIET0 cjosi B uHTepBaje IIyOuH 5-10km. IlomydeHHble pe3ynbTaTbl o
MIPOCTPAHCTBEHHOM pAacCIpe/Ie]IeHM HCTOYHHKOB Oiliepa B JajbHEHIIEM HCIOIb30BAINCH
aBTOpOM 1pH JeTanbHoM 2D u 3D mioTHOCTHOM MOJENUpPOBaHUM BIOJb OMOPHBIX Mpoduiei

«batomut» n «IImary.
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4. Le modéle gravimétrique de I’Yenissei Ridge; Visualisation en 3-D

s monmydeHuss HamOoJiee TOCTOBEPHBIX TPEIACTABICHWNA O CTpOeHWW EHMCcencKoro
KpsDKa aBTOPOM  MPHBJICKAINCh AlPHOPHBIC JAaHHBIE CEWCMUYECKOTO  30HJIUPOBAHUS,
ceiicMoToMOrpaduu 1 MarHUTOTEJUTYPUYECKOTO 30HAMPOBAHUS BIIOJb TeoTpaBepca «baTomury,
U CEeHCMHYECKOro 30HIUpPOBaHUS BHOJbL reoTpaBepca «lllmat». B mporecce mIOTHOCTHOTO
MOJIEIMPOBaHUsT ObUIO PACCUMTAHO MHOXECTBO MOJENEH, OTpakalolUX pPa3WYHbIE TOUKH
3peHus Ha CTPOCHHE u3ydaemoro peruoHa (cm. pasgen 3.1). Ocoboe BHHUMaHUE YIETSIIOCH
MO/IEIMPOBAHUIO HHTPY3UBHBIX 00pa3oBaHMiA (Ha TTyOMHAX JI0 5 KM), B YaCTHOCTH, TPAHUTHBIX
KOMIUIEKCOB ~ TaTapCKO-asXTUHCKOTO W  TIIYIIMXUHCKOTO  BO3pacTa, KakK BO3MOXKHBIX
PYIOKOHTPOJIUPYIOIIHUX CTPYKTYP 30JI0TOPYTHBIX MECTOPOKICHUH.
4.1. Modélisation directe des coupes « Batholite » et « Shpate »

[I10THOCTHOE MOJEUPOBAHKE BIOIL OMOPHOTO Mpoduiiss «baTonmuT» MpoBOIUIOCH B
nporpammax TG-2D (MI'Y, aBtopsl A.A. bynsrués, A.H. 3aiineB) u GM-SYS (GeoSoft). B

Iponecce IMIOTHOCTHOI'O MOJACIUPOBAHUS B KaUCCTBE aan/IopHoﬁ I/IH(1)OpMaI_[I/II/I MMPpUHHUMAJINCh

%

,KM/C Y pe3ynbTaThl 00pabOTKH CEWCMHYECKOTO

reorpaBepca  «batomut»  (Eropkus,

xJr o Je[a Js[n Jo
s [ell+lol [~ ]s

1991), nmaHHBIX MarHUTOTEIUTYPHUYECKOTO

soraupoBanust (denpaman U.C., 2007) u
cericmotomorpaduu (puc. 3.7, 3.8).
ITockonbky, aBTOPOM
MIPOBOJIMIIOCH INIOTHOCTHOE
MoOJIeTupoBaHue 10 Iyoun 60 kM, s
KOTOPBIX HE  CYIIECTBYET  JaHHBIX
Oypenus, BAKHOMN aIpuoOpHOMN
nHpopManueld  ObUTM  paclpeaelicHUs
CEHCMHMUECKHX CKOpPOCTEe B pas3pese

(Eropkus, 1991). CkopocTHBIE

5 T T

25 27 2.9 31 ' 3’36’ e’ X@PaKTCPUCTHKU Pa3HONTyOMHHBIX CJIOEB
Puc. 3.12 Crkopocmv pacnpocmparenus npodoivhvlx — OBUI IIOJIYYEHBI, HCITOJIB3YS
60JIH U NAOMHOCTNb UHMPY3UGHBIX U MEMAMOPPUUECKUX
nopoo. (Kopbanosa B.H., 1962) 1 — epanumwl; 2 —
ouomumosvle u oOuomum-ampubonogvie cueiicvl; 3-  ([Ilmaty. Takum 06pa3oM, OmHMpasch Ha
KUanum-zpanam-6uomumosvle eHeticol, 4 — 6uomum-

ampubonosvie  eueticet  u  ampuborumvl;, 5 — ~ YCTAHOBJICHHBIC KOppe/INIMOHHBIC
NAG2UOKIA308ble cpanyaumsl, 6 — ouopumol u 2abopo-
ouopumbsi; 7 — 2abbpo-Hopumwl,; 8 — cunepoazumol.

ceficMuueckue reorpasepcel «baronur» n

3aBUCHMOCTH CKOPOCTH OT IUIOTHOCTH
(puc. 3.12), nns KaxJIOro cjaos MOJETH

OBUIM BBIYUCJICHBI HHTCPBAJIBI U3MCHCHUA IIoTHOCTEH 6. IIIOTHOCTH CI0€B HM3MEHSIOTCS B
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LIIMPOKOM JIMarna3oHe, ot 3.25 r/em® 1iist MaHTHIHHBIX MOpOJI, HAXOASIIMXCS Ha IIyOuHax Ooiee
40 kM, g0 2.05 rlemM® mIs OCALOYHBIX, 3JETAIOMIAX B BEpXHEW dYacTu paspe3a. XOTd
CYIIECTBYIOT ONPEIEIICHHbIE 3aBUCHUMOCTH IUIOTHOCTH OT MPOBOSIINX CBOWCTB TMOPOJ, HX
UCIOJIb30BaHKE OBLIO 3aTPyAHEHO, BBUIY CII0)KHOTO, CKIIAYaTOTO CTPOCHUS BEpXHEH 4acTu
paspesa B nipenenax Exnuceiickoro kpsbka. OJHOBPEMEHHO € 3TUM, OTCYTCTBYET HH(pOPMAIHUS O
TYOMHHOM YacTH pa3pesa, 4To 00YCIOBICHO BO3MOKHOCTSIMU MCTIOJIb30BaHHOTO MeToaa MT3
U CTPOEHHEM PErvoHa.

Jns  MomenupoBaHUsS — TIOYOMHHOW — KOHQUTYpAallMd  WHTPY3UBHBIX  OOBEKTOB
JIOTIONTHUTEBHO TMPUBJICKANNCH pE3yJabTaThl pacueTa HMCTOYHHUKOB Oinepa (puc.3.11).
HcTtounuku, Haxodsmuecs B paguyce 2 KM OT OMOPHOTO Npoduis ObUIH CIIPOCHUMPOBAaHbI Ha
€ro BepTHKaIbHYIO IIOCKOCTh (puc. 3.13). IlomydeHHoe pacmpeaciieHHe HCTOYHHKOB B
paspes3e IMO3BOJIMIIM ONPEACTUTh TOJIOKEHNE BEPTHKAIBHBIX TpaHul. OCOOEHHO XOpOIIOo
JaHHBIA METOJ AaNanTUPOBaH [UJIs OMpEACNICHUS TPaHUIl HMHTPY3UBHBIX OOpa3oBaHUN —
rpaHuToB B npeaenax Enucerickoro kpsbka. Ha puc. 3.13 BugHa xopoiiias IpoCcTpaHCTBEHHAs
KOppEJsUs TMOJO0XKEHUs] MCTOYHHUKOB Oijepa U MPEeANoaraéMblX BEPTUKAIBHBIX TPaHMUIL

MHTPY3UBHBIX 00pa30BaHUil.

Ag, mIan

¥
v
F kb

S FE
N A

Iy sy

T T T
Z, xu 250 300 350 X, kM
[ ] Ocanounsie nopoasl (G = 2.6 r/cm3) o JHAUCHHA 0€ CHIILL TAKECTH B PEAYKLMH
Byre (6 = 2.67 rfcm3) B Toukax Habuonenuii
—_ PAacYMTAHHOE MOJIE CUIIbl TAKESCTH
JUT5 MOJIEITH
51 yNPia Tarapeko-asxTuHekue rpanutsl (G = 2.64 r/cm3)  ® uctouHWkH Diinepa

Puc. 3.13 Hcnonvzosanue ucmounuxos Jiiiepa npu noobope NI0MHOCMHOU MOOenu
(6 npoepamme GM-SYS; cpednee keadpamuunoe omxionenue o= 0.7 mlan).

Metamophuueckue nopousl (¢ = 2.78 ricm3)

550 yNPgl Tnymmixusckne rpaautsl (G = 2.61 riem3)

112



Takum o6pazom, BOJIb OMOpHBIX Npoduneit «bartomut» u «lllmat» nomyueHHBIE
WCTOYHUKH DiJiepa UCTIONHh30BAJIMCh B KQUECTBE OTIOJHUTENFHOW WHPOPMAIIMHN O TTOJIOKEHUH
BEPTUKAJBHBIX TPAHMIl OJOKOB, XapaKTEPU3YIOIIUXCS Pa3IUIHON TUIOTHOCTBIO. XOTSI, METOJ
JICKOHBOJIIOLIMK Dijiepa XOpOLIO AJaNTHPOBAH Ui BBIIEJICHUS MarHUTHBIX HCTOYHUKOB,
TaHHBIA aHaNIW3 HE MPOBOAMJICS, 13TO OBUIO OOYCIOBIEHO TEM, YTO HMEIOLIHECS KapThl
aHOMAaJIBHOTO MarHUTHOTO 1oyt AT HMMEIOT HU3KYIO JIeTalnbHOCTh B mpenenax Enucelickoro
KpsiKa, HHTEPECYIONINe HAC TPAHUTOU B B HUX HE MPOSBISTIOTCS

B mpenenax ropm3oHTadIbHBIX CEMCMUYECKHUX T'pAaHUI] MPOU3BOAMIACH pa3OMBKa Ha
O6mok ¥ moAldOp IUIOTHOCTEW BHOMb ONOpHBIX mnpoduueil «baromury un  «lllmary.
JIOTIOJTHUTEIBHO aBTOP MCIIONB30BAJ PaHEee MOMYYEHHbBIE PEe3yNbTaThl 00PaOOTKH ILIOIIAIHBIX
JOaHHBIX TIOJI CHJIBI TsOKeCTH AQ Ui pacyera IICeBJIOIUIOTHOCTEH pPa3HOITTyOHMHHBIX
UCTOYHUKOB. ABTOpOM, i mocTpoenusi 2D moneneir Bmonp mpoduist «bartomuty ObuH
MOCTPOEHBI  TpaUKH  paclpeieieHuss  IUIOTHOCTHBIX — XapaKTePUCTUK  UIL  JIBYX

pasHoriayouHnsix cinoés (0-5 kM, 5-20 km; puc 3.14).

2.76 - ! | . |

r& N = A !

b T | |

o 2.7 : |

g 2.68 - '

c ., i |

E 2.66 :

% 264 - . :

E 2.62 - I == [OBEPXHO CHEIII cII01T (0-5KM)
26 - i = CPeIHIMI crioit (5-20kn)
:58 T II T II T T 1

0 100 200 300 400 500 600 700
KM

Puc. 3.14. I'paghuxu usmenenuss nCe8OONIOMHOCMU 800.1b ONOPHO20 paspesa «bamonumy

Ha nony4yenHbIx rpadukax MOKHO BBIZICIUTH TPU 30HBL [IepBOii 30HE COOTBETCTBYET
ciaboe M3MEHEeHHe 3Ha4eHUH IUIOTHOCTEH B 000MX ciosix. Bo BTOpOH MpPOMCXOIUT CUIIbHAS
nuddepennmanus MIOTHOCTeH paspese. Jlns TpeTbell xapakTep rpaduka COOTBETCTBYET
NepBOl 30HE, OJHAKO /Ul BCEX CJIOEB OTMEYaeTcsl pasyluIoTHeHue mnopoja (puc. 3.14).
VYauThiBas TMOJyYeHHBIE 3aBUCHUMOCTH, JUIA OJOKOB Haxomsimmxcss Ha riayomHax 0-5 km
3a1aBAITICh HAYaIbHBIC 3HAUYCHNS & = 2.6 — 2.7 r/cM’., 1 6 = 2.75— 2.8 T/cM u1s cpejHeii 4acTu
paszpesa (5-25 km). CieyeT OTMETHTh, 110 IIOCTPOCHHBIM I'paKkaM MOKHO IIOCTPOMTH Ooiee

ACTAJIBbHYIO IINIOTHOCTHYIO MOJ€CJIb, OAHAKO np06neMa 3aK/IIF049acTCsd B TOM, UTO BOOJIb pa3peia
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IIPOUCXOJUT 3HAYUTEIbHBIE U3MEHEHHSI MOIIHOCTH CJIOEB, KOTOPBIE HEBO3MOXHO YYECTh IIPH
CIIEKTPAJIbHOM pa3fesIeHUH nojs Ag.

[To xapakTepy HaOMIOACHHOE TOJEe AQJ MOXHO YCIOBHO pPa3le/iuTh Ha TPH 30HBHI,
cooTBeTcTBytouMe 3amagHo-Cubupckoil mmre, EHuceiickomy kpsky u Cubupckoii
w1aTGopMe, KOTOPbIE YETKO pa3fesiaioTcs IBYMs TTTyOWHHBIMU TEKTOHHYECKUMH Pa3IOMaMHu.
OTMmeuaeTcs TOHMKEHHUE CPETHETO YPOBHS mojsi AQ ¢ 3amaza Ha BOCTOK mpoduis «batomuty.
MaxkcruMasnbHble 3Ha4€HHs OTMEUAIOTCs B 3alaJHOM YacTH MEPBOW 30HBI, & MUHUMAJIbHbBIE B
LIEHTPAJIBHON YaCTH TPETHEU 30HBI.

B pesynpraTe MoaenupoBaHHs OBbUTM TOCTPOCHBI IUIOTHOCTHBIE pPa3pe3bl BIOIb
npoduneit «baromuty u «lllmat», ymoBimeTBOpsIOMIME CICAYIOUIUM YCIOBUSM: TPAHUIIBI
OJIOKOB HaxoAdTCs B IpeAesaX CEUCMUYECKMX TIpaHULl UM TEKTOHUYECKUX pa3jIOMOB; C
rIIyOMHON  yBEIMYHMBAETCS IUIOTHOCTh TOPOJ, CpeaHee KBaApaTUYHOE OTKIOHEHHUE
HAOJIOZCHHOT0 OT paccyuTaHHOro mnoisi Ag cocrasisier He Oonee +0.8 mI'am, T.e. ommbOka
nonbopa pasusiercss 0.5%; BepxHss yacTh pa3pe3a pa3OuBaeTcs Ha OoJiblliee KOJIUYECTBO
OsiokoB, 4yem HWkHiIA (puc. 3.15). bonee TouHBII MOA0Op HE MPOBOAWICS HCXOIS W3
MOCTABJICHHOMW 33J]auu, MacuITaba MMEIONIMXCS JaHHBIX U OTCYTCTBHUS JETaJbHON HH(pOpMAITUK
0 pacHpeleNIEeHNN CKOPOCTHBIX XapaKTEPUCTHK B pa3pese.

C 0J1HOH CTOPOHBI, OJIYYEHHBIN pa3pe3 pacupeneseHus INIOTHOCTEW G HE POTUBOPEUUT
MIPUHATON MOJENHM CTPOEHUs 3€MHOM KOpbl perMoHa EHMCENCKOro Kpsika Kak IOKPOBHO-
ckiagyaToin cTpykTypbl (Bepuukosckuit B.A., 2003).C apyroil CTOpPOHBI, pE3yJIbTaThl
IUIOTHOCTHOTO MOJEJIMPOBAHUS BIOJb ONOpHOro mnpopuns «baToaur» He HpoTHBOpeyar
CEHCMHUUYECKUM JIAHHBIM, U UMEIOT BBICOKYIO CXOJMMOCTD IOJ0KEHNS TOPU3OHTAIIBHBIX TPAHULL
0s10koB (puc.3.16). Takke OTMETHM, YTO TOJYUYCHHBIE TUIOTHOCTHBIE MOJIETH BIOJb OTIOPHBIX
npopwmieii «baromuty n «lllmar» MMEOT cXoXKee CTPOCHUE, OTIMYACTCS JHIIb CTPOSHHUE
IIOBEPXHOCTHOM 4aCTH pa3pesa. B moCTpOeHHBIX MIIOTHOCTHBIN pa3pe3ax, BhIACIAIOTCS YEThIPE

OCHOBHBIX CJIOS, 3aJICTAOMIUX BBIIIC T'PAHUIIBI MOXOpOBI/I‘H/I‘la.
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Hwxnuit crnoii xapakrepusyercs ciabblM U3MEHEHHEM IIOTHOCTEeH oT 6 = 2.9 r/em® 10
6 =295 r/cM’, CHH3y OIpaHHYMBACTCS IIOBEPXHOCTBIO MOXOpOBHYMYA, KPOBIS CIIOS
pacmonaraercss Ha riyouHax 32 — 42 KM, MOIIHOCTh BappupyeT oT 5 1o 15 kM (puc. 3.15).
[Topopbl, crararoiiye 3TOT CJI0H, MPEMOIOKHUTEILHO OTHOCATCS K oOpa3oBanusM apxes (AR),
OCHOBHOTO U YJIbTPAaOCHOBHOIO coctaBa. [lopoibl, BO3MOKHO, PEACTaBICHbI JTM00 MUPOKCEH-
TUTarMOKIIA30BBIMH M TPAaHAT-MMUPOKCEHOBBIMUA OPTOTHEHCAMH C BBICOKHUM COJIEPIKAaHHEM
KENE3UCTO-MarHe3ualIbHbIX MUHEPAJIOB, JINO0 rab0po ¢ Gojiee HU3KUM COJIEPKAaHHEM TEX XKe
muHepanoB (B.H. Kobpanosa, 1962).

Berlmie3aneraromumii cioi MMEeT pazIMuyHyl0 MOIIHOCTH OT 10 KM B KpaeBbIX YacCTAX
paspesa 10 25 KM B IEHTPAJIBbHBIX, KPOBJS CIIOS HAXonuTcs Ha riryomHax oT 10 mo 15 kM.
[I10THOCTH JAaHHOTO CJIOS U3MEHSIOTCS B Mpejenax or ¢ = 2.75 r/em® no o = 2.85 F/CM3,
IpUYeM OTMEYAeTCs HEKOTOPOE PA3yIJIOTHEHHE MOpOJl B LIEHTPAJbHOM yacTu paspesa (puc.
3.15) B mepBoii u TpeTheil 30HAX pa3pe3 CIOKEH IMOPOJAaMU OCHOBHOI'O COCTaBa — BEPOSTHO,
IPaHOJUOPHUTAMH, TOT/Ia KaK BO BTOPOH 30HE, BOSMOXHO IMPHCYTCTBYIOT MOPOJIBI KHUCIIOTO
cocraBa u mpoTepo3orickoro Bo3pacta (PR).

KpoBns cneayromero ciiost pacrosiaraercsi Ha IJIyOMHax OKOJO 5 KM, MOIIHOCTH CJIOS
OKOJIO 25 KM, U YMEHBIIIAETCS B BOCTOYHOM HampasieHuu 10 10 km (puc. 3.15). XapakrepHbie
3HAueHUs TUIOTHOCTEW 3aKIIOUeHBI B Mpenenax ¢ = 2.6 r/em® no o = 2.75 rlem’. [Topongwi,
CJIaraolye JaHHBIA CIIOM BEPOSATHO TPAHUTHI KUCIOro cocraBa. [opoasl MOXKHO OTHECTH K
obpazoBanusM HUKHETo nipoTepo3os (PRy), Hmwkuero pudes (R).

BepxHuii cioii mpociexuBaeTcsi B EPBOM U TPEThel 30HE M MPAKTUYECKU OTCYTCTBYET
BO BTOpoil 30HEe (puc. 3.15). Ilopoasl maHHOTO ClOsi (POPMUPYIOT OCAAOYHBIA YE€XONd, C
XapaKTEPHbIMH 3HAYECHUSMH IIOTHOCTEH G oT 2.05 r/em® 1o 6 = 2.60 r/em’, [To-BugumMomy,
MOPO/IbI, ClIararolive JaHHBIA CJIOW OTHOCATCS K Pa3HOBO3PACTHBIM OOPa30BaHHAM ME3030
(MZ) u kaitnosos (KZ).

Wrak, 11 n3ydeHuns IITyOMHHOTO CTPOSHUS TEPPUTOPHH 110 Te0(HU3UIECKIM JaHHBIM OBLTH
MIOCTPOEHBI JBYXMEpPHBIE IUIOTHOCTHBIE Mozaenn B mporpamve GM-SYS (GeoSoft) Bmoms
reotpaBepcoB «batonmut» u «lllmar» (puc. 3.15). Hannydmias TO4HOCT MOAOOPa MIOTHOCTHBIX
Mmojeneit meree +0.8 mI"an Obl1a NoMydeHa B IPEANOI0KEHUU TOKPOBHO-CKIIAIYaTOTO CTPOSHHS
perrona. Ha 3akimrounTelbHOM dTare, aBTOpOM OBIJIO MPOBEACHO COMOCTaBICHNE UTOTOBOW 2D
TUIOTHOCTHOM Mozienn EHMCENCKOTo KpsKa U BCEX UMEIOIINXCS re0()M3NIECKUX TaHHBIX BIOJb

onopHoro npoduis «baromur» (puc. 3.16).
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Puc. 3.16 Conocmasenenue pesyibmamos uUHMEPAPEemMayuy  Memooamu  epasupaséeoxi,
celicMopa3eeoKu U INeKmpopa3eeoKu @) nIOMHOCMHOU MOOelu 8001b ceompasepca « Bamorumy (cunue
JUHUU HA pUCYHKax (0), (8) u 3eneHble Ha pUCYHKe (2) TuHUU, Yyu@dpamu 00603Ha4eHbl NIOMHOCMU OI0KO08,
o/em®) ¢ 6) pesyiomamamu  unmepnpemayuy Oaunvix 1'C3  (Eeopxun, 1982), 6) Oannbimu
celicmomomozpaghuu u 2) oannvimu MT3 (Denvoman, 2007)

ConocTaBneHue JaHHBIX CEHCMHYECKOTO 30HAMPOBaHMS, cedcMoTromorpaduu u
IJIOTHOCTHOM MOJIETTM TIOKa3bIBa€T M3 BBICOKYIO CXOAMMOCTH (puc. 3.16a0B). BepTukanbHabie
TPAHUIBl XOPOIIO KOPPEIUPYIOTCS € CEeUCMHYECKUMHU TpaHunamMu. CXOIUMOCTh TpPaHMIL

Te0dJIEKTPUUYECKOT0 pa3pe3a U IUIOTHOCTeH mozaenu. OJHaKO B LEHTPAIbHON 4acTH MpoQuis
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Mo BCeM MPO(HUIBLHBIM T€0(U3MUECKUM JTaHHBIM YETKO BBIACIAIOTCS TPU aHOMAJbHbBIE 30HBI,
XapaKTEePU3YIONIUECS TMOHWKEHHON TUTOTHOCTRIO (2.70 F/CMS), HU3KMMHW 3HAYECHUSIMU
ckopoctedt (5.5 km/c) M Hu3kuM comportuBieHneM (mopsaka 20 Owmm), 3aneraroiide Ha
rnyounax or 10 mo 20 kM. [y reoJOrMuecKkol HMHTEPIPETAlMH JaHHBIX OOBEKTOB,
HEOOXOIMMO TPOBEIEHUE TPEXMEPHOTO MOJACIUPOBAHUSA, NJS OINpENeNeHHUs] W3MEHEHHS
JAaHHBIX BOH B HAIIPaBJICHUU MEPHEHIUKYIIpHOM npoduio «baronut». O1HAKO OTMETUM, YTO
TOJIBKO 3alaJIHbIi 0OBEKT TaKKe MpOCiexuBaeTcss Ha onopHoM npoduiie «lllmar», Torma kak
[EHTPATBHBIA U BOCTOYHBIN OOBEKTHI OTCYTCTBYIOT.

bonee peranbHas reonoruyeckas WHTepHperanus OyleT MpOBEJeHa aBTopaM IO
pe3ynbpTaTaM TPEXMEPHOI'O IIOTHOCTHOIO MOJIEIUPOBAHUS TEPPUTOPUU EHMCENCKOro Kpska.
[Moctpoernbie 2D MIOTHOCTHBIE MOZEIH C OMOPOH Ha BCE HMMEIOUIMECS B PaCHOPSKEHUH
aBTOpa TIeojoro-reo@u3Mueckue MaTepuaibl —SABISETCS OCHOBOM IS TPEXMEPHOIO
IUIOTHOCTHOTO MOJICIMPOBAHUS, T€OJIOTUYECKON HHTEPIPETallud U IMOCTPOEHUs] O00BEMHOMN

¢buzuKo-Teonornuecko mMoaenu EHHCEHCKOro Kpsbka M COMpeAeNbHBIX TeppUTopuil (puc.

3.15).
4.2. Des coupes « Batholite » et « Shpate » au modéle 3-D de la crodte sous I’Yenissei Ridge

[Tocnie mnpoBenenust Ooipmoro ob6bemMa paboOT 1O pacueTy TpaHchopMaIHii
MOTEHIMAJIBHBIX MOJEH, pacyeTy KiIacCUpHUKAIMA U CTPYKTYPHOIO aHajH3a IOJIeH, aHalIu3y
TPEXMEPHOTO PaCHpeleIeHUss UICTOYHUKOB ODWiepa M INIOTHOCTHOIO MOJEIMPOBAHMSA BOJb
onopHbix mpoduneit «baronmur» u «llmat» obmel npotskeHHocThi0 1400 KM, aBTOp
INPUCTYNWJI K peaju3aluyd TJAaBHOM 3ajaud — IOCTPOEHUIO TpeXMepHOU (U3UKO-

reojorudeckoi Mmosnenu Enuncerickoro Kpsoka.

B ocHoBy 00beMHOM (U3MKO-T€OIOrHYECKOM MO JIETIH Pe3yabTaThl TPEXMEPHOIO
IUIOTHOCTHOTO MOJIEJIMPOBaHUs, KOTOpoe npoBoamwioch B nporpamme 3Dgeomodeller (BRGM,
Opanius). OTINYUTENBHONM OCOOEHHOCTBIO HCHOJIB3YEMOM aBTOPOM IPOrpamMMbl SIBJISETCS
IeOJIOrMYECKUN MPUHIUIT MOJCIUPOBAHUS, KOTOPBIM OCHOBAaH HAa IIOCTPOCHHUM IIOBEPXHOCTEH
pa3IMYHBIX TE€OJIOTHUECKUX CJIOEB C MCIOJIb30BAHMEM TOYEK HAOMIOJEHHWH HAa MECTHOCTU U
JaHHBIX 00 ayieMeHTax 3aneranus. s coznanus 3D Monenn B KauecTBe MCXOAHBIX JAAHHBIX
HCIIOJIb30BAJINCh LM(POBbIE Teojornyeckue KapTel Macmrada 1:200000 u  1:1000000
(baoymkun E.A, 1997, bessyoues B.B, 2000, I'onosepor A.I', 1987, I'puropres H.B., 1987,
1992, Koppuruna E.K., 1979), 4To CymecTBEHHO YCKOPHIIO MPOIECC MOCTPOCHUS TPEXMEPHBIX
Mozened. l'eosornyeckue C€iI0M MOZAEIM PACIONArarOTCs B CTPOrOM COOTBETCTBHM C HX
BO3pacTOM OT CaMbIX JPEBHUX 1O MOJOIBIX. ABTOpP BbIAEINI |7 TE€OJOTMYECKHX CIIOEB

TuQepeHIIMPOBAHHBIX 110 MJIOTHOCTH, HAYWHAS OT MAHTUH 10 OCAJOYHBIX TOPO/I.
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B cooTBeTCTBUM ¢ MPUHIIUTIOM MOJIEIHPOBAHUS, OMIMUCAHHOM B paszzene 1, Ay Kaxaoro
CJIOSI 33JJaBAJIMCh MTPOCTPAHCTBEHHBIE KOOPMHATHI T€OJIOTUYECKHX TpaHuil. Ha moBepxHOCTH
UM COOTBETCTBOBAIM TPAHMIBI, MOJYYCHHbIE W3 Pa3HOMACIITAOHBIX TEOJIOTUYECKUX KapT
(3.17).

Onupascy Ha uHGOpPMAIMIO O (PU3UYECKUX CBOWMCTBAX U COCTaBE MOPOJ, CIArarolux
BEPXHIOI0 YacTh pa3pe3a, aBTOPOM ObUIM BBIAENEHBI CIIEAYIONIUME MOBEPXHOCTHBIE CIIOH,
coJlepKalllie TMOPOJAbI OCaJOYHOIO yexja Me30308 M KaiHo30s (MZ) c mioTHOCTAMH
0 =2.05+ 2.5 r/cM3, TpuacoBble TpAIbl, C BRICOKIMH 3HAYCHUSMHU IUIOTHOCTEH o 1o 3.05
r/cM3, KeMOpUHCKHE OpOreHHbIE WU3BECTHAKM G = 2.5 r1/cM3, o0cagouHble MOPOJIBI
Heomnporepo30s (NP) ¢ mnotHocThIO 6 = 2.60 r/cM3, MeTamopduueckue oOpa3oBaHus ME30- U
MaJIeonpoTEPO30s, XapaKTePU3YIOUIHecs MIOTHOCTIMHU 6 = 2.7 + 2.78 r/cMm3. OtaensHO ObUIH
BBIJICJICHBI TPAHUTHI C IIOTHOCTSMH HAaXOJSIIUMUCSA B WHTepBaie ¢ = 2.61 + 2.64 r/cMm3, B
3aBUCHUMOCTH OT COCTaBa.

[TockoybKy B pacropsiKEHWH aBTOpPa OTCYTCTBOBAJIM CTPYKTYPHBIE KapThl U JaHHBIC
riyOuHHOrO OypeHusi peruoHa EnHucelckoro kpsixka, TO IUIsl OINpeNeNeHHs BHYTPEHHETO
CTPOEHHS MOJIETH U MJIOTHOCTHBIX CBOKMCTBAX MOPOI MPUBJICKAIHUCH PE3yNIbTaThl IBYXMEPHOTO
IUIOTHOCTHOTO  MoaenupoBanus (puc. 3.18). B  mogenu Obutn  co3gansl  npoduimy,
MIPOCTPAHCTBEHHO COBIAJIAIOIIUE C MOJOKEHHUEM ONOpHbIX npoduieit «batomut» u «UlnaTy,
Ha KOTOpBIE OBUIM CIIPOCLUPOBAHBI PE3yNbTaThl IUIOTHOCTHOTO MojenupoBaHus (puc.3.15 u
3.19). OT0 MO3BONAWIO ONPEAETUTH TPAHMIIBI BCEX CIOEB KAaK Ha MOBEPXHOCTU, TAK BHYTPHU
mozenu. OgHako, ABYX mpoduseil sBHO He JOCTATOYHO AJI MOCTPOSHUSI TPEXMEPHOU MOJEH
BCEr0 PErvoHa, Mo3TOMY JOMOJHUTEIBHO MPOBOAMIOCH JIBYXMEPHOE MOJIETUPOBAHUE BAOJIb
cepun u3 8 mpoduieii, paBHOMEPHO PACIOJIOKEHHBIX depe3 40 KM, mapauieIbHO MPOQIITIO
«baromut» (puc.3.20). Takum 00pa3oMm, MOITANHO ABTOP MOAOMpPAI IIOTHOCTHBIC MOJCIH, C
TOYHOCTBIO TI0O0pa & < + 1MmI"an, Bmonk Bcex mpoduieid oT Hanbojee OJU3KOro K ONMOPHOMY
npopunio  «baromuty, 10 Hambosiee yaaneHHoro, Ha pacctosHuu 160 km. Ilpu sTOM
TUIOTHOCTHBIE CBOMCTBAa OJIOKOB OCTaBAJINCh HEM3MEHHBIMH, YTO TIO3BOJIMJIO IPOCIIEIUTH
KOKIBIA CIIOW B Tpejenax peruoHa uccienoBanuil. [lo pesympraram cepun mpoduiieli Obuia

CO3IaHa OCHOBA I TPEXMEPHOI'O INIOTHOCTHOT'O MOJCIIUMPOBAHMUA.
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B cooTBeTcTBHUM ¢ THIIOM TOpPOJ, ClAralolIMX pa3HOTTYOMHHBIE CJIOU, 3a]1aBajoCh
3HAYEHHUE TNIOTHOCTH, KOTOPOE BapbUpOBaIOCh OT 2,05 rem® JUTA 0CaIOYHBIX OpoJ 110 3,25 rlem®
JUTST MAaHTUUHBIX TIopoA. OTMETHM, YTO IUIOTHOCTH G JUISl TYOUHHBIX CIIOEB OMPENENSINCh Ha
OCHOBE KOpPEISLMOHHBIX 3aBUCHUMOCTEM IUIOTHOCTM G OT 3HA4eHUHM CKopocren V
COOTBETCTBYIOIUX OJIOKOB CEHCMHUECKHX Pa3pe3oB, OIMpENeiCHHbIE B MPOIECCE TBYXMEPHOTO
IUIOTHOCTHOTO MOJEIUpOBaHus BIoJab mpoduicii «batomur»y u «lllmar» (puc. 3.15, 3.16).
OTaenpbHO MOACIMPOBATIUCH PA3pPBIBHBIC HAPYIICHUS, TyTEM TPACCUPOBAHUS WX HA MOBEPXHOCTH
TeOJIOTUYECKUX KapT U Pe3ylIbTaTOB CTPYKTYPHOTO PAaHOHUPOBAHMS MOTCHIIMATBHBIX TOJEH (puc
3.10).

OTtmeTHM, YTO ABYXMEPHBIH NPUHLUI MOJEIUPOBAHUS OCHOBAaH Ha MPEANOIOKEHUU
MOCTOSIHCTBA  (DM3MYECKHX  CBOMCTB  NEpHIEHIUKYIspHO  paspe3dy. Ilpu  TpexmepHom
MOJICIMPOBAHUN (PU3UUYECKHE CBOMCTBA MEHSAIOTCS IO BCEM HAIPaBIECHUSAM, IOATOMY HE0OX0AMMa
KOPPEKTUPOBKA BCEX HCIOIB3YeMbIX IUIOTHOCTHBIX 2D Mopenei, BIONb Kaxaoro mpodus.
Takum oOpazom, mo pesynbraraMm 2D MIOTHOCTHOrO MOAENUPOBaHUS OblIa coO3/laHa MOJENb
TIYOMHHOTO CTpoeHus EHHMCecKoro Kpshka U conpeeabHbIX Tepputopuii (puc. 3.21).

4.3. Implications géologiques et géodynamiques

PaccmoTpuM OCHOBHBIE CTPYKTYPHBIE JJIEMEHTHI IIOJYYEHHOM TPEXMEPHOM MOJEIU
Enuceiickoro xpsibka U compenenbHbIX Tepputopuil (puc. 3.21). B mpenenax moaenu aBTOpoM
ObUTIH OTCJICKEHBI IVIABHBIE Pa3phIBHbIC HAPYIIEHUU., KOTOPBIE Pa3AeIsAiOT INIOTHOCTHYIO MOJIEIb
Ha TPHW YaCTU: 3alaJHyl0, COOTBETCTBYIOIIYI0 3amagHo-Cubupckoit miure. LleHTpanbHyio —
EnuceiickoMmy KpspKy ¥ BOCTOUHYIO, TpUXO0asIytocsi Ha CHOUPCKYIO TUIaThOpMy, OTIACICHHBIMH
HAJBUTOBBIMH CTPYKTypaMu. 3amajiHas ¥ BOCTOYHAsI 30HBI IEPEKPHITHI 0CAI0YHBIMU OacceitHaMu
Me303051 U KeMOpHs, COOTBETCTBEHHO. B BOCTOYHOI YacTH MIMPOKO PaCIpPOCTPAHEHBI TPAIIIIbI
TpuacoBoro nepuojia, KOTOpbIe HaXOAAT CBO€ OTOOPAKEHHE B BUJIE MOJIOKUTEIBHBIX aHOMAJIUH
TIOJISI CHJIBI TSDKECTH AT M aHOMaJIbHOTO MarHutHOro AT mosneii (puc. 3.5 u 3.6).

MonenupoBanue TIyOMHHOTO CTPOCHUS 3amagHoOW 30HBI (4acTu 3anagHo-Cubupckoit
TUTMTHI, PACIOJNIOKEHHON B Tpe[enax MOJENH) OCHOBBIBAIOCH Ha OOIIMX MPEACTAaBICHUSIX U
ceiicMuueckux paspesail. I[lockonmpky, Ha celicMoToMorpaduyeckoM paspese (puc. 3.14B)
OTMEYAIOTCS BBICOKME 3HAU€HUs CKOpocTeil, HaumHast ¢ riayoun 10 — 15 kM, ObwIO
MIPEIIOJIOKEHO, YTO TUIOTHOCTH TIOPO/I CJIaralollie JaHHBIA CIIOH, CYIIECTBEHHO BBINIC, YeM IS

aHaJOTUYHBIX rTyOuH Cubupckoit matdopmsl 1 EHncelickoro kpsxa.
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Ha 3anane u BOCTOKE LIEHTPAJIBLHOM 30HBI, COOTBETCTBYIOIIEH CTPYKTypam EHHUCENHCKOro
KpsiKa pacrioiararoTcs Ba Mporuda, 3aroIHEHHBIME 0CaJOUYHBIMH MOpoJaMu. I'paHuIia TaHHBIX
0CaJIOYHBIX 0aCCEHHOB XOPOIIO BBIIESAETCS HA CEHCMUYECKUX JAAHHBIX, 1 OTMEUYAETCS BHICOKAs
KOppeJsius MPOCTPAHCTBEHHOTO TOJIOKEHHS IPOTrHO0B ¢ OTPULIATEIbHBIMUA aHOMAIUSAMU TIOJIS
cunbl TsokecTn AQ. TakuM 00pa3oM, TeoJOTHYECKUE CTPYKTYphl (yHIAMEHTa, CIOKEHHOTO
OOHaXCHHBIMH Ha TMOBEPXHOCTH MeTaMOp(UYECKUMHU TMOPOJAMH IPOTEPO30d  XOPOIIO
BBIZICJISIIOTCS B MOTEHIUANBHBIX ToJisax (puc. 3.5 u 3.6). Ilockonbky B mpenenax McakoBckoro
TeppeiiHa (puc. 3.3) NPOCIEKHUBAIOTCA OCTAHIBI O(UOIUTOB, K KOTOPBIM IPHYPOYEHBI
MOJIOKUTEIbHBIE AHOMAIMH TOJNSL CHIIBI TSKECTH AQ W aHOMAJIbHOrO MarHutHoro moss AT,
aBTOPOM OBLIO ClIETaHO MPEANONIOKEHHE O HATUUKE CJI0ST OPUOIUTOBBIX MOPOJ, 00paMIIIIOIINX
3amnajiHylo 4acTh EHUCECKOro KpsiKa.

5. Conclusions

PeanucTHuHOCTh MOCTPOCHHOHN IUIOTHOCTHOW MOJENH OBLJIO PEIICHO MPOBEPUTH MyTEM
peumieHuss OpsAMOM  3aJauyd  TPaBUPA3BEIKH, OCHOBBIBASICH HA JE€TajbHbIE IUIOLIAHBIC
rpaBUMETPUYECKHE TaHHbIe (CM. pasnen 3.2). PacyeT moss cuibl Tsokectr At 3D mioTHOCTHO#M
Mozenu npoBoawics B mporpamme 3Dgeomodeller. Ilapamerpuzanus Momenw MpOBOIUIIACK,
ONMpasiCh HA IJIOTHOCTHBIE pa3pesbl BAOJIb reoTpaBepcoB «batomur» u «lnat». Huxuuid cinoit
MaHTUMHBIX MOPOJ ONHUCHIBAJICSA IUIOTHOCTBIO 3.25 r/em®, dbyHIaMeHT ObLT pa3fesieH Ha Tpu
qacTH: HUKHIO — 2.95 r/em’, cpenHror — 2.85 r/em® u BEpXHIOWO — 2.75 r/em®. B BEpPXHEH YacTh
paspesa pacHojiO’)KE€H OCAJO0YHBIX YE€XOJ MOLIHOCThIO 710 8 KM s obmactu Cubupckoit
watopmel, U 10 5 kM i 3anaaHo-Cubupckoit T (puc. 3.15, puc. 3.21).

s pacdera mosis cuiiel Tsbkectd 3D Mozens pa3zbuBanach Ha sueiku pazmepom 5x5x1
KM, KaXXJ01 U3 KOTOPOM MTPUCBAUBAJIOCH ONPEIEICHHOE 3HAUEHUE TIIOTHOCTH, B 3aBUCUMOCTH OT
TOTO Ha Kakoi cjoi oHa mpuxojuiach. MeHbIIUN pa3smep suYeiiku He BBIOMpasCs HCXOIs U3
KOHIUIIMOHHOCTH MCXOAHBIX T'PAaBUMETPUUECKUX JAHHBIX M BPEMEHH, HEOOXOAMMOro s
peiieHus npaMon 3anaun. OQHAaKO OTMETHM, 4TO I LEHTpalbHON yacTh EHMCcelckoro Kpsika,
B 00J1aCTH pa3BUTHs TPAHUTOUIHOIO MarMaTu3Ma, U TEM caMbIM HanboJjiee MHTEPECHON ¢ TOUKH
3pEHHUsI IIPOTHO3a 30JI0TOPYAHBIX MECTOPOKIACHUMN, pEIEHUE NPAMON 3aJa4d BBIYMCISUIOCH JIS
sueek pazmepamu 2.5x2.5x1 km. IIpoBens mapameTpuzaluio MO MJIOTHOCTH U KOH(QUIypaluu
cioeB (pa3Mep AueeK) IyTeM pELIeHUs IPSIMON 3ajauu A Teppuropun EHMcelickoro kpsixka u
COIPEICNIbHBIX TEPPUTOPHHA OBLJIO MOTYYEHO aHOMAJIbHOE I0JI€ CHIIBI TSXKECTH, 0TOOpaskeHHOe
Ha pucyHke 3.22. Bmecte ¢ TeM ObUIM pacCUMTaHBl U JPYrue MOJCIH CTpoeHus EHuceiickoro
Kpsi’Ka, OTBEYAIOIINE Pa3INYHbIM [e€0JOTHYECKUM TunoTe3aM. OHaAKO HAWIYYIIyI0 CXOAMMOCTh
¢ HaOJIOACHHBIM IIOJIEM IOKa3aia IJIOTHOCTHAS MOJAEINb, OTBEYAONasi MOKPOBHO-CKIIA4aTOrO

CTPOCHHSI.
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Puc. 3.22 Anomanvhoe noje Cuivl msaxicecmu @) paccuumantoe 0Jisk MmpexmepHol NIOMHOCMHOU MOOelU
u Habnodennoe (8 pedykyuu Byee, niomnocms npomesrcymounozo cios o = 2.67 o/em)®

[lpu pemenun npsMoW 3amaud OT JaHHOW Monenu (puc. 3.220) BuaHa Xoporias

CXOAMMOCTh HAOJIOJIGHHOTO M PAacCYMTAHHOTO ToJiel AQ, oJHaKo omuOKa moadopa CocTaBuiia
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0 =+6.5 mI'axn (puc. 3.23). bonbuieit TounocTu noxdopa MoJENU JOOUTHCA TOCTATOUHO TPYIHO,
TaK Kak B MPOrpaMMe, MPH PEIICHUH 3a/1a4 HE YIYUTHIBACTCS pesibe) MECTHOCTH, YTO MIPHBOIHT
K CYIIECTBEHHBIM omrOkaM. OTMETHM, YTO B IOTO-3aIaIHOW YaCTH CPEIHSS BHICOTA MECTHOCTH
cocraBisger 400M, mamee Ha BOCTOK ciexyeT moBbimieHue penbeda no 700-800m s
Enucelickoro kpsbka, 1 B CEBEpO-BOCTOUYHOM YacTH HauboJjiee CIOKHBIN peibed, CBSI3aHHBIN C
pacmpocTpaHeHHe TparmoB TpracoBOro meprojaa ¢ BHICOKOH IIOTHOCTHIO 6 = 3.05 r/cm3.

Jns neHtpanpHOM 4YacTH EHHCENHCKOro Kpska yAaloch CYIIECTBEHHO YTOYHHUTh
INyOMHHOE CTPOCHUE TPAHUTOUJOB TATAPCKO-aIXTMHCKOTO M TJIYIIMXMHCKOTO BO3pacTa.
IlepBble W3 HUX HUMEIOT MPEUMYIIECTBEHHO CYOBEpTHKAJIbHOE 3ajeraHue, OJHaKO
[IIYIIMXUHCKUE TPAHUTBI UMEIOT CII0)KHOE BHYTPEHHEE CTPOEHUE, U JIMIIb Majias 4acTh U3 HUX

BHUJIHA HA ITOBEPXHOCTH.
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Puc. 3.23 Owubra noobopa mpexmephoii niomHocmHuou mooenu (o = +6.5 ml an).

B pesynbpraTe momydeHHas MoAeinb EHUCEHCKOro Kpspka HE MPOTUBOPEYHUT HCXOAHBIM
reoJIOro-Te0(PU3NIECKUM JAaHHBIM, OTOOpakaeT CI0KHOE CTPOEHWE PEerHOHAa M BIIMCHIBACTCS B
KOHIICTIIINIO pa3BUTHsI EHUCENCKOTo Kpshka KaK KOJUTU3MOHHON CTPYKTYPBI. DBOJIIOIUS pErnoHa
MIPOXOIMJIa B HECKOJIBKO 3TAIMOB B AMOXY 0alKalbCKON CKIAA4aTOCTH. TaKkke MOXKXHO OTMETHTb,
YTO CTPYKTYPBI U3y4a€MOI'0 PErMOHA 3HAYUTEIBHO MOIIHEE, YEM HA TOBEPXHOCTH, U BO3MOKHO,

(dbopMHpOBaHUE Kpsi’Ka MPOXOAUIIO B HECKOJIBKO 3TAIOB B MepHO/] OaliKaIbCKON CKIIa4aTOCTH.
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V. MODELISATION PROBALISTIQUE DES ZONES AURIFERES
DE LA YENISSEI RIDGE

« Chercher n'est pas une chose et trouver une autre,
mais le gain de la recherche, c'est la recherche méme »

Saint Grégoire de Nysse
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Dans les provinces auriféres, des grands efforts des anciens chercheurs ont été menés
dans la région de 1’Yenissei Ridge afin d’identifier des zones minéralisées (Petrovsky N.,
Bernstein P.S., Brovko G.N., Gavrilov A.M., Korneev T.Y., Lee L.V., Musatov Y.l., Novozhilov
Y.l. etc.). Cependant, la prospection de minerai d'or reste encore I’une des taches principales
pour l'exploration de I’ Yenissei Ridge.

Les méthodes décrites ci-dessus de l'analyse stochastique des données géologiques et
géophysiques pour estimer la répartition des gisements d'or potentiels ont été utilisées par
l'auteur dans I’Yenissei Ridge. Cela est di au fait que: d'une part, on dispose d'un grand nombre
de données géologiques et géophysiques bien contraintes dans cette région (Chapitre 3); d'autre
part, de 47 gisements d'or bien connus constituant un bon échantillon représentatif pour tester les
résultats statistiques et de la modélisation (Chapitre 2).

La majeure partie des gisements connus se situent dans le district auriféere du Nord-
Ienissei, dont I'étude a été largement discutée. Nous notons qu'a ce jour, les diverses cartes
prospectives sur la teneur en or dans 1’Yenissei Ridge ont été¢ construites avec les résultats des
recherches de Brovkina G.N. (1985), Ruchkin G.V. et Konkin V.D. (1998), Simkin G.S. (1998)
et Vargunin N.P., Konstantinov M.M (1998), Safonov Y.G. (2007), Cherkasov S.V. (2008),
Romachko VV (2010) et d'autres auteurs. Les minéralisations auriféres de I’Yenissei Ridge se
répartissent en trois types: or et quartz, or et sulfures et or correspondant a un enrichissement
supergene. Un exemple typique de minéralisation a or-sulfure est le complexe de minerai a
antimoine-or dépdts assertion d’Olimpiada.

Selon les résultats d'études antéricures (Konstantinov et al, 1999 ; Cherkasov et al.,
1999), il est bien connu que la minéralisation aurifére est confinée a des masses de granites
Tatar-Ayakhta, et est associée a des roches métamorphiques de la série Suhopitsky. Ainsi,
comme décrit dans le chapitre 2, les méthodes de simulation stochastique ont été utilisées pour
¢tablir des couches paramétriques contenant les données relatives aux formations géologiques et
les distances entre gisements et contours des massifs de granite et des roches métamorphiques.
De plus, 'age des roches a été utilisé¢ pour constituer une des couches paramétriques. Au total 16
couches paramétriques ont été construites contenant les différents sites géologiques. D’apres les
résultats de traitement et l'interprétation des données géophysiques présentées au chapitre 3, deux
couches paramétriques supplémentaires ont été crées. La premicre contient les résultats du
zonage tectonique de I’Yenissei Ridge. La deuxieéme couche montre les résultats (obtenus par la
méthode de déconvolution d'Euler) mettant en évidence que le nombre des zones anormales de
densité a diminué.

Dans la prochaine étape, tel que proposé dans le chapitre 2, la procédure est de

déterminer (en utilisant les caractéristiques statistiques des fonctions de la distribution prévue de
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Fx pour certaines couches paramétriques) : I'entropie H[Fx] et la moyenne M[Fx]; puis de
reporter les valeurs d'espérance mathématique de I'entropie pour chacune des couches
paramétriques, afin de clairement identifier les couches qui ne sont pas utilisables pour 1'analyse
statistique, les couches qui de ce point de vue présentent un d’intérét « moyen » ou « bon » et les
couches non-paramétriques. Pour chaque couche, nous avons calculé la fonction paramétrique de
la distribution de sortie de Fz, qui décrit la corrélation spatiale des gisements d'or et la faisabilité
d’établissement des couches paramétriques. Selon la nature de la relation de fonctions Fx prévue,
les distributions de sortie Fz peuvent étre divisées en trois types de lois : « absence
d'anomalies », forte « différence statistique » et faible « différence statistique ».

La prochaine étape est importante: il s’agit de définir la contribution de chaque couche
paramétrique dans 1'élaboration des cartes de prédiction finale. A cette fin, il est nécessaire de
déterminer la proximité des objets de la couche paramétrique des gisements d'or. Toutefois, il
faut étre conscient que dans les différentes couches les valeurs de l'entropie peuvent varier,
méme pour des couches dont les objets ont le méme degré d'influence sur le controle de la
minéralisation. A cet égard, « I'étendue » de la relation statistique doit étre d'autant moins
prononcée que l'entropie est faible et la valeur de l'entropie d'une couche doit étre prise en
compte lors de 1'évaluation de la valeur des parameétres de la statistique de Pearson (Kendall et
Stuart, 1983). Selon les résultats de 1'analyse précédente, l'importance d'une couche (pour la
construction d'une carte de probabilité) est estimée en l'attribuant a une de quatre classes de
degré d'importance. Les couches dont le degré d'importance appartient a la quatriéme classe ne
sont pas impliqués dans la construction des cartes de prédiction, car la relation spatiale entre des
gisements d'or et les objets de ces couches n'est pas établie de fagon statistiquement
significative. Aprés une analyse statistique compléte des données géologiques et géophysiques 5
couches paramétriques ont ¢té sélectionnée; ces couches sont a leur tour divisées en 3 classes
selon l'influence des objets paramétriques sur la position des objets « Or ».

L’analyse statistique montre que les couches paramétriques, par ordre d'importance, sont
les suivantes :

1. Les roches métamorphiques du milieu de la sous-série inférieure Suhopitsky MPsh2-3 ;

2. Les bordures des blocs cartographiés définies par les champs potentiels ;

3. Sources d'Euler calculées pour les anomalies du champ de gravité Ag ;

4. Les granites Tatar-Ayakhta granites yNP1ta ;

5. Les roches métamorphiques de la série PP3ts Teya.

Pour I’objectif de prospection d’or dans la région de 1’Yenissei Ridge, 1'analyse des
modeles algébriques a permis d'identifier deux groupes de gisements d'or. Le premier groupe,

constitué de 13 gisements d'or, correspondant aux zones tampons (zones de valeurs identiques de
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la probabilité de trouver des dépots) et occupant 76% de la zone d'étude. Le deuxiéme groupe est
constitu¢ de 34 gisements d’or, prenant 14% de la zone tampon. D'ailleurs, la surface de toutes
les zones potentielles identifiés occupe plus de 10 000 km?, ce qui représente encore un tres vaste
domaine. Afin de réduire la superficie des zones potentielles, , des modeles mathématiques de la
logique floue et de fonctions de pondération ont été utilisés. La superficie des zones tampon, en
prometteuse quant'a la recherche de gisements d'or, calculée sur la base des fonctions de
pondération des modeles mathématiques, a été réduite a 6% ou 4500 km?. Simultanément, une
zone tampon des données a été limitée a 72% des gisements d'or. Pour les cartes de prévision
basée sur un modele mathématique « logique floue », les zones tampons sont marquées par les
valeurs de la « probabilité » score supérieure a 0,06, la superficie totale de 4% représente 72%
des gisements.

Pour obtenir les résultats les plus fiables pour la prospection de gisements d'or, le dernier
modele a été construit en traversant les blocs résultant des différentes constructions prédictives
(c'est-a-dire, les méthodes: de transformation de la somme algébrique, de la logique floue et des
fonctions de pondération). Les cartes de prévisions sont construites a partir des analyses
statistiques des données géologiques et géophysiques de I’Yenissei Ridge. Selon ces données, le
ballayage de la zone, pour assurer la prospection des grands gisements d'or, concernait 2% de la
superficie de 1I’Yenissei Ridge (Sterligov et al., 2009). Il est important de noter que ces zones
identifiées concernent environ 70% des gisements connus dans la région et plus de 90% des
grands et supergrands gisements de la région (y compris les gisements Olimpiadskoe,
Soviétique, etc.). Ce résultat démontre le haut degré de fiabilité des méthodes développées au
cours de cette étude de l'analyse stochastique des données géophysiques et géologiques pour

résoudre des problémes de la prévision d'or.

1. Différentes méthodes probabilistes

Cette étude a fait I’objet d’article publié a Russian Geophysics (en russe).
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Abstract
Paper covers the questions of modern approaches of statistic analysis of geological and

geophysical data for the purposes of predictivity new gold zones in the area of the Yenissei
Ridge. The work is based on geological maps of different scales, magnetic anomaly maps and
Bouguer anomaly maps with excess-mass adjustment with density 2.67 g/sm3§ other regional
geophysical data and result geochemical investigations. Genetic relations between the gold ore
field of the Yenissei Ridge and spatial position of metamorphic Sukhopitska series, Tatarsky-
Ayhta granitoids massifs and fault zones are confirmed by statistical estimations. Statistical
analysis resulted in delineation of the area prospective for large gold ore fields prospecting.

Key words: statistic analysis, geophysical data, gold ore zones, Yenissei Ridge
Brenenmne

B Hacrosmee Bpems, Oiarogapsi HaKOIUIEHHBIM HH(POBBIM TI'eOJOr0-Te0(hU3NnIECKIM
JAHHBIM IS Pa3IMYHBIX PETMOHOB 3eMJIM, BCE Yallle MCIOJIB3YIOT METOJbl MaTeMaTHUECKOM
CTaTUCTHKH JUISI TPOTHO3a H TIOMCKOB MECTOPOXKICHHW 30JI0Ta Pa3IHYHBIX THIIOB
(Adams S., 1985; Billa u ap., 2004; Cassard D u ap., 2003; Feltrin L., 2008; Roy R u ap., 2006;
Vaillant M u ap., 1995). lns atux 1eniedl co3JaHO MHOXKECTBO PA3JIMYHBIX MAaTEMaTHYCCKUX
ammapaToB JJIsS pacueTa «IPOTHO3HBIX» KapT. [1oa MpOrHO3HBIMU KapTaMH, Kak ObLIO CKa3aHO
BBIIIIC, B JIaHHOM Cjy4ae IIOHMMAaeTcs BbIICICHHE oO0JjacTedl, B Tpeaerax uU3ydacMoi
TEPPUTOPUH, MEPCIICKTUBHBIX Ha TOWCKH PYJHBIX MECTOPOXICHUH, a TakkKe KIACCU(PHUKAIHS
3THX 30H IO HAJEKHOCTU BhIABICHU. Kak mpaBmiio Tuiomaab BBIICICHHBIX 30H CYIIECTBEHHO

MeHbIIe o0mel obmactu uccnenoBanusi (meree 10% or oOmieil miuomanu), 4To TMO3BOJSET
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CYIIECTBEHHO CHHU3HUTbH 3aTpaThl Ha dTale IOMCKOBO-pa3BeouYHbIX paboT. B paznenax 1 u 2
OMHCAaHbl MOJAXOAbl K IMOCTPOEHHUIO MPOTHO3HBIX KapT: HSMIHMPUYECKUN M KOHIENTYaJIbHbII
(Knox-Robinson C.M u Groves D.I., 1997)

Hanomuum, 4T0 sMnupuyeckuil moaxo/ GopMaan30BaHHbIN U onucaHHbil M. bepmanom
(1977) ocHOBbIBaeTCs Ha aHaNIW3e MPOCTPAHCTBEHHOTO  PACIPEICICHUS  W3BECTHBIX
30JIOTOPY/IHBIX OOBEKTOB BOKPYT PA3JIUYHBIX T€O0JOrMUeCKUX O00BEKTOB. COrjgacHoO 3TOMY
MOXONy ONpEeNesseTcsl, CYIIECTBYeT WJIM HET CTaTUCTUYECKH 3HAayuMasi CBA3b MEXIY
MIOJIO)KEHUEM 30JI0TOPYAHBIX OOBEKTOB M OINPEACIICHHBIMH TI'E€0JIOTMUECKUMHU CTPYKTypaMHu.
JlanpHENIMI pacyeT CTENEHW 3HAYMMOCTH BBISBICHHBIX CTATUCTHUYECKHX CBSI3€H, IIO3BOJISET
ONPENEIUTh CTENEHb BIUSHUA  KaXKIOW TIE€O0JIOTMYECKOH CTPYKTYpbl Ha 30JI0TOPYAHYIO
MUHEPAIM3ALNI0 U Y4YUTHIBaTh €€ IMpPU IOCTPOCHUM IIPOrHO3HBIX KapT. DaKTH4ecKH, Ha
OCHOBAHMHU ATHX (YHKIMOHAIBHBIX 3aBHUCHMOCTEH HaXOIATCS 0OJACTH (30HBI) CO CXOIHBIMHU
Te0JIOTMYECKHMHU YCIIOBUSMH, IEPCIICKTHBHbBIE HA TIOMCKH HOBBIX 30J0TOPYAHBIX 00BEKTOB. J[s
JAHHOTO croco0a CyLECTBYeT MHOXKECTBO orpaHuyeHuid. C OHOM CTOPOHBI ISl YBEpEHHOI'O
BBISIBJICHUS] CTATUCTUYECKUX CBSI3€H, MUHMMAJIbHOE KOJIMYECTBO MECTOPOXKICHHUH JOJIKHO OBITh
He MeHee 42, 4To OBLIO MOKa3aHO aBTOpPOM B paznene 2.3.2 Ha HpUMEpEe HCKYCCTBEHHBIX
Mozenei. C 1pyroil CTOpPOHBI, BBISIBJIEHHbIE CTATUCTUUYECKHUE CBSI3U MEXAY MPOCTPAHCTBEHHBIM
MIOJIOKEHUEM MECTOPOKICHUH 30JI0Ta 10 OTHOIIEHUI0 K TE0JIOTMYECKUM OOBbeKTaM He
rapaHTUPYIOT, YTO OHU SIBJSIFOTCS NMPSIMBIM CJIEICTBUEM IMPHPOJIHBIX MPOLECCOB, OT KOTOPBIX
3aBUCUT O0Opa30BaHUE JaHHBIX 30JI0TOPYAHBIX 00BeKTOB. HoO sICHO, 4YTO BBISBICHHBIE
(GyHKIMOHANBHBIE 3aBHCHMOCTH Ha JIOKQJIbHOM IUIOMIANM WCCICIOBAHMUS B  YCIOBHSX
JOCTaTOYHOCTH M KOHJUIMOHHOCTH  TI'eO0JIOr0-re0(U3NYEeCKUX  JTaHHBIX MOTYT  OBITh
HKCTPANIOIUPOBAHBI HA IpYyrue 00JacTh CO CXOKUMH F€0JIOrMUECKUMH YCIOBUSAMHU, HO MEHBLINM
KOJIMYECTBOM JITaHHBIX.

Kak Obl10 cKa3aHO BbIlIE, KOHLENTYaJdbHBIA I10AXOJ OCHOBBIBAETCS Ha WHTETPALUU
TE€HETHUUYECKON MOJENIN IPOUCXO0XKIECHUS 30JI0TOPYIHBIX MECTOPOKIAECHHUM K allpUOPHBIM I'€0JI0r0-
reopu3nyeckuM JaHHbIM. Ha OCHOBaHMM THUIIa H3y4yaeMbIX MECTOPOXKJIEHUH, BbIOMparOTCS
re0JIOrMYECKHE CTPYKTYPbI, KOTOPBIE MOTYT OBITh HAIIPSIMYIO, JINOO KOCBEHHO CBSA3aHBI C 30HAMU
30JI0TOPYIHOM MuHepanuzauuu. JlaHHBIA MOAXOA NpHUMEHseTcs B O00JacTIX C  MajbIM
KOJIMYECTBOM M3BECTHBIX MECTOpPOXKAeHH (MeHblne 28, cMm. paszmen 2.3.2), Korja HeIb3s

HCIIOJIB30BaTh METOAUKY SMIIMPUYECKOIO aHAJIN3A TaHHbIX.
2 CratucTnyecKknii aHaIU3 reosoro-reopusndeckux JaHHbIX EHuceiickoro kpsxka.

3omoTopynubie  dopmanuu  EHHCEHCKOro Kpsbka TIPEeACTaBICHBI TPEeMs THIAMHU:

30JIOTOKBAPIIEBOM, 30J0TOCYIbGUAHON U (dopMmalmeld 30J0TOHOCHBIX KOpP BBIBETPHBAHUS.
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TunuunaeiM TpeacTaBUTENEM 30J0TOCYNbpuIHON dopmanuu sBaseTcss OIUMIHAIAHCKOE
KOMIUIEKCHOE  CYpbMSHO-30JI0TOPYAHOE MeCTOpokJaeHue. PerunonanpHple  0COOEHHOCTH
JIOKaJIM3alMM  3TOM (opMaluu ONpeAenstoTcs MOISIMH IPOCTPAHCTBEHHOIO CONPSKEHUS
IK30KOHTAKTOBBIX 30H TPAHUTOMIHBIX HMHTPY3HH (TaTapcko-asxTUHCKuUH komiuiekc yYNPita),
BBICOKOTEMIIEPATYPHBIMH 30HAMHU PErHOHAJIBHOrO MeTamopdu3Ma U CBSI3aHHBIMU C HHUMU
TUAPOTEPMATbHO-METACOMAaTHUECKUMH 00pa30BaHUSAMH, JIOKAJIM30BAHHBIMU MPEUMYIIIECTBEHHO
B KapOOHAaTHO-TEPPUIE€HHBIX M TEPPUTeHHbIX (OpMaLUAX CYXOOUTCKOM cepun Ri.
Pacrnionararorcst 3010TOpyIHbIE MECTOPOXKACHHS Ha 3HAYUTEIBHOM YJAJIEHUN OT TPAHUTOUIHBIX
MaccuBOB (0ojiee 5 KM) W JUIIb €AMHUYHBIC — B MX Onusm (AsxtuHckoe, KBapuesas ['opa).
MecTopoXaeHHs JIOKaIU3yl0TCs, KaK MpaBWJIO, B CPaBHUTEIBHO claboMeTaMop(hu30BaHHBIX
(3enmenocanieBas (amus) TEPPUTCHHBIX OTIOKEHUAX CYXONMUTCKOU cepuu Rip (KopawmHCKas,
ropOMIIOKcKasi, ynepeilickas cBUTHI). Bcero B mpenenax u3ydaemoil oOmactu BbiieneHo 47
30JI0TOPYIHBIX MECTOPOKACHUN Pa3IMUHbIX TUIIOB.

PaccmMoTpuM Ha mnpumepe EHUCEHCKOro Kpska METOIMKY CTAaTUCTUYECKOTO aHajau3a
reoJjoro-reopU3nveckux JaHHBIX JUISl PElIeHUs MPOTHO3HBIX 337a4 Ha 30JI0TO, OMHCAHHYIO B
pazzaene 2. Micxoast U3 reoJ0rnyeckoro CTPOSHUs pernoHa, o01as Iomaab UCCIeA0BaHMs OblIa
orpaHnyeHa TtpeMms TepperiHamu HMcakoBckum, LleHTpanbHO- U BocTouHO-AHTrapckumMu
(BepuukoBckuii B.A u ap., 2006) B mpeaenax KOTOPBIX HaXOAUTCS OOJBIIHHCTBO H3BECTHBIX
30JI0TOPYIHBIE MECTOPOXKAeHUs1 perruona (puc. 4.1). Ha mepBom aTame reosiornueckue JaHHBIC
Obun pa3zaeneHbl Ha 4 0a30BbIE T'PYIIIBL, COCTOSIIMX M3 MAapaMETPUYECKUX CIIOEB: OCATOYHBIX
opoJ,, METaMOP(UYECKHX MOPOJ, MarMaTU4ecKHX IOpPOJ U PpA3TUYHBIX TEKTOHUYECKHX

aeMeHTOB (puc. 4.2).
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Puc. 4.1 Cxemamuueckoe ceonoeuueckoe cmpoenue Enucetickoeo kpsisica. (Cocmasneno no. ...)

[To pesynpraTam mpeasiaymux uccienoBannii (KoncrantunoB MM u np., 1999,
Yepkacor C.B. u ap., 1999) 6bu10 U3BECTHO, YTO 30J0TOPYAHAS MUHEPAIN3AIUS MIPUYpOUEHA K
TaTapCKO-aIXTMHCKUM T'PAHUTHBIM MAacCUBaM, a TaKXe acCOLMMPOBAaHA C MeTaMOp(hUUECKUMU
MOpPOIaMH CYXOINUTCKON cepuu. Takum oOpa3zom, OBUIM CO3[JaHBI OTIAECNBHO MapaMeTpUYEcKue
CJIOH, COJEpXKAINe MPOEKIMHA JAHHBIX T€OJOTUYECKHX O00pa30BaHW M KapThl PACCTOSHUU 0

HUX. OJHOBPEMEHHO C 3TUM OBLIO MPOU3BEICHO OOJIee IeTaIbHOE Pa30UCHUE MapaMeTPUICCKUX
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CJIOEB 10 BO3pacTy TMOpojA, a Uil TEKTOHMYECKMX JJIEMEHTOB pa3fielieHHe Ha JBa
nmapaMeTpU4ecKux  CJOs,  COJIEpXKAIlMX  TPOCKIMH  30H  Pa3phIBHBIX  HApYNICHUH
MIPEUMYIIECTBEHHO CEBEpO-3alaJHOr0 U CEBEpPO-BOCTOYHOIO mpocTtupanus. Bcero Obuio
co3naHo 16 mapaMeTpUYecKHUX CJIOEB, COAEPKALIMX MPOCKIHMHU PA3IUYHBIX T'€0JIOTHYECKUX
00bekTOB (Tabnm. 4.1). JlOomMOMHUTENbHO, OCHOBBIBASICh Ha pe3yiabTaTax oO0paboTKu U
MHTEpHpeTaluu TeoU3NYeCKUX JaHHbIX, OINUCAaHHbIX B pas3jgene 3, ObUIM CO31aHbl 2
napaMeTpuieckux ciost. [IepBbIiA, COMEPKUT pe3yNbTaThl TEKTOHHYECKOTO PaiOHUPOBAHHS
Tepputopuu EHHMCENHCKOro Kpsbka, MOJy4YeHHbIE 1O pe3yibTaTaM aHaln3a KapT Pa3JIMYHbIX
TpaHC(OPMAHT aHOMAJbHOTO MarHuTHoro AT W TpaBUTaUMOHHOrO TMoJie AQ, a TaKxke
pe3ynbTaTOB PalOHUPOBAHMS TOJIEH MO METOAy Kiaccuukanuii JUHAMHUYECKUX CTYIIEHUN
(puc. 3.10). Bropoii mapaMeTpUUYECKHd CJIOW COACPKUT PE3yJabTaThl BBIICICHHUS 30H
MOHMKEHHOW TUIOTHOCTH, IOJIYYE€HHBIX C IMOMOIIBIO NPHUMEHEHHUS METO/a, OCHOBAHHOTO Ha
JEKOHBOJIIOLINN DHepa.

Ha cnenyromem »sTame, COINIACHO HCHOJb30BAHHOW METOJMKE, ONPEIesUINCh
CTATUCTUYECKUE XAPAKTEPUCTHKHM «OKUIAEMBIX pacHpeAeieHuid» ans  oToOpaHHbIX 18
napamMeTpudeckux cioeB — 3HaueHue >HTporuu H[Fx] u maremartudeckoro oxumanus M[Fy]
(puc. 4.3). Ha noctpoenHOM rpaduke 3aBUCHMOCTEN 3HAYCHUH MAaTEeMaTUYECKHX OKUIAHUNA OT
SHTPOIUY KXJOTO U3 MAapaMEeTPUUYECKHX CIIOEB MOXKHO YETKO BBIACIUTH 4 TPYIIBL: «IIOXUX» —
HEIPUMEHMMBIX JUIsl CTATUCTUYECKOIO aHAIN3a, «CPEOHHMX», «XOPOIIMX» U OTIUYHBIX
napamerpudyeckux cioeB (puc. 4.3, Ttabn. 4.1). V3HayanpbHO mMapaMeTPUUYECKUN CIIOM,
COJEPKAIIUI MPOCKIMH BCEX METaMOP()HUIECKUX MOPOJ, OBUT HHTEPIIPETUPOBAH KaK «ILIOXO»,
T.€. HENPUMEHUM JUIl CTaTUCTUYEeCKOro aHanus3a. OOBSICHSETCS 3TO BBICOKOW IJIOTHOCTBIO
MeTaMop(UYEeCKUX MOpoj HAa €AMHUIY IUIOINAJHM, TaKk OHM 3aHuMaroT Oonee 60% ot Bcei
o0nacTu uccieAoBaHus. b0 HEOOX0AMMO NMPOBECTU pa3OUeHHE NaHHOTO NapaMeTpPUYECKOTo
CJIOSl 10 BTOPUYHOMY IPU3HAKY, B JaHHOM Ciy4ae IO BO3pacTy Mmopoia. B cBsizu ¢ 3tum us
OJHOr0 OBUIO CO3/aHO JBa MapaMETPUYECKUX CJOs, COAEPKAIIMX HH(POpPMAIHMIO O MOpOoJaxX
TEHCKOH 1 cyxomuTckoi cepuii (puc. 3.2, Tadm. 4.1)

[TapameTpuueckuii CJIOW, COAEpXKAIMHA Ha IIOBEPXHOCTU CJIOS MPOEKIMU TMOPOL
CYXOIIUTCKOM cepuH, ObLII HMHTEPIPETUPOBAH KaK «CPEIHUI», IOATOMY OH, B CBOIO OU€pe/ib, ObLI
TaKXke pa3OuT Ha J[Ba MOJCIOS: BEPXHEH MOACEPUH U CPEeIHEH-HIDKHEH MOJICEPUN CYXOIUTCKOM
CepuH, KOTOpbIe Y€ ObUIM HMHTEPIPETUPOBAHBI KAK «XOPOLIME» WIN «OTIHYHBIe» (puc.3.2,
Tabn.4.1). AHanoruuHsle onepanuuu ObUIM TNPOMU3BENEHBI Ul OCTalbHBIX 4 0a30BBIX

apaMeTPUYECKHX CIIOEB.
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- yNPta Tarapcko- HapyILEHUSI

- MP3sh3 Bepxusas noncepus ASAXTHHCKHE FPAHUTBI - BCE Pa3phIBHBIE HAPYLIEHU
cepust - MP3shj_p Cpennsist u HkHsst - VI3BepikeHHbIE TOPOJIBI - C3 nanpapieHus

[oJcepuu - CB namnpasnenus

-PP3-MP2ts Teiickas cepus
['eouznueckue naHHbIC

Anomanuu byre

T~

MarauTHele aHOMAJIUA
-HUctounukn Ditnepa

-CrniekTpaibHBINA aHAINA3

Puc. 4.2 Bvidenenue cnoes, cooepicayux « 0OHOMUNHBLE) 2€01020-2e0U3UecKue 00beKmbl.
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IMOTCHIMAJIBHBIX ITOJIAX

Knaccudukarus Pesynbrar Tecra YpoBeHb
Tun Bospact HCIOJIB3YS Koamoroposa- 3HAYUMOCTH Pesynbrar
sHTpormo (puc. 5) | CmupHoBa (puc. 7) (puc. 8)
] PZ-MZ XOpOUIMi HET 4 HE HCIIOJIb3YeTCs
z 2
g o NP,.3 OTJINYHBINA HET 4 HE HCIIOJIB3YeTCS
2,
=3 =
g = NP4tn cpenHuit HET 3 HE UCIOJIb3YeTCs
TUTOXOH HET 1 HE UCTIOJIB3yeTCs
o
=
= "
3 < CpenHuH pHCK 1 HE HUCTOJIB3yeTCs
g 3 =
= il MPssh XOPOIIHH HET 4 HE HCIIOJIb3YETCS
£ 5 < 3Sh3
3 Qo >
el g8 MP3sh; ., CpeIHUIA na 1 Kiacc 1
) =t -
S| 5 PP5;-MP,ts OTJIIHYHBI na 3 Knacc 3
ol =
2 AR-PP, OTITUYHBIN HET 4 HE HCIIOJIE3YETCS
= "
% 3 o XOPOIIHNH pHCK 3 HE HUCTIOJIB3yeTCs
z| 2| g <
E el 2 = yNPsta OTJIMYHBIN na 3 Kuace 3
= ° gl =
] = ™
El 2| 2
Q
) 03
Z g 2 AR-NP XOpOIINH HET 4 HE HCIIOJIb3YETCS
~ S ) 2
= 2,
s =
~
<
= D¢ddy3uBHBEIC XOpoIuni HET 3 HE UCHOJIb3YeTCs
Hcrounuku Ditnepa.
9
pacCUMTaHHBIC IS OTIUYHBIN za 3 Knace 3
aHOMAaJILHOTO
TPaBUTALMOHHOTO 10 Ag |
= |2z TUIOXOH HET 1 HE HCIIOJIb3YyeTCs
wa
Elex
o | = o
S|z a C3 nanpaBneHus MJI0XOM HET 1 HE UCTOJIb3YyeTCs
s|&&a
) S S o
21~ = CB nampaBieHus CpenHuH HET 2 HE UCTIONIB3yeTCs
&
2 PasprIBHBIE HAPYIICHNS,
;::; BBLICIICHHBIC B cpenHuin pHUCK 2 Kiace 2

Odannwix EHucelicko2o Kpsaica.

Tabn. 4.1 Hmoeosas ma6/m14a pesyiomamos cmamucmudeckoco anaiusa zeOJzoeo-zeogbwutteCKux

HeoxgHokpaTHO aBTOp MOAUYEpKUBAII, YTO MPH pacyeTe MPOTHO3HBIX KapT CYIIECTBYET
JBa TOJXOJa: IMIHUPUYECKUN U KOHIENTYyalbHBIH. B BHIYy NpencTaBUTENbHON BBIOOPKH

MECTOpOKIeHU (47 30J0TOPYAHBIX MECTOPOXKACHMI) MOCTPOCHHE TMPOTHO3HBIX KapT

IIOJIHOCTBKO OCHOBBIBAJIOCH Ha BMHHPHHGCKOﬁ MCTOJHKCE. I[JISI KaXXZI0ro mnapamMeTpuicCKoro

CJI041.

105 OBIIIO PACCUUTAHO «HAOIIOIEHHOE pacIpeie]ICHNe», KOTOPOe ONHChIBaeTcs GyHKIuen FX
MIPOCTPAHCTBEHHOW CBSI3U 30JIOTOPYIHBIX MECTOPOKACHUH M OOBEKTOB COOTBETCTBYIOLIETO
napameTpudeckoro ciost. Criocod HaxoXXAeHUs JaHHOM (YHKLIUH, KaK SMIMPHUYECKUH, TaK U

TEOPETUYECKHUIl, ONMHUCaH B pas3jene 2, A pa3iMyuHbIX BHJIOB OOBEKTOB MAapaMETPUUYECKOTO
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=~

DHTponus crnos
b ; g b ;
S b = Lh N h L h B th Lh
‘

OTIMUHBIC

[¥5)

CnoM conepixaiime:
A Ocaf04Hble MOPoIbl
B MeTtamMopgHUECKHE NOPO/IbI

@ Marmartnieckue nopoae!
X Pa?pblBHblE HapymeHus

o

K Teopmanueckue nanusie

:
0 5 10 15 20 25 30 35 40
MaremaTHuecKoe 03KHaHHe pacTpeieneHus
BCEX TOYEK BOKPYT 00BEKTOB ClOA

Puc. 4.3 Knaccugpurayus cnoes, cooepaicamux 2eono2o-ceopusuyeckiue 00vekmovl, Ha 0CHO8e IHMPONUU
U MAMeMamu4ecko2o 0AHCUOAHUSL 0ACUOAEMO20 pacnpedenenus (051 6cex mouex 0baacmi)

[lo xapakrepy oTHoweHUs (yHKUUNH oorcudaemozo FX u  nabnooennoco Fz
pacnpeneneHuii ObLTO BBIIETICHO TPH TUIIA 3aKOHOMEPHOCTEH, OMMCAaHHBIX B pa3zaeie 2.2.2 u Ha
puc.2.8: orcyrctBue anomanuu (puc 4.4a), cunpHOe cTaTUCTHYecKoe paznuuue (puc. 4.40) u
cnaboe cratucTHdeckoe pasznuuue (puc. 4.4B). Takum o00pa3om, TPOBEACHHBIC pPACUETHI
MOKa3aJiy, YTO XOPOIIO MPOCIEKHUBACTCS JOTHKa KiIaccuuKay napaMeTpuiueckix clioeB 1o
ux sSHTpornuu. Habniodennoe pacupeneneHue Fz mapameTpuyeckoro ciosi, COAEpIKallero
MPOEKIMH Pa3sHOBO3PACTHBIX MarmMaTH4eckux oOpazoBaHMil (ObUT HMHTEPIPETUPOBAH 10
3HAYEHUIO DSHTPOIMUU KaK «XOpOIIUK») HMeeT cJaboe CTaTUCTUYECKOE OTJIMYHE OT
odcudaemozo pactpenenenus (puc 4.48). [lpu BeieIeHUHM W3 HEro MapaMeTPUUYECKOTO CII0s
COJIEP)KAILIET0 MPOEKIIMHU TaTapCKO-asXTUHCKUX TIPaHUTOB (OB HMHTEPIPETUPOBAH 11O
3HAUEHUIO SHTPOINU KaK «OTIMYHBII») OBUIO BBISBIEHO YK€ 3HAUMTEIBHOE CTATUCTUYECKOE
pa3iiuunue MEXIy Habo0eHHbiM U odcudaemvim pactpenerneHueM (puc. 4.4r). Tem cambiM
MOXKHO yTBEpXJaTh, 4YTO 30JOTOpYJAHAs MHUHEpadu3alus HMEeT MPOCTPAHCTBEHHO-
KOPPEJSMOHHYIO CBSI3b TOJBKO C I'PAaHUTAaMHU TaTapCKO-asXTHUHCKOI'O BO3pacTa. JTO Ba)KHBIN
pe3yapTaT NPUMEHEHHUS METOAMKM CTaTUCTHUYECKOTO aHalIu3a peajbHbIX TI€0JI0ro-
reo(pU3NYECKUX JaHHBIX TeppuTopuu EHHMCENCKOro Kpsbka, M OH OylIeT y4YTeH Ha pe3yibTaTe
MOCTPOCHUS TPOTHO3HBIX KapT YYacTKOB MEPCIEKTHUBHBIX HA MOUCKU 30JI0Ta, IJIS PErHoHa
HCCIIEA0BaHUM.

JUia oTBeTa Ha BOIPOC O HAIWYMM CTATUCTMUECKH 3HAYUMOIO OTIUYMS MEXIY
HaOntooennvim FZ n ooxcudaemvim FX pacnpeneneHUsMU UCIONb30BAICAd HEeapaMeTpHUYECKUil
tect Konmmoroposa-CmupnoBa (I'mypman B.E., 2003), mockonbky aisi peajbHBIX JaHHBIX
HeJb35 3aBEIOMO YTBEPKIAaTh, UTO HCKOMBIE PACTIpEIENICHUS] UMEIOT BUJ] HOPMAJIBHOTO 3aKOHA
pacnpenenenus. Mcnonb3ys ctatuctuky Konmoropona, Ha ypoBHe 3HauuMoctu oo = 0.1 u 0.05

ObLTM OTOOpaHBI CJIOM, JJII KOTOPBIX OTJIHMYUE Habodenno2o FzZ ot oowcuoaemozo FX
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pacrnpesieleHusl pacCTOSHUM, MEXY 30JI0TOPYAHBIMA MECTOPOXKIEHUSMHU U 00BEKTaMU CJIOEB,
cTaTucTUYecku 3HauuMmo (puc.4.5). B pesynprare anamuza ObLIO yCTAHOBJIEHO 7
nmapaMeTpuiICCKUX CJIOCB, 00BEKTEI KOTOpPbIX, HAa IJAaHHOM OTall€, MOTCHIHAJIBHO MOXHO

OTHECTHU K PYZOKOHTPOIUPYIOLUIUM CTPYKTYPaM, KOTOpbIe MOIPOOHO onucanbl B Tabn.4.1.

a) 0.7 6)0 ‘1)
2= . 2 =
o6 | %= 0.24 0] X2 = 6.18
E 0.5 Dmax =0.19 E 0.7 Dyax = 0.77
0.6
2 0.4 £
E £ 0.5
2 0.3 [ HaOnAeHHOe % 0.4 - mm HalmoaeHHoe
2 0.2 - pacnpeagneHue 203 pacnpeaeneHHe
’ — OHAaCMOC 0.2 — OKHOacMoce
0.1 pacnpeneneHne o1 pacnpenenenne
0 0 T A —
P23 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
paccTosHHe (p) 10 pa3nomMoB paccTosHue (P) 10 METAMOP(HHIECKHX MOP O
F) Cyxonureroii cepun (MPysh)
B) 025 - 0.25
2= .90 P=2.
0.2 4 X 0.2 X 86
a Dmax =0.37 o Dmax =0.56
L =
. 0.15 4
g 0-13 I HabIoaeHHoe g = Habmo/enHoe
’:‘ 0.1 pacnpeieicHne E o1 - pacnpeneneHte
g — OKHIaEMOe s — OKHIaEMOe
B pacnpenenehne pacnpeneneHne
0.05 0.05 -
0 0 -
2 4 6 8 o 12 14 16 18 20 2 4 6 8 0 12 14 16 18 20
paccTosanue (p) 10 rpaHuToB (7) paccroanue (p) 1o Tatapcko-AaxTHHCKHX rpaHnTos (YNP 1a)

Puc. 4.4 Pazmuunvie 6uodbl HAOIOOCHHO20 pACApeOeieHuUs: (01 MeCmopodcOeHull), OYeHKa
CIMAMUCMUYECKO020 PA3IUYUS O 0AHCUOAEeMO20 pacnpedeneHust (0I5 6cex mouex 00aacmu):

a) omcymemeue Cmamucmu4yecKky 3HAYUMO20 PA3IUdUs Mexcoy pacnpedenenHusmu, 0) - 8) pasiudivie
BUObI CMAMUCIMUYECKU 3HAYUMO20 PAZIUYUSL MENCOY PACAPEOETeHUSMU.

Cron conepskanie

2.5 & Ocanounsie nopos ® PaspuiBHbie HAPY LSHMA
- B MeTamopduHeckne nopos X Ceousnueckne faunsie
§ 2 ] @ MarMaTHUeCKHe NOpPOIb!
& X
= 5]
=}
215 = o="0.05
2 o X 5 a=0.10
o
= m @ + B
é A
£0.5 04 s
o] A
U T T T T T T 1
0.05 0.15 025 035 045 055 065 0.75
W =1 - Burponus / Makc( DuTponus)

Puc. 4.5 Onpeodenenue cmamucmuieck 3HAYUMO20 OMAUYUS HAOTIOOEHHO20 OM 0AHCUOAEMO20
pacnpedenenuil na ocHoge mecma Konmozopoga-Cmupnosa (nenapamempuyeckuii mecm) s
DPA3TUYHBIX CII0€8 2e01020-2e0Pu3utecKux 06veKmos.

Crnenyromuii BayKHBIHM 3Tall — ONpeieseHUe BKIala KaKI0ro U3 CEMU NapaMeTPUIECKUX
CJIOEB B UTOTOBYIO MPOTHO3HYIO KapTy. s 3T0ro 66U10 HEOOXOAUMO ONPEAETUTh «CTETIEHB

CBSI3M MECTOIIOJIOKEHUST OOBEKTOB KaxXKaoro mapamMeTpuvieCkKkoro Ccjaod " 30JOTOPYAHBIX
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MECTOPOXJIEHUH. BBIIO ycTaHOBIEHO, YTO 4YeM OOJbllle CTATUCTHYECKH 3HAUYUMO OTIMYHUE
byHKUMA odcuoaemozo FX pacnpeneneHus ot Habnooennoeo Fz, Tem yBepeHHEH MOXKHO
YTBEpKIaTh, YTO OOBEKTHl ITAHHOTO CJIOS SBISIOTCS pyaoKoHTponmpyromumu (Carranza
E.J.M., 2009). Onnako Hapsiay ¢ 3TUM, HEOOXOAMMO YUUTHIBATh, YTO MPU PA3TUUHON SHTPOIIUU
CJIOEB, HO OJUHAKOBOW CTEMEHBIO BIUAHHUS OOBEKTOB JAHHBIX CIOEB Ha MHHEpPATU3aLUIO
30J10Ta, «CTEMEHb» CTATUCTUYECKOM CBSA3M OYyIeT MPUHATA KaK MEHEE BhIPAXKEHHAS JJIS CJIOA C
MeHbIel sHTponuei. Jyis ydera maHHoro 3¢gdexra ObLT MOCTpOeH rpaduK 3aBUCUMOCTH
SHTPONHHU NAPaMETPUIECKOTO CJI0sl OT 3HAUCHHs CTAaTUCTUKU Kputepus X2 [Tupcona (puc. 4.6).
[lo pe3ynbrataM aHanu3a NOJy4EeHHOTO rpaduka ObLIO BbIAENIEHO 4 Kilacca CIIOEB, 110 CTEIeHH
WX 3HAYUMOCTH MPH TIOCTPOSCHUU NPOTHO3HOH KapThl (puc. 4.6, tadm. 4.1). Ilpu sTom
napaMeTpu4ecKre ciIou 4-0ro Kjacca He y4acTBOBAJIM MIPU MMOCTPOSHUH MPOTHO3HBIX KapT, TaK
KaK He CYIIECTBYeT CTAaTUCTUYECKH 3HAYMMOW MPOCTPAHCTBEHHOH CBSI3U 30JI0TOPYIHBIX

MCCTOpO)KI[eHI/Iﬁ 1 00BEKTOB JaHHBIX CJIOCB.
10

Cnou conepacaime:
& OcanoHbie nopoas

=]
1

B Meramopdpuueckue nopojisl
@ MarmaTH4ecKHe NOpOIbl

X PaspbiBHbIe HApyIneHnus

X Teodm3andeckue JaHHble

%2 CTaTHCTHKA
[T o L VS I SR e S -

0.05 0.15 0.25 0.35 0.45 0.35 0.65 0.75
W =1 - Durponus / Makc(IHTOMHA)

Puc. 4.6 Knaccugpuxayus crnoes no ux éiusHuio Ha nojaodiceHue pyoHvlx 00vbeKkmos, u onpeoeieHue
6€COBLIX PYHKYUL KAAHCOO20 CNOSL OIS pACYema Umo208biX «NPOSHOIHBIX) KAPM.

B pe3ynbraTe KOMILJIEKCHOTO CTAaTUCTUYECKOTO aHajiHM3a Teoloro-reou3nuecKux
JAHHBIX  TOKpBIBAIOMUX  Tepputopuio  EHuceiickoro kpsbka Obuto  otoOpaHo 5
MapaMeTpU4YEeCKUX CJI0EB, KOTOpbIE, B CBOIO O4Y€pe/ab, pa3/elieHbl Ha 3 Kiacca MO CTEHeHH
BIIUSHUS OOBEKTOB IMApaMETPUUYCCKUX CJIOEB Ha IIOJIOKCHHS 30JI0TOPYAHBIX OOBEKTOB.
BribpanHbie mapaMeTpudeckue CIou B MOPAIKE UX 3HAUUMOCTH (Tabm.4.1).:

» MeTamop(duyecKre MOpoIbl HIKHEH-CPETHEH MOICEpUd CYXOTIUTCKOM CepHH;

> Pa3pPbIBHBIC HAPYIICHUS, BEIACICHHBIC B IOTCHIIMAJIBHBIX TI0JIIX,

» UCTOYHUKH Diiepa, pacCYMTaHHbBIE JIJIsl aHOMAJIBHOTO TPABUTAIIHOHHOTO TOJIST AQ;
» TaTapCKO-asXTUHCKUE IPAHUTHI,

» MeTamop(HuUYecKre MOPOIbI TEHCKON CEpHH.
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3 MaremaTu4eckue Mo/eJH MOCTPOEHUSsI MIPOrHO3HBIX KAPT

3aKII0YUTEIBbHBIM 3TAllOM HCCIEIOBAHUS SBISETCS IMOCTPOEHHE IPOrHO3HBIX KapT,
ONHpasiCb Ha BBIABJIECHHBbIE MPOCTPAHCTBEHHO-CTATUCTHUECKHE CBA3M C OOBEKTaMU
napaMeTpU4YeCKUX CJ0eB, OTOOPAHHBIX B IMPOLIECCE CTATHUCTUYECKOrO aHaiu3a MAaHHBIX, U
otHocsaumxcs K 1-3 kmaccam (tabm.4.1). CymecTByeT MHOXECTBO MaTeMaTHUECKUX MOJENe
pacueTa MPOTHO3HBIX KapT, OJHAKO BCE OHHU BKJIIOYAIOT JBE IOCIEIOBATENbHBIE OMEpalIHH.
[lepBast 3akimioyaeTcs B MpeoOpa3oBaHUM KapT pacCTOSHUHM OT OOBEKTOB KaKIOTO
[IapaMETPUUECKOIO CJIOSI B KAPThI «BEPOATHOCTHBIX OYKOB)» HAJINYMSI HCKOMBIX 30JI0TOPYAHBIX
MECTOPOXKICHHUH (TOIyuYeHHBIX MyTEM aHanu3a Habniodennvix FZ pacnpenenenuit). Bropas
omepanusi  3aKJIIYaeTcsi COOCTBEHHO B  K&IbKYIALMM  IPOTHO3HBIX KapT IyTeM
KOMOMHUPOBaHMUSA KapT «BEPOSITHOCTHBIX OYKOBY», MCIIOJb3Ysl DPA3JIMYHbIE MaTEMaTHUECKHUE
Meronbl.  Ilo cmocoOy pacuera KapT «BEpOSTHOCTHBIX OYKOB» U HX JaJbHEHIIEro
KOMOWHUpPOBaHMS MOXKHO BBIIEIMTh JBa KJlacCa MaTeMAaTUYECKHX METOJOB: MEPBBIH
OCHOBBIBACTCS Ha aIPOKCUMAIMM HaOIOJIEHHOIO paclpeieseHuss HEKOTOPOW AUCKPETHOM
dbynkuueit (OyneBckas JIOTHKA, MEepeceueHrne WHACKCOB M JIp.), BTOPOH € ammpoKCUMaluen
HenpepbIBHON (yHKIMeN (HedeTkas joruka u ap.) (puc. 4.7). JlaHHbIE MaTeMaTHYECKHUE
MoJIe ipeoOpa3oBaHuil MOAPOOHO OMUCAHBI B JIUTEPATYPE, TOITOMY OCTAHOBUMCS JIMIIb HA

NPUHIMIHATIBHBIX OTAHYUIX Mexay HuMu (Bonham-Carte G.. F., 2009; Carranza E.J.M., 2009;
Vaillant M u 1p., 1995).

IIpu pacyere BEpOATHOCTHBIX OYKOB
JUIs1 KQXKZIOTO CJI0SI UCHIOJIBb3YIOTCS:

— T~

MCKpETHBIE (DYHKIUH:
HeNpepBIBHBIE (YHKIHUH: AHCKP (ynK

- bynescran nocuxa (Boolean logic)
-Hopyanstioe pacnpeoenciue fy(r, Xsr, 62): - Index overlay / Weight of evidence
1 (X - xg)?

f(X): e 792 q;, Xi<$X<Xp
o\2n f(x) = az, X< X<X3
- nevemkas nozuxa (Fuzzy logic) - Gn, Xn € X
25 - qai [ HaOmMOJEeHHOE pachpeieneHne
[ nabimo/ieHHOe paciipesiesieHne 25 1M )
=) 0XKHAAEMOC PACIIPCACIICHUE
O\ 20 - = 0KHJ1aEMOC pacrpeacicHue Q:
i} Gauss function (4.5, 3.9 g%
ﬁ 5 - a \ auss function (4.5, 3.9) 8 a
5 15
o m I
£ 10 - = ]
& S 10 sl as
o o qa
F 5 2 w 4
Q N 1 = y—| 51 T—
P o T H AT T e
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 05 15 25 35 45 55 65 75 85 95 103
paccrosuue (p) 10 Tatap cko-AAXTHHCKHX TpaHuToB (NP, fa) paccTosHue (P) 10 METaMOPPHUECKUX TOP O

Cyxonurckoii cepuu (MP;sh)

Puc. 4.7 Paznuunvlie Mamemamuyeckue yHKYuu, UCHOIbIYeMble NPU pacieme «NPOSHOZHBIX» Kapm HA
30710Mo0.
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4.3.1 I pynna «OucKpemmuwix» memooos.

bynesckasn nocuxa (Boolean logic). ®ynkuus, ucnonap3yeMas il TIOCTPOCHUS KapT
«BEPOSTHOCTHBIX OYKOBY», NMPHHUMAET TONbKO 2 3HaueHus «0» m «1». BydepHbM 30Ham, B
KOTOpbIe TOMagaeT XoTs Obl OJHO MECTOPOXJIEHHUE, NpUCBauBaeTcs 3HaueHHe «l», BceM
octanbHbIM «0»,. [TomoOHbIM 00pa3zom nepexnaccuuGUIUPYIOTCS KapThl PACCTOSHUM I BCEX
napaMmeTrpuueckux cioes. I[lpu pacuere UTOroBOM KapThl pe3yabTaThl NepekyiaccuuKaiuii
KaXIOTO MapaMeTPUYECKOTO CJIOS CyMMHPYIOTCS, HCIIONB3Ysl OMHApHBIE orepaTopbl «I»,
«AJIN». HemocTtarok MeTOJa 3aKIIOYacTCsl B BBICOKOM YYBCTBUTEIBHOCTH K TOYHOCTH
OIpeieIeHUs] TIOJ0XKEHUsT MecTOpokAeHnH. OJHOBPEMEHHO € 3THM, AJII TOYHOTO MPOTHO3a
He00X0IMMO 0oJIblIee KOJTUYECTBO HCIOIb3yEMbIX MECTOPOKICHHIA.
Becosvie pynkyuu (Weight of evidence). Meroanka BecoBeix (yHKIMIA OblLia pa3paboTaHa
reosornueckoii  cimyxx0oit  Kawamert (Bonham-Carter G., 2002). [ns kaxmoro cios
paccuuTHIBAIOTCA OydepHbIe 30HBI BBICOKOH M HH3Koi BepostHoctH W(R)" n W(R).
MeTtoarka OCHOBBIBAE€TCS Ha UCHONb30BaHuK (pakTopa baiieca (Gelman. A., 1995). Urorosas
KapTa «BEPOSATHOCTHBIX OYKOB» IMOJy4aeTCs CYMMHUPOBAHHUEM KapT MOJYYEHHBIX JUJIS KaXKIOTOo
napaMeTpu4eckoro cios. [IporHo3usie KapThl pacCUUTHIBAINCH B ArcGis ¢ TOMOIIBIO MOIYJIS
Arc-SDM (Spatial Data Modeller). IIpeumymiecTBoM MeToaa SIBISICTCS HCIOJIB30BAHKE
BECOBBIX (DYHKIUH IJI1 KaXIOTO THUMA OOBEKTOB MPHU pacueTe MPOTHO3HOM KapThl HA MOMCKHU
PYIHOTO 30J10TA.
Aneebpauueckuii memoo. OCHOBBIBAa€TCS Ha amMpOKCUMAIMH HAOII00eHHO020 paclpeleIeHus
Fz nuckpernoit ¢ynkuueir f, npuHHMaromed cieayrolIUue 3HAYCHHS: &;, a2, 83 ... dn
BEPOSITHOCTHBIX OYKOB, [IJII COOTBETCTBYIOIIUX OY(EepHBIX 30H, 3aJaHHBIX HHTEPBATIAMH:
Lot 22), Lo2; p3), [os; pu)--. [pn; +©). PasMepsl HHTEpBAJIOB BRIOUPAIOTCS UCXOJIS U3 XapaKTepa
WU3MEHEHHUS HabatodenHo2o pactipenencaus FX (puc 4.8aB). [logo0HbIe KapThl «BEPOSTHOCTHBIX
OUYKOB» PACCUMTHIBAIOTCS JUISI KAXIOr0 MapaMETPUUECKOTO CJIOS, U CYMMHPYIOTCS IS
MOJIy4YeHHUsI UTOTOBOM MPOTHO3HOHM KapThl. bydepHble 30HBI ¢ MaKCUMaIbHBIMU 3HAUCHUSIMHU
BEPOSTHOCTHBIX OYKOB N*amax, TAe N — 4YMcIO clnoeB, 8max — MaKCHUMaJbHOE 3HAuCHUE
BEPOSITHOCTHBIX ~ OYKOB JUJIT  K&XJOro IMapaMeTPpUYEecKoro ciiosi, OyayT Haubosee
MEPCIICKTUBHBIMU Ha TOMCKH MECTOPOKIACHHMI 30J0Ta. Bce mapameTrpuueckue CIIOM MMEIOT
OJIMHAKOBBIM BKJAJ TMpPH pacueTe TMPOTHO3HOW KapThl, YTO SIBISETCS CYIIECTBEHHBIM
HegocTtaTkoM  MeTtofa. CymiecTByeT BO3MOXHOCTh YaCTUYHO KOMIIGHCHPOBATh — 3TOT
HEJI0CTAaTOK, UCIONIB3YS Beca Wi, Wy, ... wy g Kaxkaoro N; mapamerpudeckoro ciosi. OgHako
OCTaeTCsl HEpEIICHHOW MmpobiemMa OIpeneNeHUs 3HA4YCHHS BECOBBIX Kod(duimernToB W. C
JPYroil CTOPOHBI, HMCIIOJIB30BAaHUE «JIOKHBIX)» MapaMETPUYECKHX CIIOEB, OOBEKTHI KOTOPBIX

Obul OMMOOYHO TPHUHATHI KaK PYJOKOHTPOJIMPYIOLIME, HE NpPUBEAET K HEBEPHOMY
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pe3yibTary, npu 0ojblioM KonudecTBe cioeB (Oombie 10). Metoa oTnudaeTcst MpOCTOTOH
MaTeMaTHYECKHUX OIepaluii, yCTOWYUBOCTHIO MOTYYEHHBIX PE3YJIbTaTOB, OJTHAKO BBIJEICHHbIE
30HBI 3aHUMAIOT HAUOOJIBILYIO IUIOMAAb OT 00JIACTH MCCIEIOBAHUS U YaCTO UCIONIB3YeTCs Kak

OKCIIPECC-MCTOM.

4.3.2 I’ pynna «HenpepviéHbix» Memooos.

Heyemxas noeuxka  (Fuzzy logic). B oTimame OT OyIeBCKOH JIOTHKH, (YHKIUS MOXKET
MPUHUMATH JTIOOBIe 3HaueHuss B uHTepBane [0...1]. g kaxmoro mapaMeTpudecKoro CIos
non0upaercs yHHUKallbHAs (DYHKIHMS, HA OCHOBE XapaKkTepa HaOJIOIEHHOTO pachpeeieHus
(puc. 4.8a0). [Tomy4yeHHBIC KapThl CYMMHPYIOTCS, TIPH TTOMOIIM KOMOMHATOPHBIX OMEPaTOPOB
He4YeTKOW Jjoruku (tabmn. 4.2). ns maHHOro Meroga HEOoOXOAMMO HCIONBh30BaTh TOJIBKO
MapaMeTPUIECKUE CIIOM C BBICOKOW CTETEHBI0 HAJCKHOCTH BBISBICHHBIX MPOCTPAHCTBEHHBIX
CBSI3€M C 30JIOTOPYIHBIMH MECTOPOXKACHUAMHU. VIcronb30BaHHE MapaMETPUUECKUX CIOEB,

CoACpKaAINX 00BEKTHI C1a00 BJIMAIOINHUX HA MUHEPAJIN3alIUI0, BEACT K HCBEPHOMY PC3YJIbTATy.

Omnepatop «AND » te = MIN(ua + ppt ...)
Omnepatop «OR » te = MAX(ua + tpt ... )
Anrebpanueckoe L= 1_[ Li=1.n

MIPOU3BEICHUE © L N

n
AnrebOpanueckas CcymMMa u, = 1- 1_[(1 —Wn)i=1l.mn
i=1

Tabn. 4.2 Kombunamopnwie onepamopwi neuemroi noz2uxu (Fuzzy logic) (Knokx-Robinson)

Hcnonvzosanue  nenpepvignvix  ¢ynxkyuti. 1lpy  HCHOIB30BAHWU  JAaHHOW  METOIMKH,
HAOJIOZCHHOE paclpesieieHue JUIsl KaXKJOro MapaMeTpU4ecKOoro CIliosi amnmpoKCUMHPYETCs
HEKOTOPOM HENpepbIBHOWM (yHKIMEH, dalie HOpMalbHBIM 3aKOHOM pacopenencuus fy (puc.
4.7). Jns Kaxgoro mapaMeTpUYECKOro CJIOS PACCUMTHIBAIOTCS (YHKIMU TUIOTHOCTH
BeposTHocTH Fy. WToroBas kapra sBiseTcs pe3yabTaTOM MPOU3BEACHUS MOIYYEHHBIX
GyHKUME A7 KaXA0ro M3 HapaMeTpudecKkux cioeB. i JaHHON METONMKH CYLIeCTBYET
BO3MOKHOCTh YYMTBHIBaTh KOPPENALMOHHBIE 3aBUCHUMOCTH MEXIy IOJIO)KEHHEM OOBEKTOB

Pa3IUYHbIX TAPAMETPUUECKHUX CIOEB U PYAHBIMH MECTOPOKICHUSIMHU.

Hcnonp3ys onucaHHbIE MaTEMaTUYECKHE MOJEIH («aJIreOpandeckuii METo1» «BECOBBIE
(GyHKUIUNY, «HEUeTKas JIOTUKA») ObUIM MOCTPOCHBI TPU MPOTHO3HBIE KAPTHI IS TEPPUTOPHH

Enucetickoro xpsixa (puc. 4.9a6B). Ilpu pacderax KakIbIM U3 MPEJACTaBICHHBIX METOIOB
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HCIIOJIb30BAJICS OJJMHAKOBBIM HAOOp JaHHBIX U3 YETHIPEX MapaMeTPHUCCKHUX CiioeB (Tabi. 4.1).
[TapameTpudeckuii cioi, coaepKaiuii mMeTamop(uuecKkne TOpOAbl TEHCKOW cepuu ObLT
UCKJIIOYeH. Vcronb30BaHue 3TOro MapaMeTpUuecKoro Cjiosi HETaTUBHO BIIMSJ Ha pe3yJbTaT
pacueTra MPOrHO3HOW KapThl METOJOM HEYETKOM JOTHUKH, YTO CBUIETEIBCTBYET O BEPOSTHOM

OTCYTCTBHUU TCHETUYECKOM CBSI3H MHHCPAJIN3aluu C 00BbEeKTaMH napaMeTpu4ICCKOro CJaos.

I /\Pjta Tatapcko-AsXTUHCKHE rpanuTel  pacctostue 10 YNPifa

O Au MecTOpOXKIACHHUS - i -
0 30 km

N

JluckpeTHas (QyHKLHs

0) A )
0.25 0.25
a
_________________ 1 1 s mm HabmoaenHoe
0.2 0.2 pacnpenenenue
o o — OKHAAEMOC
E 0.15 E 0.15 pacnpeacieHue
-] -]
£ | HaGaio1eHHoe -
& 5 S &
g 0.1 pacnpeenenme g 0.1
2 — OKHAACMOC 2
0.05 pacnpeneneHne 0.05 a3
o M M N N OO MW _lo o/ B N B NN HE
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
paccrosinme (p) 10 Tarapcko-AsXTHHCKHX rpannToB (YNP, ta) paccrostue (p) 10 Tarapcko-AsXTHHCKHX rpannToB (YNP, ta)

B YNPjra Tarapeko- 3HAYCHHSA ., HICHCTB™ = YNP|fa Tatapcko- ,BEPOSTHOCTHBIE™ OUKH

ASIXTHHCKHE FPaHHThI -_ -] AAXTHHCKHE IPAHUTBI [ |

Au MECTOPOKACHHA Au MECTOPOAKJICHUA
Puc. 4.8 Iloocomoska OanHvix Ons paciema «NPOSHO3HLIX KApMy»: @) Kapma pacCmosHuii 60Kpye
00vexkmos; 0) nepexiaccupurayus, OCHOBAHHASL HA UCNOIb308AHUU HenpepbleHblx QyHKkyull (Heuemkas

J02uKa); nepexaaccupurayusi, OCHOBAHHAS HA UCNOAb30BAHUL OUCKPEMHBIX (DYHKYUL,
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a) N 6) N

Au MECTOpOKIAEHHUSA
Au MECTOPOsKIECHHS

C3 Msyuaemas o6macTs
Cﬂ Hzyvaemas obnacte

BEpORTHOCTHBIE” YK ,,BEPOSITHOCTHbIE™ OUKH
»

o 9,0, ¢

Q, 0 o
012345678 D % % Oy Oy s

AU MECTOPOKACHHA

Au MECTOPOXKICHHA C3 Mayuaemas obnacts

C23 Msyuaemas obnacts
,.BEPOSITHOCTHBIE” OYKH

30HBI BEPOATHOTO HAXOKJICHHS
Au MeCTOpOKIeHHiH:

I:l Cpe/iHeH BEPOATHOCTH

° Il vicokoii BeposTHOCTH

@, 0, 9 0,0, 7

100 50 0

100 50 0
[ T —

Puc. 4.9 Umoecosvle npocHo3uvlie Kapmvl 3010MOpYOHsx 30H Enucelickoeo kpsica, paccuumansl
UCnonv3ya: a) ouckpemmuvle QYHKYUU ONIs1 KAHCO020 ClOs, 8Ce CNOU IKBUBANEHMHbl, a1 = 2, a; = 1,
az =0, 6) eecosvie GyuKyuu 011 KAHCO020 CIO0S (8 3A6UCUMOCIU OM KIACCA CA0s), 8)N0 Memoody

«neuemkou nozuxuy (Fuzzy logic); e)pesynomam nepeceuenus «npocHO3HLIX KAPMy, NOJYUEHHBIX NPU
NOMOWU PASTUYHBIX MAMEMAMUYECKUX MOOEIAX.

4 ITporuo3 30,10TOPYAHBIX 30H EHUCEHCKOro Kpsixka.

PaccmoTpuM nepByr0 IpPOrHO3HYHO KapTy 30J0TOPYIHBIX 30H Enwuceiickoro Kpsika,
IIOCTPOCHHYIO C MCIIOJIb30BAHUEM aIredpandeckol Mojenau. AHaiIu3 JaHHOM KapThl MO3BOJINI

BBJICTIUTh JIBE€ BBIOOPKH 30JI0TOPYAHBIX MecTopoxkaeHuit (puc. 4.9a, puc 4.10).
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O0o3HaueHHbIE BBIOOPKM YETKO BBIIEISAIOTCS Ha MOCTPOSHHOM THMCTOTpaMMe 3aBHCHMOCTH
IUIOUIaAM  Pa3UYHbIX Oy(epHbIX 30H (COOTBETCTBYIOIIMX YHHUKAJIbHOMY 3HAa4€HHIO
BEPOSITHOCTHBIX OYKOB) OT MPOILIEHTA MPUXOJIAIIUXCS Ha HUX 30J0TOPYIHBIX MECTOPOKICHHM
(puc. 4.10). B mnepByro rpymnny BXOAUT 13 30JI0TOPYAHBIX MECTOPOXKACHWM, ILIOLIA/lb
COOTBETCTBYIOIIUX Oy(hepHBIX 30H cocTaBisieT 76% ot obnactu uccienoanus. [lo ananuzy
TUCTOIPaMMbl MOXKHO 3aKJIIOYUTh, YTO JaHHAs BBIOOpKAa HE CBs3aHA INPOCTPAHCTBEHHO C
0o0BEKTaMU MapaMeTPUUECKHUX CJIO0EB, OTOOpAHHBIX MJisl CTATHCTUYECKOro aHaiuza. Bropas
BBIOOpPKA COCTOMT W3 34 MECTOPOXACHUM, TUIOIMAAh COOTBETCTBYIOMIMX OYy(epHBIX 30H
cocraBisger 14%. OnHako, ¢ Ipyroil CTOpOHbI, IUIOMAAb JaHHBIX Oy(epHBIX 30H COCTaBISET
Gonee 10000 km?, uto MO-TIPEKHEMY COCTABJISIET IOCTATOYHO OOIITUPHYIO TEPPUTOPHIO.

C uenpio yMEeHbILIEHUS TUIOU[aId IPOTHO3HBIX 30H, MEPCIEKTUBHBIX HA TOUCKH PYIHBIX
MECTOPOKJEHUI HCII0JIb30BAJUCh MaTEMaTHUYECKHE MOJEIM HEYETKOW JIOTMKM U BECOBBIX
(GyHKLIUH, HA OCHOBE KOTOPBIX OBLTH IMOCTPOEHBI JIBE MPOTHO3HBIC KapThl HA MOUCKU PYIHOTO
3oiota. Ha opHOM wu3 kapt, miomans OypepHbIX 30H TMEPCHEeKTHUBHBIX Ha TOUCKH
30JI0TOPYIHbIX MECTOPOXKJIEHUHN, pPACCUUTAHHBIX Ha OCHOBE MaTeMaTHYeCKOil Mojenu
«BECOBBIX (hyHKIUI», coctaBmwia 6% w4500 KM%, 9TO COOTBETCTBYET 3HAYCHUSIM
«BepOITHOCTHBIX» 0ukoB Oomnee 0.003 (puc. 4.9.6). OMHOBPEMEHHO K JaHHBIM OydepHbIM
30HaM NpUypoueHO 72% 30J0TOPYAHBIX MECTOPOXAEeHMH. Ha npyroil mporHo3HOH KapTsl,
OCHOBaHHOM Ha MaTEeMaTHYECKON MOJENN «HEUETKOH JOTMKN», BbIJIEICHBI Oy(epHbIe 30HBI CO
3HAUCHUSIMHU «BEPOSTHOCTHBIX» 04YKOB BhImie (.06, o0mIel turonaasio 4%, Ha KOTOPBIC TaKkKe
npuxoaurcs 72% MecropoxxaeHuil (puc. 4.98).

35% [pynna 2:
34 AU MecTOpOMKICHHS

30% - 14% Ennceiickoro kpsaxa
o

25% 4

20%
I'pynna 1

13 Au MecToposcneHHii
86% Enucefickoro kpasa

15% 4

BepOATHOCTE P, %

10%

5% 4

0% - : : : : AL
0 1 2 3 4 5 6 7 8
3HAUEHHe "BEPOATHOCTHEIX" 0UKOB By (epHBIX 30H
[ NPOLEHT MI0INAIH, [ npoueHT Al MECTOPOAICHHNI

3aHuMacMoii OydepHoii 3oH0i B Oy(pepHOit 30He
Puc. 4.10 Boioenenue 08yx epynn 3010mopyoHblx Mecmopodcoerull Enucetickozo kpsidica no
pe3yIbmamam paciema npoSHO3HOU Kapmul aneedpaudecKum MemoooMm.
s momyueHus: HanOolee JOCTOBEPHOTO pe3ylbTaTa MTOrOBas MPOTHO3HAs KapTa Ha

TTOMCKH 30JIOTOPYAHBIX MECTOPOXKJICHUU B Tpejenax EHucelckoro kpsika Obuta TOCTpOEHA
MyTeM MepeceueHus] BBIICICHHBIX OYy(QepHBIX 30H, BBIIEJICHHBIX Ha TPEX IOCTPOCHHBIX

IIPOrHO3HBIX KapTax (puc 4.91). B pesynbrare NpoBEIEHHBIX aBTOPOB PAacuye€TOB HTOrOBas
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TUIOIA/Ib BBIACIIEHHBIX MEPCTIEKTUBHBIX 30JI0TOPYAHBIX 30H (0y(hepHbIe 30HbI ¢ MAKCUMATBHOM
BEPOSITHOCTHIO BBICOKOW MHMHEpanu3aluu) coctaBuwia 2% OT 00JacTh HCCIEAOBAHMS, UTO

cocrasisier 1811 km? (puc 4.9n).

4.5 KpaTkue BbIBOIbI.

C wucnonp3oBaHue pa3pabOTAHHOW aBTOPOM, METOAMKHM CTATUCTUYECKOIO aHaIu3a
reoJIoro-reo(pu3nIecKux JTAHHBIX, MOJITBEPXKIECHO HaJIu4uue IIPOCTPAHCTBEHHO-
KOPPEJIALMOHHON CBSI3M MEXKIY 30JI0TOPYAHBIMU MECTOPOXKACHUSAMU EHHCENCKOro Kpska U
MECTOIOJIOXKEHUEM HE TOJBKO OOBEKTOB MapaMEeTPUUYECKUX CIIOEB, COCTOSALIMX U3 MOPOJ
CYXOIIUTCKON CepHH, TaTapCKO-asXTMHCKUX I'PAaHUTOUIHBIX MAaCCHUBOB, HO M 30H pa3pbIBHBIX
HapYUICHUMN.

OCHOBHBIM PE3YyJIBTATOM CTATUCTHYECKOTO aHAIM3a T'€0JIOr0-Te0()pU3MUECKUX TaHHBIX
EHncenckoro kpsixka CTajJlo OKOHTYPUBAaHHE ILIOIIAAU, IEPCIEKTUBHON Ha MOUCKU KPYIIHBIX
30JIOTOPY/AHBIX MECTOpOXIEHUH, KoTopas coctaBmwia 2% oT ruomanan Exuceiickoro kpsbka
(puc. 4.91). OtrMeruM, 4YTO B TpeneiiaX BBIICICHHBIX 30H pacrosiararorcs Oomnee 70%
M3BECTHBIX MECTOPOXKJIEHUHN pernoHa, u 6oaee 90% KpymnHBIX U CBEPXKPYITHBIX 30JI0TOPYIHBIX
MecTopoxaeHui (B ToMm umciae OnumnuanauHckoro, COBETCKOro M OOJNBIIMHCTBA KPYITHBIX
30JI0TOPYAHBIX MecTopoxkaeHui CeBepo-Enuceiickoro pyHoro paiiosa).

OpHako, aHanM3upysl NPOTHO3HBIE KapThl, PACCYUTAHHBIE Pa3HBIMU MaTEMaTHYECKUMHU
METOJlaM{, OBbUIO YCTAHOBJIIEHO, 4YTO JMOO BBIACISIOTCS pa3inyHble Oy(depHbIe 30HBI,
MEPCIEKTUBHBIE HA TIOUCKH 30JI0TOPYIHBIX MECTOPOKIEHUH, MO0 OHM HMEIOT PA3IUYHYIO

KoHpurypaumio (puc. 4.9a68).
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V. SYNTHESES ET CONCLUSIONS

« Nous sommes automates dans les trois quarts de nos actions. »

Leibniz
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La méthode développée dans cette étude de l'analyse stochastique des données
géologiques et géophysiques de la zone de 1’Yénissei Ridge a montré une forte cohérence avec
les résultats précédents. Les contours des zones favorables en or, déduites de la méthode
proposée dans la thése, sont compatibles avec la position des gisements connus.

Une telle comparaison permet d’évaluer la fiabilit¢ des résultats acquis. Un des
avantages de la méthode ¢élaborée et appliquée par l'auteur est le rétrécissement des fronti¢res
des terrains proposés comme favorables (la surface est réduite dans un rapport de un a quatre).
Ainsi, les zones favorables en or, mises en évidence par l'auteur, occupent une superficie de
1811 km?, qui ne fait que 2,4 % de la surface totale de cette étude (75 730 km?). Un autre
parametre important défini par cette méthode est la moyenne des superficies des zones mises en
relief: 62 km? dans cette étude contre 192 km? pour les zones mises en relief, par exemple, par
l'investigateur Romashko V.V (2010) (la plus petite moyenne des superficies des zones
favorables de toutes les études qui ont précédé celle-ci). Soulignons, qu'une petite superficie
des zones favorables est plus avantageuse du point de vue économique, puisque les dépenses
seront plus faibles pour des travaux de prospection.

Les cartes des zones favorables pour l'or, ont été comparées au modéle physico-
géologique en trois dimensions de la structure de 1’ Yenissei Ridge. Pour une analyse plus fine,
une comparaison a été réalisée pour la partie centrale de 1’Yenissei Ridge (le terrain 100 km sur
150 km), et on n'a examiné que la partie supérieure du modéle (jusqu'a 20 km de la
profondeur). Dans la partie développée principalement au centre et de nord-est du modele
construit, on observe nettement le lien spatial entre les gisements d’or et les zones
pronostiquées comme favorables avec la position spatiale des granitoides Tatarsky-Ayahta,.
Cependant, dans les parties nord-ouest et sud-ouest du modé¢le, ou les intrusions sont
principalement des granites Glushihinsky, ces derniers de semblent pas contrdler les gisements
d’or car les zones favorables y sont pratiquement absentes. Dans la partie du sud-ouest du
modele un petit groupe de zones semble avoir été considérées comme favorable de fagon
erronée, puisque elles se trouvent directement en dessous du grand massif des granites
Glushihinsky (la surface est de prés de 30 km sur 30 km, et la capacité jusqu'a 10 km).

L'auteur crée et valide une nouvelle méthode de l'analyse stochastiques des données
géologiques et géophysiques en vue de la mise en évidence de nouvelles zones favorables en
or, dans la région de 1'Yenissei Ridge, ainsi que d'autres territoires présentant des conditions
similaires d’évolution géologiques et tectoniques. Un mode¢le de densité en 3D a été construit
pour I’Yenissei Ridge, qui est utilisé pour interpréter la structure profonde de la région . C’est
la premiere fois qu’un tel modele structural a 1’échelle de la crolte a été établi avec

I’intégration des données géologiques de surface et gravimétries, avec le support des profils
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sismique et magnétique , dits « Batholite » et « Spathe ». Le modéle proposé refléte une
structuration géologique complexe de 1’Yenissei Ridge, et propose une nouvelle
compréhension de 1'€volution géodynamique de la région. Les résultats de la comparaison des
cartes de pronostic des zones d’or congues par la méthode proposée dans cette étude avec les
celles construites précédemment pour la région de 1’Yenissei Ridge montre une avance
significative dans 1’analyse probabiliste des relations spatiales entre les gisements et les
structures crustales.

Les résultats acquis démontrent une bonne efficacité et fiabilité de la méthode proposée
de l'analyse stochastique des données géologiques et géophysiques appliquée au pronostic des
zones d’or de 1’Yenissei Ridge. Il est évident que l'universalité de la méthode proposée rend
possible son application dans d'autres domaines, en particulier a ceux présentant des conditions

géologiques et tectoniques similaires.
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1. Synthéses des résultats

B pesynmpTare MpOBEAEHHOTO HWCCIECIOBAHUS aBTOPOM pa3paboTaHO OPHUTHHAIBHOE
IporpaMMHoOe obecrieueHue, MO3BOIIIONIee TeHEpUPOBATh UCKYCCTBEHHbIE TUITMYHBIE MOEIN
re0JIOTMYECKUX CUTYallMd U PYAOKOHTPOJIHUPYIOIIUX CTPYKTYp. ABTOpOM OBLI MpeIOKeH
HOBBII aNTOPUTM AaHAIU3a TOIOJOTMYECKUX XaPAKTCPUCTUK re0JI0r0-TEKTOHNYECKUX
00BbekTOB. JlaHHBI anropuT™M OBUT NPUMEHEH HAa MHOMKECTBE HMCKYCCTBEHHBIX MoJesel
PYIOKOHTPOJUPYIOLUIMX CTPYKTYp, KOTOPBIM MO3BOJWI: pa3paboTaTb METOJA OINpEAeTICHUS
MUHHMAJBHO JIOIMYCTHUMOIO pa3Mepa BBIOOPKM (KOJMYECTBA) HTAJIOHHBIX OOBEKTOB,
HEOOXOAMMOro JJIsl PpEeLIeHHs IPOTHO3HBIX 3aJad Ha 30JI0TO, KJIacCU(HUIHMPOBAThH
YCTaHOBJICHHBIE KOPPEJSIMMOHHBIE CBSI3M  MEXAY MECTONOJIOKEHUSAMH  30JIOTOPYIHBIX
MECTOPOKICHUN M PYAOKOHTPOJIHPYIOIIUX CTPYKTYp, M OIPENEIUTh OTPAaHUYEHUs Ha
TOMOJIOTMYECKHE  XapaKTEPUCTUKU  PYAOKOHTPOIMPYIOIIUX  CTpyKTyp. Ommpasice Ha
pe3yibTaThl MCCIEIOBAHMN, aBTOPOM CO3JaHa M anpoOMpOBaHAa HOBas METOJUKA
CTOXAaCTUYECKOT0 aHajJM3a TIeoJoro-reopU3NUecKUX JaHHBIX C LENbI0 BBIABICHUS HOBBIX
Y4aCTKOB IO ITOMCKH 30JI0TOPYIHBIX MECTOPOKICHHUN, KaK B IIpenesax EHnceirckoro kpsxa,
TaK U Ui IPYrUX TEPPUTOPUH CO CXOKHMH I'€0JOr0-TEKTOHMYECKUMHU YCIIOBUSAMU Pa3BUTHS.
HccnenoBanus IMpOCTPAHCTBEHHO-KOPPEISLIMOHHBIX CBS3€H MEXKAY IOJIO)KEHHEM H3BECTHBIX
30JI0TOPYIHBIX MECTOPOXKIEHUN W Pa3IMYHBIMH DJJEMEHTAMHM TI'€O0JIOTO-TEKTOHUYECKOTO
KapTUPOBAHUS MO3BOJIMIIM MTOJIYYUTh UX KOJIMYECTBEHHYIO OLICHKY METOIAMH CTaTUCTUYECKOTO
aHanu3za jus tepputopun  Enucelickoro kpsbka.  Bceero, BwimeneHo 29 ydacTKoOB,
NEPCIEKTUBHBIX ISl MOUCKOBBIX PAa0OT Ha 30JI0TOPYAHbIE OOBEKTHI, OOIIEH IJIOIIAbI0
1811xM° 1o pe3yibTaTaM CTOXAaCTHYECKOTO aHaju3a KOMIUIEKCA I€0JIOro-reo(u3nyecKux
JAHHBIX Tepputopun EHucelckoro kpsbka miomansio 75730 KM® | ITIOCTPOEHHON aBTOPOM
TpeXMepHOU (PU3NKO-TEOTOrHYECKON MOJIEITH.

IlocTpoeHa HOBask TpEXMEpPHAs IUIOTHOCTHAS. MOJEIIb 36MHOM KOpbI EHMCENCKOro KpsiKa
U compelenbHbIX Teppuropuid Ha miomany 300000 kM® 110 pe3ynbTaTaM KOMIUIEKCHOM
UHTEpIpEeTalluyd IJIOLIAJHBIX TIPAaBUTALMOHHBIX M MAarHUTHBIX MaTepHaJoB MaclTada
1:200 000, pe3ynapTaToB 2D MIOTHOCTHOTO MOIEIHPOBAHUS, MPOPMIBLHBIX CEUCMHUYECKUX H
JJIEKTPOPA3BEAOYHBIX HM3MEpPEHUN BHOJb reorpaBepcoB «baromur» u «lllmat». YTouHeHO
CTPOEHHE pYIOKOHTPOJIUPYIOIUX CTPYKTYp EHHCENHCKOro Kpsika, BBIIEIEHBI YYacTKU
BEPOSATHOTO Pa3BUTUS O(PUOINTOBBIX NOpoJ. IlocTpoeHHas TpexMepHas IUIOTHOCTHAs MOJIENb
EHncelickoro kpska HCIONB30BaHA KaK OCHOBAa JUIsl  COIJIaCOBaHUS  PE3yJbTATOB
CTOXACTUYECKOTO aHAIM3a I'e0JI0ro-reo(pu3nuecKux JaHHBIX ¢ MOJIENBIO TITyOMHHOTO CTPOCHUS

PYAOKOHTPOJJIHUPYIOIIUX CUCTCM. Hpez[non(eHHaﬂ MOJCIIb OTPAXKACT CJIIOXKXHOC BHYTPCHHCC
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ctpoeHue EHHUCeNCKOro Kpsika, M COIJlacyeTcs C COBPEMEHHBIMH HPEICTAaBICHUSMHU 00
9BOJIFOIIMM PETHOHA.

Pe3ynbTathl comnocTaBieHHs KapT MOJTYYEHHBIX Ha OCHOBE IpeliaraéMoil METOJUKHU C
MPEIIIECTBYIOIIMMU TPOTHO3HBIMH TIOCTPOCHUSAMU JJIsi peruoHa EHHMcelckoro Kpsika,
JIOKa3bIBAIOT BBICOKYIO 3((EKTUBHOCTH MPEAJIOKEHHOT0 MeToja. llosyueHHble pe3yabTaThl
BCEJISIIOT ~ YBEPEHHOCTh B INPAKTHMYECKOM  3HAYMMOCTH  MNPEAJIOKEHHOHM  METOAMKH
CTOXAaCTUYECKOT0 aHaJIM3a Ie0JIoro-reo(pu3n4eCcKuX JAHHBIX IPU MPOTHO3€ 30JI0TOPYIHBIX 30H
Enuceiickoro kpsika. O4eBHJIHO, YTO YHUBEPCAJIBHOCTh NPEIJIOKEHHOW METOAUKH JIENAeT
BO3MOKHBIM €€ NMpPUMEHEHHE AJI APYruX O00JIacTei, CO CX0XXMMHU Ie€0JIOr0-TeKTOHUYECKUMU
YCIOBUSMHU Pa3BUTHU.

2. Analyse des nouvelles zones auriféres et leur comparaison avec les constructions

antérieures

Pa3paboTranHas METOIMKA CTOXAaCTUYECKOTO aHAIH3a T'e0JIOr0-Teo(hU3NUECKUX JTaHHBIX
Ha TeppuTOpuH EHMCENCKOTro KpsKa MOKa3bIBAE€T BHICOKYIO CXOJUMOCTH C MPEIIeCTBYIOIIMMHU
pesynbratamu  (puc. S.1a). KoOHTypbl yd4acTKOB, TIOJYYEHHBIX IIyTe€M MPUMCHCHHS
pa3paboTaHHONW METOJMKH, TEPCHEKTUBHBIE Ha 30JO0TOHOCHOCTb, COBMAJAIOT C paHee
BBIJICJICHHBIMM, HaXOJATCA LEJIUKOM WM YaCTUYHO BHYTPH, IO KpallHEW Mepe, OJJHOW 30HBI,
WM HECKOJBKHUX 30H, BBIICICHHBIX OJHUM, WU HECKOJBKUMH aBTOpamMu. TakuM oOpasom,
MOXXHO CYIUTh O JOCTOBEPHOCTH IIOJYyYEHHBIX pe3yabTaToB. OIHUM M3 NPEUMYIIECTB
pa3paboTaHHONW METOJMKHM CTOXAaCTUYECKOrO aHajau3a MJdaHHBIX SBISETCS CYILECTBEHHOE
YMEHBIIICHUE TUTONIAIeH BBIICJICHHBIX MMPOTHO3HBIX YYaCTKOB, OOJiee 4eM B YeThIpe pasa (puc

5.16).

Takum oOpa3oM, 00Imas IUIOMIAAb YYacCTKOB, IMEPCHEKTHBHBIX Ha 30JI0TOHOCHOCTH
paBusiercst 1811 km®, wmn 2.4% ot miomamy ucciaenoBanns (75730 km?). JIpyruM BaKHBIM
rapaMeTpoM SIBJISIETCSI CPEIHsIsl IUIOIIA/lb BBIJCICHHBIX YYAaCTKOB, KOTOpasi paBHsETCs 62 KM,
MIPOTHUB 192KM2, JUTsL y4acTKOB BblAeneHHbIX Pomamiko B.B. (2010) (maumenbiasi cpemHsist
IJIOMIA b YYaCTKOB W3 BCEX HcCcienoBaHmii). MiMeHHO HeOosblas IJIOMmaab BbIICICHHBIX
Y4aCTKOB HamOoJiee BBITOJIHA C SKOHOMHUYECKOW TOYKH 3pEHHUs, TaK KaK CYIIECTBEHHO

CHMKAKOTCA 3aTPAaThl HA 3TAIIC TOMCKOBLIX pa60T.
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98°

57°40

C AU mecTopoxuenns
m Hsyyaemas ofnacts
Pa3pbiBHbie HapyLIEHWA, MaBHbIE
rpaHVITthe KOMMNIeKCcbl

yNP1ta Tarapcko-AaXTUHCKMI

rpaHI‘!TuEbH"! KOMnnexc
Meramopduyeckue nopoael,
MP3sh Cyxonurckas cepus

MP3ud Ynepeiickaa cBuTta

MP3gb lNopbunokckas ceuTa

MP3kr KopauHckas ceuta

3onoropygHble 30HbI (Ctepnuroe B.B.)
3onoTopyAHbIE 30HbI

3onoropyaHble 30HbI (Pomalwko)
AHomanbHble 30Hbl NEPBOI 0Yepean
3onoropyaHble 30Hbl (POMIT)
3onoTopyAHble 30HbI

SonoropyaHble 30HbI (BapryHuHa H.M.)
l:| leoxuMuvecKne aHoManuu sonoTa

3onoTopyaHble yanbl

Puc.5.1 Conocmagnerue npo2HO3HbIX KAPM, NOCMPOEHHIX PA3IUYHbLIMU ABMOPAM. a) 8blOesleHUe
3010mopyonvix 301 Enucetickoeo kpsasca; 6) cpasnenue pe3yibmamos, NoryYeHHblX pasHbIMU
asmopamu.

3. Utilisation de modéle 3-D géologique pour la prévision des zones auriféres

Ha 3axnrounrtenbHOM 3Tame HCCIEIOBaHUS aBTOPOM IIPOBOAMIIOCH COIIOCTABIICHUE
MIOCTPOCHHBIX YYaCTKOB, MEPCHEKTHUBHBIX HA TMOUCKU 30JOTOPYIHBIX MECTOPOXKICHUU C
MMOCTPOSHHON TpeXMEpHOU (PU3MKO-TeoIornuecKoi MoJienblo EHnceiickoro kpsoka (puc. 5.2).
HauGonpmmii wHTEpEeC, C TOUYKH 3pPEHUS TOUCKA 30JIOTOPYAHBIX MECTOPOXKICHHM,
MPEACTABIISAET IIEHTPaJbHAS U BOCTOYHAs yacTh EHMCecKoro kpsixka.

OtnenbHO OBUTA pPacCMOTpPEHA LEHTpalibHAs YacTh Mojenu (yuactok 100 Ha 150 kM), u
paccMmaTpuBaach TOJIbKO €€ BepXHsAS 4acTh J0 rryoun 20 kM. Ha mocTpoeHHOo# Moaenu 4eTko
MPOCJIEKUBAETCSA MPOCTPAHCTBEHHO-KOPPEISIIMOHHAS CBSI3b MECTOIOJIOKEHHUS 30JI0TOPYIHBIX
MECTOPOXKIEHUN ¥ BBIJCICHHBIX MPOTHO3HBIX YYaCTKOB C MECTOIOJIOKEHHEM TPaHUTOUIOB

TaTapCKO-asiXTUHCKOI'O BO3pPAcTa, Pa3BUTHIX IPEMMYIIECTBEHHO B ILIEHTPAJbHOW M CEBEPO-
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BOCTOYHO#M wacTu Enuceiickoro kpsoka (puc. 5.2). B ceBepo-3anmaHoil U FOr0-3amaHoi 4acTH
Enuceiickoro kps>ka ObulM BHEAPEHBI MPEUMYIIECTBEHHO IPAHUTHI TIIYIIMXUHCKOTO BO3pacTa,
U OTMEUAeTCs OTCYTCTBHE 30JIOTOPYIHBIX MECTOPOXKICHUM UM PYIOMPOSBICHUM, TO €CTh
MPAKTUYECKH OTCYTCTBYIOT NPOTHO3HBIE y4acTKu. HeOonblnas rpymnma y4acTKOB B IOTO-
3amajHOM 4YacTH TMOCTPOEHHOW (DU3UKO-TEOJOTHYECKOW MOJENH, CKOpEee BCEro, BbIAeNeHa
OIMO0YHO, TaK KaK HEMOCPEICTBEHHO TOJ HEH HAaXOAUTCS KPYIMHBIM IPaHUTOMAHBIA MacCUB

TIYITMXUHCKOTO Bo3pacTa (pazmepamu okoiio 30 Ha 30 kM, 1 MOIITHOCTHIO 10 10 KM).

Memampdhuneckue nopoowl. Tpanunter. @yroamenm:

|:| NP neonpotepozoii l:l yNPgl [iyumuxunckuii - BepxHas yacTs
KOMILIEKC
MP i CHILI
- ME3OMPOTEPO3OH - yNPta Tarapcko-asXTHHCKHHA -

- PP naneonpotepozoii KOMIIJIEKC - Cpeanss 4actb

30}?0”10.!7}'0“&!9 JIJECWI‘OPO.)’CO?HW @ Fonb nepcRekmusible Ha 3010MOHOCHOCHB, suldenennbie
RO pe3vibmaman CMamucmu4eckozo anarusa

Puc. 5.2 Conocmasnenue 3010mopyOHbIX 30H U MPeXMePHOU PUUKO-2e0102UYeCKOl MOOenu
Enucetickoeo kpsica. a) ppaemenm mpexmeprotl ceomempuieckoli mooenu, 6) paspesvl no aunuim AA’
u BB’; 8) 6u0 Ha nosepxnocmi.

HpezmoxceHHaﬂ MCTOANKA COIIOCTABJICHUA PE3YJIbTATOB ABYXMEPHOI'O CTATUCTHYCCKOI'O

aHaJM3a TeoJoro-reoPU3NYecKrX JaHHBIX M TPeXMEpPHOU (U3MKO-T€OJOTHYECKOH MOJEIH
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Enncelickoro Kpska MO3BOJSIOT CKOPPEKTHPOBAaTh KOHQUIYpAallMI0O M KOJIWYECTBO
BBIJIEJIEHHBIX YYaCTKOB, NIEPCIIEKTUBHBIX HA MOMCKU MECTOpOXAeHUM 3050Ta (puc. 5.1 u 5.2).
OnHOBPEMEHHO C 3THM YacTHUYHO pelaeTcss mpobiieMa pacuera KpaT4alllluX pacCTOSTHUN
MEXJIY  MECTOIOJIOKEHUSMU  MECTOPOXKACHMH  30J10Ta M PYAOKOHTPOIUPYIOIIMMHU
CTpyKTypamMu. HarmoMHHM, 4TO JaHHBIE PACCTOSHUS PACCUUTHIBAIUCH HA MOBEPXHOCTH, YTO
BHOCHJIO OIPEJEJIEHHYIO IOIPEeIIHOCTh IPU ONpPENe]IeHUH BUAa (DYHKIMH OINMCBHIBAIOLIMX
MIPOCTPAHCTBEHHO-KOPPEISLIMOHHBIE CBA3M Mexay oObektamMu. OpHako, aHAIU3UPYS
MOCTPOCHHYIO (PU3UKO-TE0JIOTHYECKYI0 MOieNib EHnceickoro Kpska, ObIJI0 YCTAaHOBJIEHO, YTO
TJIAaBHBIE PYAOKOHTPOJIMPYIOLINE CTPYKTYphl MUMEIOT CyOBEpTHUKAJIbHOE CTpOEHHE TpaHull. B
LIEJIOM, TOJIOKEHHE BBIJCIICHHBIX YYacTKOB, IMEPCIEKTUBHBIX Ha IIOUCKU MECTOPOXKAECHUHN
30JI0Ta, MPOCTPAHCTBEHHO NPUYPOYEHO K KPAEBBIM YACTAM TATApPCKO-asSXTUHCKUX I'PAHUTOB

yNP;ita, mpudyem npenMymniecTBEHHO B BOCTOYHOM 4acTh EHMCENCKOro KpsiKa.
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Boris STERLIGOV

Analyse probabiliste des relations spatiales entre les gisements auriferes et les structures
crustales : développement méthodologique et applications a 1'Yenissei Ridge (Russie)

Les progrés récents en sciences de la terre font de plus en plus de données multidisciplinaires disponibles
pour l'exploration miniére. Cela a permis le développement de méthodologies de calculer la prédictivité pour les
zones auriféres basée sur des analyses statistiques des différents parametres. L’utilisation de nouveaux logiciels
développés, la distribution spatiale et la topologie des polygones (e.g. intrusions granitiques) et des polylignes (e.g.
zones de cisaillement) sont controlées par les parameétres définis par les utilisateurs (par exemple, la densité, la
longueur, la surface, etc.). La distance des gisement d'or par rapport a polygones ou polylignes est calculée en
utilisant une fonction de probabilité distribution. Les analyses statistiques des résultats de la modélisation montrent
que i) les valeurs de la moyenne a la surface relative des polygones, la moyenne de longueur relative de
polylignes, le nombre d'objets et leur regroupement sont essentiels a des évaluations statistiques ; ii) tester la
validité des différents méthodes d'inversion dépend de I’importance relative sur la corrélation entre les parametres
utilisés; et iii) la robustesse des points d'intérét de distribution est de déduire des lois a 1'égard de la qualité des
données d'entrée. Cette approche a été appliquée aux données géologiques et géophysiques de 1’Yenissei Ridge
d’une surface totale de 75730 km? pour cartographer la prédictivité de 29 nouvelles zones auriféres correspondant
a une surface de 1811 km® La méthode développée dans cette étude permet de réduire jusqu'a quatre fois de la
superficie considérée comme des zones auriféres par des études précédentes. Pour la construction la plus précise
des zones auriféres un modele 3D de densité de 1’Yenissei Ridge a été construit. Ce modele est basé sur les
données de surface, gravimetriques et aéromagnétiques (grilles numérique de 1x1km?), profils sismiques et
magnétotelluriques de "Batholite" et "Shpate". Ce modele 3D de densité montre que: a) 1’Yenissei Ridge a une
structure de couverture pliée, résultant d'un événement de la collision néoprotérozoique ; b) yNPta granites
Tatarsky-Ayhta et zones de cisaillement sont des seuls objets qui présente des relations spatiales avec la
minéralisation aurifére.

Mots clés : Yenissei Ridge, analyse statistique, modélisation gravimétrique directe en 3-D, collision, zone aurifére,
cartes de la prédictivité aurificre

Probabilistic analysis of spatial relationships between gold deposits and crustal
structures: methodological development and applications in the Yenisei Ridge (Russia)

Recent progresses in geosciences make more and more multidisciplinary data available for mining
exploration. This allows developing methodologies to compute predictivity for gold zones by the statistical
analysis of variable input parameters. Using newly developed software, the spatial distribution and the topology of
polygons (e.g. intrusions) and polylines (e.g. shear zones) are controlled by parameters defined by users (e.g.
density, length, surface, etc.). The distance of points of interest (gold deposits) with respect to a given type of
objects (polygons or polylines) is given using a probability distribution function. The statistical analyses of output
results from the direct modeling process show that i) values of relative surface mean of polygons, relative length
mean of polylines, the number of objects and their clustering are critical to statistical appraisals, ii) the validity of
the different tested inversion methods strongly depends on the relative importance and on the dependency between
the parameters used, and iii) the robustness of the inferred distribution points of interest laws with respect to the
quality of the input data. This approach was applied to the geological and geophysical data of the Yenissei ridge of
the total area of 75730 km? for the predictivity mapping of 29 new gold zones with the total area of 1811 km?. The
newly developed method allows reducing up to four times of the area of predictivity gold zones, compared with
previous studies. For more accurate construction of gold zones, a 3D density model of the Yenisei ridge was
constructed. This model is based on surface gravity and aeromagnetic data (numerical grids of 1x1km),
“Batholite” and “Shpate” seismic and magnetotelluric profiles, respectively. The 3D density model shows that: a)
the Yenissei ridge has a cover-folded structure, formed during a Neopretorozoic collisional event, b) only yNPta
Tatarsky-Ayhta granites and shear zones have spatial relationships with gold mineralization.

Keywords: Yenisei ridge, statistic analysis, 3D direct gravity modeling, collision, gold zones, predictivity maps for
gold
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