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PE3IOME

Cb3naBaHeTo Ha TOYHM Mofenu 3a NnporHo3vpaHe U ynpaeneHWe Ha npouecute Ha 3ambpCABaHE Ha NOA3EMHWUTE BOAM B Pe3yntar Ha pedula npupoaHu u
TEXHOreHHU (hakTopu (MVIHHO-,D,OGMBHa [eliHOCT, NPOMULLNEHN NPOM3BOACTBA, CENCKO CTONAHCTBO, fena 3a oTnagbLy 1 ﬂp.) 131CKBA BCE NO-AETaNIHO NO3HaBaHe
Ha CTpoexa u MOp(bOJ'IOI'MFITa Ha BOAOHOCHUTE XOPU3OHTU. lonsimMa yacT ot nofo6HM obekTu ca JoKanusnpaHu B CEAUMEHTU U CEAUMEHTHU CKank CbC 3Ha4UTeNHa
XETEPOreHHOCT Ha NUTONOXKUTE CBOWCTBA, nopaxpalla TebpAe ronama HeeqHOPOAHOCT Ha mnopecTaTa cpeda. B pocerawHata npakTuka npu MatemMaTu4eckotTo
MoJernMpaHe Ha mnpolecuTe Ha 3aMbpCsiBaHe Ha MOA3EMHUTE BOAM, HE BWHArK [OCTaTbYHO PEANUCTUYHO Ce OTYMTa CTEeMeHTa W CneuudukuTe Ha Tasu
XETEPOreHHoCT.

B nocnegnute roguhm, obave, Npu CbCTaBAHETO Ha 3D NPOrHO3HW mMoAenun BCe NO-rofidMo 3HavyeHue npvmoﬁvuaa cequMeHTonorusaTa Ha BOAOHOCHUTE XOPU3OHTHU.
To3u CpaBHUTENHO HOB MOAXOZ BKMIOYBA MPUIAraHETO Ha KOMMIEKC OT MPEKW U KOCBEHM NOMeBu u na60paTopHM CeAMMEHTOMOXKM, CTPaTUrpaddCKn 1 reousnyHmn
MeTodu, KOUTO NO3BONABAT KOPEKTHO OTAENAHE U ,Cle(bMHMpaHe Ha Pasfin4yHK No paHr n Mama6 J'IVITOdJaLl'MaJ'IHM W apXUTEKTYPHO-ENEMEHTHU eQUHULN. Bcska egHa ot
TAX Ce XapakTepusupa ¢ OTHOCUTENHA BbTPELLUHA XOMOreHHOCT Ha XMAPOANHAMUYHUTE U MUTPALIMOHHUTE cBoicTBa. ToBa no3eonsiBa Npn CbCTaBAHETO Ha YK1CroBU

3D NpOrHO3HM MOfENM C NEKOTa 1 C A0CTATbYHA TOYHOCT fia Ce OTAENST 30HM W NNACTOBE, CUMYMMPALLY KOHKpPETHaTa XMaporeonoxka o6cTaHoBKa.
MpeanaraHuaT MyNTUAUCLUNNIMHAPEH NOAXOZ € anpoGupaH C ycnex oT aBTopuTe Ha Npumepa Ha [lenoTo 3a TBbpAu GUTOBK OTNagbLY Ha rp. MnoBavs.

BBLBEAEHME

OcHoBeH 00eKT Ha TEXHOreHHOTO 3aMbpcsiBaHe U
MOTEHUMAMNEH MPEHOCUTEN Ha PasNYHM 3aMbpCUTENM Ca
noa3emMHuTe Boau. [MaBeH (hakTop, MMMUTUpALL, NOBEEHNETO
Ha 3aMbpcuUTENUTe B NoA3eMHaTa xugpocdepa ca Xuaporeo-
NOXKWTE YCNOBMS B pailoHa Ha MOTEHUWanHUs (Mnn peanHus)
W3TOYHMK Ha 3ambpcsiBaHe. ETO 3allo, OT CbLUECTBEHO
3HaueHWe Mpu M3creABaHeToO Ha To3n peHoMeH ca [oBpoTo
Nno3HaBaHe W KOPEKTHaTa CcuMynauna Ha KOHKpeTHaTta
XWAPOreonoxka 0bCTaHoBKa.

XETEPOTEHHOCT HA MOPECTATA CPE[IA 1
Bb3MOXHOCTWM 3A HEMHATA KOPEKTHA CUMYNALINA

BopoHocH!TE CTPYKTYpH (pe3epBoapuTe Ha NOA3EMHI BOAM)
MHOMO 4ecTo ce (hopMMpaT B HEEOHOPOAHW CEAMMEHTU U
CEONMEHTHW ckanu. JuTonoxkaTta XeTeporeHHocT obycnass
3HaUMTENHOTO pasHoobpasue B pasmMepuTe M reOMETpUsTA Ha
MOPOBOTO MPOCTPAHCTBO UM 3aKOHOMEPHO BOAW A0 ronsma
NPOCTPaHCTBEHA W3MEHYMBOCT Ha XWAPOAMHAMUYHUTE U
MUTPaLMOHHUTE  XapaKTepuCTUKM Ha  BOAOBMecTBaLUaTa
(nopectata) cpega. 3a  CbxaneHue,  npunaraHuTe
CUMYMALMOHHN TEXHUKM W MOAXOAW NpM CbCTaBsHE Ha
(OUNTPALMOHHM U MacO-TPaHCMOPTHM MOLENW He BUMHAru
[OCTAaTbYHO PearncTMYHO OTYMTaT CTEMeHTa W cneyudukata
Ha Tasu XeTeporeHHocT. To3u (hakT [0 ronsiMa CTeneH
npegonpenenst HETOYHOCTTA Ha MPOTHO3HUTE MOAENN U
CBbP3aHUTE C TOBA YCUNMUS 3@ HETOBTO ENUMUHMPAHE.

B pocerawHata NpakThKa LLIMPOKO Ce M3Non3Bat HAKOJIKO
OCHOBHM noaxoga 3a MoAenupaHe  OBWKEHWETO Ha
3aMbpcuTennTe BbB BOOOHOCHUTE CTPYKTYPWU: OMNPOCTEH,
CTOXaCTU4eH U AETEPMUHNUCTUYEH.

OnpocTeHnsaT noaxod Ce OCHOBAaBa Ha [OMYCKAHETO, ye
BOOHacuTeHaTa cpega €  OTHOCUTENHO — edHOpOoAHa
(KBA3WXOMOrEHHa) MO OTHOLIEHME Ha  XWAPOreonoXKUTE
napametpu. 3a BOAOHOCHW XOPU3OHTH, CLCTOAWMW Ce OT
HAKONKO BOAOHOCHW W BOAOYMOPHU NfacTa, ce npuema, 4e
BCEKW OT TSX € KBA3UXOMOTEHEH W Hali-4eCTO XOPU3OHTamNEH.
Mpu  ONPOCTEHMS  NOOXOL4  PasnpOCTPAHEHWETO  Ha
KOHCEpBAaTMBHUTE  (MHEPTHWTE)  3aMbpcuTenu BbB
BOLOHOCHUTE MNacToBe Ce OnMCBAa [OCTaTbyHO Aobpe ¢
KOHBEKTUBHO-OWUCMEPCUOHHOTO ~ ypaBHeHne (Bear, 1972).
MoBedeHWeTo Ha B3aMMOAENCTBALLMTE C BOAOBMECTBALLATA
cpeja 3aMbpeuTenu Cce Mogenupa C  MaTteMaTuyecku
3aBMCMMOCTM, OMMCBALLM KMHETWKATA Ha npouecuTe Ha
obpatmo u Heobpatumo enumunupate (Bear, 1979; Freeze
and Cherry, 1979). OBpatumoTo enumuHupaHe (copbuus-
Aecopbuus) ce onucea no NuHenHaTa u3oTepma Ha Henry n ce
Xapaktepusmpa upes koeduumeHta Ha pasnpegeneHue K,
pecn. CbC COpOLMOHHATa NOpecTocT ns. HeobpaTtumoTo
eNUMUHMPaHe (XMAPONUTAYHO pa3najaHe UM yTasiBaHe) ce
OMnMCBa Mo peakunsiTa Ha HeobpaTUMO eNUMIUHIPaHe OT MbPBM
ped 1 ce onpedens OT eNMMWHALMOHHAaTa KoHcTaHTa Y. e
oTBenexumM, Ye TO3M TBbPAE PasnpoCTpaHEH B MMHANOTO
noaxod Moxe Aa Ce uanonsea (C AOCTaTbyHa TOYHOCT) B



MHOrO OrpaHuYeHn pamKkin W MpW 3HAYUTENHO MAeanuaupaHe
(cxemaTusaums) Ha xuaporeonoxkata obcraHoska. Tol e Ba-
nuLeH eMHCTBEHO B NOKaneH Mallab 1 3a XoMoreHHa cpega.

CTOXaCTUYHWAT MOAX0D € PasBuT W LUMPOKO M3MOM3BaH B
npakTukata B nocnegHute 20 roguHu. pu HEro ABWMXEHWETO
Ha 3aMbpCcUTENUTE B HEXOMOreHHa cpeda Ce OnucBa C
nomnyaHannuTUYH MOAENM, B KOUTO FEONOXKUTE eguHuun ce
NpeacTaBsT MOCPEACTBOM MPOCTPAHCTBEHO KopernupaHe Ha
cnyyanHute (random) noneta (Dagan, 1989; Gelhar, 1993)
WKW Ype3 (ppakTanHo pasnpegencHue, HamoxeHo BbPXY
XOMOreHHU Unn cnabo Bapupallm NpOCTPaHCTBEHU TPEHOOBE
(Wheatcraft u Tylor, 1988). PasrnexgaHusita ce npaBsT Bb3
OCHOBA Ha J0MyCKaHeTo, Ye NPOCTPaHCTBEHaTa M3MEHUYMBOCT
e manka. Toea [0 rofisiMa CTeMeH npeHebpersa pearnHoTo
CbLLEeCTBYBaHE Ha pasnnyHu No paHr 1 Mawab nutodalmanHmu
W apXUTEKTYPHO-ENEMEHTHU eAUHWLM, KOUTO B AENCTBUTEN-
HOCT OMPeAensT BbTPELIHUTE 1 BbHLUHUTE MPaHNYHN YCIIOBUS
BbB (DUNITpaLMoHHaTa obrnacT U CTPOro pamkupaT Bb3MOX-
HUTE MbTULA 33 pasnpoCTpaHeHWe Ha 3ambpcutenuTe. bes
CbMHEHWE, KOpEKTHa MaTemaTsyecka CuMynauus Ha
Bb3MOXHOTO [ABWKEHME HA 3aMbPCUTENUTE [a Ce NpaBu camo
Cnef MpeuusHo OeTepMUHMpaHe Ha  CeauMEHTONMOXKNTE
B3aMMOBPB3KM OT pasnuyeH mMaiyab.

[EeTepMUHUCTUYHMAT MOAXO4 MMa NpeTeHuuuTe [a
CUMynMpa C MakcuManHa [OCTOBEPHOCT peanHaTta XeTepo-
EHHOCT Ha NpupofHWs 0DekT, kaTo B NOAMOBLPXHOCTHOTO
MPOCTPAHCTBO Ce OTAENAT UM ONUWaT XOMOTEHHU Mo
OTHOLIEHWE HA  XUOPOAMHAMUYHUTE W MUIPaLMOHHWTE
XapakTepucTukm TpumepHn 0oOekTM (MNactoBe W 30HM).
[eTepmunmpannte mo T03M HaumH obekTu MmoraT ga ce
pasrmexgar  KaTo  OCHOBHM  apXWUTEKTYPHW  eNeMEHTH,
U3rpaxgalin BOAOHOCHUTE CTPYKTYpW. B pamkuTe Ha BCEkw
KBA3NXOMOTeHeH OBeKT [BWXEHWETO Ha 3aMbpcuTenuTe
[OCTaTbY4HO TOYHO CE OMMUCBA C MaTemMaTMyecku anapar,
n3nonseaH Mpyu OMPOCTEHMst nogxod. [pu CbCTaBsHe Ha
PErMoHanHu MaTemaTU4eckn MOZENW 3a MPOrHo3upaHe Ha
3aMbPCSBAHETO Ha MOA3EMHWUTE BOAW BCEKM ENEMEHT Ce
BKIIOYBA KaTO TPUMEPEH ODEKT C YCTaHOBEHW reoMeTpus U
CBOWCTBA (KOE(MUMEHT Ha unTpaums k, AucnepcuBHOCT d,
aKTMBHa W COPBLMOHHA MOPECTOCT Ny U Ns, KOE(ULMEHT Ha
envMuHUpaHe y 1 ap.). B To3u cnyyait ¢ nekota morat ga
Obaat nonssaHu craHaapTuaupanute oT USGS u EPA u
LUMPOKO MpuraraHn B CBETOBHATa NpaKTVka NporpamMHu NakeTu
MODFLOW u MT3D (Andersen, 1993; McDonald v Harbaugh,
1988; Zheng, 1990 u ap.).

W3non3saHeTo Ha ObuYalnHu XMOPOTEONOKKA TEXHUKA W
METoaM Npu npunaraHe Ha LETEPMUHUCTUYHMS NOLXOA Hali-
YeCTO Ce CbMbTCTBA OT 3HAYUTENHM TpygHocTW. Onutute
TpumepHUTe 0BEKTM Oa ce [eTepMMHMpaT Bb3 OCHOBa Ha
cratuctuyecka obpaboTka Ha pesyntatute OT MONEBU W
nabopaTopHu unTpaumMoHHn TectoBe (Bopesckuit u gp.,
1973, MupoHeHko u LlectakoB 1976, n Op.) nokassart, ye
nogobHu wu3cnedBaHus MoraT fga ca 0bekT Ha 4ucTo
TEopeTWYHM pas3palboTkM M HAMaT OCOOEHO 3HayeHue B
npaKkTikaTa, Tbii KaTo CTaTUCTMYECKUTe MeToau W3uckeaTt
NPOBEXAAHETO HA MHOTOYUCIIEHN TECTOBE B PA3NNYHM TOUKM
Ha MOAMOBBPXHOCTHOTO MPOCTPAHCTBO, KOETO € CBbP3aHo C
He0bOCHOBaHO ronemMu (PMHaHCOBM Pasxoau.

fonemu npeguMcTBa WMa LUMPOKO NaHcupaHaTa npes
nocnegHUTe HSKOMKO TOAMHA HOBA 3a XUOpOreoroxkarta
npakTMka MoauduKaumMs Ha [LEeTEPMUHUCTUYHUS MOAXOA,
W3BECTEH B CreuuManuaMpaHata fiMtepatypa C UMeTO
cedumeHmornoausi Ha B000HOCHUME XOpusoHmu (aquifer
sedimentology - Huggenberger and Aigner, 1999). Tosu
CELIMIMEHTONOXKW NOAXOA BKIOYBA NPUNAraHeTo Ha KOMMNEKC
OT MPEKM W KOCBEHW NMONeBM 1 nabopaTopHU CeAMMEHTOMOXKM,
cTpaturpadickn M reouanyHN METOLM, KOMTO MO3BONsBaT
KOPEKTHO OMPEdENsHE Ha pPasfMyHM N0 paHr W Mawab
nuTodhaumanHn N apXMTEKTYPHO-ENEMEHTHU eanHuum. Beska
OT Te3W eANHULIM Ce XapaKTepnanpa C OTHOCUTENTHO BbTPELLHA
XOMOTEHHOCT ~ Ha  XWUOPOTEONOXKATE  XapaKTEepUCTWKM.
MogxoabT Mos3BonsBa C oOrpaHuyeH Gpon nmabopaTtopHn U
norneBu XMOPOTEONOXKA TECTOBE fa ce Hanpasu o6bp U
cpaBHMTENHO ToueH 3D wmopgern, OTpassBall ecTecTBeHaTa
XETEPOreHHOCT Ha cpepata. HapexaHocTTa Ha MporHo3Hus
MOAen TBbpAe MHOTO 3aBWCW OT MpeuLusHaTa Kopenauws
MeXOY XMAPOANHAMUYHUTE N MUATPALMOHHUTE XapaKTEPUCTUKM
u cbllectByBallaTa 3D u3meHuMBocT. LieHoBaTta edhekTUBHOCT
W Opyru NpakTyeckn cbobpaxerus obaye 0OKMKHOBEHO orpa-
HW4aBaT Opos Ha NpOyYBaTENHUTE COHOAXM M XMAPOreo-
NOXKWTE TECTOBE, KOETO CHUXABA TOYHOCTTA Ha CUMynauusTa.
Toau chakT, pasbupa ce, He MOXe a Hamann 3Ha4yeHUeTo Ha
MPEeLTIOXEHNS MOAX0A, Thii KaTO 3a BCEkW OTAeneH obekT, B
3aBMCMMOCT OT HEroBaTa 3HauMMOCT, € Bb3MOXHO fa ce
npeueHn U1 ONTUMM3MPA  CbOTHOLIEHWETO  (pMHAHCOBM
pasxoau)/(TouHoCT Ha mporHosata). [opu B Hskou cnyyaw,
0cob€eHO 3a NpeaBapUTENHM OLIEHKW W MPOrHO3W, MOXe fa Cce
nonssa npeanoxeHata no-4ony KopenauuoHHa 3aBUCUMOCT
Ha koeduumMeHTa Ha punTpauns oT efpuHaTa Ha 3bpHaTa B
npeobrnaga.allata (pakums 1 CTeneHTa Ha CopTUPOBKA.

CEAMMEHTONOINA HA BOOOHOCHUTE CTPYKTYPU

Kakto Beue Oe 0T6ens3aHo, CeaUMEHTOMOXKUAT MOAXOn
YCMEWHO Ce W3MOoM3Ba 3a pellaBaHe Ha XMAPOreornoXKu
3agaum. Yecto, ocobeHO koraTo ca NoKanuaupaHu B
anyBuanHu Hacnar, BOLOHOCHMTE XOPWM3OHTW MoKa3saT
LUMPOK CMEeKTbP Ha NIUTOMNOXKA M (haumanHa W3MEHYMBOCT,
KOWTO B 3HAuMTenHa CTeneH npesonpefensT XvapoauHa-
MWUYHUTE M MUTPaLMOHHMTE CBOWCTBA Ha cpepata. [lpes
nocnegHUTe rOAWHM Ce NpaBAT peavla onuTW Tesn HeeaHo-
POQHOCTM f[a Ce XapakTepusupat M cuctemaruaupar
Ka4yeCTBEHO M KOMMYECTBEHO Mog opmaTta Ha lepapxuyHa
cuctema (Hanp., van de Graaff and Ealey, 1989; Dreyer, 1993).
CovrnacHo Huggenberger and Aigner (1999) B npegenute Ha
nogobHa WepapxwyHa Cxema Ha CTeneHTa Ha MNUTONOXKA
HEeeHOPOAHOCT, MHAOWBMAYaNHUTE MoApa3geneHus morat ga
Oboat pasrnexaaHn KakTo Kato FeHETUYHW CELUMEHTONOXKN
€MHULM, TaKa 1 KaTO XUOPOTEONOXKKMA EAUHULM, HANPUMED:

O rura-vawabHa nMTONOXKA  HEegHOPOZHOCT,
obycroBeHa OT pasBUTMETO HAa CEAMMEHTHUS
BaceiH. KoHTponupa rpaHuumMTe U BbTpeLLHaTa
CTPYKTypa Ha Lienu BOLOHOCHM baceiitu;

O w™era-MawabHa NUTONOXKA  HEEeJHOPOZHOCT,
obycnoBeHa OT TuWMa  CeAMMEHTALMOHHA
obcTaHoBKa. XapakTepuanpa npoCTpaHCTBEHUTE
B3aMOOTHOLLEHNS HA BOJOHOCHUTE XOPW3OHTH
1 KOMMIIEKCW BbB BOLOHOCHUTE BacemHu;

O makpo-mawabHa nMTONOXKa HeegHOPOZHOCT,



obycnoseHa OT nokanHata  (pauuanHara
OMHAMMKa  HA  CeWUMEHTOHATpymnBaHeTo.
Onpepens  mopdonorusita M BbTpellHaTa

CTPyKTypa Ha  OTAenHuTe
BOZOYMOPHM NNaCTOBE;

O Me30-MawabHu  TEKCTYPHM U CTPYKTYPHM
BapuaLym, 0byCrnoBeHn 0T CeavMMeHTaLMOHHaTa
AvHamuka. Mopens BOLOHOCHUTE MnacToBe Ha
30HM c pasnnyHm XMAPOTE0NOXKM
XapaKTepUCTUKM;

O MuKpo-mawabHu pasnuums B neTporpacmsaTa,
MopuUCTOCTTa W MPOHMLAeMocTTa, 06yCroBeHM
0COBEHOCTUTE Ha CELMMEHTHOTO MOLXpaHBaHe
W OuareHesaTta Ha akyMynupaHuTe CEANMEHTU.
[eTainuaupa npouecute Ha uATpaLmus u
Maco-TPaHCMOPT Ha MUKPO HMBO (B MOpPOBUTE
kaHanw).

BOOOHOCHM N1

OCHOBEH WHCTPYMEHT Mpu NpOBEXAaHe Ha Makpo- U Me3o-
MaLlabHu ucnensaHus Ha CeaMMEHTONOrMsATa Ha BOGOHOCHM
XOPW30HTK, NOKan13upaHu B anysuanHu NocneaoBaTenHocTy,
€ apXUTEKTYPHO-ENEMEHTHUAT aHanm3. Toi ce 6asupa Ha
pa3bupaHeTo, Ye anyBuanHuTE CEOUMEHTHU MoCrepoBaTen-
HOCTW Ca W3rpafieHn OT O0cem Ha Bpoi rpagvBHU eauHULM,
HapeyeHwn “apxutekTypHu enemeHTu” (Allen, 1983; Miall, 1985,
1988). WpeHTudMLMpaHeTO M XapakTepucTukata Ha Tesu
efleMeHTW Ca Bb3MOXHM B 3Ha4MMKM MO Nrow Asy-, a npu
Bb3MOXHOCT W TpPUMepHW paskputus. [eduHupaHeTo Ha
eOMHNLMTe Ce OCHOBAaBAa KakToO Ha TAXHAaTa BbHLIHA hopma,
npegonpeeneHa OT XxapakTepa Ha OrpaHuyaBallute ru
MOBBPXHOCTW, Taka W OT OpraHM3aumusTa Ha BLTPELHUAT UM
cTpoex. Tesn Oenesn o0TpassBaT pas3NMYHUAT CTUR W
AMHAMWKa Ha HapacTBaHe Ha CeAMMEHTHUTe Tena 4 B
MoBEeYeTO Cryyau Ca CBbp3aHM C MOponoxkn benesu ot
Mawaba Ha KOMMMEKCHUTE CEAUMEHTHM  Makpodopmu.
Bbnpekn Hakon Bapuauuute B OTAENHM Jetannu  OT
XapakTepUCTUKUTE UM € BB3NPUETO, Ye MOBEYETO anyBuarHi
OTNIOXEHWS Ca W3rpajeHn OT KOMOWHAUMS B  pasnuyHu
nponopuMM Ha TE3W OCEM EneMeHTa U TexHuTe
Pa3HOBWAHOCTM.

OnucaHneTo ¥ JeduHUPAHETO HA aAPXWUTEKTYPHUTE
€MTeMEHTH BKIHOYBA:

Q [pupoga n mopdhonorust Ha OrpaHUYUTENHUTE
MOBBPXHOCTY;

O Mawab Ha egmHnuata: gebenuHa, nateparHo
(napanenHo ¥ NepneHauKyNsApHO Ha nocokata
Ha CEeAMMEHTEH naneoTpaHcnopT)
pasnpoCTpaHeHue;

O BwbHwHa reomMeTpus Ha eguHMLATa;

O BwbTpeleH cTpoex Ha eguHULATa: natepanHu u
BEpTUKaNHW  nutohaumanim  aHcambmm 1
MOCNeA0BaTENHOCTH, HANMYME N OPUEHTALMS HA
HWCKOPAHIrOBM ~ E€PO3MOHHM  MOBBPXHOCTH,
OpWEHTaUMs Ha WHOMKATOPWUTE Ha mocokata Ha
CeOMMEHTEH naneoTpaHcnopT,
B3a/MOOTHOLUEHUS! Ha CrOECTOCTTa  CrpsiMo
orpaHuyaBalyuTe NOBbPXHOCTH.

MpunaraHeTo Ha apXWUTEKTYPHO-ENEMEHTHWS aHanua npu
W3yyaBaHe Ha anyBuamnHW MOCNESOBATENHOCTA 3HAYUTENHO
OMpoCTsiBa TAXHOTO CEAMMEHTONOKKO MOZenupaHe Kato npu

TOBa Ce noBuLlaBa TOYHOCTTa U yCTOIZ‘-II/IBOCTTa Ha NPOrHoO3HNA
mMatemaTuyeckun moaen.

MYNTUANCLUUNNNHAPEH NOAXOA 3A CUMYNNPAHE HA
3D CPELATA B MATEMATUYECKNA MOJEI HA
SAMBPCABAHETO HA NOA3EMHUTE BOLN B PAVIOHA
HA ATBO MNOBAMB

Jenoto 3a tBbpAM butoBM OTmagbun (OTBO) Ha rp.
MnoBavB € U3rpafeHo B KBAaTEPHEPHW M OTYACTW B HEOTEHCKM,
paxnu, NpeayMHO anyBuarnHu ceaumeHTu. Haim-ropHata yact
Ha CEOWMEHTHUS paspe3 B paloHa Ha W OKOMo [ernoTo e
NPeacTaBeH OT YETWPK, PAa3noNOXEHW enawH Hap Lpyr
anysuanHu uukbna. [lebenuHata Ha OTAENHWTE LMKNM € B
rpaHuumuTe Ha 8-13 m u Bapupa no nnow. Camo Han-ropHUsT
OT TE3W LWKNM MMa PasKpUTOCT Ha MOBBPXHOCTTA, HO Mopaau
XapakTepa Ha MarpaxpaliuTe ro CeaMMEHTH, Ta3n paskpuUToCT
€ TBbpAe orpaHuyeHa. ETo 3alo, BMECTO CTaHOapTHWS mpw
MpoBEXOaHe Ha apXUTEKTYpPHO-ENEMEHTEH aHanu3 noaxog,
HabupaHeTo Ha HeoOxogumaTa 3a HEroBOTO peanuaupaHe
WHOpMaLMs B NO-rofsMata YacT OT paiioH Ce cBee 4o:

O u3yyaBaHe Ha BepTUKANHWUTE nMTO(aALMarHN
nocneaoBaTenHoOCTY;

O CUCTEMHO M3MEpBaHe Ha BCWYKW  TWUMOBE
WHOMKaTOpM Ha nocokata Ha CeAMMEHTEH
naneoTpaHcnopT;

O JeTaiiNHO W3yyaBaHe Ha Mmopdornorusata W
OpWEHTUPOBKaTa Ha OrpaHUYNTENHNTE
MOBLPXHWHM Ha OTAeneHuTe nuTodaumnanHu
eauNHULN.

B pesyntar oT Te3u u3cneaBaHus B anyBuanHuTe Hacrnam
ca UaeHTUUUMpaHu 1 xapaktepuaupanu 10 nutodaumantm
PasHOBMOHOCTW W 6 TWNa apxuTekTypHW enemeHta. [pu
OMMCAHWETO Ha apXUTEKTYPHUTE eNeMEHTW B HACTOSILLOTO
uscneaBaHe e BbanpueTa cxemata Ha Miall (1996), B kosiTo ca
HanpaBeHN U3BECTHWN U3MEHEHNS U AOMBIHEHMS.

3a nocTuraHe Ha KOpEKTEH Mogen Ha aryBuanHuTe
OT/IOXEHUS BsiXa 13yYeHn rpyni oT BHUMATESHO KOpEenupaHm
PasKpUTUS, PA3NONOXEHM HaMpeyHo U HaQJTbXHO Ha
AOMVHMPALLMTE NaneoTPaHCNOpTHU HanpaeneHusi. ChopaHuTe
OT TAX AaHHW ca W3MoM3BaHu MpU MHTEprpeTauusTa Ha
Pe3ynTaTUTe OT MHOFOYMCIIEHUTE MPOYYBATENHIA COHLAXU B
paitoHa. Ha Taan ocHoBa ca pa3paboTeHi Mpexa OT npodunu,
obxBaljaly Lsnata TepuTOpUs OKOMO [enoTo, KOUTO
WIIOCTPUPAT  NPOCTPAHCTBEHOTO  pa3npedeneHne  Ha
OTAENeHUTe anyBuarnHu UMKNK. B pamkuTe Ha BCEKM LMKBN ca
WMIOCTPUPAHM  NPOCTPAHCTBEHUTE  B3aMMOOTHOLUEHWS  Ha
WU3rpaxaallTe ro apXUTEKTYPHO-eNEMEHTHN eUHUALM.

Bb3 OCHOBA Ha MHOrOYMCIIEHI 3bPHOMETPUYHIA aHamnnam ca
OmNpefieneHn CTeMeHTa Ha COPTMPAHOCT Ha CeaUMEHTUTE OT
BCAKa OTOeNHa nuTOhaumManHa emuHuua, a oT TyK M Ha
W3rPOEHUTE  OT TAX apPXWUTEKTYPHO-ENIEMEHTHU  eAMHULM.
MpeacesHETO M aHanM3bT Ha [JaHHUTE Ha OCHOBa Ha
CTaHgapTHa mckana nosBonM XMAPOANHAMUYHA U TeHEeTUYHA
WHTepnpeTaums Ha OTAENEHNTE CeaMMEHTHUTE Tena.

OcHoBaBaifku ce Ha nonyyeHuTe OT MHOIM0 aBTOPU BPB3KU
MeXay rpaHynoMeTpuyHaTa XapakTepuctuka U CTeneHTa Ha



COPTMPAHOCT Ha CeaWMEHTUTE OT efHa CTpaHa U TeXHWsT
koeuUMeHT Ha unTpaums oT gpyra (o LaHHM oT Buccme,
u ap., 1979; fe Yucr, 1969; Daly, 1982; Davis and DeWiest,
1966; Morris and Johnson, 1967; u fap.), e CbCTaBeHa
KopenaumoHHa — guarpama  (dur. 1),  nossonsBsawla
nuTOhaLManHUTe U apXUTEKTYPHO-ENEMEHTHUTE €AMHULM [a
CE VHTEpNpEeTMpaT KaTo XMAPOreonoXkA eAMHNLM (BOBOHOCHM
MNacToBe W 30HN C KOHKPETHA rEOMETPUS U XapaKTepUCTUKN).
C HeHa nomow, Ha MbPBO  NpubnMKEHWe, B
MOANOBBPXHOCTHOTO MPOCTPaHCTBO B paiioHa Ha [TBO
MnoBavB ca [eTEPMUHMPaAHM [Ba BOLOHOCHW W €AMH
BOAOYNOPEH nnacT. BbB BOJOHOCHMTE MiiacToBe ca OTAENEHU
30HW C pasniyHa NPOBOAMMOCT, @ BbB BOAOYNOPHUS TAIMHECT
nnacT ca noKkanuaupaHu peguua NpekbCBaHus, T.Hap.
XWUOPOreomnoXKA NMPO30pLIM.
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Queypa 1. KopenayuorHa 6okc-Ouazpama Ha muna
ceOmeHmU U KoegpuyueHma Ha cpunmpayus. [TnbmHama
nyHKmUpaHa NUHUS NoKa3ea epaHuyama mMexoy
NPOHULaeMUMe U NPakmu4ecKU HenpoHuyaemume
cedumenmu. C kpbeyema ca 0adeHu cmoliHocmume,
XapakmepHU 3a MH020 00bpe copmupaHume u 10Wo
copmupaHume pasHosudHoCmU.

Mo paHHM OT HanpaBeHWTe nabopaTopHM W NONEBM
OUNTPALMOHHM 1 MHAMKATOPHM ONUTK, 33 BCEKM MacT W 30Ha,
ca MPUCBOEHW CTOMHOCTM Ha XapakTepusupalute rm Xugpo-
OVMHAMUYHU W MUFpaLMOHHM napameTpu. Taka e cb3gafeH
cpaBHuTenHo ToyeH 3D Mogen Ha NOANOBBPXHOCTHOTO
npocTpaHCcTBO B paitoHa Ha ATBO lMnosaue. To3u mogen e
YCMELLHO W3MOoN3BaH OT aBTOPUTE 33 MPELM3HO CUMYNupaHe
Ha BOLOHOCHWUTE MNacToBe U 30HW (MOTEHUManHaTa cpeaa 3a
pasnpoCTPaHeHNe Ha 3aMbpCUTENNUTE) BbB (punTpaLmoHHaTa
obrmacT npu CbCTaBAHETO Ha MaTeMaTWyecku Mogen 3a
MPOTHO3MpaHe Ha Pa3BUTUETO Ha MPOLECUTE Ha 3aMbpCABaHE
Ha NoA3eMHUTE BOAM OT CMETULLETO.
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COMPREHENSIVE APPROACH FOR 3D SIMULATION BY MATHEMATICAL MODELING
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ABSTRACT

Development of precise models for predicting and managing processes of groundwater contamination as a result of a number of natural and technogenic factors
(mining activity, industry, agriculture, sanitary landfills, etc.) requires more detailed knowledge on the structure and morphology of aquifers. Some of the aquifers are
located in sediments and sedimentary rocks of significant heterogeneity of the lithological properties, causing a rather high heterogeneity of porous medium. Past
practice of mathematical modeling has not considered realistically enough the rate and specifics of this heterogeneity.

In recent years, sedimentology of aquifers acquires higher importance in the compilation of 3D prediction models. This comparatively new approach allows the applic-
ation of a set of direct and indirect “in situ” and laboratory sedimentological, stratigraphic and geophysical methods, which allow the correct differentiation and defini-
tion of lithofacial and architectural-element units of different rank and scale. Each of them is characterized by relative inner homogeneity of hydrodynamic and migra-
tion properties. Thus, the differentiation of zones and layers simulating the correct hydrogeological conditions is allowed easily and precisely enough by compilation of

numerical 3D models.

The comprehensive approach was successfully tested at the Plovdiv sanitary landfill.

INTRODUCTION

Groundwater is the main object of technogenic contamination
and potential carrier of different contaminants. Hydrogeological
conditions in the area of potential (or real) source of contamin-
ation are the major factor, limiting the behaviour of contamin-
ants within the underground hydrosphere. For that reason
good recognition and correct simulation of particular hydrogeo-
logic medium is so important.

HETEROGENEITY OF POROUS MEDIUM AND OPPORTUN-
ITES FOR ITS CORRECT SIMULATION

Aquifers (groundwater reservoirs) are often formed in non-
homogeneous sediments and sedimentary rocks. Lithologic
heterogeneity determines the significant variety in dimensions
and geometry of porous medium and regularly brings to area
variation of hydraulic and migration characteristics of water-
bearing (saturated) medium. Unfortunately, simulation ap-
proaches for compilation of flow and mass-transport models
has not considered yet the rate and specifics of this heterogen-
eity realistically enough. This fact predetermines the inaccur-
acy of prediction models and subsequent efforts for their elim-
ination.

Recent practice widely applies several approaches for mod-
eling the movement of contaminants in aquifers: simplified,
stochastic and deterministric.

The simplified approach is based on the adoption that satur-
ated medium is relatively homogeneous (quazihomogeneous)
in the aspect of hydrogeological parameters. Each of the wa-
ter-bearing layers, consisting of several aquifers and aquitards
is considered quazihomogeneous and horizontal. In the simpli-
fied approach the distribution of conservatives (inert) contamin-
ants in the aquifers is described well by the convection-dis-
perse equation (Bear, 1972). Behaviour of contaminants with
water-bearing medium is modeled by mathematical dependen-
cies, describing the kinetics of processes of reversable and
non-reversable elimmination (Bear, 1979; Freeze and Cherry,
1979). The reversible elimination (sorption-desorption) is de-
scribed by the linear isoterm of Henry and is characterized by
the coefficient of distribution Ky, with sorptional porosity ns, re-

spectively. Non-reversible elimination (hydraulitic decay and
precipitation) is determined by the reaction of non-reversible
elimination of first order and by the elimination constant v. It is
worth mentioning that this approach, widely applied in the past,
may be used (with a sufficient precision) in a very limited num-
ber of cases and significant schematization of the hydrogeolo-
gical background. It is valid within a local scale and a homo-
geneous media only.

The stochastic approach is developed and widely used in
practice in the last 20 years. Movement of contaminants in the
non-homogeneous medium is described by area correlation of
random fields (Dagan, 1989; Gelhar, 1993) or by fractal distri-
bution, laid over homogeneous or slightly varying trends
(Wheatcraft and Tylor, 1988). Considerations are based on the
adoption that area variation is small. This brings to the negli-
gence of real existence of lithofacial and architectural-element
units of different rank and size, which in fact determine the in-
ner and outer boundary conditions in the flow area and strictly
frame the possible ways for distribution of contaminants. No
doubt, possible movement of contaminants is correctly
modeled mathematically only after precise determination of
sedimentologic interconnection of different scale.

The deterministic approach pretends to simulate the real het-
erogeneity of natural objects with a maximum reliability. 3-D
objects, homogeneous with respect to hydraulic and migration
characteristics (layers and zones) are differentiated and de-
scribed in the subsurface area. Objects, determined by this ap-
proach are treated as main architectural elements of the water-
bearing structures. Movement of contaminants is described
precisely enough by the mathematical means, applied by the
simplified approach within each quazihomogeneous object. In
the compilation of regional mathematical models for prediction
of groundwater contamination, each element is included as a
3-D object with established geometry and properties (hydraulic
conductivity k, dispersivity a, effective and sorptional porosity
Ny and ns, elimination constant y etc.). In this case software
packages MODFLOW and MT3D, standardized by USGS and
EPA and widely applied in the world practice may be used (An-
dersen, 1993; McDonald n Harbaugh, 1988; Zheng, 1990 et
al.).

The application of traditional hydrogeological means and
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vehicles to the deterministic approach most often brings to diffi-
culties. The attempts to determine 3-D objects based on stat-
istical processing of results from “in situ” and laboratory filtra-
tion (hydraulic) tests (Bopesckuit u gp., 1973, MupoHeHKo W
LllecrakoB 1976, etc.) showed that investigations of that kind
might have only theoretical importance and did not reveal any
specific meaning for practice as statistical methods required
performing of numerous tests in different points of the subsur-
face area which would bring to unreasonably high financial
cost.

A modification of the deterministic approach, new for hydro-
geological practice and recognized in specialized references
as aquifer sedimentology (Huggenberger and Aigner, 1999)
has recently shown its advantages. This sedimentological ap-
proach comprises a set of direct and indirect “in situ” and labor-
atory sedimentological, stratigraphic and geophysical methods,
which allow the direct determination of lithofacial and architec-
tural-element units of different rank and scale (size). Each of
those units is characterized with relative homogeneity of hydro-
geological characteristics. The approach allows compilation of
a good and rather precise 3D model, showing the natural het-
erogeneity of medium by a limited number of laboratory and
field hydrogeological tests. Reliability of prediction model de-
pends much on precise correlation between hydraulic and mi-
gration characteristics and existing 3D variation. However, cost
efficiency and other practical concerns usually limit the number
of exploratory and hydrogeological tests, which reduces the
precision of simulation. This fact may not decrease the import-
ance of suggested approach as the ratio of (financial cost)/
(precision of prediction) may be optimized for each specific ob-
ject depending on its significance. In some cases, below sug-
gested dependence of correlation between hydraulic conduct-
ivity and size of grains of prevailing fraction and rate of sorting
may be used purposefully for preliminary assessments and
predictions.

SEDIMENTOLOGY OF WATER-BEARING STRUCTURES

As it has already been mentioned, the sedimentological ap-
proach has been successfully applied to hydrogeological is-
sues. Often, especially when located in fluvial deposits,
aquifers reveal a wide spectrum of lithological and lithofacial
variability, which significantly predestinates the hydraulical and
migration properties of medium. Recently many attempts to
characterize and systematize qualitatively and quantitatively
those heterogeneity by the form of a hierarchic system have
been done (for example van de Graaff and Ealey, 1989; Drey-
er, 1993). According to Huggenberger and Aigner (1999), with-
in such hierarchic scheme of the degree of the lithological het-
erogeneity, the individual subdivisions could be treated as both
genetic sedimentologic units and hydrogeologic units, for ex-
apmle:

O Giga-scale lithological heterogeneity, determined
by development of sedimentary basin. It controls
the confinements and inner structure of entire
water-bearing basins;

O Mega-scale lithological heterogeneity, determ-
ined by the type of sedimentary environment. It
characterizes the area interrelations of aquifers
and complexes in the water-bearing basins;

Q Macro-scale lithological heterogeneity, determ-
ined by local facial dynamics of sedimentary ac-
cumulation. It determines the morphology and in-
ner structure of individual aquifers and aquitards;

O Meso-scale structural and textural variations, re-
lated to sedimantary dynamics. It subdivides
aquifers into zones of different hydrogeologic
characteristics;

a Micro-scale differences in petrology, porosity and
permeability, related provenance and diagenes-
is. They control the processes of filtration and
mass-transport at a micro level (in the pore
channels).

The architectural-element analysis is among the main tools
for implementation of macro- and mezo-scale investigations in
sedimentology of aquifers, located in fluvial sequences. The
method is based on the comprehension that fluvial
sedimentary sequences are composed of eight constructive
units, nominated as “architectural elements” (Allen, 1983; Miall,
1985, 1988). Their identification and characterization is
possible in large two- and three-dimensional outcrops. The
definition of these architectural elements is based on both their
outer morphology, determined by the character of their
confining surfaces, and organization of their inner structure.
Those features reveal the different style and dynamics of
sedimentary body generation and in most cases are related to
morphologic features of dimensions of the complex
sedimentary macroforms. Despite of some variations in their
characteristic, it is accepted that most fluvial depositions are
composed of those eight elements in different proportions.

The architectural element description and definition com-
prise:

O Nature and morphology of confining surfaces;

O Unit scale: thickness, lateral (parallel and per-
pendicular to the direction of the sedimentation
paelotransport) development;

Q  Outer unit geometry;

Q Inner structure of the unit; lateral and vertical
lithofacial assemblages and sequences, pres-
ence and orientation of low-rank erosion sur-
faces, orientation of the indicators of the sedi-
mentary paleotranspot, interaction of bedding in
respect of the limiting surfaces.

The application of architectural-element analyses to the
study of fluvial sequences simplifies significantly their sedi-
mentological modeling thus increasing precision and sustain-
ability of prediction mathematical model.

COMPREHENSIVE APPROACH FOR SIMULATION OF 3D
MEDIUM IN THE MATHEMATICAL MODEL OF GROUNDWA-
TER CONTAMINATION IN THE AREA OF PLOVDIV SANIT-
ARY LANDFILL

The sanitary landfill of Plovdiv is developed in Quaternary
and partially Neogene loose, mainly alluvial sediments. The
uppermost part of the sedimentary section in and around the

landfill is represented of four fluvial cycles, located one above
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the other. The thickness of the separate cycles is within the
range of 8-13 m showing lateral variations. Only the uppermost
of these cycles outcrop on the surface, however, due to the
character of sediments its exposure is rather limited. That is
the reason, instead of the standard approach for architectural-
element analysis, in a larger part of the area the acquiring of
the necessary for the analysis data to be reduced to:
O Studying the vertical lithofacial sequences;
O Systematic measuring of all types of indicators in
the direction of sedimentary paleotransport;
O Detailed study of morphology and orientation of
limiting surfaces of individual lithofacial units.

As a result 10 lithofacial varieties and 6 types architectural
elements are identified and characterized. The description of
architectural elements in the present study is based on the pro-
posed by Miall (1996) scheme with some changes and addi-
tions.

Groups of carefully correlated outcrops, located in a cross
and longitudinal direction of dominating paleotransport trends
are studied for achieving of correct model of the fluvial depos-
itions. The acquired data have been used for interpreting the
results of numerous exploratory boreholes in the area. A net-
work of profiles, which illustrate the area distribution of separ-
ate fluvial cycles and comprise the entire territory of the landfill,
is developed. Within each fluvial cycle the spatial interrelations
of constructing architectural-elementary units are illustrated.

Based on numerous grain-size analyses, the degree of sort-
ing of the sediments in each separate lithofacial unit is determ-
ined, and hence - in the architectural-elementary units that
they compose. The representation and analysis of grain size
data in standard phi-scale allows hydraulic and genetic inter-
pretation of the studied sedimentary bodies.

A correlation diagram (Fig. 1) is compiled on the base of the
relations between granular characteristics and rate of sorting of
sediments, on one hand and hydraulic conductivity on the oth-
er, which many authors have obtained, (according to Buccmen,
u ap., 1979; [le Yucr, 1969; Daly, 1982; Davis and DeWiest,
1966; Morris and Johnson, 1967,etc). It allows interpreting of
lithofacial and architectural-elementary units as hydrogeologic-
al units (aquifers and zones of particular geometry and charac-
teristics). At first approximation, two aquifers and one
aquiclude are determined in the subsurface area of the Plovdiv
sanitary landfill area. Zones of different penetration are differ-
entiated in the aquifers, and a number of interruptions, so
called hydrogeological windows, are localized in the clayey
aquiclude.

Hydraulic conductivity, m/d
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Figure 1. Correlation box-diagram of the type of sediments and
hydraulic conductivity. Dotted line shows the boundary
between permeable and practically impermeable sediments.
Circles show the values, typical for well-sorted and poorly

sorted varieties.
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Each layer and zone acquires values of characterizing hy-
draulic and migration parameters based on data from laborat-
ory and “in situ” filtration and traser tests. Thus, a rather pre-
cise 3-D model of subsurface area in the region of Plovdiv san-
itary landfill is compiled. This model is successfully applied by
the authors for precise simulation of aquifers and zones (po-
tential medium for distribution of contaminants) in the filtration
field for compilation of mathematical models for prediction of
processes of groundwater contamination in the landfill.
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