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Determination of thermodynamic functions of interaction of
chromium with silicon and aluminum
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Abstract. The article presents the results of calculating the thermodynamic functions (enthalpy, entropy and Gibbs energy)
of chromium reduction reactions from its oxide with the participation of active metal reducing agents by applying the constants
of substances and the values of the coefficients of the heat equation, considering the phase transformations involved in reac-
tions such as silicon and aluminum, which occur in the production of refined ferrochrome grades. This calculation is performed
by applying the substance constant to the transformed formula for calculating the dependence of the Gibbs energy on the tem-
perature of the reactions of redox processes. As noted above, the results of this calculation are of fundamental importance in
the melting processes of refined (medium- and low-carbon) ferrochrome grades with separate and joint (in the form of complex
silicon and aluminum-containing alloys) using the above-mentioned elements. The calculations were carried out in the temper-
ature range from 298 K to ~3000 K, since this interval covers the conditions of the redox processes. The range under consider-
ation covers the entire temperature range of phase transformations of chromium ore and reducing agent (siliceous or silicon-
aluminum). For these reactions, there are several temperature intervals due to the phase transformations of the initial reagents
and the resulting products. After performing thermodynamic calculations, graphs of the dependence of the Gibbs energy
change on temperature are constructed. Temperature intervals where phase transitions do not affect the reaction are revealed.
Consequently, along with passive temperature intervals, there are active intervals in which a sharp increase in the negative
value of the Gibbs energy was observed.

Keywords: refined ferrochrome, silicon, aluminum, reduction, Gibbs energy, equilibrium constant.

1. Beenenue TO pacxoja ChIpbi M 3J1eKTpo3Hepruu. OCHOBBIBAsICH HA BbI-
LIIEHa3BaHHBIX HEPEIICHHBIX 3aj1a4yaX, TEXHOJIOTHs Tpedyer
YCOBEPILICHCTBOBAHMUS.

Kax m3BecTHO, Ha JaHHOE BPEMsI CYIIECTBYIOT HECKOJIBKO
CIIOcOOOB  BBIMIABKY pa(UHUPOBAHHBIX MapoK (eppoxpoma,
OTJIMYAIONINXCST MEXIy CO00H KaK MO BHAY HCHOJB3yEMbIX
BOCCTaHOBHTENCH W IIMXTOBBIX MAaTEpPHAJIOB, TaK M IO ammapa-
TYPHO-TEXHOJIOTHIECKOMY 0(hOpPMIICHHIO, 2 IMEHHO [1]:

- paduHHMpOBaHME BBICOKOYTJIEPOIUCTOTO (heppoxpoma
OT YINIEpOJla OKHUCJIECHHEM IIOCIEJHEr0 XPOMMUTOBOH pyHoi
no peaknuu (1) [2]:

OTYHTENEHOH 0COOCHHOCTBIO PAQUHUPOBAHHBIX MapOK
OT BBICOKOYIJIEPOAUCTOrO (heppoxpoma, KpoMe OrpaHHYCHHUH
no ¢ocdopy, cepe u APyruM BPEIHBIM NPHUMECAM, SBISETCS
Oonee HU3KOE cojepikaHue yriepona. [loatomy npu mpous-
BOJICTBE papuHUPOBaHHBIX MapoK (eppoxpoma, 3a HCKIOUe-
HHEM OT/JENIbHBIX MPOLECCOB C HCIOJB30BAHHEM YIJIEPO/a,
OoJiee IMIUPOKOE pa3BUTHE U MPUMEHEHUE MOYYHIA METaJLIO-
TEPMUYECKHE CTIOCOOBI.

MeramioTepMHUUecKOe BOCCTAHOBJIEHHE XPOMa KPEMHHEM
SIBIISIETCS] OCHOBHBIM IPOLIECCOM, IPOTEKAFOLINM B OTyYEHHN
padunupoBansoro dheppoxpoma. HasHauenue padunuposan-  [Cry;Cs] + (FeO-Cr,03) = [Fe-9Cr] + 3CO (1)
HBIX Mapok (eppoxpoma - HCHOJb30BAaHHE HX B KauecTBE
Jerupyroeii 700aBKH NpH IIPOM3BOJICTBE XPOMOHUKEIIEBBIX U
XPOMHCTHIX (cynepdeppHuTHbIX) craneid. OOnamast yHUKaIb-
HBIMU 3aIlacaMy XpoMOBOH pyasl, KazaxcraH BXomUT B 4HCIIO
OCHOBHBIX TPOU3BOAMTENCH papuHUPOBAHHOTO (heppoxpoma,
IpY 3TOM 3aHMMas JHAMpylomue mno3unuu. Kak orMeueHo,
YTO JaHHble Mapku (eppoxpoma BBIILIABILIIOT METayuIoTep-
MHYECKUM CIOCOOOM M NPaKTUYECKH INOJHOCTBIO JKCIIOPTH-
pytotcsi. CyIiecTByIoIasi TEXHOJIOTHYECKasi CXeMa aHaJIorHy-
Ha TEXHOJIOTHSAM 3apyO€XHBIX CTpaH M HMMEET OIMHAKOBO
HEpelICHHbIE TEXHOJOTMYECKHE 3a/lauyl: OTHOCHUTEIBHO HH3-
Kasi CTEIEeHb M3BJICYECHHs] BEAYIIETO DJIEMEHTa, Hed(PEKTHB-
HOE UCIIOJIb30BaHUE BOCCTAHOBUTEJICH, YBEIMUYCHHE yIEIBHO-

DTOT crocol Halren MUPOKoe MpUMEHeHne B I 'epMaHum.
[IpuHKMas BO BHUMaHHE THIl HCIIOJIb3YEMOT0 BOCCTaHOBH-
Tens (Yriiepoa BBICOKOYTIIEPOIUCTOTO (peppoxpoma), cliemy-
eT OXHJaTh, 4YTO Mpouecc padUHHUPOBAHUS OT Yriiepoja
HEoOX0MMO BECTH B OTAEIBHOM arperare, T.K. XpoM H Ke-
J€30 SIBISIFOTCSL KapOum000pa3yIomuMy 3JeMEHTaMH. DTUM
MOXHO TIPEJCKa3aTh TPYJHOCTh NOIYyYCHUSI HU3KOYTIIEPOIH-
CTBIX MapoK pa)MHUPOBAHHOTO (eppoxpoma;

- paduHHpOBaHHE BBICOKOYTIEPOIUCTOTO (eppoxpomMa
OT yrjepojia OKHUCICHHEM Ta3000pa3HbIM KHCIOPOJIOM BO3-
JyXa WIA YUCTBHIM KHCIOPOJOM B KOHBEPTEpE MO XHUMHU3MY

) [3I:
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[Cr7Cs] + 3/20, = 7Cr + 3CO @)

Oror cmocod paspabotan  lleHTpa’dbHBEIM  HAay4HO-
UCCIICIOBATEIbCKAM HHCTUTYTOM 4YEpPHOH MeTatyprud (T.
MockBa) u 1oaroe BpeMs ObUT MPUMEHEH Ha AKTIOOMHCKOM
3aBojie (heppOCIIIABOB B NIPOU3BOJICTBE CPEIHEYTIIEPOAUCTOTO
(eppoxpoma;

- BOCCTaHOBJICHHEC XpPOMa U TMOIYTHO JKEJe3a U3 XPOMHU-
TOBOW pyabl KpeMHHeM Qeppocunuius (crocod bekkepra)
o peakmuu (3) [4]:

(FeO-Cr203) + 2[Fe-Si] = [3Fe-2Cr] + 2SiO; 3)

Or1oT cnocod B MOJHOM 00beMe HEe HaIlesl MPUMEHEHHS
BCIIECTBHE MONy4YeHHs (heppoxXpoma ¢ MOHMKEHHBIM COMEp-
xaHueM xpoma. OJTHaKo, 3TOT MPOLECC MOXKET MCIIOIb30BaTh-
sl TIpY BBIIUIaBKE (heppoxpoMa C MpUMEHEHHEM (eppOoCHIIn-
ISl 711 JOBOCCTAHOBJICHUS XpOMa M3 IIUIAaKa IMepes BBIMyC-
KOM M3 T€YH, a TaKKe, B 3aBUCUMOCTH OT TpeOOBaHHMII moTpe-
OuTeneil, MoOxeT OBITH MPUMEHEH JUIsl BBIIUIABKA HHU3KOYTJIe-
poauctoro (eppoxpoma ¢ MOHIKEHHBIM COJEPKAHHEM XpO-
Ma;

- AIOMUHOTEPMHYECKOE BOCCTAHOBJICHHE OKCHIA XpOMa.
CymectByroT (hmocoBblii 1 0ecIIocoBbIN BapHaHTHI BHITLIAB-
K [5]. DTOT crtocob Hames MIMPOKOe pacpoCTpaHEeHHe B TIPO-
W3BOJICTBE 0CO00 HM3KOYITIEPOAMCTHIX Mapok (eppoxpoma n
METaJIIMIECKOTO XpoMa TI0 peakim (4):

Cr03 + 2[A|] = 2[Cr] + Al;O3 (4)

- padUHHUPOBAHUE MEPECIHFHOrO (HEPPOCHIMKOXPOMA OT
KPEMHHUSI OKHCIICHHEM KPEMHUS KUCIOpoaoM (crocob Jlxu-
HA), COACPKAIIMMCS B OKCHJIaX XPOMUTOBOH PYJIbI IO peak-
uuu (5) [3, 7, 9]:

2[Fe - Cr - Si] + (FeO - Cr,0s) = [3Fe - 4Cr] + 25i0,  (5)

OTOT crmoco0 B HAcTOsIIEe BpeMs MPAKTUKYETCs Ha
UDMK, AxtiobuackoM n CepoBCKOM 3aBojaax (eppocruia-
BOB U JIOJITOE€ BPEeMsI UCIIONB30BANICSA Ha 3allOPOKCKOM 3aBO-
ne ¢geppocminaBoB. [To 0TpabOTaHHOCTH TEXHOJIOTHH, OTHO-
CUTETIFHOH AenieBH3HE (IT0 CPAaBHEHHIO C AFOMUHOTEPMHUEH )
BOCCTAaHOBHUTEIIS, anmmapaTypHoMy odopMieHHI0 (B pyIHO-
TEPMHYECKUX TI€4ax ¢ TpaHc(HOpMAaTOPOM MOIIHOCTHIO 3.5-
7 MBA) u 10BeJeHHBIM COZIEp’)KaHUEM XpOMa B MeTajuIe (To
ecTh (eppOXpoM HE Pa3y00KHUBACTCS KPEMHUEM, KaK B CITy-
yae NpuMeHeHHs1 (peppocHiIMLus), JaHHBIA CHOCOO Haren
HanOolee NIMPOKOe paclpoCTPaHEHNE B IPOMBIIIICHHOCTH;

- BOCCTaHOBJICHHE XPOMHUTOBOH pPyAbl (EeppOCHUIHKO-
amomuaneM (PCA). XUMHU3M BOCCTAaHOBJICHHUS BBITJISIIUT
ciexyromuM oopa3om 1o peaknud (6):

3Cr;03 + Fe - 3Si - 2Al=Fe - 6Cr + 3Si0O; + Al,03 (6)

JlaHHasi TEXHOJOTHUsl MOJy4eHHs] padUHUPOBAHHBIX Ma-
pok  deppoxpoMa  sBISETCS  pa3paboTKol  XUMHKO-
MeTajuryprudeckoro mHeruryta uMm. K. Aobumesa (r. Kapa-
raugsl) [8-9].

Kak 0bU10 0TMEUYCHO, BBIILIABKY padUHUPOBAHHOTO (ep-
poXpoMa TPOU3BOAAT B padMHUPOBOYHBIX TI€YaX C TPAHC-
dbopmaTopamu MorHOCTEIO 3.5-7 MBA [5] ¢ HakioHsro-
HIelicss BaHHOW, MO KOHCTPYKIIMM HWACHTHUYHBIX JTYTOBBIM
CTaleruiaBuIbHbIM MedaM. CyIIecTBYeT TakkKe W Jpyras
Pa3HOBHHOCTh 3TOTO MPOIECCa, OCYIIECTBIIsIEMasi METOJIOM
CMEUIMBaHKsI B BBICOKOTEMIIEPATYPHOM peakTope (KOBIIIE)
MPEABAPUTEIHLHO BBIIUIABICHHBIX B OTACNIBHBIX arperarax
PYJHO-U3BECTKOBOTO pACIIaBa M KHUAKOIO HIH TBEPIOTO

(xyckoBoro) ¢eppocmnrkoxpoma. JJaHHBIH c1Toco0 MO3BOJIS-
€T MONy4YuTh (eppoXpoM C COJEepKaHHEM YIIepoaa MeHee
0.06%, Tak Kak MCKJIIOYCH KOHTAKT PacIuiaBa C 3JEKTPOja-
MU, KOTOpBIE SIBJIAIOTCS HCTOYHUKAMHU MOCTYIIJICHUS YIIIepo-
na B xoiudecte 60-70%.

AHanmu3 TpakTUKH MPOU3BOJCTBA paQUHUPOBAHHOTO
(dbeppoxpomMa 1okasbIBaeT, YTO MeYHasi U BHEICUHask MeTaj-
JIOTEPMUS IIUPOKO PACIPOCTPAHEHBI U YCIEUIHO MPUMEHS-
IOTCSl B TNIPOMBINUIEHHOCTH. KaX/1blii U3 OTMEYEHHBIX CIIO-
co0OB MMeeT KaK IpenMylIecTBa, TaKk M HemocTaTtku. Ho
HECMOTpS Ha YCICIIHYIO NMPAaKTHKyeMOCTb M paclpocTpa-
HEHHOCTH JaHHBIX TEXHOJIOTHH, HEOOXOIMMO OTMETHTH,
YTO TEXHHMKO-3KOHOMHYECKHE ITTOKA3aTeNId MPOLECCOB elle
OCTafOTCSI HHU3KHMH. B0o3MOXHO, 3TO BBI3BaHO Hed(hdek-
TUBHBIM HCIIOJIb30BAaHMEM BOCCTAHOBHUTENS WM HeKade-
CTBEHHBIM COCTAaBOM MOTPEOIIEMOr0 MIMXTOBOTO MaTepHa-
na.

AKTyanbHOCTh 3aJaud 3aKJII0YAaceTCs B HEOOXOAUMOCTH
YCOBEpPUICHCTBOBAHUS TEXHOJIOTHU IPOU3BOJACTBA pa(uHu-
poBaHHOTO (eppoxpomMa C BOBICYEHHEM MarHe3WaJbHbIX
XPOMOBBIX PYJ U NPEAOTBpAILEHHs CHIIMKATHOTO pacmaja
KOHEUYHBIX [IUIAKOB.

B HacTosiniee BpeMst IpH ITPOU3BOJICTBE padUHUPOBAH-
HOro ¢eppoxpoma HaOJIIOaeTCs CHHIKEHHE KadyecTBa HC-
MOJIb3yeMOIl XpOMOBOH pPy[bl, XapaKTepU3YIOLIETocs IMo-
BBILIEHHBIM COJIEp)KAaHUEM IIYCTOM NOpOABI, B KOTOPOH
colep)kaHne OKCHAa MarHus coctaBisieT ~17-20%, daro npu
PYIOHOH 3IEKTPOTEPMHN HEOIArONpHATHO BIHSIET Ha Tep-
MO(U3MUECKHE CBOMCTBA IIIAKOB, MPUBOJS K IOTEPE Me-
TaJIjla CO IIJTAKOM B BUAE KOpoibKoB. OOpasyrommiics Bs3-
KHUI TeTepOreHHbIH pacIliaB MPUBOAUT K YACTUYHOMY TOP-
MOXEHHIO TU(Q(Y3UN KPEMHHUSI U KUCIIOpOJia Yepe3 rpaHu-
1y LUIaK-MeTaul. BcneacTBue 3TOTO NMPOMCXOIUT IMOCTE-
NEHHOE «3aKPEMHHBAaHHE» ITI€YH C BBICOKHMHU IOTEPSIMU
OKCHJa XpOMa B OTBaJbHOM LUIaKe. TeM caMbIM CIIOCO0-
CTBYeT YXYIIICHHIO TEXHHKO-3KOHOMMYECKHX IOKa3aTeln
mporiecca, 3T0 OOBACHSACTCS yBEJINYEHHUEM YICIBHOTO pac-
XO/la IIMXTOBBIX MaTEPHAIIOB U JIEKTPOIHEPTUH, CHI)KEHH-
€M CTENeHH H3BJICYECHUSI BEIYLIET0 3JEMEHTa M POCTOM
KpaTHOCTH Inaka. Kpome 3roro, B cmimkorepMun padu-
HUPOBAHHOTO (DEpPpOXpOMa OCTPO CTOUT BOIPOC IOIBEP-
KCHHOCTH KOHEUYHBIX OTBAJBHBIX IUIAKOB CaMOpPACCHINA-
HUIPO. MenKoAUCIEpCHBI paclaBIIMKC LUIAK HAaHOCUT
Cephe3HbIid yiiep0d oKpyskaromieil cpeae, 3aHUMasi OOIITUP-
HBIe TeppuTopun [6-9].

B oTo#i cBsA3M B mocnenHee BpeMs IIPH BhIIUIaBKe padu-
HUPOBAHHBIX Mapok (eppoxpoma BeneTcs MOWCK albTepHa-
THUBHBIX BHJIOB METAJUTMYECKUX BoccTaHoBurene [10]. IIpu-
YyHa IOMCKAa CBs3aHa C JOPOTOBHU3HOM BOCCTaHOBUTEIS,
YXYyIIICHHEM KauecTBa CBHIPbS M CHIIKEHHEM TEXHHKO-
SKOHOMHMUECKUX IOKa3aTeneil mporecca miaaBku. OIHUM U3
pemeHuit mpoOiIeMbl MOXKET OBITH BOBJICUCHHE B METaJUIO-
TepMHI0 (heppoXpoMa KOMILIEKCHBIX KpPEMHEaJIOMUHHEBBIX
BOCCTaHOBHTEIIEH.

CymHOCTh TIpollecca MONy4YeHHs pPadUHHUPOBAHHOTO
(eppoxpoMa 3aKIOYAETCS B JOCTHXCHHH MaKCHMAIbHOU
CTENCHN BOCCTAHOBJICHHS XpOMa M3 pyJbl (IIAKOBOTO pac-
IUTaBa) ¥ HanOONbIIeH cTeneHn paQUHUPOBAHUS UCXOTHOTO
BOCCTaHOBHTEIS (KPEMHHCTOTO WM KPEMHEATIOMHUHHUEBOTO)
OT KPEMHUS 1 aJIFOMHUHHUSL.

B mporeccax MeTamIoTepMHUH TPU  BOCCTaHOBJICHUU
XpoMa U3 pyAbl B OOLIEM BHAE Pa3BHBAIOTCS CJEIYIOIINE
peaxIuu:
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Cro03ms) + 3/2Sius) = 2Cr sy + 3/2S105(1s) @)
Crzoz(TB) + 2A|(TB) = 2CF(TB) + A|203(TB) (8)

B ﬂeﬁCTBHTeHLHOCTH, npouecc BOCCTAHOBJICHUSA OCY-
MECCTBJIACTCA II0 MHOI'OYHUCJIICHHBIM B3aPIMOZ[eﬁCTBPIHM C
06pa30BaHI/IeM MPOMEIKYTOYHBIX M KOHCYHBIX COGZ[HHCHHﬁ.
IIo NPpUYUHE OTCYTCTBUS HAACKHBIX TCPMOAMHAMUYCCKUX
JaHHBIX JJI TaKHX COGZ[HHCHHﬁ, BO3MO2KHa, JIMIIb HpI/I6J'II/I-
JKCHHas1 OLICHKA MOJIHOTHI MIPOTCKAIOUIUX ITPOLIECCOB.

2. MeToabl M1 MAaTepPUAJIBI

Jiist OCyIIECTBICHUSI TEPMOJUHAMHYECKHUX PAcYeTOB pe-
akruit (1) u (2) ucrmoms30BaHbl KOHCTAHTHI BEIIECTB, yUacT-

0
Bytommx B peakuusx: suranbman (A H 208 » AH p)s 9H-
0
Tpomuu (S,g, AS ;p) ¥ 3HaueHHs Kod3QOHIMEHTOB ypaB-

HEHUS TEIUIOEMKOCTH (CP) ¢ yderoM (ha30BBIX MpeBpalie-
Hui [11,12].

BakHBIM TEpMOJIMHAMUYECKUMH XapaKTEPUCTUKAMH pe-
aKIM¥, HETIOCPEJICTBEHHO CBS3aHHBIC C HAlpaBJICHUEM ee
MPOTEKaHWS M BETWYNHOW KOHCTAHTHI PABHOBECHSI, SBIIACTCS:
n3MeHeHne SHepruu [mOOca (M300apHO-M30TEPMHIECKOTO
notennmana) AG® 111 peakivy Ipy MOCTOSHHBIX JABJICHAN U
Temneparype. Kak u3BecTHO, M3MeHeHHWe »Hepruu [ mbOca
XapakTepu3yeT MaKCHMalbHYI0 paboTy Tporecca W PaBHO
Pa3HOCTH MEXIy COOTBETCTBYIOLIMM TEIIOBBIM d(dexToM n
«CBSI3aHHOID YHEPTUEH CUCTEMBI.

Kak npaBuiio, mpy BBITIOIHEHHH pacdeTa ONpeaesieMbIX
TEpPMOJMHAMUYECKUX BEJIWYHH IIPU BBICOKHX TeMIleparypax,
BHayaJle HaXOJAIT CTaHAAPTHHIE 3HAYEHHS BBILICYTTOMSHYTHIX
¢yHkumid. 13 nuteparypsl u3BecTHBI cooTHOLIEHUs [13,14]:

A H gos = (A H g dpon - (A ¢ H g )pear (9)
A, S o5 = (Seg)npon. = (S gog Jpear (10)
A,Goe = A H2% - TA, Sy (11)
AC 05 = (D Crags Jon = (O C oo Jocar (12)

Hns peakumit (1) m (2) 3HaUEHHS TEPMOAMHAMHUYECKHUX
(YHKIMIA B CTAaHJAPTHBIX YCIOBHUSX COCTABIISIOT:

A, H 45,4, = -216440.00 Jixc/moms;

A, S ey = 0-00M/momms K (13)
A, G g = -216440.00 Jlxc/mors; AC sop.y) =-
35.76 JIx/mons K

A H o) = -525640.00 Jixc/moms; A, Sgesz =
39.76 x/mons K (14)
A, G a5 = -518791.52 Jlxc/moms; AC 55, =-

42.65 Ix/mons K

B nampHeiimmeMm s pacdyera 3aBUCHMOCTH DHEPTUHU
I'u66ca ot TemiepaTypsl Ui TOYHOCTH, IPOCTOTHI U y100-
CTBa MNpHUMEHsUIn (opMyily, NpHUBEAEHHYI0 B paborax
[13,14]:

AG; = AH; —-TAS{=Aa T+Y% - Ab -T2 Ac ‘T1+X-
T(Aa-InT+Ab -T- % AC -T?+Y)=X+(Aa-Y)-T-
Aa-T-InT-% - Ab -T2 % - Ac -T2 (15)

Benmnuunasl «X» u «Y» HaAXOAWIH MO CICAYIOMHM (op-
Mmynam [4, 5]:

X=A,H7 - Aa 298- % - Ab -2982+ Ac 298 (16)
Y=A,S - Aa -In298- Ab -298+ % - A -2987 (17)

rae Aa, Ab, Ac — anrebpanueckue cyMMBI K03 HUIIeH-
TOB TEMIIEPaTypPHOM Dsifie TEIIOEMKOCTH PEAKIUH.

31ece MBI OPUBOAMM HOPAJOK pacdeTa 3aBUCHMOCTHU
sHepruu ['ndOca peakuuu OT TeMnepaTypsl aHaJloruyaHo [ 14]:

1. IIpencraBuM ypaBHEHUE PEAKIUH CO CTEXHOMETpHUe-
CKUMH KO3 PHUITUSHTaMU:

nA+mB=qgAB

2. OnpenenumM 1o 3akoHy ['ecca TemmoBoit 3G ekt peak-
un pu Temreparype T=298 K:

Anggs :qAnggsAB'(AnggsA"'mAnggsB)

3. AHQJIOTMYHO HAXOJMM M3MEHEHHE YHTPOIUHU PEaAKIUH
mpu Temrieparype T=298 K:

Asggs =q Sggs AB-(n Sggs A+m Sggs B)

4. BoraucnuM pa3HOCTh TEIUIOEMKOCTEH MPOIYKTOB pe-
aKIIUH 1 MCXOTHBIX BEIIECTB!

AC?=qAC? AB-(nAC°A+mAC) B)
re.AC) AB=qa+qbT+qcT?

n ACIS A =na+nbT+ncT?;

m ACIS B = ma+mbT+mcT?;

AC§ = Aa+AbT+Ac T

5. Paccunrtaem BenuuuHy «X» U «Y».

6. C yueToM NpHBEJCHHBIX BBIIIE JaHHBIX HAXOJIUM 3Ha-
yeHue sHepruu [ n60ca 11t KOHKPETHOM MHTEpecyloleil Hac
TeMIepaTypsbl.

Crnenyer OTMETUTD, YTO €CJIM BEILECTBA, yUacCTBYIOIINE B
peakiMu B MHTEpECYIOLIEM Hac MHTepBaje TeMIeparyp,
uMeroT (azoBble MmpeBparieHus (moauMopgHbIe, IIaBJIeHHUE,
KHIIEHUE), TO SHTAJBIHA M SHTpomus (Pa30BOTO IMepexoia
YYUTBIBaeTCA MpH pacuete. [Ipu 3ToM cienyer yuecTb, 94To B
3aBHCHMOCTH OT TOTO, B KaKOH 9acTH ypaBHEHHS PacIIoOo-
JKEHO BEIECTBO, SHTAJBIHSA M SHTpOMHs (Ha3oBBIX Iepexo-
JIOB UMEIOT pasHbIe 3HaKW. Hampumep, SHTaNBIHS W SHTPO-
st (a30BBIX MEPEXOJ0B MPOAYKTOB peakiuu MMeeT (+), a
MCXOJHBIX BEIIECTB (-). A TakKe MOJOXKUTENbHBIC 3HAUCHUS
AGP yKa3bIBalOT, ClEJOBATENBHO, HE HA HEBO3MOXKHOCTH
peaKkiyu, a JMIIb Ha HE3HAYUTEIbHBIN WIM OYEeHb MaJbIi
BBIXOJ] MPOJYKTOB B CTAHJAPTHOM COCTOSHUHU. [Ipu oTpura-
TenbHOM 3HaueHnn AGC, peakuuu MOTYT NpOTEKaTh caMo-
MPOU3BOJIBHO.
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M3ydaeMblii TeMIepaTypHBI WHTEPBAI ISl 00CHX peak-
it (1, 2) Beiopamu ot 298 K 1o ~3000 K, Tak kxak OCHOBHBIE
OKHCITUTENIbHO-BOCCTAHOBHUTENILHBIC TIPOLIECCHl TPOXOAAT B
9TOM NPOMEXyTKe. PaccMaTpuBaeMblil Mana3oH OXBaThIBAET
BECh TEMIIEPATYPHBI HWHTEpBan (a3oBBIX NPEBPAIIECHHH,
XpOMOBOM pyZAbl M BOCCTAHOBHTENS (KPEMHHCTOTO HWIIH
KPEMHEAJIFOMUHUEBOTO).

st paccmarpuBaeMbix peakiuid (1) u (2) umerorcs o 8 u
7 TeMmmepaTypHBIX HMHTEPBaJIOB, COOTBETCTBEHHO, OOYCIIOB-
JIEHHBIX ()a30BBIMH TPEBPAIICHUSIMH HCXOAHBIX PEAarcHTOB U
00pa3yIOMuXCs MPOTYKTOB.

3. Pe3yJabTaThl H 00Cy:KIeHHE

Ha pucynke 1 mpuBeneH rpaduk u B Tabmume 1 mpen-
CTaBJICHbI YpaBHCHUA TeMnepaTypHOﬁ 3aBUCUMOCTH H3ME-
Henwus dHepruu ['ub6ca peakuuu (1).

Temmepatypa, K
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Pucynok 1. Temnepamypuas 3asucumocmsy nepeuu I'uooca
peakyuu (1)

Tabnuuya 1. Ypaenenua memnepamypHoil 3a6ucumocmu
anepeuu I'uooca peaxyuu (1)

Temm. unTepBain (Ga3oBbIX

Ne Ypasuenue, x/mons Cr,O3

nepexozos, K
1. AGr=-226601 + 29.858T AT = 298.15-846
2. AGr=-258942 + 43.585T AT = 846-1688
3. AGr=-274956 + 44.653T AT =1688-1800
4. AGr=-278294 + 46.504T AT =1800-1883
5. AGr=-280871 + 54.434T AT =1883-1953
6. AGr=-280172 + 55.118T AT =1953-2000
7. AGr=-270230 - 13.161T AT =2000-2173
8. AGr=-274674-191.01T AT =2173-2963

Kax BumHO M3 pucyHka 1, (a3oBble mpeBpanieHus] B WH-
TepBane Temmeparyp 846-2000 K cmipHO He BIHSAIOT Ha
MPOTEKAHNE PEaKIMH, TEM CaMBIM COXpaHssI OTPHIATEIHFHOE
3HAa4YCHHE, 00YCIIaBIMBas HAIPABICHUE X0/1a IpoIiecca ciaeBa
Harpaso, TO €CTh B CTOPOHY 00pa30BaHMsI MPOJYKTOB peax-
1y, JlanpHelmme u3MeHeHus: B (a3oBBIX IEpexoaax IMpH
temneparypax Beime 2000 K wHTeHCHHUIUpYET HaHHYIO
peakuuio U CHOCOOCTBYIOT ee INTyOOKOMY M HOJIHOMY HpO-
XOXKJCHUIO PEAKLIUH.

Pe3ynbraThl TEpMOAMHAMHYECKUX PACUETOB peakiun (2)
TIPUBEICHBI Ha PUCYHKE 2 U B TabmuIe 2.

Mo>KHO TpeAronarats, 4To 00Opa30BaHHBIC MO PEaKIUIM
(1) m (2) SiO2 u Al,O3, MOTYyT B3aUMOICHCTBOBATH MEKIY
c060it 1 hopMHUpPOBATH ATOMOCHIIMKATHBIE COSAMHEHHS THTIA
auganysura (Al203-Si0z) u mymmura (3A1,032Si02), npu
atoM Al;O3 oTBOIUT M3 30HBI peakuuu SiO2 ¥ CHHXKAET ero
AKTUBHOCTb.

Temmneparypa, K
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Pucynok 2. Temnepamypuas 3aeucumocmsy nepeuu I'uooca
peakyuu (2)

Tabnuya 2. Ypasuenus memnepamypnoil 3asucumocmu
anepzuu I'uboca peaxyuu (2)

Temn. uHTEpBal (ha30BHIX

Ne Ypasuenue, x/mons Cr,O3

nepexoos, K
1. AGr=-524257 + 40.478T AT =298.15-933
2. AGr=-525906 + 161.180T AT =933-1650
3. AGr=-467389 — 15.107T AT = 1650-1800
4. AGr=-445485 — 26.965T AT =1800-2126
5. AGr=-421735-371.57T AT =2126-2173
6. AGr=-395200 - 561.43T AT =2173-2500
7. AGr=-471551 - 240.75T AT = 2500-3000

BoccTaHOBHTENBHYIO CIIOCOOHOCTh KPEMHHS YCHIUBACT-
cs1 Onarojapsi BOCCTaHABJICHUIO ero aimoMuaueM u3 Si0z. A
takke B mpucyrctBun CaQ, KpeMHE3eM CBS3bIBacTCS B
npouHble cumkathl Kanbiws — Ca0-SiOz u 2Ca0-SiOy, uto
CHOCOOCTBYET TIOJHOTE CTEIICHH BOCCTAHOBICHHA XpoMa,
cMeIasi paBHOBECHE PEaKIHii BIIPaBO M yBEIMIUBAs BEPOST-
HOCTb PEaKIni:

2Ca0 + Si0; =2Ca0 - Si0; (18)
2Ca0 - Si0; + Al,03=2Ca0 - SiO, - Al,O3 (19)
CaO - SiO; + 2Al,03 = CaO - SiO; - 2Al,03 (20)

¢ obpaszoBanuem acconumaroB tuma 2Ca0-Al03-SiO; u
CaO'Alzos'ZSiOZ.

[osiBenre B (ha30BOM COCTaBE NUIAKA BBIIICIICPEUHC-
JICHHBIX COENWHEHWH, C TeMIepaTypoil IUIaBICHUS HHXKeE,
YeM Yy YHCTBIX OKCHIIOB, KOTOpBIE BIMSIOT Ha (pr3mdeckue
CBO¥cTBa (MeX(a3HOe HATKCHHE, BA3KOCTh) U TEMIIEpaTy-
py [UIaKa, TOBBIMIAS €r0 TEXHOJOTHYHOCTH MOTYT CyIIe-
CTBEHHO CIIOCOOCTBOBATh YIYUIICHHIO OCAKICHHS 3aITyTaB-
mXCS KOPONBKOB (QeppoxpoMa. Brimensromeecs Terio
JK30TCPMUYCCKUX PEaKIUH CIIOCOOCTBYEeT OOpa30BAHHUIO
JKUJIKOTIOZIBFDKHOTO IIIJIaKa.

Kak yke ymoMHHAJIOCh BBIINIE, YTO MPHU HCIOJIH30BAHUU
BBICOKOMArHEe3MaJbHBIX XPOMOBBIX pYA C COJICPKAHHEM
MgO ~20% mnpoucXonuT HAKOIUJIEHHE MEPBUYHBIX U BHOBH
00pa30BaHHBIX MAarHE3MaJbHBIX PYIHBIX XPOMIIIMHUHEIUIOB
B HIDKHHX CIIOSX IMIJaKa, KOHTAaKTHPYIOIIUX C METaJuIoM,
KOTOPBIH 3aTOpMakKUBaCT I y3uto JJIeMEHTa-
BOCCTAHOBHUTEIISI M KHUCIIOPOIA, 3aMEMIsAs IMPOIecC BOCCTa-
HOBJICHHS. Y4YacTHe B BOCCTAHOBHTEIBHBIX IIPOIIECCaxX
KPEMHCATIOMUHUEBBIX CIUIABOB CIOCOOCTBYET B3aWMOJICH-
CTBUIO MarHe3uajlbHOW XPOMOBOU HIMUHENN C aJFOMUHHEM U
€r0 OKCHJIOM I10 PCaKIIHsIM:

(MgO - Cr203) + 2A1 = (MgO - Al;03) + 2Cr (21)
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(MgO . Cr203) + AlLO3 = (MgO . Aleg) + 2Cr,03 (22)

Kak Buano w3 peakuuii (15) u (16), mpoUCXOIAT HETO-
CPEICTBEHHOE BOCCTAHOBIICHHE XpOMa AIIOMHUHUEM M pa3-
pYyLICHHE XPOMOMATHE3HAIBHON IIMUHETH OKCHIOM aJIFOMU-
HUS ¢ (POPMHUPOBAHHEM YCTOWYHMBBIX TITHHO3EMCOCPKALIIX
HIMKAHEJICH, KOTOPBIE CIIOCOOCTBYIOT MOBBIIICHUIO CKOPOCTU
U TIOJIHOTE MPOXOXKICHUS BOCCTAHOBUTEIBHBIX MPOLIECCOB.

4. BeiBOABI

Hcxons w3 paccUWTaHHBIX BEJMYHMH M NPHUBEJCHHON Ha
pHUCYHKE 2 3aBUCUMOCTH MOJKHO IPHHATH K BBIBOJAY, YTO B
uHTepBanax TeMmeparyp 298.15-933 K, 933-1650 K u 1650-
2126 K ¢a3oBble mepexomsl HE OKa3BbIBAIOT CIUIBHOTO
BIUSHUS Ha TIPOTEKaHHME peakuuu. B mampHEWIImx ¢pa3oBhIX
mepexojax B uWHTepBaie Temmeparyp 2126-2500 K
HaONofaeTcss  pe3Koe  YBEeIMUEHHE  OTPHUIATENIbHOTO
3HaueHus HHepruu ['mOOca, 4yro OymeT crnocoOCTBOBATH
VHTEHCUBHOMY U IIOJTHOMY IIPOTEKAHUIO PEAKIUU.

Kak rmoxaspIBaroT pe3ynbTaThl pacueToB, MPOLECC MeTall-
JOTEPMUYECKOT0 BOCCTAHOBIICHHSI XpOMa HOCHT 3K30TEPMHU-
YECKHUI XapakTep. YUYacTBYIOUINE B BOCCTAHOBIICHHH XpoMa
W3 pyAbl KPEeMHHH M QIIOMHUHUI BO BCEM HCCIEIOBAHHOM
WHTEpBAJIC TEMIICPATyp HMEIOT OTpHLATCIbHBIC 3HAYCHUS
m3MeHeHus Hepruu ['mb0ca, 9To B CBOIO O4Yepeab MOATBEp-
JK/TaeT BBICOKYIO BEpPOSTHOCTH TPOTEKAHUS peakiuid B 3a-
JMAHHBIX YCIOBHAX M B CTOPOHY OOpa3oBaHUS MPOIYKTOB
peakuuu.  Pe3ynabTaThl  TEPMOJMHAMUYECKOW  OLEHKH
IIPOXOKACHUS BBILICYIIOMSHYTBIX PEaKUUil TEOPETHUYECKU
MOATBEPKIAAOT MMO3UTUBHOC BJIMAHHUC COBMECTHOI'O YUacCTHUA
KPpEMHUA W AJIOMHUHHSA B BOCCTAHOBHUTCIIBHBIX IIPOIECCAX
NIpY BBITUIaBKE paUHUPOBAHHBIX COPTOB (pheppoxpoma. Ilpu
9TOM B pe3yjibTare BOCCTAHOBHUTENBHBIX IIPOIIECCOB,
obpasoBannbie 0 peakimsaM (1) u (2) SiOz u Al2O3 umeror
pasHBle TEMIpPETYpHl IUIABJICHHSA. BBICOKyIO Temmeparypy
mwiaBiaenns umeer AlOz (T ~2050°C) u OTHOCHTEIBHO
MEHbIIYI0 TemrepaTypy miasienus y SiO2 (T ~ 1710°C), a
PacTBOPBHI WJIM COSIUHECHHSI OKCHAOB — (QIIOMOCHIIMKATEHI),
oOpa3yromuecs B poleccax BOCCTAHOBIICHUs, KaK MPaBUIIO,
UMeEIoT OoJjiee HU3KYI0 TeMIlepaTypy IUIaBICHHS, YeM

HUCXOJHBIC BCHICCTBA, TEM CaMbIM CIIOCO 6CTByIOT
06pa30BaHI/IIO KHUIKHUX n MaJIOBA3KUX IMPOAYKTOB
BOCCTAaHOBJICHUA.

PaccunranHble gaHHBIE 110 M3MEHEHHIO dHepruu ['ubbca
B wmHTepBane Temreparyp 298-3000 K, yxkassBaioT Ha
LeTIecO00Pa3HOCTh NPUMEHEHUS! KOMIUICKCHBIX CIIaBOB Ha

OCHOBE IIOMHHHMS M KPEMHHUS B KaU€CTBE BOCCTAHOBHUTEINECH
IPH BEITIJIaBKE paTHUPOBAHHBIX MAPOK (eppoxXpoMa.

ABTOpI)I HaJCHOTCA, YTO MPOBCACHHLIC TCPMOAMHAMUYC-
CKHE pacueTbl MO BOCCTAHOBIEGHHIO XpOMa C YYacTHEM
KPEeMHUS W aJIOMMHUS METaJUIOTEPMHUYECKUM CII0COO0M
OyzmeT conelicTBOBaTh JAajibHeHIIeMy, OoJjiee HIMPOKOMY
MPUMEHEHUIO TEPMOIMHAMHUYECKOTO METOAa TpH aHalu3e
PaBHOBECHI1 B METAJUIypPru4e€CKUX CUCTEMAX.
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TOTBIFY-TOTBIKCBI3/IaHY TPOIECTEPiHIH TYPJICHIIPUITeH (opMyJiachiHa 3aTTapblH TEMe-TeHIIK KOHCTAHTATAPBIH KOJIIaHY
apKBUIBI JKy3ere achlpblianbl. EcenTeynepaid HOTHKEIepl JKOFaphia aTaFaH dJIEMEHTTEpII Oellek skoHe Oipiecin (Kypambl
JKaFbIHaH KypZAEJTi-KeIIeHI KPEeMHUH >KoHE alIOMHHMH KypamJac KOpbITIIa TYpiHjAe) MHaiijanaHy KesiHae (GeppoXpoMHBIH
Ta3apThUIFaH (OpTalla KoHEe TOMEH KOMIPTEKTI) MapKajapblH OaJKbITy mpouecrtepi ipreii monre une. Ecenteynep 298 K-nen
~3000 K-re neifinri temmepaTypa apajibIFbIHIA JKYPTi3iigi, eHTKEeHI OCBhl apaiblKTa TOTHIFY-TOTHIKCHI3aHy MpPOLECTEPiHiH
LIapTTapblH KaMTHIbI. KapacThIpBUIBIT OTHIPFAH JUana3oH XpOM KeHI MEH TOTBIKCHI3JaHABIPFHIIITHIH (KpEMHUIUI Hemece
KpPEeMHH aJllOMHUHIUI) (pazanblK TypieHyiHiH OapiblK TeMIepaTypaiblK apajiblFbiH KaMTUAbL. OCBI peakiysuiap YIIiH 0acTarKsl
3aTTap MEH Ty3UIeTIH eHiMAepAiH ¢(a3aiblk e3repyiHe OailylaHBICTBI OipHelle TeMIlepaTypasiblk HHTepBasaap 0Oap.
TepMoIUHAMUKANBIK €CENTeylIep JKYPri3UireHHeH KeiiH ['mOOC SHEeprusiCHIHBIH TeMmIepaTypara Toyenni rpadukrepi
TYPFBI3BUIABL. Da3anblK aybICyIap peaknus aFbIMbIHA dCep STICHTIH TeMIepaTypa apaibIKTapbl aHBIKTANbl. JleMek, TaccuBTi
TeMIepaTypa HMHTEpBaJIapbIMEH KaTap Tepic KypT ecyi OaiikamraH OeJceHIl TemImepaTypa HHTepBaimapsl Oap ['mbbc
SHEPTHUSICBIHBIH MOH/IEP1 aHBIKTAJIIbI.

Hezizzei co30ep. mazapmouliean eppoxpoma, Kpemuull, amoMuHutl, momsikceizoany, Iubbc sHepeuscei, mene-meHoiK
KOHCMAHMACHL.
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AHHoTanus. B cratbe npejcraBiieHbl pe3ysbTaThl pacieTa TePMOANHAMUYECKIX (YHKIMH (IHTANIBIIMN, SHTPOIIMU U SHEP-
run ['ub0ca) peakunii BOCCTAHOBIICHHUSI XpOMa U3 €ro OKCH/A TP y4aCTHH aKTHBHBIX METAJUIMYECKHX BOCCTAHOBUTENEH ITy-
TEM MIPUMEHEHHs] KOHCTAHThI BEIECTB U 3HAYCHUI KOA(PPUIIMEHTOB ypaBHEHHUS TEIUIOEMKOCTH € yueToM (ha30BbIX HpeBpallie-
HHM, yYacTBYIOUIMX B PEAKIMSX, TAKMX KaK KPEMHUN W aJTIOMUHHN, KOTOpbIE MPOTEKAIOT B MOJY4YEHHU papUHUPOBAHHBIX
Mapok (eppoxpoma. J[aHHBIH pacdeT BBINOJHEH HAJIOKCHHEM KOHCTAaHTHI BEIIECTB B IpeoOpa3oBaHHYIO (GopMyiy pacuera
3aBUCHMOCTH 3Hepruu ['mb0ca oT TeMneparypsl MPOXOXKICHHS PEaKLUil OKUCIUTEIEHO-BOCCTAHOBUTENBHBIX TporeccoB. Kak
BBIIIE OTMEYEHO, YTO PE3YJIbTATHl JAHHOTO pacueTa UMEIT (hyHIaMeHTalIbHOe 3HaYeHUE B Mpolieccax IUIaBKyu paduHUPOBaH-
HBIX (CpelHe- U HM3KOYIJIEPOIHUCTOT0) MapoK (eppoxXpoma IpH pa3lebHOM U COBMECTHOM (B BHJIE CIJIOXKHBIX MO COCTaBy -
KOMIUIEKCHBIX KDEMHHH U aTIOMUHMICO/IEPIKALMX CIUIABOB) HUCIIOJIb30BAHUH BBIIICOTMEUYEHHBIX AJIEMEHTOB. PacueTs! npose-
JieHbl B UHTepBase TemnepaTyp oT 298 K 1o ~3000 K, Tak kak 1aHHBIM MHTEpBaJ OXBATHIBAET YCIOBUN MPOTEKAHUS OKUCIIH-
TENIbHO-BOCCTAHOBHUTEIILHBIX MPOIIECCOB. PaccMaTprBaeMblii 1Maa3oH OXBaTHIBACT BECh TEMIIEPATypHbBIl HHTEpBaN (pa30BbIX
MPEBpAIIeHHH XPOMOBO# PY/Ibl U BOCCTAHOBUTENSI (KPEMHHUCTOTO WM KPEMHEATIOMUHHEBOT0). J[Jist 3TUX peakiuii 1 UMEIoTCs
[0 HECKOJIBKO TEMIIEPATYPHBIX HMHTEPBAJIOB, 00YCIOBICHHBIX (Da30BBIMU MPEBPALICHUSIMUA HCXO/HBIX PEAreHTOB U 00pa3yio-
mMXcs npoaykToB. [Tocie BhIMOMHEHHS TEPMOJMHAMUYIECKUX PACYETOB, HOCTPOSHBI TPa)UKH 3aBUCUMOCTH U3MEHEHHS SHEP-
ruu ['u60ca oT TemrepaTypbl. BhIsIBICHBI HHTEPBAIIBI TEMIIEPATYP, TA€ (a30Bbie NEPEXObl HE BIUSIOT HA MPOTEKAHHE peakK-
uu. CrenoBaTebHO, Hapsiay € MAaCCUBHBIMU TEMIIEPAaTYPHBIMH WHTEPBAJIAMH MMEIOTCS aKTHBHBIE MHTEPBAJBI, B KOTOPBIX
Ha0JII0aJI0Ch Pe3Koe yBEIMYCHUE OTPULATENILHOTO 3HaUeHe dHepruu [ uboca.

Knrouesvte cnosa: pagpunuposaniviii eppoxpom, KpemMHull, aroMunull, 6occmanosienue, snepeus Iubbca, koncmanma
pasHoeecust.
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Abstract. The paper investigates novel steel compositions, alloyed with Cr, Ni, and V, exhibiting improved damping prop-
erties. Additionally, it proposes a surface coating method to further enhance damping capabilities. Furthermore, the study pre-
sents findings on structure and phase formation processes in (TiN)-Cu coatings, deposited via vacuum-arc deposition on EO5
steels substrates. The coating fracture exhibits signs of ductile fracture, accompanied by the formation of fibrous-banded pits
on the fracture surface. Scratch tests reveal shear stresses are presumed to be the primary cause of delamination. With in-
creased load, coatings primarily fail along the scratch edge, indicating significant involvement of compressive and tensile
stresses. This behavior is attributed to the nanocomposite structure, which hinders crack propagation and allows to maintain
ductility. TEM analysis reveals a nanocomposite structure, with electron diffraction confirming the presence of titanium nitride
3-TiN crystallites. No crystallographic texture is observed in the coatings. The coatings significantly influence the internal
friction amplitude dependence characteristics. The intricate microstructure, including and internal interfaces, contributes to
complex damping properties. Additional damping mechanisms occur at grain interfaces and at the coating-substrate bounda-
ry.Further damping mechanisms are incorporated at the interfaces of individual grains and particles and at the interphase inter-
action boundary in the coating-base system, in addition to the internal damping mechanisms that occur in the coating itself and

the substrate independently.

Keywords: nanostructure, damping, dislocation, microstructure, noise, vibration, sound level meter.

1. Introduction

The strategic development of mechanical engineering, as-
sociated with technical rearmament, increased labor produc-
tivity, and the quality of machine part processing, is largely
determined by the implementation of technologies based on
automatic lines and flexible manufacturing systems, the relia-
bility of which is conditioned by increased requirements for
cutting tools in terms of strength, wear resistance, economic
indicators, and the significant role of mechanical noise of
impact origin. Noise and vibration in production are harmful
and dangerous factors that negatively affect human health. It
should be noted that these factors can confidently be called
relatives, since they all have a mechanical oscillatory nature
of origin. Diseases of the auditory organs (neurosensory hear-
ing loss), musculoskeletal system (vestibular syndrome, poly-
neuropathy of the upper and lower limbs), cardiovascular
system (angiodystonic syndrome) can be caused by prolonged
work under the influence of vibroacoustic factors with levels
exceeding hygiene standards for workplaces. Occupational
diseases related to vibroacoustics account for more than 53%
of professional disability losses worldwide. To reduce the
noise level at its source, it is necessary to replace impact pro-
cesses with non-impact ones, replace metallic materials with
non-metallic ones, and a number of other methods that effec-
tively combat noise levels [1-8].

© 2024. R.Zh.Abuova, A. Bondarev, G.A. Burshukova
ryskena@mail.ru; abondarev88@gmail.com; gzzi@mail.ru

The damping capacity of metallic materials is character-
ized by a combination of acoustic and physico-mechanical
characteristics, such as sound pressure level, sound attenuation
rate, internal friction, specific electrical resistance, density,
shear modulus, and Young's modulus, as well as a number of
metallographic features. In the present study, a series of exper-
iments aimed at establishing the relationships between struc-
turally sensitive factors and microstructure with the optimiza-
tion parameter - the sound level of structural low-alloy steels,
the composition of which was determined by the experiment
design matrix, were conducted. The selection of nickel, chro-
mium, and vanadium as alloying elements in iron-carbon al-
loys is explained as follows. As the analysis of works [9-12]
showed, alloys with enhanced damping properties contained
chromium, nickel, and vanadium as alloying elements. It
should be noted that nickel is one of the most abundant ele-
ments on Earth (0.09%) and is widely used in iron-based al-
loys with high damping properties. Nickel additions from 2%
to 4% also affect the damping properties of alloys.

The choice of chromium as an alloying element is ex-
plained by its wide application in high-damping alloys.
Chromium additions to other metals significantly alter their
properties and create opportunities for obtaining a wide range
of valuable materials. By slightly strengthening ferrite,
chromium does not decrease its viscosity, and it is known to
be present in more than 3.000 steels and alloys [13].

Engineering Journal of Sathayev University. eISSN 2959-2348. Published by Satbayev University
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Vanadium belongs to the elements that are constantly
present in steels, and it significantly influences the composi-
tion and character of non-metallic inclusions.

In the development of high-damping alloys, one of the
main criteria is the unacceptable significant reduction in
strength properties. Therefore, one of the reasons for choos-
ing chromium, manganese, and vanadium as alloying ele-
ments in iron-carbon alloys was that among the main alloy-
ing elements (most commonly used), these elements more
strongly strengthen ferrite than others [14].

When using alloying elements in high-damping alloys,
reducing the noise level can be achieved in the case of ob-
taining a real research result because different classes of
materials absorb sound energy of vibrations differently, de-
pending on external factors such as the structure component
ratio, type of technological processing, etc. Information that
the chemical composition of alloys affects damping proper-
ties enables the development of compositions from low-alloy
steels with high damping properties. In research on noise and
vibration reduction during the collision of mechanism parts,
noise level reduction is achieved by changing the chemical
composition, type of heat treatment, increasing the mass of
colliding bodies, and the duration of body collision. Howev-
er, the surface of metallic materials is rarely changed [15].

The damping ability of the metallic matrix depends on
the presence of microplastic deformation in its structure,
which is associated with its structure and mechanical pa-
rameters. Maximum damping occurs when the structure is
ferritic, while minimum damping is provided by a pearlitic
structure. A mixed structure exhibits intermediate properties.
A mixture of ferrite with troostite demonstrates inferior qual-
ities compared to pearlitic, attributed to the presence of fer-
rite in its composition. Quenched steel with a martensitic
structure dampens more strongly than troostitic due to the
increased dislocation density and the appearance of residual
stresses at the ends of martensitic crystals.

The use of damping non-metallic materials is limited due
to their insufficient strength characteristics in most techno-
logical processes. Therefore, the question of creating iron-
based alloys with increased damping capacity through
changes in chemical composition and special heat treatment
is highly relevant. However, the modification of structural
materials by coating application is extremely rare.

Improving the operational characteristics of products by
applying standard types of coatings, such as chroming and
nitriding, has nearly exhausted its possibilities today, ne-
cessitating innovative approaches to improvement and the
development of a new generation of functional coatings
with increased resistance to destruction under conditions of
cyclic thermomechanical loads and aggressive environ-
ments. One direction in this work is the creation of
nanostructured coatings. Nanostructured materials with
high grain boundary area exhibit high viscosity and re-
sistance to initiation and propagation of "brittle" cracks,
enabling them to resist destruction for extended periods
under complex external conditions. The design of the new
generation of nanostructured composite coatings with a
high grain boundary area allows for the specification of a
complex of high physical and mechanical properties.

Nanostructured protective coatings applied to the surfaces
of mechanisms and assemblies extend the service life of
equipment. Therefore, the application of nanoparticle coat-

ings to products is an urgent task, which this work is dedicat-
ed to solving.

In industry, protective coatings are necessary to improve
the performance characteristics of components, namely to
increase their operational lifespan and reduce production
costs. When improving the surface properties of components,
their internal structure is not the determining factor. Labora-
tory research has shown that nanostructured coatings exhibit
phenomenal surface protective properties [16-18].

The transition from micro- to nanostructured coatings al-
lows for the enhancement of their properties due to changes
in the properties of the crystalline formation itself. This re-
sults in the formation of a branched structure of grain bound-
aries within the film, as the number of atoms inside and on
the surface of nanocrystals is equal, eliminating dislocations
and internal stresses. The distance between nanocrystals
equals the size of several monolayers, resulting in the quan-
tum interaction effect.

Among the methods for forming nanostructured coatings,
one of the promising approaches is the process of vacuum arc
ion plasma deposition, known in global practice as the arc-
PVD process.

Physical vapor deposition from the gas phase, or vacuum
deposition, is a group of methods for obtaining coatings
where the atomic flux of the deposited substance, created in
vacuum or as a result of atomization of the surface atoms of
the original material due to physical processes of material
evaporation, is formed by bombardment with accelerated
ions or neutral atoms.

The formation of the coating occurs as a result of a series
of complex physicochemical processes: conversion of the
initial deposited material into a flux of sputtered atoms;
propagation of the flux towards the deposition surface; colli-
sion of the flux with the surface, followed by subsequent
adsorption or desorption of atoms on it; surface diffusion of
atoms to preferred nucleation sites of the coating; migration,
coalescence, and growth of nuclei; coalescence of islands
into a continuous film, subsequent growth of the continuous
film, and formation of a coating of the required thickness.
Each of these stages can be characterized by a set of parame-
ters that ultimately determine the functional purpose of the
deposited coatings and their operational characteristics. The
fundamental diagram of the vacuum arc spraying method is
shown in figure below [19].

The advantages of the method include the following: high
coating growth rate (up to 1-1.5 pm, depending on the
sprayed material and vacuum chamber configuration); the
ability to control the composition of the coating by simulta-
neously using multiple cathodes or a single multi-component
cathode; high adhesive strength of the coatings.

One of the most significant drawbacks of the method is
the presence of a droplet phase in the particle stream reach-
ing the surface of the products, which typically adversely
affects the film properties and limits the method's applica-
tion. This problem is addressed using arc filtration [20-21].

2. Materials and methods

For the investigations, samples of steel 20KhN (20XH),
20KhN4PhA (20XH4®A), 25Kh2NMPhA (25X2HM®A),
and samples of smelted steels EO3, EO4, EO5 were used as
the base. Metallic charge materials included scrap metal,
ferroalloys, waste from our own production, and iron-armco.
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The melting process utilized a crucible induction furnace by
Reltex. The arrangement scheme of the samples for the ex-
periment and the melting furnace is demonstrated in Figure
1. Purified titanium in the form of alloy VT1-0 with 99.5%
Ti content, copper in the form of alloy M3 with 99.5% Cu
content, and composite materials of the titanium-copper
system, developed using the powder metallurgy method,
were used as cathode materials. The saturation of the compo-
sites with the additional component (copper) was low.

1 = mtemal fnction;
2 - glectrical resistivaty:

3 — metallogeaphic analysis;
4 = sound presswrs levels

Figure 1. Scheme of cutting out the investigated samples

To implement the main aspects of forming multifunction-
al coatings, a special vacuum arc plasma spraying setup
«Bulat» NNW-6.6-13 (at the National University of Science
and Technology «MISIS», Moscow) was used on the work-
ing surfaces of the steel. The principle of operation of the
universal vacuum arc setup is provided. The resulting ceram-
ic-metal coatings TiN-Cu with crystallite size ranging from
10 to 100 nm were obtained using ion-plasma vacuum-arc
deposition.

The development stages of the ceramic-metal coatings on
the surfaces of the steel samples were as follows:

- preparatory;

- ion cleaning and heating;

- application of coatings;

- cooling of the products.

The principle of operation of the universal vacuum arc
setup is depicted in Figure 2.

The equipment performs the separation of neutral particles
into a micro droplet phase. This is achieved by deflecting
charged particles of the ion flow with a powerful magnetic
field. The separator can simultaneously serve as a plasma flow
accelerator, an electron source needed for thermal activation of
the tool, and a source of highly charged ions of gas (nitrogen)
for stimulated thermochemical treatment of the tool.

Based on the research of setups for studying acoustic
(sound level, sound pressure level) and vibration (vibration
acceleration level, overall vibration acceleration level) char-
acteristics of steels, a device for comprehensive study of
acoustic and vibration properties of plate and tubular steel
samples was applied with further modernization [23]. The
operation scheme of the setup is provided in Figure 3.

The impact ball 6 was installed on the inclined plane 5,
along which it rolled down and freely fell into the geometric
center of the plate sample 3. The impact ball 6 rebounds from
the plate sample and lands in the ball receiver 11.

Figure 2. Scheme of vacuum arc setup [22]: 1 - gas mixer; 2 -
vacuum meter; 3 - chamber of the setup; 4 - power source for the
accelerator-separator; 5 - temperature control system; 6 - vacuum
system; 7, 9 - arc evaporators; 8 - source of separated plasma; 10,
11 - evaporator cooling systems; 12, 13 - evaporator power
sources; 14 - rotary table for tool placement; 15 - heating and
cooling system of the chamber; 16 - source of pulsed bias voltage
for the tool

Figure 3. Device for comprehensive study of acoustic and vi-
bration properties of solid samples [23]: 1 - nylon threads; 2 -
frame; 3 - plate sample; 4 - frame stand; 5 - inclined plane; 6 -
impact ball; 7 - vibration sensor of the «Bruel&Kjer» sound level
meter; 8 - «Bruel&Kjer» sound level meter model 2204 with oc-
tave filter model 1613; 9 - oscilloscope C-18; 10 - weight; 11 - ball
receiver; 12 - «Octava 101A» sound level meter; 13 - frame
stands; 14 - microphone of the «Octava 101A» sound level meter;
15 - screw for mounting the impactor stand

Sound generated as a result of the impact between the
impact ball 6 and the sample 3 is recorded using the «Octa-
va-101A» sound level meter 12. The plate sample 3, when
vibrating in the nylon threads 1, causes vibration, which is
measured by the apparatus model 2204 by «Bruel&Kjer» 8.
The tension of the sample with nylon threads 1 remains sta-
ble because the weight 10 controls the tension force. The
height of the ball drop is adjusted by the screw for mounting
the impactor stand 15. The complex of mounting the sample
3 and the impact ball 6 is fixed on the frame 2, which is se-
cured by stands 13 at the required height above the floor.

To perform measurements, impact balls ShKh15 (I11X15)
made of steel with diameters of 7 mm (1.40 g), 8 mm (2.09
g), 9 mm (2.97 g), and 11 mm (5.55 g) were utilized. The
investigation of steel plate samples (50x50x5 mm) was con-
ducted using the setup.
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The mass of the ball, the density of the sample, the dis-
tance from the impact point to the sample, and the thickness
of the sample are interrelated by the following equation:
m({4.6-p-1-h? (6)

where m is the mass of the plate sample (g),

p is the density of the material of the plate sample
(9/cm3),

| is the distance from the impact point to the nearest edge
of the plate sample (cm),

h is the thickness of the plate sample (cm).

It is necessary for the width and length of the plate sam-
ple to exceed its thickness by 5 times. An experimental plate
with dimensions of 50x50x5 mm meets these criteria.

The investigation of sound pressure levels was conducted
in octave frequency bands ranging from 31.5 to 31500 Hz,
and vibration acceleration levels were measured in the same
frequency range. The sound level was adjusted according to
the «A» scale, while the overall vibration acceleration level
was adjusted according to the «Lin» characteristic. The use
of the sound generator ZG-10 (3I'-10) was necessary for
calibrating the sound signal studies. Corrections for changes
in the sound signal due to atmospheric pressure were made
using the pistonphone of the PF-101 model. The laboratory
maintained a constant air temperature and humidity. Acoustic
measurements were calculated as the arithmetic mean of five
measurements.

Mathematical processing of the experiment results and
identification of additional intervals were conducted accord-
ing to the methodology. Before commencing work, the
measurement setup was calibrated by verifying the sound
pressure levels of the reference sample.

The determination of the dissipative properties of steels
involved registering the sound impulse generated by the colli-
sion of the test sample with the striker using a recording oscil-
loscope. Subsequently, photographs were taken to identify
damping parameters, including the logarithmic decrement,
sound decay rate, relative scattering, and internal friction.

Figure 4 demonstrates a fixed photograph of the sound
impulse resulting from the collision of 20KhN (20XH) steel
samples.

Ty

T. CEK

Figure 4. Oscillogram of the sound impulse decay from the
collision of the 20KhN (20XH) steel sample and the impact ball

The logarithmic decrement of this alloy, 6, was deter-
mined using the following equation [24]:

A

1 o 1, 74
6=—In—=—In—=0.0134 (7
n An 40 42
where Ay is the initial maximum amplitude of the sound
impulse,

An is the final minimum amplitude of the sound impulse,
n is the number of impulses on the oscilloscope screen.

10

The relative scattering, v, is calculated as follows:

v =26=2-0.0134=0.028 8)
Internal friction Q! was calculated using the following
relation [25]:

5 _ v _00134
3.14

T 27

The time interval of the oscilloscope display is equal to
0.005 seconds. The interval is divided into 9x5=45 subinter-
vals. Thus, the time interval division value of the oscillo-
scope is 0.00011 seconds.

Measurement of internal friction was conducted not only
through theoretical calculations. Knowing that there is exci-
tation of bending waves in the plate during impact, the study
of internal friction of the developed alloys was carried out
using the bending oscillation method. For this purpose, an
automatic device was used for continuous registration of
internal friction occurring during bending oscillations of rods
with electromagnetic excitation in the high-frequency range
(950-1000 Hz), amplitudes of 104, and temperatures ranging
from 20 to 600°C.

The investigation of internal friction was conducted using
a discriminator and a pulse counter according to the formula
[24]:

Q= =0.38-107°

(©)

1 V
——In—,
N Vn

Q'= (10)

9
T

Where 6 is the logarithmic decrement; V is the initial
amplitude; V, is the final amplitude; n is the number of oscil-
lations performed by the sample in the range from the initial
to the final amplitude.

The detection of instrumental losses was carried out using
a quartz rod installed in place of the sample. Such measure-
ments allow for an assessment of the background level of the
setup, which has readings of less than 107-5, significantly
lower than the minimum attenuation of the samples under
investigation. A detailed description of the methodology is
provided in the paper. The parameters of internal friction
were studied using samples with dimensions of 1.5x1.5x100
mm after hot rolling in the frequency range of 950-1000 Hz
at room temperature (20°C). Each sample was measured five
times [26].

3. Results and discussion

The identification of chemical elements used in steel pro-
duction and their physical parameters was carried out using
commonly accepted methodologies for identifying alloying
substances, as well as tensile testing methodology. The re-
sults of studying the chemical substances and physical char-
acteristics of standard steels 20KhN (20XH), 20KhN4PhA
(20XH4DA), 25Kh2NMPhA (25X2HM®A) are demonstrat-
ed in Table 1. After reviewing Table 1, you can see the re-
sults of the study of the chemical elements included in the
prepared steel, as well as the physical qualities.

A comparative analysis of the data presented in Table 2
shows that the smelted steels EO3, EO4, and EO5, with
comparable plastic properties (such as relative elongation 65
and relative contraction y), exhibit higher strength and im-
pact toughness indicators than standard counterparts.
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Table 1. Chemical substances and physical characteristics of steels

Chemical elements, %

Type of steel c Ni Mn si v
017-  1.00- 040-  0.17-
20KNN (20XH) 023 140 070 037
20 KhN4PhA 017- 375  025-  017-  0.10-
(20XH4DA) 024 415 055 037 018
25Kh2NMPhA 023 13- 040 017 .
(25X2HM®A) 027 160 070 035

Physical qualities

Table 2. Chemical composition and mechanical properties of smelted steels

Chemical elements, %

Type of
steel C Ni Mn Si \Y Cr Co
EO3 022 12 07 030 035 08 01
EO4 035 25 08 020 040 08 02
045- 10- 07- 05 035 0.3-
BOS 948 12 08 12 o045 %% 04

For instance, the yield strength (ov) of these alloys is
1.19-1.25 times greater than that of the most durable standard
analogue, 20KhN4PhA (20XH4®A), the tensile strength (ot)
is 1.39-1.46 times greater, and the impact toughness (KCU)
is 1.20-1.33 times greater. These results were achieved
through additional alloying of the steel with small additions
of Co and increased amounts of V, as well as optimization of
the content of C, Ni, Cr, Si, and Mn. Therefore, it is more
promising in the present study to investigate steels based on
chromium, nickel, and vanadium.

The obtained coatings had a thickness of 2.5 pym 7. The
fracture of the coating exhibits signs of ductile failure and is
accompanied by the formation of pits in a fibrous-striated
fracture on the micro-relief (Figure 5). Analysis of the coat-
ing structure conducted using TEM demonstrates the pres-
ence of a nanostructure (Figure 5a, b).

200 nm

10 pm
[ —

Figure 5. a) Dark-field TEM image of the coating; b) Bright-
field TEM image of the cross-section of the coating; c) cross-
section fracture Bright-field of TiN-Cu coating on EO5 substate;
d) High-resolution TEM image of TiN-Cu coating

Based on the obtained dark-field images, it can be con-
cluded that the obtained coatings have an average grain size
of about 15-30 nm and are characterized by a layer thickness
comparable to the grain size.

Cr Fe Other oB oT As \ KCU
substances MPa % Dzh/sm?

0.45- rest 780 590 11 40 66
0.75
0.70- <0,035 S;

' rest = <0,035P; 880 685 9 40 83
1.10
1.80- <0,30 Cu;

220 rest 657 | 520 14 40 49

Physical qualities
oB oT As 1 KCU
Fe | Other substances MPa % Dup/sm?
rest 1100 980 11 | 48 120
0,035 S; 0,035 P;

rest 0,35 Cu: 0.02 = 1050 950 10 45 100
rest Al0,01 = Bi 1100 @ 1000 8 40 110

Figures 6-8 show oscillograms depicting the decrease in
the level of the acoustic impulse against the background of
the contact of a metal sphere with samples of well-known
25Kh2NMPhA (25X2HM®A) and synthesized samples
(EO5). In Figures 6-8, it can be observed based on the oscil-
lograms of the acoustic impulse attenuation resulting from
contact with a metal sphere with widely used steel grades.

| | | 1
0,006 0007 0008 0009 0,00

1
0 0,005

0015 0016 0017 0018 0,019

T, CeK
Figure 6. Oscillogram of the attenuation of the acoustic im-
pulse from contact with a metal sphere with the reference
25Kh2NMPhA (25X2HM @A) sample

In Figure 7, the oscillogram of the attenuation of the
acoustic impulse from contact with a metal sphere with the
synthesized steel EO5 is visible.

i I '_ JHU‘ lﬂuwmLHM%MMWW#WMM-.u,,.u,_m.

|
0,006

56
0 0,005

| | | | | | |
0,007 0,008

0,009 001 0015 0016 0017 0018 0,019

T, cex
Figure 7. Oscillogram of the attenuation of the acoustic im-
pulse from contact of a metal manufactured EO5 steel

In Figure 8, oscillograms of the attenuation of the acous-
tic impulse from contact of a metal sphere with EO5
(KMNC) are demonstrated, through which dissipation pa-
rameters were identified.

The oscillograms of dissipative alloys EO5 and
EO5(KMNC) in terms of sound impulse attenuation show a
rapid decrease in sound level, remaining within the range of
25-35 dBA over a large time interval. Meanwhile, the initial
sound level is 54-56 dBA.
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Figure 8. Oscillogram of the attenuation of the acoustic im-
pulse from contact with a metal sphere of the smelted sample
EO5(KMNC)

This indicates that the nature of sound wave dissipation
in samples EO5 and EO5(KMNC) is higher than that of
standard samples 25Kh2NMFA (25X2HM®A), where the
initial sound level is 77 dBA. After half of the time interval,
the sound impulse decreases by half, but complete sound
attenuation does not occur within 2 ms.

According to the analysis of the oscillograms of sound
impulse attenuation shown in Figures 7 and 8, it can be ob-
served that the developed alloys EO5 have the following
characteristics: EO5 Q1=1.54-102; y=9.66-102; 6=4.83-107
u EO5(KMNC) Q1'=1.72-10?; w=10.8-102; §=5.40-102
These alloys exhibit increased sound attenuation rates and
dissipative characteristics compared to standard steels such
as 25Kh2NMFA (25X2HM®A), where: 25Kh2NMFA
(25X2HM®A) (Q1=0.58-102 y=3.64-10% 5=1.82-102).

4, Conclusions

Measurements of ultrasonic pressure have shown that the
application of TiN-Cu nanostructured coating, leads to an
increase in the attenuation of mechanical vibration energy.
When stress amplitudes exceed the critical dislocation mobil-
ity, local deformation occurs within individual grains, lead-
ing to an increase in the decrement of oscillations. However,
further increases in stress levels lead to the accumulation of
free dislocations at grain boundaries, reducing their mobility
and consequently decreasing the oscillation decrement. The
presence of thin coatings on the surface of samples results in
the formation of quasi-free dislocations and changes in stress
states, thus increasing the damping level of composites.

In vacuum arc deposition, the formation of nanostruc-
tured coatings and the contact interphase zone are accompa-
nied by saturation with a large number of point and linear
defects. This enhances the damping properties of the struc-
ture due to stress fields and relaxation effects. The increase
in the ability to dissipate stored elastic energy after the appli-
cation of coatings primarily occurs for materials with coat-
ings having greater interfacial boundary extension, as
demonstrated by multicomponent coatings. Thus, the
nanostructured TiN-Cu coating exhibits the highest damping
properties.
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TIN-Cu MeTaJ1 KEePAMHKAJIBIK HAHOKYPbLIBIM/BI ;KA0bIHBI 0ap KaHa
Cr-Ni-V foJaTTapbIHBIH KAKCAPTHLIFaH AeMI(epJaik Kacuerrepi

P.K. A6yosal", A. Bonnapes?, I'.A. Bypurykosa®
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2Jlumepux Yuueepcumemi, Upranous
3Satbayev University, Arvamot, Kasaxcman

*Koppecnondenyus ywin agmop: ryskena@mail.ru

Anpatna. byn makanaza nemndeprik KacHeTTepl »KOorapblUlaFaH KOMNO3MIMsIapbl OoibiHIa KypambiHza Cr, Ni, V
Kocrayapsl 0ap jkaHa OalKBITBIIFAH OOJATTap/bl jKacay >KOHE OJapJbl HAHOKYPBUIBIMIIBI JKaObIHIAPABl TYHABIPY apKbLIbI
oJap/blH aeMIpepiik KacHeTTepiH OJaH opi apTThIpy TOCLIl YCHIHBULABL. bankeiTeiaran sxaHa D05 OomaTrapra HMOHBI-
TUIa3MallbIK BaKyyM/bI-I0FalIbIK TYHBIPY oaici apkpuibl (TiN)-Cu xkaObiHIapAbIH KYpBUIBIM jkoHE (asza Ty3lly mpouecTepin
3epTTey HoTmxesepi OepinreH. KanTaMaHbIH ChIHYBI HITIII CBIHY O€JriiepiHe ue XoHe MUKPOpPENbe()Te TAIIBIKTHI KOIAKThI
CBIHBIK IIYHKBIPJIApBIHBIH Maiina OoiybsiMeH Oipre sxypeni. besmiextepniH cunateiHa cyiHeHE OTBIPBIN, BIFBICY KEepHEYJepi
Oy3bUTyFa HETi3Ti yliec Kocaapl gen Oommkayra Oomampl. JKykTeme yiFaiifaH caiibIH KaOBIHOAp HETi3iHEH CHI3ATTHIH JKHET1
OofiBIHIIA OY3BUTANbI, SFHU KAOBIHHBIH CyOCTpaT MaTepraibiHa KoOipeK MIeTiHyl Ke31HIe ChI3aTThIH MIeTTePiHIeri KpICY KoHE
CO3BUIy KepHeyJiepi Oy3bUTyZa MaHbBI3ABI penl aTKapa Oacraiimel. by 3eprreneriH kaOBIHAApPABIH HAHOKOMIIO3HTTIK
KYpPBUTBIMBIMEH TYCIHAIpiNIe i, 01 meKapaiapblH TapMaKTaJFaH JKeTiCiHIH oCepiHeH KaphIKIIAKTapIbIH TapalyblH TEXeyTe,
COH/Iall-aK TYTKBIPJIBIKTEI CaKkTayFa KeMmekTecell. MUKpoIudpakmsuIbIK Tanaay skoHe KapaurFbl epicteri TEM keckinnepi
Heri3iHae JKaObIHIAFbl KpUCTALIMTTEp TUTaH HUTpUAl O-TiN Ooibin TabbulaAbl AeN KODPBITBIHABI Kacayra OoJajipl;
xKaObIHIapAa Kpuctamiorpadusuiblk KypbulbiM anbikTanMaabl. TiN ¢azaceiabiy kpuctamuut enmemMi TiN-Cu xaObiHbBL Oap
OoylaT yNTiEpiHIH 1MIKI YHKENICIHIH aMIUIMTYJalbIK TOYeNAUTKTepiH Kypaiinel. Jlemndepinik cumaTramanapablH O0Iybl
HaHoemmemai TiN TyHipimikTepiHiH HIeKapachlHAa KepaMHKaJbIK HEri3/leH >KOHE MbIC IUIACTHKAJBIK (ha3achlHAH TYPAaThIH
JKaOBIHHBIH KOMITO3UIIMSUIBIK MUKPOKYPBUIBIMBIHA OaitanbicThl. JKaObIHOApAbIH ©3iHe KoHE cyOcTpaTKa OesieK ToH ImIKi
JeMrdepiik cunarraManapra KOChIMIIA <oKaObIH-HEri3» WHTepQeiciHae KochbiMiia JeMIpepiik MeXaHU3MIep IKy3ere
aChIPBUIAMbI.

Hezizzi co30ep: HaHOKYpbibiM, Oemnghepiey, OUCIOKAYUsL, MUKDOKYPLLIbIM, WLy, Oipin, uly eaueiul.

YayumeHHble feMn(upyomne cBoiicTBa HOBBIX cTajeil Cr-Ni-V ¢
MeTa/UI0KepaAMUYeCKUM HAHOCTPYKTYPHbIM nokpbiTHeM TiN-Cu

P.K. A6yosal”, A. Bonnapes?, I'.A. Bypurykosa®
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2Vuueepcumem Jlumepux, Upnanous
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AHHOTanus. B 1aHHON cTaThe MPOBEACHBI UCCIICIOBAHUS BIICPBHIC Pa3paOOTaHHBIX COCTABOB craieil mapku D05, neru-
poBanHbix Cr, Ni, V, 001agaroiiiMu MOBBIIICHHBIMH JEMIIQUPYIOMIMMH CBOHCTBAMYU U MPEIOKESH MOAXO/] MO JaNTbHEHIIIEMY
TOBBIIICHUIO MX JEMI(UPYIOIUX CBOWCTB 3a CUYET OCAXKICHHUS HA MX MOBEPXHOCTh MOKPBITHIA. [IpHBEICHBI pe3yabTaThl HC-
ClIeZIOBaHU mporieccoB (OPMUPOBAHUS CTPYKTYPHI U (hazoo0pazoBanus B MOKPHITUAX (TiN)-Cu moimydeHHBIX METOJOM HOH-
HO-TUIAa3MEHHOTO BaKyyMHO-IYTOBOTO HAITBUICHHUS HA IMOJUIOKH M3 BHIIIIABIECHHBIX cTamax J05. W31I0M MOKPHITHS MMEeT
TIPU3HAKH BSI3KOTO Pa3pyMICHUS W CONPOBOXKIACTCS 00pa30BaHUEM SIMOK BOJIOKHICTO-TIOJIOCYATOTO M3JIOMa B MUKpopembede.
Hcxons m3 xapakrepa OTCIOCHHH HPH CKPaTY-TECTHPOBAHWH, MOXKHO TIPEIIOJIOXKHUTh, YTO OCHOBHOW BKJIAJ B pa3pyLICHUS
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BHOCSIT CABUTOBBIE HANPsDKEHUS. [IpH yBeIMUIEHUH HArpy3KH MOKPBITHSI OCHOBHOM Pa3pyIIAOTCs IO KPako IapaIiiHbl, TO €CTh
npy OOJBIIEM BAABIMBAHWU MOKPBITHS B MaTepuall MOJUIOKKH CYIIECTBEHHYIO POJIb B Pa3pyLICHHH HAYMHAIOT UTPATh CXKHU-
MaloIMe U PacTATUBAIOLINE HAIPSDKECHHS 10 KpasM LapanuHbl. ITO 00BSICHIETCS HAHOKOMITO3UIIMOHHOM CTPYKTYpOil Hccie-
JIyeMBIX MOKPBITHH, CIOCOOCTBYIONIEH CACP>KUBAHUIO PACIIPOCTPAHEHHUS TPEIIUH 3a CYET Pa3BETBICHHOM CETH IPaHMIIL, a TaK-
JKE€ COXpaHEHHMs BSIBKOCTH. [0 MUKpOIu(paKIMOHHOMY aHaIM3y M TOJIyYEeHHBIM TEMHOIIOJbHBIM H300pPa)KCHUSIM METOJIOM
[I3M MOXHO 3aKJIIOYUTB, YTO KPUCTAILIUTHI B IMOKPBITHH SIBISIOTCS HUTpUAOM TUTaHa 0—TiN, KpucTamuorpaguyeckoi Tek-
CTYpHI B TOKPBITHSIX OOHapyxeHOo He Obl1o. Pasmep kpucrammmtoB ¢assl st TiN cocraBisieT aMIUTUTYIHbIE 3aBUCUMOCTH
BHYTPEHHETO TpeHHs 00pa3noB ctajieil ¢ mokpeTisaMu TiN-Cu. Hanmnumne neMndupyrommx XxapakTepucTHK 00yCIIOBIEHO KOM-
TTO3UIIMOHHON MUKPOCTPYKTYPOH MOKPHITHA, COCTOSIICH U3 KePaMUIeCKOH OCHOBHI M IIACTUYHOH (ha3bl MEIH IO TpaHHIaM
HaHopa3MepHbIX 3epeH TiN. Kpome BHyTpeHHNX IeMI(HUPYIOMHMX XapaKTEPUCTHK, MPUCYIINX CAMHUM MOKPBITHAM U MOJIOXK-
K€ 110 OTAETBHOCTH, PEATU3YIOTCS OTIOHUTENbHBIC JeMITI(HUPYIOMINE MEXaHU3MbI Ha TPAHUIIAX pa3Jiesia KIIOKPHITHE-OCHOBAY.
Knrwouegvie cnosa: nanocmpyxmypa, oemngpupoganue, OUCIOKAYUsl, MUKPOCMPYKMYPA, WYM, 8UOPAyus, uymomep.
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Review of methods for processing ore vanadium-containing
raw materials
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Abstract. The article discusses the methods of processing vanadium-containing raw materials, including methods of pre-
sintering and leaching of raw materials, extraction and precipitation of vanadium-containing solutions. In addition, the specific
methods used for each type of vanadium-containing raw materials are described, with a description of their advantages and
limitations. The article also briefly analyzes a number of the main influencing factors and mechanisms of various processes.
Some research prospects are proposed to improve the methods of vanadium concentration from vanadium-containing raw
materials. The article considers the potential of extraction and processing of vanadium-containing black shale ore, as well as
vanadium-containing titanomagnetite ores. Spent vanadium catalysts used in petrochemical processes can be a potential source
for vanadium extraction. In addition, vanadium-containing bauxite raw materials, oil and steel production slags can be promis-
ing raw materials for further extraction of vanadium. The article presents methods for processing vanadium-containing raw
materials, including methods of pre-sintering and leaching of raw materials, extraction and precipitation of vanadium-
containing solutions. In addition, the specific methods used for each type of vanadium-containing raw materials are described,
with a description of their advantages and limitations. The article also examines the potential of extraction and processing of
vanadium-containing black shale ore, vanadium-containing titanomagnetite ores as a potential source for vanadium extraction.
Vanadium-containing bauxite raw materials and steelmaking slags can also be promising raw materials for further extraction of
vanadium.

Keywords: vanadium-containing raw materials, black shale ore, titanium magnetite ores, leaching, sintering.

1. BBenenue BBuay Toro, 4yTo crnpoc Ha BaHAAMN MPOJOJIKAET PACTH,
a¢dexTHBHAS TepepaboTKa BaHATUCBBIX PYM U IMPOMBIII-
JIEHHBIX OTXOJIOB NPHOOpETaeT MEPBOCTEIICHHOE 3HAYCHHUE
Uil 00ecrieueHnsT YCTOHYMBOM IEMOYKH MOCTaBOK 3TOTO
Ba)KHOTO pecypca.

[anee Ha pucyHke 1 mpencraBiieHa cxema H3BJICUYEHHS
BaHaJuUs U3 BaHAIUNCOIEPKALLETO ChIpbs U MEPEPBOJA €TI0 B
okcup BaHaaws [5-13], cocTosmias w3 4eThIpexX CTaaWid, Ta-
KHUX KaK OOKWT, BRIIICIIaYNBaHIE, H3BICUCHUE U MPOKAJIIBA-
Hue. Jnsa xaxaoi u3 craauii mpeacTaBieHbl MPoIecChl, HOO-
XOJIMMBI€ JUIS peaIU3alliy JaHHBIX CTa Ui,

Banaauii MOXeT ObITh H3BJICYCH U3 PYI U MATCPHAIIOB C
MIOMOIIBI0 IHPOMETAIUTypriudeckux mnpoueccos [14]. Omun
U3 PaCHpPOCTPAHEHHBIX METOJOB M3BECTEH Kak IPOIecC CIie-
KaHWS-BBIIENaYMBaHmst. B 3TOM mporiecce pyay WM marte-
puan cHayaja CIEKaloT NPH BBICOKUX TEMIEparypax st
MpEeBPALLEHUS] MUHEpAJIOB BaHAIWs B BOIOPACTBOPUMBIE
coeIMHEHU. 3aTeM 000XOKEHHBIN MaTepral BHIIICIAYABAIOT
COOTBETCTBYIOIIMM PACTBOPOM JJIsl PACTBOPEHHUSI COEAMHE-
Hui BaHanus. [loiydeHHBIl pacTBOp MHOJABEpraercss Jajb-
Helfmell mepepaboTke A yAaJeHUs MpUMeced W M3Biede-
HUS BaHaAWs. JTO MOXKET BKIIIOYATh OCaXKIeHUe, QuibTpa-
LU0 U Jpyrue MeToIbl pasneneHus. B kKoHeuHOM uTore
BaHaJuM IOJIy4alOT B BUJE COCIUHEHUS BBICOKOW YUCTOTHI,
Hampumep, okcuna Banaaws (V) [15, 16].

Banaguii sBiseTCS TEPEXOIHBIM METAJNIOM M Ba)KHEH-
OIMM DJIEMEHTOM, MIMPOKO TPUMEHSEMBIM B Ppa3IHIHBIX
OTpacjisIX MPOMBINUICHHOCTH, BKIIFOYas MPOU3BOACTBO CTAJIN
[1], Hakomenue sHepruu [2] u katanu3 [3]. Ero yHuxamb-
HBIC CBOﬁCTBa, TaKM€ KaK BBICOKasd IMPOYHOCTH, OTJIMYHAA
KOPPO3HOHHAsI CTOWKOCTh M CIOCOOHOCTh 0OpPa30BHIBATH
CTaOMIIbHBIC COCTUHEHUS, ACTIA0T €r0 HE3aMEHUMBIM B 3THX
otpacisix [4]. Ilens manHOTrO 0030pa - aHAIM3 U CUCTEMATH-
3alusl CYHIECTBYIONIUX METOAOB NEepepadOTKU BaHAIHICO-
JIepKAMIX Py, BBISABICHHE UX JOCTOWHCTB M HEIOCTATKOB.
PaccMOTpeHBI Kak TpaaUIIMOHHEIC MUPO- U THAPOMETAILIYP-
THYECKUE CXEMBI, TAK U COBPEMCHHBIC KOMOWHHPOBAHHBIC
TEXHOJIOTHH, BKJIFOYAIONINE OKHCIMTEIBHBIA O0XKHUT, BBIIIC-
JIAYMBAHUC M SKCTPAKIIMOHHOC HM3BJICYCHUE I[CHHBIX KOMIIO-
HeHToB. Oco0oe BHUMAaHHE YAEICHO WHHOBAIIMOHHBIM pe-
[ICHUSAM, ITO3BOJISIONIAM TIOBBICUTH CTETICHb H3BJICUCHUS
BaHAJMSA W CHU3UTH JKOJOTMYECKYI0 HArpy3Ky IIPOH3BOJ-
ctBa. [IpoBeneHHBINI aHATN3 METOJOB IMEePepadOTKH TO3BO-
JIUT ONITUMH3HUPOBATH CYIIECTBYIONINE U pa3paboTaTh HOBHIE
pecypcocOeperarmInue TEXHOJIOTHH KOMILICKCHOH Tmepepa-
OOTKM BaHAJIUICONEPIKAIICTO CHIpbs. BcnenctBue 3Toro B
MOCTICTHUE TO/bI 3HAYUTEIILHOC BHUMAaHUE YJICNACTCS H00bI-
4e U epepaboOTKe BaHAIMS U3 PA3IMYHBIX HCTOUHHKOB.
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BCETO CepHas WM COJIIHAS) pearupyeT ¢ MUHepaiaMu, oopa-
3ysl paCTBOPHMBIE COJH. DTO TO3BOJSET OTICIUTH IICHHBIC
MCTaJIJIbl OT HECXKCJIATCIIbHBIX KOMIIOHCHTOB.

HepBbIM 9TaroM Iponecca KMCJIOTHOI'O BbIIICIaYMBaAHUA
SBJISIETCS TOATOTOBKA pyJbl. UepHOCIIaHLEBYIO pyay IOJ-
BEpPraloT APOOJICHUIO U U3MENbYaoT Ha MEJKHE YacTHIIbI,
YTOOBI YBCJIMYUTL IUIOMAAb TMMOBEPXHOCTU JId JIYUIIETO
KOHTAKTa C KHCJIOTOH. 3a 3THM CJIeyeT psiji STaroB IpeBa-
pHUTENBHOM 00pabOTKH, TAKMX KaK OOXWT WM CIEKaHHUE, IS
yIaJICHHsI TIPUMECEH MM OpPraHNYeCKHX BEIECTB, KOTOPBIC
MOTYT ITOMEIIATh IPOLECCy BhIIIETAYHBAHMS.

Iocne criexkaHnst MaTepuan IOABEPTralOT MPOIECCY KHC-
JOTHOrO BhImenaunBaHus. CepHas KHCIOTa  SIBISIETCS
HamOoJIee YacTO UCIOJIb3YEeMOM KUCIOTOM JIJIsl 3TOM IeNn 13-
3a ee JOCTYHMHOCTH M 3((EKTHBHOCTH IPH PACTBOPEHHH
[IMPOKOTO CHEKTpa MeTauioB. KuciaoTy oOBIYHO N0OaBISIOT
B PYIy KOHTPOJHPYEMBIM 00pa3oM, 4ToObI obecnednTs 3¢-
(beKTI/IBHOG BBIIICIAYUBAHUEC TP MHUHHUMAJIBHOM Pacxoac
KHCJIOTHI.

B mpouecce BhIlIenaunBaHus KHUCJIOTa BCTYNAeT B peak-
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Pucynox 1. Cxema uzeneuenus eanaousn u3 eanaouiicooep-
JHeauyezo colpva U nepepeooa e2o ¢ okcud eanaous (V)

2. Ilepepa6oTKa YepHOCIAHIEBBIX PY/

2.1. MeToabl u3BjieYeHusl BAHAIUS U3 YEePHOCTAHIEBBIX
PyA ¢ UCTTOJB30BAHUEM KHCJTOTHBIX TEeXHOJOrui

MeTo/1 KHCIIOTHOTO BBIIIENA4YMBaHUs (PUCYHOK 2) IIHPO-
KO WCHOJIB3YeTCsl IPH M3BJICUYCHWH IEHHBIX METalIOB U3
YepHOCIaHIEBHIX py/ [17]. JaHHBIH MeTOX BKIIOYAET B ce0s
cTaguu Oo0OKWTa BaHAJMHCOAEPIKAIEero CiIaHIa, BOJHOE BbI-
menanne M (GUIBTPALHUIO ITOJyYEHHOTO NPOIYKTa IOCie
00XwnTa, KPHUCTALIH3AINIO KBACIIOB U MX (PIIIBTPAIHIO, BOC-
cranoBasrenne Fe(Ill) u perymmupoBanme pH BomgHOTO pac-
TBOpPA, AKCTPAKIMIO PACTBOPUTEISIMHA BaHAIMHCOAEPKALIIX
[EHHBIX IPOJYKTOB, & TAKXKE CTAJUIO OUHCTKH.

FRCTPAKINA PACTOPETEIEME Ommcrea

Bray ceprail knetoTh

Baoa a1 omuwesen) doedara (TXFHPA) n
(TEF)& T3 Baanon onmmesmadi opramwrecsoli
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pir-H-
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Uamr ceproil koo Baceranonazeme Fo(TIT) o pery:mponanme pH

R

Bogroe spmetasme B

duasTpanna KpneTarimanng xracnas n guasrpanm

Bineaemme oy abara anaoHm
Buanea (NHJAISO), " 12H, 0

(leTaT0X NACI# RLEMPININEIHIN

Pucynok 2. Cxema u3eneuenus eanaous u3 eanaouiicooep-
JHeauyezo colpva u nepesooa ezo é oxcuo eanaousn (IV)

UYepHocnaHIEBbIE Py/Abl MPENCTaBISIIOT cOOOW 0camou-
HBIE TIOPOJIBI, COAEPIKALINE BHICOKHE KOHLEHTPALMH Pa3JIiy-
HBIX MHUHEPAJIOB, BKIIIOYasi HeOIAaropoJHble METAIIBI, Iparo-
LEHHbIE METaIBl U penKo3eMenbHble iemeHTsl [18]. B
9TOM METOJE UCIONB3YIOTCS CUIIbHBIC KUCIOTHI A PacTBO-
pEeHHsS M M3BICYCHHS OTHX LEHHBIX METaUIOB W3 DY.IbL.
[IpuHIUD paboTHI 3aKIIIOYacTCS B TOM, YTO KHCIOTa (Jarie
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U0 C MUHEpAJIaMH, COJCPXKAIMUMIUCS B pPYyJAE, PaCTBOPSS
[ICHHBIC METAJUTBI U TEPEBOJAS UX B PAcTBOp. Y CIOBUS BEI-
[IeaYNBaHUs, TAKUE KaK TeMIIepaTypa, JaBJICHUC U KOHIICH-
Tpanus KUCIOTHI, TIIATEIEHO KOHTPOIUPYIOTCS JJIs OTITUMHE-
3anuu 3(Q(QEKTUBHOCTH Mpolecca BhIMICTaunBaHus. [10BEI-
[ICHWE TEeMIepaTypsl M KOHIICHTPAIMU KHCIOTBI MOXET
VIIy4IIATh KHHETHKY PAacTBOPEHHUS, HO UPE3MEPHO BBICOKAS
TeMmreparypa W no0aBIeHHE KHCIOTHI MOTYT IPHBECTH K
HEe)XeJIaTeIbHBIM TOOOYHBIM pPEaKIHsAM WIH 00pa30BaHUIO
HEPaCTBOPHMEBIX COCAMHCHHH.

PacTBOp mocCie BBINICIAYUBAHUS CONECPKHUT PACTBOPCH-
HBIC METAJUIBI M OTHCISACTCS OT OCTaBIIETOCS TBEPIOrO
OCTaTKa C MOMOIIBI0 psiia METOJOB pPa3AeNieHUs] TBEPAOTO
BCHICCTBA U XXKUAKOCTH, TAKHX KaK (bHHpraLIl/lﬂ WK OCaXac-
Hue. TBepAbld OCTAaTOK, TaKXKE M3BECTHBIM KaK OCaJ0K BbI-
mejia4YyuBaHus UJIN XBOCTBI, BCC €IIIE MOXKET COACPKAThL CJie-
IIBI TICHHBIX METAJJIOB U MOXKET OBITh MOJABEPTHYT NaIbHEH-
e mepepaboTKe IS U3BICUCHHUS OCTABIITNXCS METAIIIOB.

[Mocne mpoBeneHUs mponecca KUCIOTHOTO BEIMIEIAYHBa-
HUSI HEOOXOINMO H3BIICYb IICHHBIC PACTBOPEHHBIC METaJLUTBI
W3 pacTBOpa, MOIYIEHHOTO TOCTe BhIeTauynBanmst. OOBIIHO
9TO TOCTUTAETCS C TIOMOIIBI0 METOJOB COPOLINH, OCAKICHHS
WK SKCTpakuuu pactBopureiieM [19]. OcaxneHne BKIIO4aeT
nobOaBieHne MOAXOAAIIETO peareHTa K pacTBOPY JUIsl BBIIIIE-
JaYUBaHMA, B pe3yjbTaTe Yero MeTajuisl o0pas3yloT Hepac-
TBOPUMBIC OCAJKH, KOTOPBIC MOYHO JIETKO OTACIHTH. DKC-
TPaKIUsl PaCTBOPHUTENEM, C IPYTOM CTOPOHBI, MPEAIoiaract
UCIIOJIb30BAaHUE OPTaHHYECKOTO pPACTBOPHUTENS, KOTOPBIN
M30UpPaTETFHO U3BJICKACT HYKHBIC METAIIBI U3 PACTBOPA IS
BEIIICIIAYHBAHUS.

Janee u3BIicUCHHBIE METAIUTBI MOTYT OBITH JTOTIOJTHUTEIb-
HO OYMIICHBI W TIEPepadOTaHBI Ui IMOIYYCHUs KOHEYHOTO
npoxaykra. B 3aBUCHMOCTH OT TpeOOBaHUI K OYUCTKE METal-
JIOB, MOTYT HOTPeOOBAThCS MOMOIHUTEIBHBIE CTAIUU padu-
HUPOBAHM, TaKWe KaK JJIEKTPOJIM3 WM IDIaBKa. DTH STaIlbl
HaTpaBJICHbl Ha yJaJeHHe MPUMECeH U TOBHIIICHUE YHUCTOTHI
¥ KadecTBa KOHEYHOTO METAJIICOIEPIKAIIIETO MPOITYKTa.

MeTon KHCIOTHOTO BHIIIETaYMBAHMSA O0JIATaeT PAAOM
MPEUMYIIIECTB TIPH TepepaboTke depHoCcHanieBsix pya [20].
Bo-mepBhIX, 3TO MO3BOJSCT M3BJICKATh W3 PYABI IIMPOKHIA
CIEKTp LIEHHBIX METAJJIOB, BKIIFOYasi HEOIaropoJHbIC METa-
JIbI, TAKUE KaK MEJb U IMHK, APArolleHHBIC METaJUIbl, TAKHUE
KaK 30JI0TO U cepedpo, U PEelKO3EeMEIbHBIC IEMEHTHI. JTO
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JeTIaeT €r0 YHUBEPCAIbHBIM U 3KOHOMHUYECKH LIeIecoo0pas-
HBIM METOJIOM M3BJIECYCHHUSI MHOXKECTBA METAJJIOB U3 OJHOTO
UCTOYHUKA PYyBL.

Bo-BTOpBIX, mpolecc KUCIOTHOTO BBINIETAUYUBAHUSA OT-
HOCHTEJIHO NPOCT ¥ MPSIMOJIMHEECH, TpeOyeT MUHUMAaJIbHOTO
000pysoBaHUsT 1 MHPPACTPYKTYPHI [0 CPAaBHEHHIO C JIPYTH-
MU METOJIaMH JKCTPaKLUHU, YTO AeJaeT ero SKOHOMHUYECKU
3¢ (GEeKTUBHBIM BapUaHTOM Kak JJIs MEJIKOMAacCIITa0HbIX, TaK
W Ul KpYITHOMAcTaOHBIX Onepanuii mo J00bIue MOJIEe3HBIX
HCKOIIAEMBIX.

Bosee Toro, MeTo KHCIOTHOTO BBIIIETIaYMBAHUS SIBIISIET-
Cs1 3KOJIOTHYECKN YHCTHIM 110 CPABHEHHMIO C TPAIUIIMOHHBIMH
METOJIJaMH JJOOBIYH TIOJIE3HBIX HCKOMAEMBIX. DTO YMCHBIIIAET
HEOOXOJMMOCTh B MacIITa0HBIX Ollepalusix Mo Jo0bue mo-
JIE3HBIX HCKOIMAEMBIX, KOTOPbIE MOTYT HAaHECTH 3HAYUTEIIb-
HBII yliepO OKpy»Karolled cpene M HapyLIUTh €€ ITOKOH.
Kpome TOro, ucnonp3oBaHue KHCIOT B MpoIlecce BBIIIETA-
YUBaHHS MOXET OBITh ONTHMHU3HPOBAHO IS MHHUMH3ALUH
NOTpeOIeHUsT KUCIOTHl W o0OpazoBaHusi 0TX010B. OmHAKO
METOJI KHCIOTHOTO BBIIIENAYMBAHUS TAK)KE MMEET HEKOTO-
pble orpaHndeHus W 1podieMbl. OXHONH W3 OCHOBHBIX IPO-
OneM sIBIISIETCSl HAIMYWE B pyJe NpUMecel, TaKuX Kak opra-
HUYECKOE BEILIECTBO MJIM TYrOIUIABKUE MHUHEPAJbl, KOTOPHIC
MOT'YT TPEIsSTCTBOBATh NPOLECCY BHIIIEIAYMBAHUSA M CHU-
*ath 00myo 3¢dexTuBHOCT, U3BNeUeHHs. s ynaneHus
3TUX TIpuMeceil u ymydmeHus 3()(EeKTUBHOCTH BbIIIEIAYH-
BaHUs YacTO HEOOXOJMMBI dTalbl MpeABAPUTEIHLHOW 00pa-
OOTKH, TaKHE KaK 00XKHUT WJIU CIICKaHHE.

MeToa KHCIOTHOTO BHIIIETAYMBAHUA MPEJIaraeT 3KOHO-
MHUYECKH (PPEKTUBHBIN M 3KOJIOTWIECKH YUCTBIA MOAXOJ K
W3BJICUCHUIO LIEHHBIX METAJUIOB U3 ITHUX CJIOXKHBIX PyHA WIH
MaTepuanoB. braronaps NocTOSHHOMY COBEPLIEHCTBOBAHUIO
TEXHOJIOTHM M ONTUMM3ALUK TEXHOJIOTUYECKUX IIPOLECCOB
METOJ KHCIIOTHOTO BBIIENAYMBAHUS MPOJOJIKAET OCTaBaTh-
Csl MHOTOO0€IIAIOIINM BapHaHTOM JIsl TOPHOJO0BIBAIONIEH 1
METaJLUTyprudecKoi MPOMBIIIIEHHOCTH.

2.2. MeToabl u3BJe4eHUsI BAaHAIUs U3 YEPHOCIAHIIEBbIX
PyA ¢ UCTTOJB30BAHUEM HIEJTOYHBIX TEeXHOJOTui

YepHOCTAHIIEBBIC PY/IbI SBISIOTCS OJHUAM U3 BaXKHEHIIINX
HCTOYHHUKOB BaHaausl B mupe. [1o olleHKaM 3KCIepTOB, HA MX
nomo npuxoaurcst 35-40% ot obuieMupoBoit 100kIYM BaHa-
st [21]. Banaauii B TaHHBIX pyAax MPUCYTCTBYET MPCHMY-
IIECTBEHHO B BHJE TOHKOAWCIEPCHBIX (pa3Mep YacTHIl Me-
Hee 0,1 ™M) BKpalsieHWd MHHEpaJIOB BaHAIWHHUTA
Pbs(VO4)3Cl u pockoenuta KV,04 B TOHKO3EpHHUCTOH CllaH-
neBod mopoje [22]. Bricokasi AUCHIEPCHOCTh IICHHOTO KOM-
MOHEHTA, ero IUIOTHAsI aCCOIMANUS C BMEIIAIOMICH MOpOoIon
3HAYUTEIBHO OCIJIOXKHSIOT TPOIIECC M3BJICUCHUS BaHAIUS U3
YepHBIX CIAHIEB TPAIUIMOHHBIME METOAAMH OOOTAICHUS -
TpaBUTAIIMOHHBIMH, MATHUTHOW cemapanuel, (pioTarmei.

Juis 3¢ ¢dexTHBHOTO M3BJICUCHUS BaHAIMS M3 MOJOOHOTO
TPYAHOOOOTaTUMOTO CHIPhS MIMPOKO HCIIONB3YIOTCS THAPO-
METAJUTYPrHYECKUE MIETOYHBIE TEXHOJIOTHH, OCHOBAHHBIC HA
XUMHYECKOM PAa3JIOKCHUU (BCKPBITHH) CBHIPbS B MICTOYHBIX
pacTBOpax C MepPeBOJOM BaHAIUS B PACTBOP U TOCIEAYIO-
UM ero BbiaeeHeM [23].

Haubonee pacnpoctpaneH crnocod 00pabOTKH dYepHO-
CJIaHIICBOM pYIbl pacTBOpAaMH THUAPOKCHIA HATPHUS WA
Kanblys npu Temneparype 90-95°C, nasnenun 1.2-1.5 MIla
¥ TPOJOJDKHUTENBHOCTH Tporecca 1-2 daca [24]. JocTtowH-
CTBAMH IAaHHOTO IIOIXOAA SIBISAIOTCS BEICOKas (1o 95%)
CTETICHb W3BJICUCHUS BaHAIUSA U3 PYABl M OTHOCHTENbHAS
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MPOCTOTA TEXHOJIOTHUECKOW CXEeMHI mporecca. OmHaKo Me-
TOIl 00JaaeT CYIMIECTBEHHBIM HEJJOCTATKOM - 00pa3oBaHHEM
OOJIBILIOrO KOJIMYECTBA JKUJAKHX IIEIOYHBIX OTXOJOB, COJEP-
xkamux 10 2-3 r/nm V20s. 910 Tpedyer npuMeHeHHs! J0Poro-
CTOSIIIMX METO/I0B OYMCTKH CTOKOB U pereHepaliy IIeI0YH.

AJBTEpHATUBOW XMMUYECKOMY BBIIICITAYMBAHUIO CITYKHUT
OaKkTepuaabHOC BBHIIICIAYMBAHUE C HCIOJIB30BAHUEM IIEIIO-
4e0Opa3yIoIUX XeMOJIUTOABTOTPOMHBIX OaKTepHui, OKUCIIs-
FOINX COENMHEHUS Cephl ¢ 00pazoBaHMEM CyNb(haT-HOHA H
menoun [25]. [IpenMymiecTBaMu JaHHOTO TTOAXOA SBIISIOT-
Csl OKOJIOTHYHOCTH W BO3MOXKHOCTH TepepaboTku OemaHBIX
pya. OrpaHn4eHnss MeToJa - HU3KHE CKOPOCTH IpoIrecca H
HEOOXOIUMOCTh TIIATEIFHOTO KOHTPOJIS ITapaMeTpOB KyJlb-
TUBUPOBAHHS MUKPOOPTaHU3MOB.

Takum 00pa3oM, NpUMEHEHHUE MIENIOUYHBIX TEXHOJIOTUN
MO3BOJISIET KapAWHAJIBHO TOBBICHTH CTENEHb H3BJICUCHHS
BaHaIMs M3 TPYIHOOOOTaTHMBIX YEPHOCIAHIEBBIX PYI IO
CPaBHEHHMIO C TpaAUIMOHHBIMM MeTojaMu. JlanmpHeliee
pa3BHTHE METOJIOB JIOJDKHO OBITh HAIPaBIICHO Ha CHIDKCHUE
pacxojia IOPOTOCTOSIINX XUMHUYECKAX PEarcHTOB, MHHUMHU-
3anui0 00pa30BaHUS KUIKUX OTXOMIOB, MOBBIIICHUE CKOPO-
CTH TIPOIIECCOB M CHIDKCHHE UX CEOECTOMMOCTH.

[Ipomecc MIENOYHOTO BBIMICTAYMBAHNS BKIFOYAET HC-
MMOJTb30BaHKE MICIOYHBIX PACTBOPOB, OOBIYHO THAPOKCHIA
Hatpus (NaOH) mwmm rumpokcuma ammonus (NHsOH), mms
PACTBOPEHHUS] METaJNIOB, MPHUCYTCTBYIOIIUX B pyne. Bere-
JauyuBaHKE OOBIYHO MPOBOJAT IPU IMOBBIINICHHBIX TEMIIEpa-
TypaxX ¥ JaBICHUSAX JIJIsl YIIyYIICHUS KUHETHUKH PACTBOPEHUSI.
[lenouHoi pacTBOp JCHCTBYEeT KaK BBINICIAYUBAIOIIUAN
areHT, pa3pyllas MHHEPATbHYIO CTPYKTYPY M BBICBOOOXKIas
MeTauTsl B pactsop [26].

OmHUM U3 KIIFOYEBBIX MPEHMYIIECTB METOA IIEIOYHOTO
BBIIIENIAYNBAHUS SIBIISICTCSA €T0 CIIOCOOHOCTh M30MpPAaTEebHO
pacTBOPATH ONpE/IeIeHHBIE METAlUIbl, OCTaBIAA IpPYTHE B
TepBOHAYANBHOM MaTpuie. Takast CeIeKTHBHOCTh JJOCTHTAET-
cs1 3a cueT perynupoBaHus pH i cocTaBa BBIIETAYHBAIONIETO
pacTBOpa. B ciryuae 4epHOCHaHLIEBBIX PYA METO] IIEIOYHOTO
BBILIEIAYNBAHUS MOXKET OBITh HCHOJIB30BaH /IS BHIOOPOYHO-
IO M3BJICYEHHS LIEHHBIX METAJUIOB, TAKMX KaK BaHaJWH, ypaH
u P33, ocTaBisas B ocTaTKe COENMHEHUS C HEXKeNaTeIbHbIMU
9JIEMEHTAMH, TAKUX KaK )KeJle30 U KPeMHHH.

Ha mpouecc mieno4HOro BbIIIENAYMBAHMS BIHUSIOT He-
CKOJIBKO (DaKTOPOB, BKIIFOYAS pa3Mep YacTHIl PyAbl, KOHIICH-
Tpanus BHIIEIAYHBAIONICTO PACTBOPA, BpeMsl BHIIIEIadNBAa-
HUS, a TakKe TeMIepaTypa W OaBlicHHe. PasMep dwacTui
PYIBI HJIM HCXOAHOTO MaTepHaja UIpacT PEmarollylo Pojib B
ompeneeHul dPPEKTHBHOCTH BEIIICITAYNBAHUS, TOCKOIBKY
Ooyee MeNKHe YaCTHIBI 00ECICUYHNBAIOT OOJNBIIYIO ILIONIATh
MOBEPXHOCTH JIJIsl KOHTAKTa BBILIEIaYHBAaIOIIEr0 PacTBOpa C
pyaoi. KoHlleHTpanust BblllIeIa4uBaOIeT0 PacTBOPA BIMSIET
Ha CKOPOCTh PACTBOPEHHS METauia, IpuueM 00Jiee BHICOKHUE
KOHIEHTPAIIMA MOTYT IMPUBOJITECTH K Oolsiee OBICTPOH KH-
HETHKE BBIIICTAUYNBaHIL. BpeMs BrImenadnBanus, TeMIepa-
Typa W JaBJICHHUE MOTYT OBITh ONTHUMHU3UPOBAHBI JUTS JOCTH-
JKCHHS )KETTAeMOT0 HM3BIICUCHUS METaJlIa MPU MHUHUMAIIEHOM
MOTPeOICHUH peareHToB U dHepruu [27].

B nomonHeHHe K TapaMeTpaM BhIIICIAYUBaHUS, HA METO/T
IIEJTIOYHOTO BBIMIENIAYNBAHUS TaKKe BIUSET MHHEPAJIOTHYe-
ckuii coctaB pyabl. [lpucyTcTBHe CymbOUIHBIX MHUHEPAIOB
MOJXKET CYIIECTBEHHO TOBIHITH Ha MPOIECC BHIIICIAYUBA-
HUS. DTH MHHEpPAIbl MOTYT BCTYIATh B PEaKIMIO CO MIENO0Y-
HBIM PacTBOPOM, YTO MIPHUBOTUT K PacXody pPEarcHTOB H
00pa30BaHMIO HEXKeNaTeNbHBIX MOOOYHBIX NPOJYKTOB. Ta-
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KUM 00pa3oM, AJIs YCIEITHOTO BHEAPSHNUS METO/a IIEII0YHO-
TO BHINIENIAYABAHUS HEOOXOIMMO TIIyOOKOE€ MOHUMAaHHE
MUHEPAJIOTHH UCXOIHOM PYbl M MaTepHraa.

MeTon IMIEeT0YHOTO BEIMIENaYHNBAHNS YCICITHO IPUMEHS-
eTCs K Pa3IMYHBIM YePHOCTAHIIEBBIM PyJaM 10 BCEMY MUDY.
B HECKOJNBKHX HCCICIOBAHHUSAX COOOMIANIOCH O BBICOKOM
W3BJICUCHIUH METANIOB C HCIOJB30BaHMEM ATOTO METOJa.
Hanpuwmep, B uccnemoBaHne, MPOBEICHHOM HAa YEpPHOCIAH-
ueBor pyzae mecropoxaeHus Llexmraiin B [lonbuie nokaza-
HO, 9TO W3BJIeUeHHEe BaHAAWs nocturaeT 90% mpH MCIos30-
BaHWM THIPOKCHAA HATPHUS B Ka4eCTBE PACTBOpA IUIA BBIIIC-
JnauuBanusa. B JAPYroM HUCCJICAOBaHUM, IPOBCACHHOM Ha
YepHOCIIAHIICBON pyne MectopoxaeHus Kyndepmudep B
I'epmannm, OBIJIO JAOCTUTHYTO H3BJICUCHHE BaHAIMs Oojee
gyeM Ha 95% c ucnonbp30BaHHEM THAPOKCHAA aMMOHHUS B
KauecTBe pacTBOpa JIs BhIleaaunBanus [28].

[MomuMo wW3BNIEUEHUS MeETajlula, METOJ| IIEIOYHOTO BBI-
HIieJayuBaHus TakXke 00J1afaeT MPEeUMYIIEeCTBOM - HKOJIOTH-
YeCcKoW ycToHunMBOCTH. braromaps u30upaTeibHOMY H3BIIC-
YEHHWI0O METAJUIOB W3 PYIBl 3TOT METOJ[ CHIKAET MOTpeO-
HOCTh B TPAIWIMOHHBIX METOJaX JOOBYH W IepepaboTKu
MOJIE3HBIX HCKOIAeMBIX, KOTOPBIE YacTO MIPUBOAAT K 00pa3o-
BaHUIO OOJIBIIOTO KOJIMYECTBA OTXOJOB M OKA3bIBAIOT 3HAYM-
TEJNEHOE BO3JICHCTBHE Ha OKpPY’KaIoOIIyIo cpexy. Kpome toro,
METOA HICJIOYHOI'O BBIIICIIAYHMBAHHUA TAKXE MOXHO KOMOH-
HUPOBATh C JAPYTHMHU METOIAMH - HKCTPAKIUH, TAKUMHU Kak
SKCTPaKIUS PACTBOPHUTEIEM H AJICKTPOJIH3, IS JalbHEHIIe-
ro moBbIIEHNST A(PPEKTUBHOCTH H3BICUCHUS MeTajla |
MUHHMHU3AIIUN BO3JCHCTBUS HAa OKPY’KAIOIIYIO CPEeay.

Kak 0110 Moxa3aHo, METOA MIEIOYHOTO BEIMICIAYABAHUS
ABJACTCA OUYCHDb BAXXHBIM IIPHU nepepa60TKe YCPHOCIAHIIEBBIX
pya. OH o0namaeT MpeuMyIIecTBAMU — CETIEKTUBHOE H3BIIC-
YCHHE METAJUIOB, BRICOKHAN BBIXOJ METaJIa M SKOJIOTHYECKAs
ycroitunBocTh. OIHAKO YCHENIHOE BHEAPEHHWE METOAa IIe-
JIOYHOTO BBHIIIETAYNBAHNS TPEOyeT TINAaTeIHHOTO TOHUMAHHS
MUHEPAJIOTHU PYIbl U ONTHUMH3ALWU ITapaMeTPOB BHIIICTA-
ynBaHus. JlanpHeHIue uccneJoOBaHus U pa3padOTKU B 3TOH
obnmacTrt HEOOXOMUMBI JJISi TOBBIIMICHUST 3(PPEKTUBHOCTH U
PEHTA0CIFHOCTH METO/Ia IISJIOYHOIO BBINICTAYUBAHUS MPU
nepepabOTKe YePHOCIAHIICBBIX PYI.

2.3. MeToabl U3BJIeYeHHUsI BAHATUS U3 BaHAUiicOdepIKa-
IHX MATHETHTOBBIX Py

Bananuiicogepikalue MarHeTUTOBBIE PYZIbI SBISIOTCS
OJTHUM M3 OCHOBHBIX HPOMBIIIJICHHBIX UCTOYHUKOB BaHA M
B mupe. [1o pa3in4HbBIM OIEHKaM, Ha UX JIOJIO0 HPUXOJUTCS
or 30 mo 40% ot oOmeMupoBOH IOOBIYM STOTO IIEHHOTO
mertauia [29]. Banamuii B JaHHBIX pynax HPUCYTCTBYET
TJIaBHBIM 00pa3oM B BHE M30MOp(QHOU mpuMecH, 3ameria-
IOIEH Kelle30 B KPUCTAINIMYECKOM pEIIeTKe MarHeTuTa -
Fes(V,Fe)20s. Tummunsie coaepxkanus VoOs B IPOMBIILICH-
HBIX BaHAJWICOJEPKAIINX MAarHETHTOBBIX PyJaX COCTaBIIf-
ot 0.5-1.5% [30].

TpamuunoHHO U W3BJICUCHHS BaHAAWS M3 TOJ0OHBIX
PYA NMPUMEHSIETCS MUPOMETAIUTypPTrUUEeCcKas CXeMa, BKJIFOYa-
foast ooxur pyasl npu temmeparype 1200-1300°C ¢ momy-
YEeHHUEM YyTYHa, COJEPIKAIlero OCHOBHYIO YacTh )Kene3a, U
1IUIaKa, B KOTOPOM KOHIIEHTpUpyeTcs BaHaguil. M3 mutaka
BaHAIWI 3aTeM W3BICKAIOT pAa3NUYHBIMU crocobamu [31].
OCHOBHBIM HEAOCTAaTKOM 3TOM TEXHOJIOTUHU SIBJISIOTCS OTHO-
curenbHO HeBbIcOKHe (50-70%) moka3aTeny W3BICYECHUS
BaHaJMs B [IUIAK, & TAK)Ke 3HAYMTEJILHBIC IOTEPH BaHAIUS C
gyryHoM (710 30%).
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Bonee >¢pexkTnBHBIM c1TOCOOOM H3BIICUEHUS BaHAIWS 3
MarHeTUTOBBIX PyI MOXET CIY)XXUTh T'HIPOMETauTypruye-
CKHH TIpOIecC - CEeNEKTHMBHOE BBIIIEIAUMBAHNE BaHAHs
pacTBOpaMu CEpHOM KHCIOTHI HETIOCPEACTBEHHO M3 PYJBI C
TIOCIIEAYIONNM OCAXICHHEM BaHAAWS U3 PACTBOPOB B BHIC
nstiHokucH V20s [32]. JIocTOMHCTBAaMH [JaHHOTO MOIXOAA
ABIISIOTCST Oojiee BBICOKas (mo 95%) cremeHp M3BICUCHHS
BaHAIWs U3 CHIPbSI M YKOJIOTUYHOCTh. OCHOBHBIM HEJOCTAT-
KOM BBICTYIa€T BBICOKAs CTOMMOCTH CEPHOM KHCIOTBHI, YTO
JIeTIaeT MPOIIECC JOPOTOCTOSIIINM.

Haubomee 3¢ ¢exkTHBHBIM pelIeHHeM IIPEICTABISIOTCS
KOMOMHHUPOBaHHbIE CXEMBI, COYETAIONIME IPEHMYIIECTBA
NUPO- U TUApOMeTATYprud. OHH BKIIFOYAIOT OKHCIIUTEIb-
HBIH OOKHUT Pybl, KHCIOTHOE BBIIIEIAYNBAHNAE 000X KEHHO-
ro HpPOJAYKTa M OIKCTPAKIMOHHOE W3BJICYCHUE BaHAAUS M3
pactBopoB [33]. TlpuMeHeHUEe TaKUX KOMIUIEKCHBIX TEXHO-
JOTUH TIO3BOJIAET JOCTHYb NMPAKTUYECKH MOIHOTO (10 98%)
W3BJICUEHHS BaHA/IWSl U3 BaHAIMICOJEPIKAIUX MarHeTUTO-
BBIX Y.

Takum o6paszom, mepepaboTka JAaHHOTO THIA CHIPhS MO-
XKeT 3 (PEKTUBHO OCYIIECTBIATHCS KaK MUPOMETaILTyprude-
CKUMH, TaK U TUIPOMETAIUTYpTUYECKUMHU MeToaaMu. OIHaKO
HauOOoIBIIYIO AP PEKTUBHOCTh AEMOHCTPUPYIOT KOMOUHHUPO-
BaHHBIE CXEMBI, WHTETPHPYIOIINE IPEUMyIIeCTBa 000MX
MOXO/IOB.

[lepepaboTka BaHaIMICOAEPHKAIINX MArHETUTOBBIX PY.I
(pucyHox 3) mpencraBiseT co0OI CIIOKHYIO W MHOTOCTY-
MEHYATYIO TIPOLEyPY, KOTOpasi BKIIOYAET B ce0sl pa3inyHbIe
METOIIbl M TEXHOJIOTMH, TaKHe KaK APOOJICHUE HCXOIHOTO
CBIPbs, U3MENbUCHNE U MAarHUTHYIO CENapanuio MoJxy4eHHO-
ro MpOXYyKTa, OOKHUI MOCJIEAYIOIIEro MPOAYKTa C COJISIMH,
BBILIEIaYMBAaHUE BOJIOH, ylalleHHe KpeMHe3eMa, OCAKICHHUE
MeTaBaHaJaTa aMMOHHMS C TIOJICETYIOUIMM NPOKAIMBAHUEM C
nosydeHneM okcuna BaHaaws (IV). Otu pyapl 00BIYHO coO-
JIepKaT 3HAYUTENHHOE KOJMYECTBO )Kejie3a M BaHaiWs, YTO
JieTlaeT MX LEHHBIMH pecypcaMu JUIsl IPOM3BOACTBA CTATH U
JPYTHX CIUIaBOB. V3BIIeueHNne BaHAANS U3 3THX Py BKIIOYa-
eT B ce0s1 HECKOJIbKO CTaui, BKIIOYas IPOOJICHNE, H3MENb-
YeHHEe, MATHUTHYIO celapaluio u miaeky [34, 35].
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Pucynox 3. Cxema uzeneuenus 6anaous u3 mumanomazHe-
mumoe u nepepeooa e2o é okcuo eanaous (IV)

IlepBbiM STamoMm MepepabOTKH  BaHAAUKHCOACPIKAIINX
MAarHETHTOBBIX PYJ SBJSIETCSA IPOOJICHHE M W3MENbYCHUE
PYZIBI [UIA yMEHbIIEHHUS €€ KpynHOCTH. OOBIYHO 3TO [eNaeT-
Csl C TIOMOIIBIO IIEKOBBIX JPOOMIOK M IIAPOBBIX MEIBHUII,
KOTOPBIC HM3MEIbUYAIOT Pyny Ha Ooyiee MEIKHUE YACTHIIBL.
Lenpo 3TOro sTama fABISETCS YBEIUYEHUE IUIOMIATU O-
BEPXHOCTH pPYABI, 4TO oOecmeymBaeT IJydIIHHd KOHTAaKT C
XUMHUYECKHUMH BEIIECTBAMH, HCIOIb3yEeMbIMU B MOCIEAYIO-
mux mporeccax nepepaborku. Kak Tonbko pyna Oynmer us-
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MeNbYeHA, OHA ITO/IBEPracTCs MarHUTHOW cemapaliii, 9TOOBI
OTAEJINTH MATHETUT OT JPYTMX MUHEPATIOB. DTO TOCTHIACTCS
C IIOMOIIbIO MATHUTHBIX CENAapaTOpPOB, KOTOPBIE HCIOIB3YIOT
MarHUTHBIE CBOWCTBA MarHeTHTA JUIA IPUTITUBAHUA U OTIe-
JIGHWS €r0 OT HEMAarHUTHBIX MHHEPaJoB. MarHeTUTOBBIN
KOHIIEHTpPAT, IOJYYEHHbI B pe3yjbTaTe 3TOro Ipoliecca,
oorar KeJae30M W BaHaIUEM.

Crnenyromum 3TanoM nepepadoTKH BaHaIUHCOAepIKAIIAX
MarHeTUTOBBIX pYJ SBJISETCS BBIJIABKA MAarHETHTOBOTO
KOHIIeHTpaTa. [lmaBka BKIFOYaeT, HarpeB KOHIICHTpaTa B
IeYd 10 BBICOKHX TEMIIEPaTyp, OOBIYHO MPEBBIIIAFOIINX
1200 °C. DTOT mpoliecc HANPaBJICH HAa OT/ACICHUE JKeje3a U
BaHAJUs OT APYIHUX NIPUMECEH, IPUCYTCTBYIOIUX B KOHLICH-
Tpare. BoBpems mIIaBKM MarHETHUTOBBIH KOHIICHTPAT CMETITH-
BaeTcsi ¢ (IIIocaMH, TAaKMMH KaK W3BECTHSIK M KPEMHE3eM,
KOTOpBIE TIOMOTAIOT YAAIUTH MPUMECH U 00JIerdatoT 00paso-
BaHHUE pacIUIaBlicHHOTO nuraka. [llmak, comep:kamiuii 60Jb-
Iyro 4acTb anMeceﬁ, 3aTEM YIAJIACTCA U3 TI€YU, B TO BPEMA
KaK pacIUIaBICHHBIH METallUl, COCTOAIIMH B OCHOBHOM W3
JKele3a W BaHaIus, ciuBaeTcst U coobupaercs. [locne mmaBku
pacIUIaBIeHHBIN MeTayul MOJBEpraceTcsl NanbHeHIel obpa-
0OTKE JJIA TOJIYYE€HHU YUCTOr0 BaHa AU A.

OmHUM W3 pacIpOCTPaHEHHBIX METOJOB SIBIISICTCS M3BIIC-
YeHHE BaHAIUSA M3 PaCIUIaBICHHOTO METalIa C MCIIOb30Ba-
HHMEM Mpoliecca NPOIYBKU KUCIOPOZAOM. DTO BKIIIOYAET MPO-
JYBKY KHCIIOpOJa 4Yepe3 pacIUIaBICHHBIH MeTalll, KOTOPBIHA
BCTYIIACT B PEAKIHIO C BaHAIWEM C OOpa30BaHHEM OKCHA
Bananus (V) (V20s). 3arem V205 MOKeT OBITH MMOJBEPTHYT
JanbHeime 00paboTke C MOJy4YeHHEM pa3IMYHbIX COEIH-
HEHUI BaHaAWs Wi npeodpa3oBaH B GeppoBaHaInil, KOTO-
PBIH MCHOJNB3YETCS B CTANCIUTEHHON POMBIIIIIEHHOCTH [36,
37, 38, 39, 40, 41].

JpyruM MeTonoM W3BIICUEHHS BaHAIWS W3 PACIUIABICH-
HOTO MeTaJula SIBJISIETCS NPOIECC OCAXKICHUS MeTaBaHajaaTa
ammonus (NHzVO3). B atom criocobe mMeraBaHaiaT amMMoO-
HUSL OCAXMAIOT M3 PACIUIaBICHHOTO MeTajlula IMyTeM J00aB-
JeHUS XJopujaa Wi KapOoHaTa amMMoOHMs. OcakIeHHBIH
METaBaHa/JaT aMMOHUSI MOET ObITh HOABEPTHYT JajlbHEH-
el mepepaboTKe C MOMyYeHHEM COCIMHEHHUH BaHAAWS WIIN
npeobpasoBan B heppoBanaauii [42].

B mocnenHue roapl pacTeT MHTEpEC K THAPOMETaLTyp-
THYECKIM METOoJaM TIepepadOTKN BaHAJAUKHCOAEPIKAIIINX
MAarHeTHTOBBIX PyH. ODTH METOIBI MPEAIONIararoT HCIIONb-
30BaHUC XUMHNYCCKUX PACTBOPOB JI U3BJICUCHUSA BaHaAUA
H3 pPYAbI. O[lHl/lM U3 TaKUX MCTOHOB SBJIACTCA IIPOLICCC
KHCIIOTHOTO BBIIICIAYMBAHMS, KOTOPHIH BKJIIOYAET BBIIIC-
JIaYMBaHUE W3MEIbYCHHOW pyJbl CEpPHOM UM COJIIHOU
KHCJIOTOH. 3aTeM BhIIENaYUBAIONIMKA pacTBOp 00pabaThl-
BalOT IS yAAJCHUS MpUMEced M W3BIICUCHHS BaHAAWUS B
BUJAC COCAUHCHUS BaHaauA.

JpyruM rugpoMeTallyprudeCKUM METOJOM  SIBIISIETCS
MpOoIecC IIEJOYHOTO BBIMICTAYMBAHUS, TPH KOTOPOM LIS
W3BIICUCHUS BaHAAWSA W3 PYIbl HCIONB3YIOTCS INEIOYHBIC
pacTBOpbI, TakMe KaK THUAPOKCHJ WM KapOOHAT HATpHs.
Hamee pacTBop U1 BHINIENAYHBAaHUS 00pabaTHIBAIOT JUIS
yHaJeHusl MpUMECe W M3BIICYCHUS BaHAAWSA B BHUIE COCIU-
HCHUA BaHaOIusl.

UzBecteH cnoco0 HM3BIICYCHUS BaHAAWS W3 MarHETUTa C
MTOMOIIEI0 OWOBHINIEIAYMBAHUS C HCIOJIh30BAaHUEM OHMOTCH-
HBIX OPraHUYCCKHUX KHCJIOT, YTO YKa3bIBAaIOT IIYTb K TCCTHU-
POBAaHHIO PA3JIMYHBIX BHJAO0OB MHUKPOOPraHU3MOB JIs OIITH-
MU3AIUY mporiecca ussiedeHus [43].
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[lepepaboTka BaHaIMICOAEPHKAIIUX MArHETUTOBBIX PY.I
BKITIIOYAeT B ce0si KOMOMHAINIO (PU3MIECKUX M XUMHYECKUX
METOZOB, BKIIOYas IpoOJeHHWEe, M3MeIbueHHE, MarHUTHYIO
Cemapaluio, INAaBKy ¥ THAPOMETAIUTYpPrUYecKHe MpPOLECCHI.
Kaxzaplil 3Tann TeXHOJIOTH4ECKOro Mmpolecca UMEeT pellaro-
mee 3HaueHHe I 3(G(PEKTUBHOTO M3BICUCHHS BaHAAUA U3
pyZasl. Beibop mMerona mepepaOoTKH 3aBUCHT OT Pa3iIMYHBIX
(aKTOpOB, TAaKNX KaK COCTaB PY/bI, KeaeMbIii BaHAIUECBbIH
MIPOLYKT ¥ SKOHOMHYECKHE COOOPasKCHNS.

3. BeIBOaBI

B 3akmoueHue, B 3TOW OO30pHOM CTaTbe BCECTOPOHHE
PacCMOTPEHBI pa3IMYHBIE MCTOYHUKH, COJEpIKAINE BaHa-
IV, BKITIOYAst YEPHYIO CIAHIEBYIO Py, THTAHOMAarHETUTO-
BbIE pyIbl, OTpabOTaHHBbIE BaHAJIMEBbIE KaTaJIM3aTOPBI,
OCTaTKu OOKCUTOB, HE(TSIHBIE OCTATKM M COOTBETCTBYIOIHE
TEXHOJIOTHH WX TepepadoTKH. Pe3ynbTaTel McclIeqoBaHMH,
Npe/ICTaBICHHBIE B 3TOH CTAaThE, IEMOHCTPUPYIOT TTIOTEHIHAI
9THX UCTOYHHKOB B Ka4ECTBE XKM3HECIIOCOOHBIX M yCTOWYH-
BBIX QIIETEPHATHB ISl IPOM3BOCTBA BaHA M.

UYepHast ciaHieBas pyja, Kotopas B M300WJIMK BCTpeya-
eTCsl BO MHOTUX PErHoHax, Oblila OmpejesieHa Kak IepCreK-
THUBHBIH MCTOYHUK BaHAAWS M3-332 €€ BBICOKOTO COAEPKaHUS
BaHanus. J[oObIua M WM3BIICUCHUE BaHAIUS W3 YCPHOW CIlaH-
L[eBOﬁ pyabl 6I)IJ'II/I TIIATCJIBHO M3YYCHBI, U I JOCTHUKCHUA
3¢ (eKTUBHOTO W3BJICUCHUS BaHAIWA OBUIM pa3paboTaHBI
pa3niuyHble TEXHOJOTHU NepepaboTKu, TaKHe KaK KHCIOTHOE
U IIICJI0YHOEC BbIIICIIAYHNBAHUC. OTH TEXHOJIOTHH IOKa3aJIn
MHOT000€MIAI0INE Pe3yNbTaThl ¢ TOYKH 3PEHHS BBICOKHX
TOKa3aTeNed M3BJICUCHNS BaHAAWS M HHU3KOTO BO3/EHCTBUS
Ha OKPYKAIOUIYIO Cpeay.

TuTaHOMarHeTHTOBBIE PYABI, €II€ OJMH BAXHBIH MCTOY-
HUK BaHA/IUs, MIAPOKO U3YYAIHCh HA TPEIMET COACPKAHUS B
HUX BaHaausl. M3Bneuenne BaHaJIusd U3 OTUX Pyd BKIIOYACT B
ce0s psA CIOKHBIX NPOIIECCOB, BKJIIOYAs MarHUTHYIO Cera-
paunio, oOXHI ¥ KHCIOTHOE BBIIIENauMBaHue. Pa3paborka
EPEAOBBIX TeXHOHOFHﬁ, TaKUX KaK CCJICKTUBHOC BOCCTa-
HOBJICHUE U NPAMOC BBIICIaYNBAHUEC, CIIE OOJIbIIIE TTOBBICH-
1a 3¢ PEKTUBHOCTb N3BJICYEHUs BaHA/IUS U3 THTAHOMAarHeTH-
TOBBIX PYyA.

OTtpaboTaHHbIC BaHAWEBBIC KATATU3aTOPHI, KOTOPHIE 00-
pa3yloTcs B Ka4eCTBE OTXOJIOB PA3JIMYHBIX IPOMBIIITIEHHBIX
MIPOLIECCOB, TAKXKE OBUIM MPU3HAHBI NMOTEHIMAIbHBIMU HC-
ToYHMKamMu BaHagus. IlepepaboTka 3THX OTpabOTaHHBIX
KaTaJIM3aTOpPOB HE TOJILKO CIIOCOOCTBYET M3BIICUCHHIO BaHa-
JMs, HO U CIIOCOOCTBYET CHIDKCHHMIO 3arps3HEHHs OKpYyKa-
fomeit cpeapl. [ u3BneueHus BaHAAUS U3 OTPaOOTaHHBIX
KaTaJlM3aTOPOB MCIIOJIb30BAINCH PA3IMYHBIE METO/bI, TAKHUE
KaK KHCJIOTHOE BBIIEJIAaYMBAHUE, IPOKAJIMBAHUE U IKCTPaK-
LUsI PACTBOPUTEIIEM, UTO IMO3BOJIMIIO TONYYUTH 3HAYUTEIb-
HBIN BBIXOJ] BaHAHSL.

BokcuThl 1 HETAHBIE OCTATKU CTAIU HETPAIUIIMOHHBIMH
WCTOYHWKAaMH BaHaaus. VI3BineueHue BaHamus U3 OOKCHTO-
BBIX OCTAaTKOB, OTXOJIOB ITPOM3BOACTBA INIMHO3EMa, OKA3aJI0
ce0s1 MHOTrOOOEIIAIONMM C ITOMOIIBIO PA3IMUHBIX METO/IOB,
TaKUX KakK OOJKHI, BBIINIENAYMBAHME M OCaXKJCHHE. AHaJO-
THYHBIM 00pa3oM, mepepadboTka He(TAHBIX OCTATKOB, TAKUX
Kak He(TSAHOW KOKC M TsKenas HedTsiHas 3051a-yHOC, Ipojie-
MOHCTPHpPOBaJIa MOTEHINAJ M3BJICUCHHSI BaHAAHS C UCIIOJb-
30BaHMEM TAKHX METOJIOB, KaK MPSIMOE BHIIIEIAYNBaHHE.

Taxum o6pazom, pa3BeqKa U UCIOIb30BaHUE BaHaUIiCcO-
JIepXKAIMX HMCTOYHHKOB, OOCY)KIaeMble B 3TOH 0030pHOMU
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CTaThe, OTKPBIBAIOT MHOTOOOCMIAIONINE BO3MOXKHOCTH JIJIS
YCTOWYMBOTO MPOU3BOACTBA BaHaausi. KpoMe TOro, ucmosb-
30BaHHUE ITUX HMCTOUYHHUKOB HE TOJIBKO YIOBJIETBOPSET pac-
TYIIUHA CTIPOC HA BaHAAWH, HO M CIIOCOOCTBYET COKPAIICHUIO
00pa30BaHMs OTXOJIOB M 3aTrPS3HEHHS OKPYXKAIOUIEH Cpenbl.
[IponomkeHne Uccie0BaHUNA U Pa3pabOTOK B ATON 00JIACTH,
HECOMHEHHO, TIPUBE/IET K NaJbHEHIIeMy Iporpeccy B Ipo-
M3BOJICTBE BaHAAMs, CAENIaB €ro 0ojiee 3KOHOMHYECKU BBI-
TOJIHBIM U SKOJIOTHYECKU YCTONYHBBIM.

DuHAHCUPOBAHME

Jannoe uccnenoBanne Ob1I0 npoduHaHcHpoBaHo Komu-
TETOM 110 Hayke MHUHHCTEpCTBA HAayKH M BBICIIEr0 00pa3o-
Bauusi PecryOonmuku Kazaxcran (rpanr I[P c¢ UPH -
BR21881939 KH MHBO PK)
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Kypambinaa BaHaauii 0ap mMKi3aTThl OH/IEY JiCTEpPiHe IOy

T.A. Yenymranosa!, C.b. FOnycos?!, O.C. baiiremxkenon?, A.T. Xabues!, E.C. Mepkubaes!”, b. Mumpa?

1Sathayev University, Amvamor, Kazaxcman
2Bycmep norumexnuxanwii uncmumymst, Bycmep, AKII

*Koppecnonoenyus ywin asmop: y.merkibayev@satbayev.university

Angatna. Makanana KypaMblHIa BaHaAuWd Oap IIUKI3aTThl OHJACY OMAICTEpi, COHBIH INIHIC MIMKI3aTThl AJJBIH aja
arJioMepanusuiay JKoHe maiMarnay, KypaMblHAa BaHaAWN Oap epiTiHAiIepAl aly XoHE TYHIBIPY OHicTepi KapacThIPBUIFaH.
CoHbIMEH Karap, KypaMblHAa BaHaIuid Oap LIMKI3aTTBIH Op Typl YLIIH OJap/blH apTHIKIMIBUIBIKTAPBl MEH MIEKTEeYJIepiH
CHIIATTANTBIH HAKThl 9icTep KenTipuireH. Makajgaga COHBIMEH Karap opTypJi HpouecTepiiH Oipkarap Herisri acep erymri
(hakTOpIapsl MEH MeXaHM3MIepi KbIcKama TajnmaHaabl. KypaMmbeiHaa BaHaguii Oap MUKi3aTTaH BaHAAWNAI KOHICHTpANHsIAY
dmicTepiH XKaKcapTy YIIiH Keiibip 3epTTey mepcrneKTHBaIaphl YChHBIIAAE. MaKaaza KypaMbIHIa BaHaJui Oap Kapa Takratac
KEHiH, COH/Iaif-aK KypaMbIH/Ia BaHaUi Oap THTAHOMarHeTHT KEHJIEpiH OHIIPY JKOHE OHJEY dJieyeTi KapacThIpbliaabl. MyHaii-
XUMHS TPOIECTEPiHAe KONTAHBUIATHIH KANIBIK BaHAAWN KaTaau3aTopiiapbl BaHAAWKII ally[blH ONEYeTTi Ke3i 0oja amassl.
CoHBIMEH KaTap, KypaMbIHIa BaHaani Oap OOKCHUT IIWKi3aThl, MyHail )koHe OoNlaT TOKCHHAEP] BaHAAWIAL OaH opi airy YIIiH
NEepCIEeKTHBAIbl LIMKi3aT 00JMybl MYMKiH. Makanana KypamblHJa BaHa[auil Oap LIMKI3aTTbl OHICY SicTepi, COHBIH ilIiHIEe
IIMKI3aTTHI aJ/IBIH aja arfloMepanusiay JKoHe MIaiManay, KypaMbIHIa BaHAAUN O0ap epiTiHaIep i ary koHe TYHIBIPY oicTepi
kentipinred. COHBIMEH Karap, KypaMmblHAA BaHaauid Oap MIMKI3aTTBIH 9p TYpl YINIH OJapAblH apTHIKIIBUIBIKTAPHl MEH
HIEKTEYJIEpiH CUMATTANThIH HaKTHI ojicTep KenTipinreH. Conpaii-ak, MaKaiajga BaHaaui 0ap YepHOCIaHel KeHiH, KypaMbIH/Ia
BaHaIU{ Oap THUTAHOMATHETHT KCHJACPIH OHIIPYy MOHE OHJACY oJeyeTi BaHAIWiiNlI aly[IblH OJCYeTTi Ke3i peTiHae
KapacTheIpeiIanel. KypaMbraaa BaHauii 6ap OOKCHT IIHKI3aTHI JkoHE OONAT OHIIPETIH MIIaKTap BaHAAWNAI OJaH 9pi aiy yIIiH
NEepPCIEeKTHBANBI IMKi3aT 00Ja aaibl.

Hezizzi co30ep’. kypamvinoa sanaouil 6ap wuxizam, YepHocianey Keni, mumanomacHemum KeHoepi, waumanay, Kyuoipy.
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O030p MeTO10B NEePePadOTKH PYTHOT0 BAHAAMMCOAEPKAIIETO CHIPbSA

T.A. Yenymranosa!, C.b. Onycos?!, O.C. baiiremxenon?, A.T. Xabues!, E.C. Mepkubaes!”, b. Mumpa?
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AHHoTauus. B craTtee paccMOTpeHBI METOIBI IMepepaboTKH BaHAIMIICOAEPIKAIIETO CHIPHS, BKIIOYAs METOABI MpeIBapu-
TEJNBHOTO CIIEKAHWSI W BHIIIEIAYMBAHUS CHIPHS, SKCTPAKINU M OCAKICHUS BaHAIUHCOAEPIKAINX pacTBOpPoB. Kpome Toro, mpu-
BEJCHBI KOHKPETHBIE METOJBI, MCIOIb3yeMBbIe JUI KaXXIOTO BHAA BaHAIUIICOAEPIKAIIETO CHIPHSA, C ONMHUCAHUEM HX MPEUMY-
IECTB W OTpaHUYEHU. B cTaThe Taxke KpaTKoO MpOoaHATU3UPOBAHEI P OCHOBHBIX BIUSIOMNX (GaKTOPOB U MEXaHU3MOB paz-
JMYHBIX TporeccoB. [IpemmararoTcss HEKOTOPHIE MEPCHEKTHBEI UCCIEIOBAHUN UIS YIIyYIICHHUS METOJOB KOHIICHTPHPOBAHMUS
BaHAIWS W3 BaHAIUICOAEPIKAIIETo ChIpbA. B cTaThe paccMaTpuBaeTCs MOTEHIHAN J0OBIYN U IepepaboTKH BaHaIUHCOIepKa-
el YepHOCIaHLIEBOM PyAbl, a TakXke BaHaIuilcoAep KaIllluX TUTAHOMAarHETUTOBBIX pyl. OTpaboTaHHbBIE BaHAJUEBBIC KAaTalH-
3aTOPBI, UCIOJIb3yeMble B HE(DTEXMMHUUECKUX TPOLEccax, MOTYT ObITh MOTEHIUAIBHBIM UCTOYHHKOM JUISl W3BJICUYEHHs BaHa-
qus. Kpome Toro, BaHaguiiconepikainee O0KCUTOBOE ChIpbe, HEPTH M IUIAKH CTAJICTTUTEHHOTO TPOU3BOACTBA MOTYT OBITh IEp-
CIIEKTUBHBIM CBIPHEM JJIsl JAJIbHEHIIIEro U3BJICUSHHsI BaHa s, B cTaThe mpeacraBieHbl MeTO/ bl epepabOTKU BaHAAUNHCOAED-
JKAILETO CHIPbs, BKJIIOUAsi METOABI NMPEIBAPUTENBHOTO CIIEKAHHS U BBIIIEIAYUBAHUS CBIPbs, SKCTPAKIUN U OCAXIACHUS BaHa-
Jquiicomepkamux pacTBopoB. KpoMe Toro, npuBeIeHb! KOHKPETHBIE METObI, UCIIOIb3yeMble Ul KaXJO0ro BHJa BaHAIUNCO-
JIEpKAIIEeTO CHIPhs, C OIMMUCAHUEM HX IMPEUMYIIECTB U orpaHndeHui. CTaThs TaKKe pacCMaTpPHUBAET MOTEHIINAN JOOBIYH U TIe-
pepaboTKN BaHAAUKUCOICPKAIIECH YSPHOCIAHIICBON PyIbl, BaHaIUHCOACPKAIINX TUTAHOMATHETUTOBEIX Py KaK MOTCHIIHAb-
HOTO MCTOYHMKA IS U3BJICUCHHS BaHAWs. Banamuiicomepskaiiee OOKCHTOBOE CHIPhE U IIUTAKH CTAJICIUTEHHOTO MMPOU3BOICTBA
TaKXKe MOTYT OBITh TIEPCIEKTHBHBIM CHIPhEM IUTA JaTbHEHUIIIETO N3BJICUCHISI BaHA IS

Knrouesvie cnoea: sanaouticooepicaujee colpve, YepHOCIAHYEBAs PyOd, MUMAHOMASHEMUmossle pyobl, 8blijelauusaHue,
cnekauue.
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coefficients on the Nurkazgan East field using the
Python programming language
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Abstract. This article presents the results of applying geostatistical interpolation methods to filtration coefficients obtained
from interval hydrogeological studies in six geotechnical wells, with depths up to 1500 meters, in the Nurkazgan East field.
Packers were used to isolate the required intervals, and pressure changes during tests were recorded using autonomous sensors.
Subsequent processing of the results was carried out using the Python programming language. Geostatistical interpolation
methods (including simple kriging and stochastic methods) for geological features were examined. For this purpose, several
Python programming language libraries were utilized for data preparation, interpolation, visualization, and export to the re-
quired data format, such as Pandas, Numpy, PyGSLIB, GeONE, and others. As a result, the distribution of filtration coeffi-
cients within the boundaries of the modeled block was obtained. The applied stochastic methods allowed obtaining the neces-
sary number of equiprobable realizations of the filtration coefficient distribution, which on average converged to the solution
of simple kriging. Using these equiprobable realizations in further solving the problem of determining the forecast volume of
drainage water, using geofiltration modeling, will provide a probabilistic distribution of these volumes. The forecast volume of
drainage water significantly impacts the economy of the entire mining enterprise, as it affects the chosen mine dewatering
scheme, selection of infrastructure for drainage water pumping, the magnitude of unbalanced volumes of pumped water dis-
charged into the evaporator pond, and much more. Accordingly, the described method will allow determining both the most
probable volumes of drainage water and their upper and lower bounds. Conducting geostatistical calculations using program-
ming languages, particularly Python, enables hydrogeologists to fully utilize the theoretical foundations of any direction,
whereas ready-made software products to some extent impose limitations.

Keywords: geostatistics, filter coefficient, kriging, Python programming language, stochastic method.

1. Beegenue BonoHocHast 30Ha TPEIMHOBATOCTH BYJIKAHOTE€HHBIX MO-
pOJ pa3sBUTa Ha BCEH IJIOIIAAN MECTOPOKACHUS U CBA3aHA C
PYJOBMELIAIONIMMY  BYJKAaHOTEHHBIMH  OOpa30BaHHUSIMH,
MPOHU3aHHBIMH MHOT'OYHMCIICHHOM cepuel MajbIX CyOByJIKa-
HUYECKUX U HHTPY3UBHBIX Tel. [loponael ¢ moBepxHOCTU
NOZIBEP)KEHbl MHTEHCUBHOMY BBIBETPUBAHUIO U 00pa3yloT
30Hy OKHCJIeHHMsT MomHocThio g0 40M  rimHHCTO-
IeOHNCTOTO COCTaBa, CHIIBHO 0)KEJIC3HEHHYIO W OMapraHIlo-
BaHHY!0. [loA3eMHbIe BOABI HUPKYIUPYIOT NPEUMYIIECTBEH-
HO B BEpXHEH 4acTW pas3pesa, e pa3BUTa TUIHMYHAs DK30-
TeHHAs TPEIINHOBATOCTH 10 TryOuHbBI 40-60 M.

XapakTep M TIyOWHAa NMPOHUKHOBEHHMS 3K30T€HHOH Tpe-
LIMHOBATOCTH TMOJHOCTBI 3aBUCUT OT JIUTOJOTHMYECKOTO
cocTaBa MOPOJ], TEKTOHHUKH, YCJIOBHH BOJOOOMEHa M MHOTHX
IpyTux (haKTOPOB T'€OJOTHYECKOT0, TEKTOHHYECKOTO, KIIH-
MaTH4YeCcKoro U Mopgosoruueckoro xapakrepa. Hammume
Pa3HOIUIAHOBOM TEKTOHMKHM Pa3jIMYHOM MPOTSKEHHOCTU H
TTyOMHBI 3JI0KEHUSI CO3/1a0T OJIaroNpHUATHBIE YCIOBHS IS
pa3BUTHsI TPEIMHHBIX BOJ Ha rayouny no 120-130 m, korto-
pYIO ciedyeT NMpHHATH 3a TpaHuIly Hanboyiee 0OBOJHEHHOU
yacTu paspe3a. B yCnoBUSX aHM30TPONHOHM BOJOBMELIAO-
el cpeabl OCHOBHBIMU KOJUIEKTOPAaMH U KaHaJIaMU JBHXKe-
HUS MIOA3EMHBIX BOJI SIBIISIOTCS IMHEWHBIE 30HBI Pa3JIOMOB.

DopMUPOBAHUE TUAPOTEOJIOTHYECKUX YCJIOBHUI ydacTKa
MectopoxaeHus Hypkasran BocTouHbll MPOHCXOOUT NOA
BIIMSTHUEM MHOT000pa3HbIX (pakTOpPOB, OCHOBHBIMH M3 KOTO-
PBIX SIBJIIOTCS T€0JIOTO-CTPYKTYPHOE CTPOEHHUE TEPPUTOPUH,
KJIMMart, penbed, Hannune MOBEPXHOCTHHIX Bog H np. Ilpu-
YPOUEHHOCTb MECTOPOXKIACHUS K Y31y COWIEHEHUSI KPYIHBIX
KaJEeJOHCKHUX CTPYKTYp ONpenenseT pa3HooOpasue JIUTOIO-
THYECKUX Pa3HOCTEH BOIOBMEIIAIONINX MOPOJ, 3HAYUTEIh-
HYI0O TEeKTOHHYECKYI0 HArpy3Ky Ha TEPPUTOPHIO C COOTBET-
CTBYIOIIEH TPEUIMHOBATOCTBIO U Pa3IpOOIEHHOCTBIO NOPOJ,
HOCSIIUN YETKO BBIPAKEHHBIA aHU3OTPOIHBIN XapakTep U
XapaKkTepu3yIoleics: KpaliHe HepaBHOMEPHOW OOBOJIHEHHO-
CTBIO TTOPOJ B IJIaHE U pa3pese.

B nenoM, pailoH MOXHO paccMaTpUBaTh KaK KPYIHBIN
MacCUB TPELIMHHBIX BOJ, Ha ()OHE KOTOPOTO BBIACISIOTCS
OTZEJbHBIE OacCeiHbl TPEIIMHHO-KAPCTOBBIX (KapOOHATHbIE
MYJIBJBI) BOJA. [ 'MApOTeoIOrnvecKiii MaccuB, TakuM oOpa-
30M, 00pa3oBaH pa3lMYHBIMH B3aUMOCBSI3aHHBIMH BOJIOHOC-
HBIMU KOMIIJIEKCAMU OCaJOYHBIX, BYJIKAHOTEHHBIX U Marma-
THYECKHX TTOPOJ, XapaKTep U CTENEHb OOBOIHEHHOCTH KOTO-
PBIX ompenenaTes uX (GU3NIECKUM COCTOSHHEM U CTPYKTYyp-
HO-MOP(}OIOTHIECKUM MOIO0KEHUEM.
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B ycnoBmsax pa3BUTHS TPEIIMHHBIX BOJ ITOA3EMHBIC BOIBI
HOCAT, B OCHOBHOM, TPYHTOBBIH WM cI1aO0OHATIOPHBII Xapak-
TEp ¢ TIAyOHWHOW 3ajeraHus B 3aBUCHUMOCTH OT peibeda OT
1.6 no 30.3 M. B ocHoBHOM, 110 TiyOuubl 50-60 M moazem-
HBIC BOJIBI MPH OTCYTCTBHH C MOBEPXHOCTH BOJOYIOPHBIX
TJIMH HOCSIT O€3HAMIOPHBIN XapaKTep.

HecmoTps Ha JOBOJIBHO ONArompusiTHBIC ycioBHs (Hop-
MHUpPOBAHUSI CCTCCTBCHHBIX 3aMacoB TOA3EMHBIX BOJ B 30HE
9K30T€HHOU TPEIIMHOBATOCTH, OOBOJHEHHOCTh 30HEI HEPAaB-
HOMEpHas W YBS3BIBACTCS, B TMEPBYIO OYepenb, C IIOJHON
PacKpBITOCTBIO TPEIIMH. B yCIIOBUSIX MHTEHCUBHOM, HO 3a-
TTOTHEHHOW BTOPHYHBIMH TPOJYKTAMH BBIBETPUBAHHS Tpe-
[IIMHOBATOCTH, JEOWTHI CKBAXHH PeIKo mpeBbrmaioT 0.51/c
IpY MOHWXEeHUH ypoBHs 10 30-47 m. Ilpu Hanmuuuu xopouro
OTKPBITBIX U MPOMBITHIX TPEUIHMH JCOUTHI CKBAXHH COCTaB-
sstrot 1-4 11/c npu noHnxeHuu ypoBHs ot 1.1 o 25.4 m.

MuHepanu3aiys 1 XAMHYCCKHA COCTaB TPEUIHHHBIX BOJ
JIOBOJILHO YETKO YBSI3BIBAETCS C TUJPOJUHAMHUECKON CXEeMOM
(hopMHpOBaHUS TOJ3EMHBIX BOJ, XapaKTePHU3ys MECTHBIC
o0JlacTH TUTAaHUS W TPaH3UTa B MPUIIOBEPXHOCTHOHN 30HE
(~100 m). B nenoM, ByJIKAaHOTEHHAsT TOJIIA OTHOCHUTCS K XO-
porro mpombITOH. OTMe4YeHa BEpTHUKANbHAS 30HAJIBHOCTH,
TIPOSIBIIAIOIIASCS B YBEIMUYCHUN MUHEPAIH3AIUH C TITYOHHOM.
Jyis y9acTKOB, SIBISIOIIUXCS MECTHBIMHA OOJACTSMHU MMATAHUS,
XapaKTepHBI CYIb()aTHO-THAPOKAPOOHATHBIC WM THIPOKAp-
OoHaTHO-Cy/Ib(aTHBIE BOALI C MUHepanmsauuei mo 1 r/mve.
IIpu ynanmenuu OT oONacTel MUTAHWS MUHEPAIHM3AIHs IO
3eMHBIX BoJ Hosbimaercs 10 1.3-1.5 r/mv®. Tlo xumugeckomy
COCTaBy 3TO NPEHMYIIECTBCHHO XJIOPUIHO-CYIIb(pATHBIC BO-
JIbl, U3 KATUOHOB MPE00Iaa0T HATPUI U KaJIHH.

B nenom, neranbHO ydacTok MectopoxkaeHuss Hypkasran
BocTouHbI, B THAPOTEOIOTHYECKOM IUIaHe, W3YYEH N0 TIIy-
6unsr 100 M.

2. MeToabl 1 MaTepHaJbl

Ha texyumii MoMeHT Ha yyacTke MecTopoxkaeHus Hyp-
Ka3raH BoCTOYHBIN, B CBSI3U C ITOATOTOBKOM JAHHOTO OOBEK-
Ta K OTpabOTKe MOJI3EMHBIM CIIOCOOOM, OBLI OCYILECTBICH
KOMIUIEKC THJIPOTEOJOTHYECKHX HCCIIEOBAHUMH, KOTOPBIH
3aKJIIOYalicsl B TPOBEACHHHM WHTEPBAIBHBIX OKCIpecc-
onpoboBanuil. [laHHbIe HccienoBaHUsA OBUIM NMPOBEJICHHI B
IIECTH HAKJIOHHBIX CKBaKMHaX IiyOuHoil 1o 1500 M u qua-
MeTpom 96.1 mm (HQ). Dkcnpecc-onpoboBaHus MPOU3BOIH-
JMCh C WCIOJB30BaHUEM CHEMHOTO TIaKepa, KOTOPHIH MpH-
MEHSIICS UTSI U30JIAUH TpeOyeMoro HHTepBaa.

YcTaHOBKA Makepa OCYIIECTBIBLIIACH IO Mepe OypeHus u
TIPH TOCTHKCHUHU 32005 TpeOyeMoi TiryOnHBI IPON3BOIMICS
morbeM OypOBOTO MHCTPYMEHTA HA HEOOXOANMYIO OTMETKY,
MOCJI€ Yero BBITONHAJICS KOMIUIEKC MEPONPHUSATHHA IO yCTa-
HOBKE MMake€pa U MPOBCIACHUS OINBITHBIX THAPOTCOJIOrNYCCKUX
pabot. Komiiekc skcmpecc-onpoOOBaHUN COCTOST U3 He-
CKOJIbKUX (pa3:

1. ®aza mormomenus (slug test);

2. ®aza HarHeTaHWs C IOCTOSHHBIM 1e0UTOM;

3. daza BOCCTAaHOBIICHHSI.

[Ipu BEBIIEIEHWH WHTEPBAJOB HKCHPECC-OMPOOOBAHUS
oco0oe BHUMaHHE YAEIAI0Ch 30HaM HWHTEHCHBHOTO Jpoduie-
HUS, yYacTKaM TEKTOHWYECKHX HapyIICHUH, KOHTaKTaM
JIUTOJIOTUIECKAX PAa3HOCTEH, CIAraroliuX MAacCHB TOPHBIX
HIOPOJI UCCIIEAYEMOTO yyacTKa, a TAaK)Ke PyIHBIM y4acTKaMm, K
KOTOPBIM TIPUYPOYCHBI TPOEKTHBIE TOpPHBIE BHIPAOOTKH.
[lepBoHaUaNbHO TPaHUIIBI HCCIETYEMBIX HMHTEPBAJIOB OBLIH
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OTIPEZICTICHBI 110 MMEIOIUMCSI JaHHBIM PaHee NMPOBEICHHBIX
pabot, B TOM 4YHCIIe U I'e0JIOTHYECKHX pa3pe3oB. B moneBbIx
)K€ YCIOBHUSIX 3TH T'PaHMIBI OBUTM YTOYHEHBI 1O (haKTHie-
CKUM JaHHBIM TIOMYYEeHHBIX 00pa3noB kepHa. Hikame oT-
METKH ONpoOyeMBIX WHTEPBAJIOB IPEIBAPUTEIBHO ObLTH
yKa3aHbl B T€0JIOrO-TEXHUYECKOM Hapsiie CKBaXXKMHBI, B CBs-
3M C 4YeM IepCOHaJ, MPOU3BOISIINK ONMMCAaHUE O0Opas3lIoB
KEpHa, MOT OIEPaTHBHO OCTAHOBUTH OypoBbIE pabOTHI MpH
BBISIBICHUM MPU3HAKOB JIOCTHUKEHUS TPAHUIIBI HHTEPBAJIA.

Crenyer OTMETHTbh, YTO T'€0JIOTHIECKOE CTPOECHHUE HCCIIe-
JyeMOTo yd4acTKa XapaKTepu3yeTcs HaJIW4YueM OOIIMPHOI
30HBI APOOJICHUS TOPHBIX MOPOJ], KOTOPas MPOCICKUBACTCS B
uHTepBasniax riyomH or 100 mo 300 M, ¢umbTpanMoOHHBIE
CBOWCTBa KOTOPOI He OBLTH U3yYeHBI HA JaHHBIA MOMCEHT. B
TOXX€ BpeMs IPOEKTHBIE TOpHbIE BBIPAOOTKH HAXOIATCA
THIICOMETPUYECKH HUKE ITON 30HBI M HE HCKIIOYEHa BO3-
MOXHOCTb HPSIMOH THAPABIMYECKON CBSI3H MEXIYy IT0/3eM-
HBIMH BOJIaMHU 30HBI JIPOOJICHUS M MPOEKTHBIMH TOPHBIMU
BBIpaOOTKaMHM, C Y4ETOM MAE3MHTETPAallud MacCHBa TOPHBIX
nopox mpu (pakTHUecKoil NPOXOoAKe M OTPabOTKH PYAHBIX
610k0B. PynoBmemaroniyie TOpHbIE HOPOJBI ITPEACTABIICHBI
TPaHOIHOPUT-TIOp(HpPaMU U KBapIIEBBIMU THOPHTAMH.

Taxoke npH IIAHUPOBAHUHU BBIIICONUCAHHOTO KOMILIEKCA
paboT cienyeT y4YuThIBaTh HECKOJIBKO Ba)KHBIX (PaKTOpOB,
KOTOpPBIE MOTYT TOBIHATH HAa (PMHAIBHBIN Pe3yIbTaT MPOBO-
JUMBIX JKCIPECC-TECTOB, B TOM UYHUCJIE U BO3MOXKHOCTb UX
BbINoNHEHNs. [lepBbiid QakTop, BIUAONMH Ha KadeCTBEH-
HYIO M30JIIHMI0 HAaTyBHBIM JIEMEHTOM TpPeOyeMOro HHTEp-
BaJla, SBISICTCS BEPTHKAIBHBIM Yrojl HakJIoHa OypHMOMH
CKBa)XXMHBI, TaK KaK B Cllydae, eciid OH OyneT Hmke 64-66°,
YCTaHOBKa MaKepa MOXET HEe O0eclednTh KaueCTBEHHYIO
M30JBIIMIO U HA KOHEUHBIH pe3yIbTaT MOXKET MOBIUATH MPHU-
TOK MOJ3EMHBIX BOJ M3 BBIIIENEKALUINI BOJOBMEMIAIONIIUX
TIOPOI.

CrnenyromuM (GakTopoM, SBISETCS yCTAaHOBJICHHOE IaB-
JIHHEe OTKPBITHS HU)KHETO KJallaHa, KOTOPOe MOKET BapbH-
pOBaThCS B 3aBHCUMOCTH OT €r0 KOHCTPYKLHU U B HEKOTO-
PBIX CITydastXx OTKPBITHE MOKET HE MMPOU30HTH U3-3a BEICOKO-
rO TUAPOCTaTHYECKOTO NaBIICHUS, OO K €ro mpexaeBpe-
MEHHOMY CpabaThIBaHUIO Ha OOJBIINX ITyOHHAX.

HemanoBakHBIM ITapaMeTpoM sIBIIsETCA M paboune mapa-
METPBl HaJyBHOTO AJIEMEHTA MaKepHOTro 00OpYIOBaHUS, TaK
KaK yCTaHOBKa Makepa Ha OOJIBIINX IIIyOMHAX MOXKET IpHBe-
CTH K aBapHHHBIM CHUTYalUsIM M HOp4e 000pyIOBaHHS INPH
pa3pbIBe HaTyBHOTO HJICMEHTA.

B nanHOM ciyuyae BepTUKaJIBHBIM YroJl HakJIOHa BCEX
CKBaKMH ObII He Hipke 70° 4To obecneynsio KauyecTBEHHYIO
M30JIIIMI0 MHTEPBAJIOB, a CAMO IMTaKepHOe 000pyZOBaHUE HE
yCTaHaBJIMBAJIOCH HIKE Ti1yOuHbl 900 M.

V3meHeHns HamopoB BOJABI B CKBRXXWHE IPH yCTaHOBKE
raKepa ¥ TPOBEICHHH HKcrecc-orpoOoBaHus (PuKCHpoBa-
JUCh C TIOMOIIBIO ABTOHOMHOTO JaT4YMKa PEeTUCTpaIuu
YPOBHSI TOJ3EMHBIX BOJ, KOTOPBIH pacroiaraicsi B CIeIH-
IBHOM Haca/ke B HIDKHEH 4acTH Makepa, TO ecTh Mo (akTy
B H30JIMPYEMOM HUHTepBajle. BpeMEeHHON WHTEpBan peru-
CTpaIM U3MEHEHHs HAalopoB OBLIT BEICTABIICH B pa3Mepe 2-X
CEeKyH]l, YTO TO3BOJIJIO C OOJIBIIONW TOYHOCTBIO OTCIICHKH-
BaThb BPEMs OTKPBITHSA HIKHErO KiamaHa (MOMEHT Hadaya
mepBoil (assl), a TaKKe KaueCTBO YCTAHOBKU TaKepa W H30-
JSIIMY TpeOyeMoro NHTepBasla Ha/lyBHBIM 3JIEMEHTOM.
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3. Pe3yabTaThl U 00Cy:KAEHHE

®aiin, copepkaliuil pe3ynbTaTbl U3MEPEHHUHl, B TakoM
cilydae MOXKET coCTosTh u3 Oosiee weM 100000 3ammceii npu
JUIUTENBHON MPOAOIKUTEIBHOCTH JKCIIPECC-TECTa, YTO MO-
JKET 3aTpymHUTh 00pabOTKy pe3yJbTaToB NpPU TIOMOIIH
CTaHJAPTHOIO IporpaMMHOro obecreuenus Excel. B cssu ¢
4yeM, B JaHHOM CITydae Takke ObLT MCIOIb30BaH A3BIK IPO-
rpammupoBanus Python. O6paGoTka pe3ynbTaToB MPOU3BO-
JUJIach C TMIOMOINb CKPUITOB HAIWMCAHHBIX HA JTAHHOM SI3BIKE
NpOrpaMMHUpPOBaHUsl ISl Kaxkaod u3 a3  sKcrpecc-
TECTUPOBAHMUsI, C UCIIOJIH30BAaHUEM CTaHIAPTHBIX OMOINOTEK
u 6ubmuorek Pandas u NUMpy, 4To 3HAYUTENBHO COKPATHIO
BpeMsi 00pabOTKH J0CTaTOYHO OOJBIIMX 00BEMOB JAHHBIX,
ABTOMATH3MPOBAB JIAHHYIO POLIEAYPY.

IlepBonauansro, ¢aitn (B dopmarte .CSV) comepkariuii
pe3yIbTaTHl H3MEPEHHH 3arpyskancs B gatappeim (CTpyKTy-
pa naHHbIX OuOmuoteku Pandas), uHAEKCOM KOTOPOro
Ha3HAYaJIOCh BpPEMsI PETUCTPALMM 3HAUYEHWH Hamopa IOj-
3eMHBIX BOJ, I1OCJIE YeTO MCXOAHBIN natadpeiiM pasdusaics
10 KOJIMYECTBY BBINOJIHEHHBIX (Pa3 MO KIIOYEBBIM TOYKAM.
Beruncnenne ko3 uIreHToB GHUIBTPanN NPOU3BOIIIOCH
C y4€TOM HeO6XOI[I/IMI)IX 3HAYCHUU napaMeTpoOB BbIMOJHCH-
HBIX TCCTOB, TAKHUX KakK I‘J'Iy6I/IHa YCTaHOBKHM aBTOHOMHOTI'O
JaTuyuKa, pe3yjJabTaTbl WHKIMHOMCETPUHM CTBOJIAa CKBa>XHHBI,
MOIIHOCTh UCCJIEAyeMOTo UHTEpBaJla, CTATHYECKUI yPOBEHb
MOJI3EMHBIX BOJ|, HAPYXKHBI U BHYTPEHHUM JUaMETp CKBa-
JKUHBI, 1eOUT HanmBa. TakuM oOpazoM, oOpabOTKa BBITION-
HEHHBIX HKCIIPECC-TECTOB CBOAMIACH K U3MEHEHUIO B KOIINHU
cKpunTa UMeHHn ¢aiina, colepxkallero pe3ysbTaThl n3Mepe-
HUH ¥ peJaKTHPOBAHUIO HAYaIbHBIH [TapaMeTpPOB.

B pesynprare ObUTIO MONydYeHO pacmpenesieHue Kodhdu-
LMEHTOB (HIBTPALIUM 110 KaXKIOW CKBaXKMHE, MPUUEM TaHHOE
pacnpezienieHie TOCTaTOYHO YETKO KOPPENHpYeT ¢ TiIyOHHOM
3ajleraHysi BOAOBMEIAIONINX MTOPOJI, TO €CTh HanOoJiee BBICO-
Kue KO3(hGHUIMEHTH (QIIBTPALUM TPHYPOUCHBI K BEpXHEH
30HE MHTCHCHBHOI TPEIIMHOBATOCTH M 30HE JPOOJICHHS, a 110
MEPE  YBCIMYCHUA FHy6I/IHBI HCCJIICAOBAHHBIX HWHTCPBAJIOB
3HaYeHHE KOA((GUIMEHTOB (DUIBTPAIIMA CHIXKAETCS W TIOCIe
ormerkn 800 M, IBIDKEHHE NOJ3EMHBIX BOJ| IMPAKTHYECKH
OTCYTCTBYET I10 BCEM OIPOOOBAHHBIM CKBa)KHHAM.

Crnenyer OTMETHTH, YTO B JajbHEHIIEM IO JaHHOMY
y4acTKy IUIAHHUPYETCSI TOCTPOCHHE TIeo(IIbTPAlNOHHON
MOJIETIH U ONPENENICHHUs MPOTHO3HBIX OOBEMOB JIPEHAX-
HBIX BOJ, KOTOpasl HpEANoiaraeT Haludue IOCTATOYHO BBI-
COKOM JleTann3aluy KOHEYHO-Pa3HOCTHOH CETKH, B CBSI3H C
HIMPOKO Pa3BUTON CHCTEMOI TOPHBIX BBIPAOOTOK M OOJIBIIO-
TO YuCcia pyAHBIX TOpu30HTOB. [Ipn 3TOM Oyner onpeneneHo,
YTO MPOEKTHBIE TOPHBIC BHIPAOOTKM 33Jal0TCSl C MOMOIIBLIO
naketa Drain nporpammuoro kommiekca Modflow, kotopsie
Oy/lyT BKJIIOYATBCS IOCIIEAO0BATENBHO, COIJIACHO IUIaHy OT-
pabotku pynHEKa. COOTBETCTBEHHO, Ha JaHHOM JTarle,
HEOOXOMMO MONYYUTh pacmpeneneHne (GUIbTPAHOHHBIX
CBOHMCTB TOPHBIX TIOPOJ] BCEro OJIOKA MECTOPOXKIACHUS LIS
MOTy4eHHs 00Jiee TOYHOTO MPOTHO3a.

Bornbras niomans TOPHBIX BEIPAOOTOK, AaXke MPH HU3KHX
3HAYCHUSIX KO3((UIMECHTOB (QWIBTPALKA TOPHBIX IOPOJ,
CYIIECTBEHHO BIIMSAET HA CYMMAapHBIH 00beM JIpPEHaKHBIX BOJ,
" IPpHU HE3HAYUTCJIBHOM HUX HU3MCHCHHHU 3TOT 00BEM MOKET
BapbUPOBAThCs B LIMPOKMX Ipeaenax. Ho Tak kak, B JaHHOM
cllyyae HMMEIOTCS Pe3yJbTaThl 3HAUYCHHH KOI(PQHUIIHCHTOB
(bl/IJ'H)TpaL[I/II/I TOJIBKO II0 IICCTH CKBA>XMWHAM, BKJIIIOYCHHC B
reo(pUIBTPAMUOHHYIO MOJICTh HX YCPCTHEHHBIX 3HAYCHHUI
MOXET NPUBECTH K 3HAUYUTEIILHOMY HECOOTBETCTBUIO (DAKTH-
YECKHX BOJONPUTOKOB B TOPHBIE BHIPAOOTKH C TIPOTHO3HBIMH.
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C 1eJpl0 BBIYHMCIICHHS pacnpeesieHns: Kod(pPHUIUEHTOB
¢uIbTpanMKM MO0 BCEMy MOJEIUpPyeMOMY OJIOKy ObUIM pac-
CMOTPEHBI T€O0CTATHCTHYECKHE METO/Ibl HHTEPIONSAILIH (IKC-
TPAMOJISLINN) TEOJIOTHYECKHUX MTPU3HAKOB, TAKHE KaK IIPOCTOM
KPHUTHHT U CTOXaCTHYECKUE METO/IBL.

AnropuT™ monydeHHs (PHHATBHBIX PE3YJIbTATOB BBHITJIA-
JIAT CIIEIYIONINM 00pa3oM:

1. IToaroToBKa HCXOMHBIX JAHHBIX,

2. 3arpy3Kka JAaHHbBIX B pabouyto cpexy JupyterLab;

3. OmnpeneneHue paBHBIX HHTSPBAJIOB 10 CKBaYKHHAM;

4. HTepnosuust METOIOM IPOCTOT0 KPUTHHTa;

5. MHTEpnONAnusa CTOXaCTHYECKUMH METOIAMU;

6. Busyanuszauus 1 5KCIopT HOIyYEHHBIX PE3YJIbTATOB.

ITepBrIii dTan npearnonaracT cocTaBieHne 0a3bl JaHHBIX,
coJieprKallledl Kak IapaMeTpbl CKBaXKHMH, B KOTOPBIX IpOBe-
JICHBI MICCJICAOBAHUS, TaK M BBIYHMCICHHbIE 3HAYCHUS KO3(D-
¢unnentoB ¢unbTpanuu. CorjgacHo OOLICTIPHUHATONH Npak-
THKE, HNCXOJHbIC NaHHBIC IPENOCTABISAIOTCS B BuAe 0a3bl
JaHHBIX, COCTOSILIEH U3 TPEX TaOJHIL:

1. collar — koopaUHATHI YCThS CKBaXKHMH M UX IIIyOUHA;

2. survey pe3ysbTaThl MHKIMHOMETPUHM CKBa)KHH
(HampaBieHUE CTBOJIA CKBAKUHBI);

3. assay — TabiHIa reoIOTHIECKOro MpH3HaKa (B Hallem
cirydae 370 K03 UuneHT GpuiabTpanyn).

@dakTHueCcKHe KOOPAUHATHI MOJIOKEHHS YCThS CKBAYKHHBI
OIIPEIEIIAIOTCS] MPU TOMOIIM TOHOrpadguyecKkoll CheMKH |
JOJDKHBI COZIEPKaTh TAKKE U BBICOTHYIO OTMETKY.

s BBINOJIHEHMS BTOPOTO JTarna Ha paboueil craHuuu
JoJbKHA OBITH TIpEMyCTaHOBICHa pabodast cpena JupyterLab,
co BceMH HeoOxomuMbiMu Oubmuotrekamu: Pandas, Numpy,
Matplotlib, PyGSLIB, Geone. YcranoBky gaHHOro Hadopa
NporpamMM JIy4llle MPOM3BECTH C IOMOINBIO JUCTPUOYTHBA
Anaconda, npeHa3HaYSHHOTO ISl YIPOILECHHUS YCTAHOBKU H
yIpaBlieHUs] OMOMMOTEKaMH W HWHCTpyMeHTamu. Anaconda
BKJIIOYAeT B ce0s He TONbKO MHTepmperatop Python Ho n
MHOXECTBO MPEIyCTAaHOBICHHBIX Oubamorek. Anaconda
TaKKe TIPEIOCTABISIET COOCTBEHHBIH MEHEKEp IaKeTOB
conda, KOTOPBIA YINPOIIAET yNpaBJICHHE 3aBUCUMOCTSIMU M
O0OHOBIICHUSAMHU OMOIHOTEK B pabodeM OoKkpykeHHH. OH Tak-
K€ TIO3BOJISIET CO31aBaTh BUPTYAJIbHBIC OKPYXEHHsS ISt
M30JISIIMH TTPOEKTOB U MX 3aBUCHMOCTEH.

B nanbHeiimeM, Bce omnepanyy NpOHU3BEIEHBI B paboueit
cpene JupyterLab ¢ ucmonbs3oBaHMEM s3bIKa IPOrPAMMHPO-
Banust Python 3.8, koTopas mpemocTtaBiseT ynoOHbIH HHTEP-
(eiic 1 THOKyIO cpexy I pabOTHI C KOIOM, aHAIN3a JaH-
HBIX W BH3yallM3allMM pe3ysbTaroM. Ha paHHBIN MOMEHT -
3TO Hamboyee pPacIpOCTpPaHEHHBIN WHCTPYMEHT B OOJIACTH
Hay4YHBIX HCCIIeIOBaHMH. 3arpy3Ka MCXOIHBIX JaHHBIX OCY-
MIECTBIIICTCS C WCIONB30BaHueM OuOmHoTekd Pandas mpwu
TIOMOIIY COOTBETCTBYIOIIEH (DYHKIMU YTEHHUS! NaHHBIX, NMPH
9TOM KaXkzaasi Tabauia 6a3bl JaHHBIX 3arpy’KaeTcs B OTAEINb-
HBIN naTadpeiim.

Crnenyromuii 3Tanm HEOOXOAWM JJisi IMOATOTOBKH HCXOJ-
HBIX J@HHBIX C II€JbI0 ONpPEIETICHUs] BXOAHBIX MapaMeTpoB
METOJIOB HMHTEPHONAIMN Oubmmoreku (Geone, TakuxX Kak
BapuorpamMma, (pyHKIMH KOBapualMk W MacCHUBa TOYEK C
BBIYUCIICHHBIMH 3HAYCHUAMH KO3 OUITHEHTOB (QHIBTPALINH.

Tak Kak Bce MOIIHOCTH ONPOOYEMBIX TOPHBIX ITOPO/] pas-
JIMYHBI, HEOOXOJANMO BBIJICITUTh WHTEPBAJIbl PAaBHOM JUIHMHBI,
10 KOTOPBIM OIIPEACIIAIOTCS KOOPIUHATHI HX CPEIHEH TOUKH,
a 3HavyeHue kodduimenra GUIbTPaUU HA3HAYACTCS TAKUM
e, KaKMM OH OBLIT OTIpeZIeTIeH B JaHHOW MOIITHOCTH.



P. Shirokiy et al. (2024). Engineering Journal of Satbayev University, 146(1), 23-29

JUts 3THX 1eneil MCIoIb30BaNINCh METOABI OMOIMOTEKH
PyGSLIB, xoropasi mo3BoJISIeT BBIOJIHUTE JAHHYIO TPOLE-
JIypy IO UMEIOIINMCS UCXOIHBIM JIaHHBIM, B Ka4eCTBE KOTO-
phIx BeIcTymaroT garadpeiimer collar, survey u assay. dnuna
uHTEepBaNa BbIOpaHa paBHOW 10 M. B pesynbrare mnomyden
Ha0Op JaHHBIX, COJEPIKAIIUKA BCIO HEOOXOIUMYIO0 MH(pOpMa-
LU0 JUISl TIOCIIe Ty oIel 00pabOTKH METOlaMU I'e0CTAaTHCTKH,
KOTOpasi COCTOUT U3 CTOJIOLIOB C KOOPJMHATAMH IIEHTPAIBHBIX
TOYEK ¥ 3HAYCHUSMHU B HUX KOOPPHUIIMEHTOB (QHITLTPAITUH.

Jns MonmenmpoBaHUS MPOCTPAHCTBEHHOM KOPPENSLMU B
TEOCTAaTHCTHKE HCIOJIB3YeTCsl BapHorpaMMa, KOTopasi SBIISIET-
Cs1 BOKHBIM MHCTPYMEHTOM [UISl aHAJM3a MPOCTPAHCTBEHHON
M3MEHYMBOCTH W KOPPEJSIHN B JTAHHBIX O T'€OJIOTMIECKUX
ABJCHUAX. Bapworpamma mpeacTaBisieT coOoil (yHKIHIO,
H3MEPSIONIYIO MOTyBapUalio (OJIOBUHY JTUCHIEPCUH) MEXKIY
3HAYECHUSIMU B Pa3HBIX MECTAaX B 3aBHUCHMOCTU OT PacCTOSHHUS
MeXIy 3TUMH MectaMH. OHa M03BOJISIET OLEHUTH, HACKOJIBKO
CXOXHU WM Pa3IM4YHbl 3HAYEHHSI B TOUKAX IPOCTPAHCTBA, a B
JIAHHOM Clly4ae B MoJiespyeMoM Ooke. C 1elnsio onpeene-
HUSl BapHOTPAMMBI HCCIIEIYEeMOr0 y4dacTka OBUTH TpUMEHe-
HBI METOZBI OMOIHOTEKH SCipYy-geostat ¢ wmcmonb3oBaHHEM
AMEIOIINXCS Pe3yIbTaTOB (PUCYHOK 1).
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Pucynox 1. Bapuocpamma kodIppuyuenma punvmpayuu
yuacmka Hypkazean Bocmounutii

JanpHedmuii aHaIu3 JaHHBIX MOKa3ajl, 4TO pacrpesere-
Hue kodddunmenta GuIbTpa UMEeT HEKOTOPOIO aHU30-
TPONHIO, TO €CTh B TOPHU3OHTAIEHOM HAIPABICHUH €r0 H3-
MEHYHMBOCTh HECKOJIBKO HI)KE, YeM B BEPTHKAJIBFHOM, COOT-
BETCTBCHHO ()YHKIUS KOBapHAIMH U Pa3IMIHBIX HAIpaB-
JICHWH, BBITILIUT CIIETYIOINM 00pa3oM (PHUCYHOK 2).

AHM30TpONHS B T€0CTATUCTHKE OTHOCHUTCS K TOW CHTYya-
MU, KOTJa XapaKTePUCTUKU MPOCTPAHCTBCHHOW H3MCHYU-
BOCTH T€OJIOTHYECKOTO MpPU3HAKa 3aBHCAT OT HAlpaBJICHUSI.
NupiMu CJIOBaMH, HU3MCEHYMUBOCTHL OJOTOTO0 IPU3HAKA MOKET
pasanyaThbCsl B Pa3IMYHBIX HAMpaBJIEHUSIX M IIOCIE OIpene-
JeHusl QYHKIMK KOBapualMd MOXHO HCIIOJIb30BAaTh METOJ]
KpUTHHTA WU JpYyTHe METOIBl HHTEPIIONIUN C YIeTOM
AQHM30TPOIHH JJIs MpelCKa3aHNi 3HAYeHWIH B HEM3BECTHBIX
ydacTKaxX MOZIEIHPYEMOTo OJIOKa ¢ YIeTOM M3MEHUYMBOCTH B
pa3IMYHBIX HampaBleHHUAX. JlaHHas (YHKIOUS paccUWTaHa C
nomoimpro  Meromna covModel.covModel3D  6ubnuorexu
Geone. Ha panHOM »JTame WMeEETCSl BeCh HEOOXOIUMBIN
HA0Op JMaHHBIX JJIS pacuera pacrhpeaeicHus koddduineHta
¢bunbTpanMK Ha BeCh MOJIEIBbHBIA OJOK, METOAOM MPOCTOTO
kpuruara. Meton mpocroro kpuruara (Simple Kriging) —
9TO OJJUH M3 METOAOB HMHTEPIIOJIALINU B T€OCTAaTUCTUKE, UC-
MOJIb3YEMbIN JJIs1 MpEACKa3aHWd 3HAaYE€HUW B HEU3BECTHBIX
ydacTKaxX MOJETHPYEMOro OJI0OKa Ha OCHOBE HaOJIOIaeMBIX
JAHHBIX B M3BECTHBIX TOYKAX MPOCTPAHCTBA.

26

le=5
—— alang x'
—— along y**
—— along 2™

covih)

0.6

0.4 4

0.24

200 500 800

Pucynok 2. @ynkyua xosapuayuu

TIpoCTOl KPHUIHMHI YYUTHIBAET HMPOCTPAHCTBEHHYIO KOP-
PEJANMIO JaHHBIX M CTPEMHUTCS TPEIOCTABUTH HAMIyUIIIEe
JIMHENHOE HECMEIIEHHOE 3HAYEHHE B KaXKJION TOYKE HHTEP-
nostnmi. C oT0M nenpto ucnosib3oBad Merton grf.krige3D
6ubmuoreku Geone (pucyHok 3). JlaHHbIH MeTOA JAET €HH-
CTBEHHOE PEIICHHE TPH 3aIaHHBIX TapaMeTpax W B JaibHEH-
nreM Oy/IET MCIONIB30BAaTHC KaK OMOPHEBIA BAapHaHT IPH pe-
NICHAW TIPOTHO3HOM 3aa4i MOJECIMPOBAHHs TIOTOKA MOI3EM-
HBIX BOJI.

Kriging standard deviation

Kriging estimates

0.00

Pucynok 3. Pesynomamol Memooa «Kpuzunz»

B reocraTHCTHKE CTOXaCTHYECKHE METOJBI HCIIOIb3YIOT-
csl Uil MOJENUPOBAHUS HEOINPEAEIEHHOCTH B IPOCTpaH-
CTBEHHBIX JaHHBIX, a TAKOKe U TeHEpaluM albTepPHATHB-
HBIX peayn3aluii Te0JOrHYeCKUX WIH THIPOTe0JOTHYECKHX
Mozeneil. DTH MeTOABl YYUTHIBAIOT CIy4alWHOCTb W H3MEH-
YHBOCTh B JAHHBIX, YTO MO3BOJISIET YYECTh Pa3JIMYHBIE BO3-
MOXHBIE BAPHAHTHI CTPYKTYPHI FOPHBIX mopox. CymiecTByer
HECKOJIBKO CTOXaCTHYECKUX METOAOB, IIMPOKO MCIIOJIb3Yye-
MBIX B I€OCTATHCTHKE.

Meroa MHOTOKpPaTHOTO KPHTMHra II03BOJISIET MOJEIUPO-
BaTh MPOCTPAHCTBEHHYIO CTPYKTYpPY IAaHHBIX C HCIOJIb30Ba-
HHEM MH(pOPMALUK U3 ONpeJeeHHbIX Touek. OH OCHOBaH Ha
YCIIOBHOW CHMYJISIIMH M MOYKET OBITh MPUMEHEH T MOJCIH-
POBaHUsI CIOXHBIX W HEPETYJIPHBIX pPacIpesIeNIeHUuI TeoJIo-
TMYECKOTO TpHU3HAKA, KOTOPhIE MOTYT OBITh CJOXHBI IS
NPECTABIICHNS C HCIIOIb30BAHUEM TPAAULIMOHHBIX METOJIOB.
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MozenupoBaHuE T'ayCCOBCKUMH CIy9YalHBIMH (DyHKIHS-
MU — TIPENCTABIIOT c000¥ HabOp CIyJalHBIX IMEpEeMEHHBIX,
YIOPSI0YCHHBIX B COOTBETCTBUH C TeorpadMueckKuMHu KOop-
quHatamMy. OHU IIMPOKO HUCIOJB3YIOTCSI B T€OCTATUCTHKE
JUI. MOJIEJIUPOBAHMS CTPYKTYpPBl HMPOCTPAHCTBEHHOH 3aBH-
CHUMOCTH JIaHHBIX. CHUMyJISIIMS HA OCHOBE OOBEKTOB — ATOT
METOJ1 B ce0s1 MOJICIMPOBAaHHE T'€0JIOTMYECKUX 0OBEKTOB MU
o0pa3oBaHMii, a 3aTeM T'CHEPALMIO PeaIn3aluii reosoruye-
ckux Mozenel. CuMymanus 00bEKTOB MOXKET OBITh WCIIOJb-
30BaHa JJISI Y4€Ta CIOXKHBIX I'€OJIOTHYECKUX CTPYKTYp M HX
B3aUMOJEUCTBHA.

Meronbl MapKOBCKHX CIy4alHBIX HOJEH — IIMPOKO HC-
MOJB3YIOTCA AT MOJEIHPOBAHMS HEONPEICICHHOCTEH B
TEOCTATUCTHKE. DTH METOJbl YUHUTHIBAIOT BIIMSIHHE OJm3Iie-
JKAIMX TOYEK Ha JIPyTHe TOUKHU, YTO OCOOCHHO IOJIE3HO IPU
pabore ¢ KaTeropuajJbHbIMHU (AUCKPETHBIMHU) AaHHBIMH.

l'ayccoBckast cCUMymanusi — 3TOT METOJ SIBISIETCS 4acT-
HBIM CIIy4aeM CTOXAaCTHYECKOW CHUMYIALUU U HCIOJIb3yeTCs
JUIA TeHepaluu CIy4aifHbIX IOJIeH, OCHOBAHHBIX Ha rayCcCOB-
CKoW ciydaiiHOH (yHKOuH. OH IIUPOKO MpPUMEHIETCS B
TEOCTAaTUCTHKE IS TeHepAINY ajJbTePHATUBHBIX peau3annii
TEOJIOTHYECKNX MM THAPOTEOIOTHYECKAX MOJICTIEH.

OTH CTOXacTHYECKHE METOABI MO3BOJSIOT YYHTHIBATh
pa3inYHbIe BO3MOXKHBIC BAPHAHTHI PACTIPEEIICHUS T€0JIOTH-
YeCcKOro MpU3HaKa B 00beMe MOJIeTHpyeMoro OJIoka, a Tak-
)K€ MPEOCTABISIIOT MH(OPMALMIO O HEOINpPEAEICHHOCTH B
MPOCTPAHCTBEHHBIX JAHHBIX.

B ornuuuu OT NpOCTOr0 KPUIMHra CTOXAaCTUYECKUM Me-
TOJ] TIO3BOJISIET MOJIYYUTh OECKOHEYHOE KOJIMYECTBO PaBHO-
BEPOSITHBIX PELICHUI, KOTOPBIE B CBOEH CYMME B CPEIHEM U
JanyT pemieHne METOA0M NPOCTOro KPUTHHTa, TO €CTh BECh
3aJaHHbIl Habop OyZeT CXOOWTCS B TOYKAaX C 3aJaHHBIMHU
3HAQUEHWAMH W janee OyIeT pacXOJUTCs IO CIlydalHBIM
TpaektopusiM. [ns penienus ucrnonab3osaH metox grf.grf3D
6ubimorekn Geone, B KOTOPOM KOJHMYECTBO TPeOyeMBIX
peanu3zanuii 3amaérest depes nepeMmeHHyro nreal. Hioke
MPEACTABICHBl PE3yNbTAaThl PEIICHUs Ui MEPBBIX JBYX
peannzanuii (pucyHOK 4).

Pucynok 4. Pezynomamul nepevix 08yx peanuzayuil

Kak BHZHO, OHH HECKOJIBKO CXOXKH C PELIEHHEM METOIOM
IIPOCTOTO KPUTHHTa, OCOOCHHO Ha y4acTKaX, IPHYpPOYEHHBIX
K M3BECTHBIM 3HAYEHHSAM, M B TOXKE BpeMs Pas3iIH4HBI IO
BceMy 00BeMy MOAETHHOTO OJI0Ka.

Io pesynbpraTaM pacueToB 0003HAUYCHO HECKOJIBKO 30H C
OTHOCHTEJIFHO BBICOKHMH 3HAa4eHUsIMH  KO3((HINEHTOB
¢unbTpanuy M No riyOMHE OHM Kak pa3 KOpPPEIUpyroT C
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MIPEATOIaraéMbIM TIOJIOKECHHUEM 30HBI MHTEHCHBHOTO IIpO0-
JIeHus. BeposTHO, KOHTYpBI pacHmpOCTpaHEHHs 3THUX 30H
OKaXyT OCHOBHOE BIIMSIHME Ha (OpMHUpOBaHHE OOBEMOB
JPEHaXHBIX BOJ, XOTS MUTAaHHE MX 32 CUET MHQWIbTPALUU
aTMOc(epHBIX OCaJIKOB B KakKOW-TO Mepe 3aTpyiHeHo. B
KOHEYHOM CUETE HNPOTHO3HBIH BOJONPHUTOK JPEHAKHBIX BOJ
TaKxke OyJIeT 3aBHUCETh U OT IMOJI0KEHHUS MPOCKTHBIX BHIPa00-
TOK OTHOCHTEJILHO BBISIBIICHHBIX 30H.

Uem OompIrre OyeT BRIIOTHEHO pean3alliii, TeM TOUHEe
OyZeT TONydyeHO pacmpesieNieHne BEPOSTHOCTH 3HAYECHUH
Koa(punreHTa GUIBTPALNH, YTO B IIOCIEAYIOMIEM MOICIIH-
pOBaHMH, TMOJCTABIAA KaKABIM pa3 CICAYIOUIYI0 peaaun3a-
LU0 (aBTOMAaTH3MPOBAB JaHHBIN MPOIIECC C UCIIOIb30BaHUEM
s3bIKa TiporpammupoBanus Python) BosmoxHO Oyner momy-
YHUTh BEPOSITHOE PaCIpeesicHue MPOTHO3HBIX 00BEMOB Jipe-
Ha)XHBIX BOJ Ha BECh MEPHOJI OTPAOOTKH.

DKCHOPT MOJIyYSHHBIX 3HAUEHUH OCYIIECTBIISIETCS METO-
namu 6ubnrorekn NUMPY 1 coxpaHseTcs: B TEKCTOBbIE (aid-
761 hopmara .CSV.

Takum 00pa3zoM, MOCIIEAOBATEIHHO BIMTOIHSS BCE ITAIIBI
aropuT™Ma pacyera (UHAIBHBIX PpE3yJIHTATOB BO3MOXKHO
MOY4NTh HEOOXOMMOE KOJIMYECTBO pealn3aluii pacnpese-
neHus K03 uImeHToB GUIbTpa B MOACTHPYEMOM OJI0-
K€ yJacTKa MECTOPOXKICHHUSL.

Jns peannzanyu THIPOTEOJIOTHUECKON MOJENH IUIaHHU-
pyercst ucmosnb3oBanue Gubmnoreku Flopy, koropas B Py-
thon mpezcraBnser co6oif MHCTPYMEHT JUIS CO3/IAHHUS, MO-
IUQUKaIMA ¥ BHU3yalIM3allMd MOJAEIEH I YHCIEHHOTO
MOJIETUpOBaHus MoToKa moazemMusix 8o (Modflow) — oxmoit
W3 MIMPOKO HCIOJNB3yeMBIX mporpamMm. bubmmorexa Flopy
MPEIOCTaBISIeT yHOOHBIH WHTEphEHC M CO3MaHHUS H
yIpaBiIeHUs] BXOIHBIMU AaHHbIME it Mozeieir Modflow B
Python. Ona monmnmepkuBaer pasmudnsle Bepcun Modflow,
takue kak Modflow-2000, Modflow-2005, Modflow-NWT,
Modflow-USG, u T.1.

PazpaboTka reohmibTpallOHHON MOJENH C UCIIOJIB30Ba-
HueM Oubnmotekn Flopy BkmrouaeT B ce0s HECKOJIBKO 3Ta-
T1I0B, HAYHMHASI OT CO3JAHMUS MOJIEINH, ONPEICICHUS MapaMer-
POB M TPaHUYHBIX YCJIOBHH, N 3aKaHUMBAsI aHATTH30M PE3YIIb-
taroB. IlapameTpsl saeex OymyT 3amaBaTbhcs Ha KaKIOM
JTale UTepalyii pacdyeTa MporHoza o0beMa APEHAKHBIX BO/,
COTJIACHO HOMEPY pealM3alliiil pachpeneicHus Kod(huim-
eHTra (QuIbTpanmuy, HO TPH STOM BO3MOXKHO IMOTpedyercs
COIOCTaBJIEHHE Pa3MEPHOCTH ATOW peajH3aliy ¢ KOHEYHO-
Pa3HOCTHOM CETKOH MOJIEIIH.

4. BeiBoabl

[IpoBeneHne reocTaTHCTHYECKUX PACUETOB C HCIIOJB30-
BaHHEM S3BIKOB MPOTPaMMHUpPOBaHMs, B YacTHOCTH Python,
MO3BOJISIET THJPOTEO0JOTy B MOJHOW Mepe HCIIONb30BaTh
TEOPETHIECKUE OCHOBBI JTIOOOTO HAINPABICHHS, B TO BPEMs
KaK TOTOBBIE IPOTPaMMHBIE TPOJYKTHI B KaKOH-TO Mepe —
3TO YCIIOBUE OTPaHUIHBAIOT.

Hcnone3oBanue s3plka mporpammupoBanus Python B
THIPOTEOJIOTUH MOXKET HPENOCTaBUTH THIPOTEOJIOraM Pl
MIPEUMYIIECTB W TOJE3HBIX HHCTPYMEHTOB, OOJICTUAIOIINX
aHaJIM3 JaHHBIX, MOJICIMPOBAHUE U BU3YaJIM3aAIMIO Pe3yJIbTa-
ToB. OCHOBHBIC TMPUYUHBI HCMONB30BaHus Python B mosce-
JTHEBHOI paboTe ruIporeoiora MOryT OBITh CIIETYOIINMH:

— Python o6mamaer oGmupHBIM HaGOpPOM OHOIHOTEK U
UHCTPYMCHTOB [JIsI HAY4YHBIX BBI‘-II/ICJ'ICHI/II\/'I, CTaTUCTHKH,
reoMH(pOPMAIIMOHHOTO aHAJIM3a M BHU3YalU3alUH JAHHBIX.
B03MOXXHOCTB JIETKO MHTErPUPOBATh pa3IndHbe OMOIHOTE-
KA MO3BOJISIET THAPOTeosioraM pemarh HIMPOKHH CHEKTp
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3aJa4, HauYMHAs OT 00pabOTKM JaHHBIX W 3aKaHYMBAas MOJe-
JIMPOBAHUEM.

— Python o6ecneunBaer ynobHsle cpenctea s 0OpaboT-
KA M aHalu3a JaHHBIX, BKIo4as OwmOmuorexku Pandas mis
paoThl ¢ TaOMMYHBIMUA JaHHBIME ¥ NUMPY U1 YHUCIICHHBIX
BBIYHCJICHUIA. JTO TOJIC3HO JUIS MOJTrOTOBKH JAHHBIX, (DHIIb-
TpAIH, arpEeTalyy U MPOBEICHHS CTATUCTHICCKUX aHAINU30B.

— Python o6namaer 6ubnnorekamu, Takum kak GeoPan-
das, Shapely, u Fiona, koropsie ympomarT paboTy ¢ reo-
JIAHHBIMH U MTPOBEICHUS TeOMH(DOPMALIMOHHOTO aHAIH3A.

— bubnmorexkn Bpome Matplotlib 1 Seaborn mossomstror
CTPOUTH BBHICOKOKAYECTBEHHbIC I'paQUKU U TUATPAMMBbI IS
BU3yalIn3ally Pe3yJIbTaTOB U MPECTABICHHS JaHHBIX.

— Ucnons3oBanue Python mnst co3panus u aHanmsa ruj-
POTe0JIOTHYECKUX MOJIEIEH MOXKET ObITh yIOOHBIM U 3 dek-
THBHBIM. bubnnoteku, takue kak Flopy mms MoxenupoBanust
MOTOKA MOA3eMHBIX Bog u Pymake mist cosmanus daitnos
MOJICJILHOTO MHCTPYMEHTAapHsi, O0JErdarT IMpoIece co3/a-
HUS U YIIPABIICHHUS MOJICIISIMHU.

— Python umeer 6ubnunorexu st pabotel ¢ ['MIC nanHbI-
mu, Takue kak GDAL u Pyproj, uro obnerdaer HHTErparuio
rugporeosornyeckux AanHpix ¢ ['MC-uHCTpYyMEHTaMU.

— Python no3BossieT aBTOMaTU3MPOBaTh PYTHHHBIC 3a/1a-
YH, CO3/1aBaTh CKPHIITHI Ui 0OPabOTKU JaHHBIX U MOBTOPS-
€MBIX Ofepariuii, 4To moBbImaet 3GpHEeKTHBHOCTH PabOThHI.

— Python umeer akTMBHOE COOOIIECTBO, U MHOYKECTBO
OecIIaTHBIX PECYPCOB, OHJIAMH-KYpPCOB M OMOJIMOTEK st
MOJJIEPKKA U 00ydeHHs. ITO oOecrneynBaeT AOCTYM K IIH-
POKOMY CIICKTPY 3HAHHI M OIBITA, YTO MOXKET OBITH MOJIE3-
HBIM JIJISI THAPOTCOIIOTOB.

Hanugre 00JbIIOr0 KOJMYECTBAa CBOOOTHO pacHpocTpa-
HSEMBIX OHONHOTEK IO3BOJSAET THOKO KOMOWMHHPOBATH HX
MEKIy cOOOH, YTO U OBUIO MPOAEMOHCTPUPOBAHO B JAHHOM
pabore. B KOHEYHOM pe3ylbTaTe MOJydeHa BCS HEOOXOJIH-
Masi wHQOpMAIWs JUIS MOCICIYIOIEro MPOrHo3a o0beMa
JPEHAXKHBIX BOJ UCCIICAYEMOrO y4acTKa.

[Iporao3 oO0bemMa IPEHAKHBIX BO MHOTOM BIIHSET Ha KO-
HOMHKY BCETO TOPHOPYIHOTO MPEANPHUATHS, TAK KaK OT 3TO-
ro Oyner 3aBUCETh BBHIOpAHHAs CXeMa OCYILICHHUS PYIHUKA,
noabop UHOPACTPYKTYPHI Ul OTKAYKH APCHAXKHBIX BOJI,
BEJIMUMHA J1e0anaHCOBBIX 00BEMOB OTKAa4YEHHBIX BOJI, KOTO-
pbie OyayT cOpachiBaTh B NPy UCIAPUTENb U MHOTOE IPY-
roe. COOTBETCTBEHHO, OMMCAHHBINA METO]I MO3BOJIUT OIpe/ie-
JUTh, KaK HauOoJee BEepOsATHBhIC O0BEMBI JAPCHAXKHBIX BOJ,
TaK ¥ UX BEPXHIOI U HIKHIOK TPaHUILY.
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Ocenka

Python 6armapaamanay Tijin naiigaigana oreipbin, HIbIFbIC
Hypka3raH KeH OpHBI y4acKeciHae cy3y Ko3(ppuuneHTrepin
HHTEPIOJSIUAIAYABIH N€0CTATUCTUKAJIBIK JIiCTEPiH KOJIAHY
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Anpatna. byn makanana leirsic Hypkasran KeH OpHBIHBIH y4ackecinae TepeHairi 1500 M geiinri anTbl re0TeXHUKaIIBIK
YHFBIMaJa apajblK THAPOTEOIOTHSIIBIK 3€PTTEYep KYPTridy HOTIKeNepi OOHBIHIIA abIHFaH CY3y KOA(QPHUIUEHTTEPiH HHTEP-
HOJSIIMSUIAYIBIH T€O0CTAaTUCTHUKANBIK 9JIICTEpiH KOJJIaHy HOTIKenepi kentipinreH. KakeTTi apasiblKrapabl OKIIayjay YIIiH
MaKepIiK KaOABIK MaiilanaHBUIABL, ajl CBHIHAKTApPAbI JKYPri3y Ke3iHAe KBICHIMHBIH ©3TepyiH Tipkey nepOec IaTIMKTIiH
KOMETiMeH KYPri3iiii. ANbIHFaH HOTHXeIepi KeliHHeH eHney Python Garmapiamanay TiniH KOJNJaHy apKbLIbl )KY3€re achl-
pUIIEL. ['€ooTHsIbIK OeNTiHI MHTEPIONANMIIAYIBIH (IKCTPAOANNSIIAYIbIH) T€OCTATUCTHKAIIBIK 9MICTepl, OHBIH imIiHIe
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KapanaiblM KPUT'HHT JKOHE CTOXAaCTHKAIBIK 9icTep KapacThlpblansl. Ockl Makcarta Python Garmapiamanay TutiHig Gipkarap
KiTalxaHajJapbl JePeKTEpIi albIHIaY, OIapabl HHTCPIOJIIIHIAY, BU3yanu3anusiay xoHe Pandas, Numpy, PyGSLIB, Geone
JKOHE OacKaslapbl CHSIKTBI KKETTi JepeKkTep (opMaTblHA SKCIOPTTAy YINIH TaiaanaHsuiasl. HoTikeciHae MoJenbIeHIeH
OJOKTHIH IeKapaJapeiHAa cy3y K03 UIMEeHTIHIH Tapalybl alblHIB, aJl KOJJIAaHBUIFaH CTOXACTHKAJIBIK 9icTep Cy3y Kodddu-
IIUEHTIH OeJIyJiH KaXeTTi Oipieil MyMKiH OOJIaThIH CaHBIH allyFa MYMKIHJIK Oepji, ojlap opraila ecenreH KapanaibiM KpH-
THHT 9ICiH MIelIyre XaKplHAAHIbL. ['eopHIbTpanusibK MOgeTIbICy i KOJIIaHa OTBIPBII, APEHAXIBIK CyIapIblH O0JIKaMIIbI
KOJIEMIH aHBIKTay MOCEJICCIH OJ[aH opi IICHTy Ke3iHIe OCHI Oipleil BIKTUMAN iCKe achIpysapibl Maiiagany OChl KOJIEMICPIiH
BIKTHIMaJ TapalyblH ajdyFa MyMKiHIIK Oeperni. [IpeHak kemeMiHiH OoipkaMbl OYKiT Tay-KeH KOCINOPHBIHBIH 3KOHOMHKACHIHA
KOIl ocep eTelli, OMTKeHI IIaxTaHbl KYPFaTyIblH TaHAAIFaH CXEMAachl, IPEHaXKIbl CYJapibl COpY VIIIH MHPPAKYPBUIBIMIBI
TaHaay, OyJaHABIPFRIITEI TOFAHFA TACTAWTBHIH COPBUIFAaH CYJAapIbIH TCHrepiMcCi3 KeJEeMiHiH MeIIIepi jKoHe Tarbl Oackaiap
OChIFaH OaiylaHblcThl OoJasibl. THiCIHINe, CHITATTANIFAaH 9JIiC JPEHAX/IbI CYJIapIblH €H BIKTUMAIl KOJIEMiH JIe, OJIApJbIH XKOFapFbl
JKOHE TOMEHT] [IeKapalapblH Ja aHbIKTaiinsl. barnapnamanay Tinnepis, atan aiiTkanna Python kemeriMeH reocTaTHCTHKAIIBIK
ecenTeyJsep KYprizy THAPOreosiorka Ke3-KeJIreH OaFrbITThIH TCOPHUSIIBIK HETI3[IePiH TOJBIK MaligalaHyFa MYMKIHIIK Oepei, an
TABIH OaFaapiiaMablK eHiMaep Oenrii Oip mopexene OYIT mMapTTH MEKTEH .
Hezizzi co30ep: ceocmamucmuxa, cy3y kosgguyuenmi, kpueune, Python 6asoapramanay mini, cmoxacmuxaneix a0ic.

IIpumeHeHre reoCTaTUCTUYECKUX METOA0B HHTEPIOJIALIUU
K03 puuueHTOB PUIABTPALMU HA YyYACTKe MecTOpo:kaeHus Hypkasran
BocTouHblil ¢ HCIIO/IB30BAHMEM fA3BIKA porpammupoBanus Python

ILT. Hnpoxkwuii, B.A. 3aBaneii, E.C. Ayenxan”, M.M. AlbXururosa
Satbayev University, Arvamoi, Kazaxcman
*Aemop oxns koppecnonoenyuu y.auyelkhan@satbayev.university

AHHOTanus. B naHHOM cTaThe MPEACTAaBICHBI PE3yIbTaThl NPUMEHEHUS [€OCTATHCTHIECKUX METOAOB MHTEPIOISIIIUHI KO-
3¢ ¢ueHTOB GUIBTPALNH, TOTYUIEHHBIX 110 PE3YIbTaTaM MPOBEACHHUS MHTEPBAIBHBIX THAPOTEOJIOTHUECKHX HCCIIEIOBAHUN B
LIECTH TEOTEeXHNYECKUX CKBAXXMHAX IyOnHOM no 1500M Ha ywactke Mectopoxxaenus Hypkasran Bocrounsiid. [l uzomsun
TpeOyeMbIX UHTEPBAJIOB MCIOJIb30BAJIOCH ITAKEPHOE 000pPYIOBAaHKE, TIPH 3TOM, PETHCTpalus U3MEHEHHUs HAIlOPOB MPH MPOBe-
JICHUM TECTOB IPOU3BOJMIOCH C HCIIOJIb30BAaHHEM aBTOHOMHOTrO natuuka. [lociemyromas o0paboTka Mosy4eHHbIX pe3ysbTa-
TOB MPOM3BE/IEHA C UCIIOJIB30BaHKUEM s3bIKa IporpaMMupoBanust Python. PaccMoTpeHsl reocraTucTHYECKHE METOIBI HHTEPIIO-
JSIMK (3KCTPAIOIIALUHI) Fe0JI0IMYeCKOro IPU3Haka B TOM 4HCIIe MPOCTOW KPUTHHT U cToXacTHueckue MeTosl. C 3Toil 1enbio
OBLTH MCIIOJIB30BaHbI Psifi OMOIMOTEK s3bIKa IpOrpaMMupoBanus Python miist HOATOTOBKM AaHHBIX, MX WHTEPHOJIALUH, BU3ya-
JM3aIMy U 9KcropTa B TpeOyemsblit popMaT maHHBIX, Takue kak Pandas, Numpy, PyGSLIB, Geone u npyrue. B pesymsrare
MOTy4EHO pacripeaeneHue kodpuunenra GuIbTpaluy B TPaHUIAX MOAEIMPYEMOTo OJI0Ka, MPU 3TOM NMPHUMEHEHHBIE CTOXa-
CTUYECKHE METO/BI NTO3BOJIMIN MOJYYUTh HEOOXOANMOE KOJIMYECTBO PABHOBEPOSITHBIX peasM3aniil pacmpeneneHus kodddu-
UeHTa QUIBTPALNH, KOTOPHIE B CPEHEM CXOMAATCSA B PEUICHHE METOJA MPOCTOTO0 KPUIMHTa. VICIoNb30BaHNe 3THX pPaBHOBE-
POSATHBIX peanu3anuii Npy JadbHEHIIEM pPElIeHHN 3a1a4H ONIPEeICHHUs TPOTHO3HOro 00beMa IPEHAXKHBIX BO, C IIPIMEHEHH-
eM Teo(MIbTPallMOHHOTO MOJEIHPOBAHMS, MO3BOJIUT ITIOJyYUTh BEPOSTHOCTHOE paclpeneseHne 3Tux o0beMoB. IIpornos
o0beMa JIpeHaKHBIX BO MHOTOM BIIHSIET Ha 9KOHOMHKY BCETO TOPHOPY/HOTO MPEIPHATHS, TaK Kak OT 3TOr0 OyAeT 3aBUCETh
BBIOpaHHas cXeMa OCYIICHHsl PYIHHUKA, TOA00p MH(PPACTPYKTYpPbl A OTKAuKW APEHa)KHBIX BOJ, BEJIMYMHA Je0aaHCOBBIX
00BEMOB OTKau€HHBIX BOJ, KOTOpbIe OyayT cOpackiBaTh B IMPYyA HCHApUTENs U MHOTOE Apyroe. COOTBETCTBEHHO, OMMMCAHHBII
METOJ MO3BOJHT OINpPENeNuTh, Kak HauOojee BEpOsTHbIE 00BEMbI IPEHAKHBIX BOJA, TaK U MX BEPXHIOI M HIKHIOIO I'PaHUILY.
[IpoBeneHne reocTaTUCTUYECKUX PACUETOB C MCIIOJIb30BAHUEM SI3BIKOB MPOTPaMMHUPOBaHUs, B yacTHOCTH Python, mosBosnsier
THJPOTEOJIOTY B IOJHOW Mepe HCIOIb30BaTh TEOPETHUECKUE OCHOBBI JIIOOOTO HANPABICHHS, B TO BPEMs Kak TOTOBBIE IIPO-
IpaMMHBIE ITPOIYKTHI B KAKOKH-TO MEpe - 3TO YCIOBHE OTPaHUIHBAIOT.

Knrwouegvie cnosa:. ceocmamucmuxa, Kodgpuyuenm guibmpayuu, Kpueute, A3k npozpammuposanus Python, cmoxacmu-
yecKuil Memoo.
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Abstract. This research’s purpose is to monitor changes in the water quality of the Syrdarya River and groundwater of the
Kyzylzharma field for the sustainable supply of drinking water to the city of Kyzylorda, Kazakhstan. This article presents the
results of chemical analyzes of natural waters of the Syrdarya River, taken from river water in the direction of flow, in the
territory of Zhanakorgan, Kyzylorda and Kazaly. The results of the quality of groundwater used in some wells are presented in
comparison with the drinking water standards in force in Kazakhstan.It should be noted that in the area of the Kyzylorda field,
the mineralization of groundwater is 0.8-1.1 g/l, the sulfate content in the water of individual production wells reaches 690
mg/l, and the total hardness of groundwater is up to 14 mEg/l. The results of an assessment of possible changes in groundwater
quality are presented. According to forecasts for February 16, 2038, the greatest increase in groundwater mineralization (by
0.22 g/) will occur in wells with map numbers 131, 133, 135.

Keywords: natural water, Syrdarya River, groundwater, Kyzylzharma field, water quality, chemical composition, change in

groundwater quality.

1. Introduction

The state of the environment and its components increas-
ingly influences economic development, health and life ex-
pectancy. That is why protection of the environment and,
especially, water bodies from pollution and depletion is one
of the most important tasks in the modern world [1-2].

The chemical composition of water is of great im-
portance, since it can influence the course of diseases, in
particular those caused by excessive intake of microelements
into the human body [3].

The main problem currently is the pollution of natural
waters by various pollutants: pesticides and toxic chemicals,
oil and petroleum products, surfactants. Increasing pollution
of water bodies and drains is observed in all industrial coun-
tries [4].

Many infectious diseases of animals and humans are
transmitted through water. The causative agents of these
diseases are transmitted by ingesting water contaminated
with human or animal feces containing pathogenic bacteria,
viruses and parasites (protozoa, parasite eggs). They can
survive in water for varying periods of time depending on
many factors. Monitoring the safety of water sources is based
on determining parameters indicating pollution caused by
wastewater, animal excrement, waste storage, manure and
artificial fertilizers, etc. [5-6].

Supplying the population with drinking water in suffi-
cient quantities has important social, sanitary and hygienic
significance and protects people from epidemic diseases
spread through water [7].

© 2024. M.K. Absametov, K.T. Ospanov, B. Kenesbayeva
m.absametov@satbayev.university; ospanovkairat@mail.ru; kenesbayeva.bagaly@bk.ru

Despite certain improvements in the provision of drink-
ing water, today a significant part of the population of the
Republic of Kazakhstan is still not fully provided with water
of appropriate quality [8].

At the same time, the Republic of Kazakhstan belongs to
territories with a fairly low supply of fresh surface and
groundwater resources, and not all of them are suitable for
use as sources of domestic drinking water supply [9].

The shortage of fresh surface water is forcing many coun-
tries to increase their use of groundwater. Groundwater as an
object of law occupies a special position among all types of
natural resources. On the one hand, they are contained in the
subsoil and have the main characteristics of minerals, on the
other hand, they are part of the general water resources of the
land [10].

The anthropogenic impact on groundwater has also be-
come especially noticeable in the current century due to the
development and intensification of industry and agriculture,
the growth of large cities and the expansion of urban areas. It
manifests itself in the depletion of groundwater reserves and
deterioration of their quality [11].

Groundwater is significantly different from other miner-
als. Groundwater resources, their quality, and therefore suit-
ability for use can vary significantly over time [12]. There-
fore, it is important to be able not only to assess their current
state, but also to predict the future.

The purpose of this research is to monitor changes in the
water quality of the Syrdarya River and groundwater of the
Kyzylzharma field for the sustainable supply of drinking
water to the city of Kyzylorda.

Engineering Journal of Sathayev University. eISSN 2959-2348. Published by Satbayev University
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
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2. Materials and methods

The Kyzylorda region is located in the lower reaches of the
Syrdarya River and occupies a low-lying plain, a significant
part of which is covered with massifs of aeolian sands (Fig. 1).
In the north these are the Aral Karakum Desert, in the south —
the Northern Kyzylkum Desert. The eastern part of the region
is framed by the northwestern end of the Karatau ridge, and in
the west it covers the northern and eastern coasts of the Aral
Sea. The described territory is located within the inland zone
of deserts and semi-deserts, which is characterized by a sharp-
ly continental climate with high amplitudes of fluctuations in
annual, seasonal and daily temperatures, relatively mild win-
ters, hot and dry summers. In winter, fairly severe frosts alter-
nate with frequent and sometimes prolonged thaws. In winter,
the air temperature is usually down to —100°C, but minimum
values can reach —370°C. The snow cover is thin and unsta-
ble. In summer, daytime air temperatures range from +25 to
+330°C, reaching —450°C in some years.

Oblast centr

Region contr

= CITY, village
g Rubway

SCALE B7 km I

I _
Figure 1. Map of Kyzylorda region

Atmospheric precipitation is distributed very unevenly
over the seasons. The maximum amount of precipitation falls
in the winter-spring period. In summer, rains occur 1-3 times
a season and are short-lived. The average annual precipita-
tion is 110-150 mm per year. Almost all settlements are con-
centrated along the Syrdarya River and the railway line pass-
ing through the entire territory of the region wich area is
226.02 thousand km? [13].

The city of Kyzylorda is the administrative center of the
Kyzylorda region. The official population of the city for
2022 was 277.678 people [14].

The provision of drinking water in the city of Kyzylorda
is carried out by the State Municipal Enterprise under the
right of economic management «Kyzylorda su zhuyesi». On
average, the city consumes water 200.000.0 m3/day. Current-
ly, water supply to the city of Kyzylorda is carried out from
two sources: - from a surface source - the Syrdarya River; -
from underground sources — wells of the Kyzylzharma and
Kyzylorda fields.

At the site of water intake facilities for treatment from an
open source (Syr Darya River) for drinking water supply, the
following complex of water treatment facilities operates:

1. Understream water intake.

2. Pumping station of the 1st lift, design capacity — 46.0
thousand m®/day.

3. Two filtration stations with a total capacity of 56.5
thousand m®/day.
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4. Chlorination shop. Automatic vacuum chlorinator
AHB-1000 - 1 piece, designed for dosing chlorine gas and
chlorinating drinking water.

5. Coagulant reagent workshop, automatic dosing unit for
preparing coagulant solution ALEBRO Mixlain 7100 with a
total capacity of 2000 I/hour.

6. Clean water tanks — 5 pcs. with a total volume of 18800 m®.

7. Pumping station of the 2" lift with a design capacity of
65.23 thousand m%/day.

Groundwater collection from Quaternary alluvial deposits
is carried out from 20 wells linearly located along the river
bed at a distance of 100 m. The depth of the wells is 60-65
m, the distance between them is 237 m. The number of wells
is 113 pieces.

We have carried out research work to study the quality of
water from surface and underground (Kyzylzharma field)
water supply sources for the city of Kyzylorda. To study the
quality of water in the Syrdarya River, samples were taken
from river water in the direction of flow, that is, in the terri-
tory of Zhanakorgan, Kyzylorda and Kazaly. Water sampling
was carried out in 2021-2022 in accordance with [15]. The
layout of observation sites for sampling is shown in Figure 2.

ful

Kizdorda

Figure 2. Layout of observation positions

In order to determine the chemical composition of
groundwater, water samples were taken from wells 1-ts, 2r,
4r and 1721. The observation method during the pumping
process is generally accepted [16]. At the end of pumping,
water samples were taken for the necessary types of analysis.
The layout of the wells in which sampling was carried out is
shown in Figure 3.

Fragment of the map
of the actual material of the
Upper Cretaceous aquifer complex
Kyzylzharma groundwater deposit
Scale 1:25000

Figure 3. Layout of wells in which sampling was carried out
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Laboratory analyzes of samples from the Syrdarya River
and groundwater were carried out using photometric, flame-
atomic absorption, spectrometric measurement methods
using a spectrometer, photocalorimeter and oil product ana-
lyzer with a fluorimeter, in a certified laboratory of the «In-
stitute of Hydrogeology and Geoecology named after
U. Ahmedsafina».

3. Results and discussion

3.1. Characteristics of water quality of the Syrdarya River

The Syrdarya River is formed far beyond the borders of
Kazakhstan at the confluence of the Kara Darya and Naryn
rivers. The total length of the river is 2660 km, the basin area
is 462 thousand km?. The banks of the Syrdarya are low, com-
posed of loess-like loams and sands. The river often washes
them out and moves its bed across the plain, forming branches
and channels. The average slope of the river bed is 0.002-
0.003. The river's feeding is mixed. It receives the greatest
amount of water in May-July. The river flow by season is
distributed as follows: in spring — 41% of the annual norm, in
summer — 26%, in autumn — 18% and in winter — 15%. The
bed of the Syrdarya River is characterized by a large number
of meanders and oxbow lakes. The natural banks of the river
are steep, but not high, no more than 0.7 m above the water's
edge in spring and no more than 3-4 m in low water. To pro-
tect the coastal area from flooding by flood waters, numerous
dams were built along the banks of the river.

The river flow usually does not exceed 700 m%/s, and in
the summer it decreases (in the area of Kyzylorda) to 100
m3/s or less. The width of the Syrdarya River is 140-600 m
with a depth of 2.1-5.0 m. The river flow speed is 0.8-1.7
m/s. The river freezes in December and is cleared of ice in
February-March. The results of chemical analyzes of natural
waters of the Syrdarya River taken from river water in the
direction of flow in the territory of Zhanakorgan, Kyzylorda
and Kazaly are shown in Table 1.

Table 1. Results of chemical analyzes of natural waters of the
Syrdarya River

Water quality information

No. Name of chemical indicators Zhana- Ky- Kazaly
korgan = zylorda

1 | Temperature at the time of sampling, °C =~ 3-27

2 pHvalue 7.20 7.15 7.21
3 Odor at 20°C and 60°C, points no more 1 1 1

4 EMF turbidity mg/I 33.8 38.4 39.1
5  Ammonium salt NH, mg/I 0.001 0.44 0.47
7 Nitrates NO, mg/I 0.035 0.021 0.14
8  Nitrates NO; mg/I 9.4 10.8 11.2
9  Chlorides Cl mg/l 102.8 182.4 137.9
10 Iron Fe mg/Il 0.87 1.36 1.37
11 Total hardness mEq/l 7.8 9.0 9.1
12  Sulfates SO, mg/I 384.7 | 458.16 | 460.4
13  General mineralization, mg/I 1679.6 = 1715.0 @ 1684.8
14 Aluminum Al mg/l 0.11 0.2 0.18
15 Oxidability mg O/ 2.16 2.1 221
17 Fluorides F mg/I 0.39 0.41 0.38
18 Manganese Mn mg/I 0.021 0.018 0.022
19 Copper Cumg/l 0.0012 = 0.0010 & 0.001
20 Biological oxygen demand (BODs) 192 19 197

mg O/l

21  Suspended substances, mg/I 109.8 84.3 85.9
25 Total a - radioactivity, Bg/l 0.09 0.09 0.07
26 Total B — radioactivity Bg/l 0.09 0.1 0.1
27 | Coli - index 599.0 604.0 603.0
28 TMC (total microbial count) 45.0 45.0 46.0
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The results of chemical analyzes showed that there is no
significant increase in pollution in the city of Kyzylorda. The
main pollution is transboundary and is formed outside the
territory of the Kyzylorda region.

At the same time, in certain seasons of the year, water
mineralization increases to 1.5-1.84 g/dm?, the sulfate con-
tent increases to 748 mg/dm®, and the total water hardness
increases to 14 mg/dm?®, this makes it completely unsuitable
for household and drinking purposes without purification.

3.2. Characteristics of groundwater quality

Fresh groundwater from the Upper Turonian aquifer at
the Kyzylzharma field will be used for centralized domestic
and drinking water supply. Therefore, their quality must be
assessed in accordance with the standards of modern re-
quirements for the quality of water used for centralized do-
mestic and drinking water supply, i.e. in accordance with
standards [17]. The quality of groundwater used in some
wells in comparison with drinking water standards in force in
Kazakhstan is shown in Table 2.

In the area of the Kyzylzharma field, the mineralization
of groundwater in the alluvial aquifer complex is 0.8-1.1 g/l
the sulfate content in the water of individual production wells
reaches 690 mg/l, and the total hardness of groundwater is up
to 14 mEq/l.

It should be noted that fresh and very slightly brackish
groundwater with mineralization up to 1.0-1.4 g/l in the allu-
vial quaternary aquifer complex is distributed within a rela-
tively narrow riverbed strip of the Syrdarya River valley.

Groundwater of Quaternary alluvial deposits has a close
relationship with the surface water of the Syrdarya River,
the waters of which in recent years have been subject to
significant technogenic impact and have sharply deteriorat-
ed their quality. In this regard, negative changes are noted
in the chemical composition of groundwater in alluvial
deposits (increased mineralization, increase in sulfate con-
tent, increase in total hardness, etc.) It is not possible to
predict further changes in the quality of both groundwater
and surface waters, due to the transboundary nature of the
river flow Syrdarya and the inability to foresee the impact
of human economic activity on the ecosystem of the
Syrdarya River.

In addition, when assessing operational reserves, the
problem of predicting possible changes in the quality of
groundwater by the end of the design life of water intakes
was solved. This particular task was carried out using math-
ematical modeling. The forecast for groundwater quality
during further operation of the water intake is given below in
Table 3.

3.3. Assessment of possible changes in groundwater
quality

The deterioration of the quality of groundwater in the ex-
ploited Upper Turonian aquifer of the Kyzylzharma field is
possible mainly due to the flow of brackish groundwater
from the Maastrichtian, Coniacian-Campanian and Upper
Albian-Cenomanian horizons. In order to predict changes in
the quality of groundwater in the Kyzylzharma field, the
problem of transfer of components dissolved in it by the flow
of groundwater was solved using the created model.
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Table 2. Quality of groundwater used in comparison with drinking water standards

Water quality indicators or names of  National Standard for

No. certain components Drinking Water
1 | Smell, points at 20°C upto2

4 Color, degrees up to 20

5  Turbidity, NTU up to 1.5

6 pH value 6-9

7  Permanganate oxidability O,, mg/I 2-5

8  Ammonia nitrogen (by nitrogen), mg/I up to 2.0

9  Nitrates NO, mg/I upto 3.3

10 | Nitrates NO3z mg/l up to 45.0
11 | Total hardness mEqg/I upto 7.0

12  Dry residue, mg/Il up to 1000 (1500)
13 | Chlorides, mg/I up to 350
14  Sulfates, mg/Il up to 500
15 Iron (Fe*?, Fe*®), mg/l up to 0.3 (up to 1.0)
16  Copper, mg/l up to 1.0

17 | Zinc, mg/l up to 5.0

18 | Molybdenum, mg/I up to 0.25
19 | Arsenic, mg/l up to 0.05
20  Lead, mg/l up to 0.03
21 Fluorine, mg/I upto 1.2

22 Aluminum, mg/I up to 0.5

23 Mercury, mg/l up to 0.0005
24 Polyphosphates, mg/I upto 3.5

25  Beryllium, mg/l up to 0.0002
26  Selenium, mg/I up to 0.01
27  Manganese, mg/l up to 0.1 (up to 0.5)
28  Nickel, mg/l up to 0.1

29  Cobalt, mg/l up to 0.1

30  Chromium, (Cr+6), mg/I up to 0.05
31 Bor, mg/l up to 0.5

32 Barium, mg/I up to 0.1

33 Cadmium, mg/I up to 0.001
34  Cyanide (CN), mg/l up to 0.035
35  Petroleum products, in total, mg/l up to 0.1

36 | Surfactants, mg/d m® 10 0.5

37  Phenolic index, mg/I up to 0.25
41 Total o - radioactivity, Bg/l up to 0.1

42  Total B - radioactivity Bg/I upto 1.0

The mathematical model of the transfer of components
dissolved in them by groundwater flow is generally de-
scribed by the equation:

_ack
I 6Xj

oty o
ot 6xi

0

6Xi

k

(avick)+ qsC¥ 1)

Ck — the concentration of the dissolved k-th component
(ML?);

6 — porosity of the filtration medium, dimensionless value;

t —time;

xj — coordinate corresponding to the i-th Cartesian coor-
dinate axis, (L);

Dij - hydrodynamic dispersion coefficient tensor (L?T1);

vj — filtration speed (LT) wich is defined as Darcy flow
through the relation v; =q; /6 ;

gs — vVolumetric flux per unit volume of the aquifer, rep-
resenting a source (positive) or sink (negative) (T);

C:L( — concentration of the dissolved k-th component in
the source or sink (ML3).
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Quality indicators or component content
Observation points

Well 1-C Well 2P Well 4P Well 1721
0 0 0 0
0 0 0 0
1 0.6 0.5 0.5
8.37 7.05 7.65 8.27
1.28 0.84 1.16 0.72
0.5 1.0 <0.1 <0.1
<0.01 <0.01 <0.01 1.2
0.2 <0.2 3.5 13
0.7 1.3 1.3 0.6
1003 1320 1068 1012
170.2 258.8 212.7 1915
341.2 477 349 332.2
<0.1 <0.1 <0.1 <0.1
0.05 0.04 0.06 0.05
0.05 0.05 0.048 0.05
0.0025 0.002 0.0021 0.0025
0.001 0.004 0.0038 0.005
0.04 0.002
0.55 0.5 0.55 0.55
0.5 0.04
0.0002 0.0002
0.00005 0.00005
0.0001 0.0001
0.05 0.05
0.001 0.005
0.01 0.025
0.25 0.45 0.45 0.4
- 0.004
0.0007 0.001
0.005 0.005
0.05 0.05
0.05 0.05
0.001 0.0005
0.018 0.046
0.09 0.18

To solve this equation, the MT3D module of the GMS
modeling system was used. The mathematical model simu-
lated the convective transport of components dissolved in
groundwater. It was believed that the mineralization of
groundwater in the Maastricht aquifer is 4 g/l and does not
change in the process of solving the forecast problem. The
initial values of groundwater mineralization of the Coniac-
Campanian, Upper Turonian aquifers and the Upper Albian-
Cenomanian aquifer complex for solving the forecast prob-
lem were set on the basis of the corresponding maps con-
structed as of October 1, 2010.

The map of the predicted mineralization of groundwater
in the Upper Turonian aquifer (as of February 16, 2038) is
shown in the Figure 4.

The map of changes in the mineralization of groundwater
in the Upper Turonian aquifer from October 1, 2010 to Feb-
ruary 16, 2038 is shown in Figure 5.

Table 3 shows the results of calculating the predicted
mineralization in water intake wells of the Upper Turonian
aquifer as of 02/16/2038.
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Figure 4. Map of predicted groundwater mineralization of the
Upper Turonian aquifer (as of 02/16/2038)
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Figure 5. Map of changes in the mineralization of groundwa-
ter in the Upper Turonian aquifer from 10/1/2010 to 02/16/2038

Table 3. Predicted values of groundwater mineralization for production wells of the Upper Turonian aquifer as of February 16, 2038

(based on modeling results)

Row Change in
number, | Forecast Water Water . . minerali- | Sulfate
N N?H column water  conductivi-  well Mltpera(l:l— zation | concen-
ame or?mpe number of | turnover =ty km, filter 22;32]3 ' overthe | tration,
the model Q, m?/day radius forecast | g/dm®
block period
Water intake (1,3) m¥/day LM AC,
Wells g/dm?
LLP "Hotel Kyzylorda", well No. 0760 1 -58.62 433 350.00 0.10 1.212 0.1116 = 0.369
JV "Kazgermunai”, well No. 0339 2 -93.99 950.4 164.24 0.10 1.094 0.0087 | 0.333
JSC "Torgai Petroleum", well No. 226-D 3 -63.67 46.6 278.95 0.10 1.154 0.0545 | 0.351
JSC "PetroKazakhstan Kumkol Resources", well No. 1, water intake 4 -59.62 79.15 350.00 0.10 1.191 0.0906 0.362
JSC "PetroKazakhstan Kumkol Resources”, well No. 2, water intake 5 -69.8 79.15 228.72 0.10 1.204 0.0334 | 0.366
JSC "Ai-Dan Munai", well No. 19-D 6 -71.85 280 210.55 0.10 1.191 -0.0087 = 0.363
LLP JV "Kuat Amlon Munai", Belkul station, well No. U-300/55 7 -56.95 46.6 149.77 0.10 1.054 0.0349 = 0.321
JSC "Ai-Dan Munai", well No. 0759 8 -58.62 20 350.00 0.10 1.212 0.1116 = 0.369
CJSC "KumkolTrans-Service", well No. 1 9 -60.93 46.6 157.92 0.10 1.049 0.0433 | 0.319
State Municipal Enterprise "Regional Medical Center”, well No. 2,225-D = 10 -54.22 150 160.00 0.10 1.299 -0.0011 | 0.395
State Municipal Enterprise "Regional Medical Center" skv No. 2,225-D 11 -62.71 605.5 252.03 0.10 1.178 0.0568 0.358
LLP "Shopan-Ata", well No. 96-D 12 -116.96 50 159.23 0.10 1.179 0.0001 @ 0.359
Plot" well No. 2 13 -63.82 164.4 234.39 0.10 1.172 0.0638 = 0.357
Plot" well No. 4 14 -63.82 164.4 234.39 0.10 1.172 0.0638 = 0.357
Aeroportovskaya 110 -92.1 500 149.75 0.10 1.261 0.0006 = 0.384
LLP "KUAT", Akmechet Microdistrict, well No. 1721 15 -55.55 45 350.00 0.10 1.071 0.0124 = 0.326
Individual Enterprise "Murzagalieva", well No. 1-V 16 -57.63 50 350.00 0.10 1.193 0.0927 0.363
LLP "Nurai", well No. 271-D 17 -49.73 49.9 102.72 0.10 1.231 0.1310 = 0.375
Syrdaroil (Nik Oil Company) 18 -61.86 50 193.07 0.10 1.077 0.0671 = 0.328
Belkul station (JSC "Vagonservis") 19 -56.98 46 148.91 0.10 1.050 0.0204 = 0.320
Individual (Abenova Orazgul) 20 -94.1 47 148.48 0.10 1.264 0.0006 0.385
Aray microdistrict, Bereke str., 3, apt. 18 21 -60.73 48 250.00 0.10 1.215 0.0629 0.370
"NeftTechService", Hong Bon Do str., 26 22 -45.53 49.9 224.36 0.10 1.025 0.0246 = 0.312
"Trans Service", Hong Bon Do str., 40 23 -49.55 49.3 287.85 0.10 1.026 0.0260 = 0.312
LLP "SPF Montazhspetsstroy" 24 -62.84 149 220.40 0.10 1.113 0.0714 | 0.339
"Koksu" peasant farm 25 -89.9 72.8 161.42 0.10 1.107 0.0093 = 0.337
Kyzylzharma village, well No. 1 26 -43.59 4373 103.08 0.10 1.165 0.0978 = 0.355
Kyzylzharma village, well No. 2 27 -43.6 437.3 98.49 0.10 1.206 0.1267 0.367
Kyzylzharma village, well No. 3 28 -43.61 437.3 95.14 0.10 1.219 0.1561 0.371
Kyzylzharma village, well No. 4 29 -43.62 4373 92.29 0.10 1.229 0.1712 | 0.374
Kyzylzharma village, well No. 5 30 -43.62 437.3 92.29 0.10 1.229 0.1712 0.374
Kyzylzharma village, well No. 6 31 -44.63 4373 90.82 0.10 1.133 0.1327 | 0.345
Kyzylzharma village, well No. 7 32 -44.64 437.3 87.71 0.10 1.154 0.1314 0.351
Kyzylorda Energy Center, well No.1 33 -54.5 4373 350.00 0.10 1.048 0.0173 | 0.319
Kyzylorda Energy Center, well No.2 34 -54.51 4373 350.00 0.10 1.050 0.0164 = 0.320
Kyzylorda Energy Center, well No.3 35 -54.51 437.3 350.00 0.10 1.050 0.0164 0.320
Kyzylorda Energy Center, well No.4 36 -54.52 4373 350.00 0.10 1.054 0.0178 | 0.321
Kyzylorda Energy Center, well No.5 37 -54.52 437.3 350.00 0.10 1.054 0.0178 0.321
Munayshi street, well N 40 -53.75 4373 109.16 0.10 1.333 0.2114 | 0.406

34
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Munayshi street, well Ne2
Munayshi street, well Ne3
Munayshi street, well Ne4
Titova auyl, well Nel
Titova auyl, well Ne2
Titova auyl, well Ne3
Titova auyl, well Ne4
Titova auyl, well Ne5
Tasboget auyl, well No. 1
Tashoget auyl, well No. 2
Tasboget auyl, well No. 3

Kyzylorda, Biological wastewater treatment station (BWTP) well No. 1
Kyzylorda, Biological wastewater treatment station (BWTP) well No. 2
Kyzylorda, Biological wastewater treatment station (BWTP) well No. 3

Zhakhaeva street, Kyzylorda, well No. 1
Zhakhaeva street, Kyzylorda, well No. 2
Shugyla microdistrict, well No. 1

Shugyla microdistrict, well No. 2
Kyzylorda City park, well No. 1
Kyzylorda City park, well No. 2
Kyzylorda City park, well No. 3
Kosherbaeva street, Kyzylorda, well No. 1
Kosherbaeva street, Kyzylorda, well No. 2
Astana

Kyzylorda Sity Polise Department
Shukurova street, well No. 1

Kyzylorda Old market

Kyzylorda TB dispensary, well No. 1
Kyzylorda TB dispensary, well No. 2
Komsomol district, Kyzylorda, well No. 1
Agroprom district, Kyzylorda,

Baiseitova st., well No. 2

30 years of victory

Nurdaulet

Kyzylorda Nursing home, well No. 2
Tashoget area — 2, well No. 2

Wiater intake 1C

Residence, Citizens Service Centre (CSC)
Zhanaauyl

Shapagat (new)

Seksenbaeva street, well No.1

Gagarina village, 5th clinic

Kultekenova street, Kyzylorda
Seksenbaeva street, Kyzylorda, well No. 2

Chizha San Tina street, Kyzylorda, well No. 1
Chizha San Tina street, Kyzylorda, well No. 2
Chizha San Tina street, Kyzylorda, well No. 3
Chizha San Tina street, Kyzylorda, well No. 4
Chizha San Tina street, Kyzylorda, well No. 5

Munayshi, well No. 4
Munayshi, well No. 1
Munayshi, well No. 5
Munayshi, well No. 2
Munayshi, well No. 3

Kyzylorda Sity Polise Department, well No. 1
Kyzylorda Sity Polise Department, well No. 2
Kyzylorda City park, well No. 1 moBropenue

Kyzylorda City park, well No. 2
Kyzylorda City park, well No. 3
Kyzylorda City park, well No. 4
Kyzylorda Old market, well No. 1
Kyzylorda Old market, well No. 2
Kyzylorda Old market, well No. 3
"Arai 2" area, well No. 1

"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No.
"Arai 2" area, well No. 11
Water intake, well No. 1
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-53.74
-52.75
-52.74
-51.48
-48.48
-52.48
-52.49
-52.49
-74.89
-74.89
-74.89
-42.35
-42.35
-42.35
-62.66
-62.66
-58.74
-58.73
-57.62
-57.62
-57.62
-61.76
-62.79
-66.77
-53.71
-74.88
-60.61
-53.39
-53.39
-43.49
-52.7
-60.65
-50.6
-71.81
-58.73
-79.87
-82.89
-64.68
-45.74
-54.66
-39.51
-52.52
-52.59
-40.51
-44.59
-44.59
-45.59
-45.6
-46.6
-53.74
-52.74
-53.74
-52.74
-53.74
-53.71
-53.71
-57.62
-57.62
-57.62
-57.62
-61.61
-60.61
-60.62
-76.73
-76.73
-76.73
-76.73
-77.74
-17.74
-77.75
-77.75
-77.75
-77.76
-77.76
-82.89

4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
4373
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9
964.9

108.74
107.92
107.16
321.36
273.47
336.56
348.05
348.05
198.25
198.25
198.25
193.48
193.48
193.48
292.55
292.55
214.71
219.62
350.00
350.00
350.00
250.00
245.60
250.00
109.07
200.31
350.00
227.39
227.39
212.74
107.52
350.00
205.48
215.92
219.62
186.65
171.15
265.27
95.74
193.04
197.05
350.00
262.11
203.94
105.03
105.03
107.95
102.33
106.00
108.74
107.16
108.74
107.16
108.74
109.07
109.07
350.00
350.00
350.00
350.00
350.00
350.00
350.00
158.14
158.14
158.14
158.14
156.93
156.93
158.45
158.45
158.45
159.95
159.95
171.15

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

1.317
1.326
1.271
1.040
1.035
1.043
1.029
1.029
1.106
1.106
1.106
1.118
1.118
1.118
1.156
1.156
1.236
1.252
1.194
1.194
1.194
1.188
1.187
1.175
1.248
1.143
1.151
1.120
1.120
1.049
1.230
1.193
1.044
1.215
1.252
1.169
1.123
1.152
1.202
1.196
1.052
1.018
1.038
1.045
1.099
1.099
1.043
1.062
1.054
1.317
1.271
1.317
1.271
1.317
1.248
1.248
1.194
1.194
1.194
1.194
1.150
1.151
1.190
1.100
1.100
1.100
1.100
1.099
1.099
1.106
1.106
1.106
1.144
1.144
1.123

0.2174
0.2019
0.1705
0.0341
0.0259
0.0371
0.0295
0.0295
0.0082
0.0082
0.0082
0.0183
0.0183
0.0183
0.0562
0.0562
0.0539
0.0701
0.0935
0.0935
0.0935
0.0878
0.0875
0.0753
0.1467
0.0201
0.0511
0.0213
0.0213
0.0333
0.1302
0.0926
0.0440
0.0153
0.0701
0.0142
0.0069
0.0519
0.1024
0.1014
0.0440
0.0184
0.0347
0.0447
0.0864
0.0864
0.0433
0.0623
0.0544
0.2174
0.1705
0.2174
0.1705
0.2174
0.1467
0.1467
0.0935
0.0935
0.0935
0.0935
0.0504
0.0511
0.0904
0.0005
0.0005
0.0005
0.0005
-0.0009
-0.0009
0.0064
0.0064
0.0064
0.0435
0.0435
0.0069

0.401
0.404
0.387
0.317
0.315
0.317
0.313
0.313
0.337
0.337
0.337
0.340
0.340
0.340
0.352
0.352
0.376
0.381
0.363
0.363
0.363
0.362
0.361
0.358
0.380
0.348
0.350
0.341
0.341
0.319
0.374
0.363
0.318
0.370
0.381
0.356
0.342
0.351
0.366
0.364
0.320
0.310
0.316
0.318
0.335
0.335
0.318
0.323
0.321
0.401
0.387
0.401
0.387
0.401
0.380
0.380
0.363
0.363
0.363
0.363
0.350
0.350
0.362
0.335
0.335
0.335
0.335
0.335
0.335
0.337
0.337
0.337
0.348
0.348
0.342
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Water intake, well No. 2 161
Water intake, well No. 3 162
Water intake, well No. 4 163
Water intake, well No. 5 164
""Steppe 2" area, well No.1 165
""Steppe 2" area, well No.2 166
""Steppe 2" area, well No.3 167
""Steppe 2" area, well No.4 168
""Steppe 2" area, well No.5 169
""Steppe 2" area, well No.6 170
""Steppe 2" area, well No.7 171
""Steppe 2" area, well No.8 172
""Steppe 2" area, well No.9 173
""Steppe 2" area, well No.10 174
""Steppe 2" area, well No.11 175
""Steppe 2" area, well No.12 176
""Steppe 2" area, well No.13 177
""Steppe 2" area, well No.14 178
""Steppe 2" area, well No.15 179
""Steppe 2" area, well No.16 180
""Steppe 2" area, well No.17 181
"Merey" microdistrict, well No.1 145
"Merey" microdistrict, well No.2 146
"Merey" microdistrict, well No.3 147
"Merey" microdistrict, well No.4 148

The highest mineralization of groundwater will be in well
No. 40. It will reach 1.33 g/l by the end of the forecast peri-
od. The greatest increase in groundwater mineralization (by
0.22 g/1) will occur in wells with map numbers 131, 133,
135. In these wells, the maximum depth of the dynamic level
is also predicted (129.81 m) at the end of the forecast period.

4. Conclusions

The obtained analyzes indicate that the surface waters of
the Syrdarya River are polluted with sulfates, magnesium,
and have increased mineralization. At the same time, in cer-
tain seasons of the year, water mineralization increases to
1.5-1.84 g/l, the sulfate content increases to 748 mg/l, and
the total water hardness increases to 14 mg/l. The water of
the Syrdarya River is suitable for irrigation and industry, and
for domestic and drinking water supply the use of deep water
treatment methods is required. And also the results of chemi-
cal analyzes showed that there is no significant increase in
pollution in the Kyzylorda region. The main pollution is
transboundary and is formed outside the territory of the Ky-
zylorda region. It is not possible to predict further changes in
the quality of both groundwater and surface waters, due to
the transboundary nature of the flow of the Syrdarya River.

Groundwater of Quaternary alluvial deposits has a close
relationship with the surface water of the Syrdarya River, the
waters of which have been subject to significant technogenic
impact in recent years and have sharply deteriorated their
quality. In this regard, negative changes are noted in the
chemical composition of groundwater in alluvial deposits
(increased mineralization, increased sulfate content, in-
creased total hardness, etc.)

The obtained analyzes indicate that very slightly brackish
groundwater with mineralization up to 1.0-1.4 g/l in the allu-
vial quaternary aquifer complex is distributed within a rela-
tively narrow riverbed strip of the Syrdarya River valley.

At the same time, in the area of the Kyzylzharma field,
the mineralization of groundwater in the alluvial aquifer
complex is 0.8-1.1 g¢/l, the sulfate content in the water of
individual production wells reaches 690 mg/l, and the total
hardness of groundwater is up to 14 mEg/I.

-82.9 964.9 168.30 0.10 1.103 0.0013 | 0.336
-82.9 964.9 168.30 0.10 1.103 0.0013 | 0.336
-82.9 964.9 168.30 0.10 1.103 0.0013 | 0.336
-82.91 964.9 165.51 0.10 1.098 0.0076 | 0.334
-77.1 964.9 160.00 0.10 1.283 0.0005 @ 0.391
-77.1 964.9 160.00 0.10 1.283 0.0005 | 0.391
-78.1 964.9 160.00 0.10 1.281 0.0005 | 0.390
-78.1 964.9 160.00 0.10 1.281 0.0005 | 0.390
-78.1 964.9 160.00 0.10 1.281 0.0005 | 0.390
-79.1 964.9 160.00 0.10 1.279 0.0005 @ 0.389
-79.1 964.9 160.00 0.10 1.279 0.0005 | 0.389
-80.1 964.9 160.00 0.10 1.277 0.0005 @ 0.389
-80.1 964.9 160.00 0.10 1.277 0.0005 | 0.389
-80.1 964.9 160.00 0.10 1.277 0.0005 | 0.389
-80.1 964.9 160.00 0.10 1.277 0.0005 @ 0.389
-79.1 964.9 160.00 0.10 1.279 0.0005 | 0.389
-79.1 964.9 160.00 0.10 1.279 0.0005 @ 0.389
-78.1 964.9 160.00 0.10 1.281 0.0005 | 0.390
-77.11 964.9 160.00 0.10 1.274 0.0006 @ 0.388
-76.11 964.9 160.00 0.10 1.276 0.0006 @ 0.388
-75.11 964.9 160.00 0.10 1.278 0.0006 | 0.389
-60.54 964.9 350.00 0.10 1.116 0.0161 = 0.340
-61.54 964.9 350.00 0.10 1.114 0.0144 | 0.339
-61.55 964.9 350.00 0.10 1.119 0.0188 = 0.341
-61.55 964.9 350.00 0.10 1.119 0.0188 | 0.341

As well as deterioration in the quality of groundwater in
the exploited Upper Turonian aquifer of the Kyzylzharma field
is possible mainly due to the flow of brackish groundwater
from the Maastrichtian, Coniacian-Campanian and Upper
Albian-Cenomanian horizons. In order to predict changes in
the quality of groundwater in the Kyzylzharma field, the prob-
lem of transfer of components dissolved in it by the flow of
groundwater was solved using the created model.

The obtained analyzes for predicting changes in ground-
water quality indicate that the highest mineralization of
groundwater will be in well No. 40. It will reach 1.33 g/l by
the end of the forecast period. The greatest increase in
groundwater mineralization (by 0.22 g/l) will occur in wells
with map numbers 131, 133, 135.

It should be noted that currently there is no unified
groundwater monitoring system throughout the entire territo-
ry of the Kyzylzharma field. Moreover, the overwhelming
majority of operating production wells are not equipped with
water meters that allow reliable accounting of water intake.
There are also no special observation wells-piezometers that
allow long-term observations of the position of the depres-
sion surface of the operational Upper Turonian aquifer and
observation wells on the above and below-lying aquifers,
from which substandard groundwater may flow.
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Anparna. byn 3eprreyain Makcatel Kpisputopna xamacekiH (KazakcTaH) aybl3 CyMeH TYpaKThl KaMTaMachl3 €Ty YIIiH
Celprapust e3¢HI CybIHBIH koHEe KpI3bUDKapMa KEH OPHBIHBIH JKEPACThl CyJIapbIHBIH CalachIHBIH ©3TepyiHe MOHUTOPHHT
KYpTizy Oobin Tabbutansl. byn makamana XKanaxopran, Ke3putopa sxoHe Kaszaner aymakTapsIHAAFs! aFbIc OarbIThl OOMBIHIIA
©3¢H cynapbiHaH anbiHFaH CeIpiapus e3eHiHIH TaOWFH CylapblHa XUMILUIBIK Tajnay HOTIDKenepi xenripinreH. Kasakcranma
KOJIIAHBICTAFbl aybl3 Cy HOPMAaTHBTEpPIMEH CallbICTBIPFaHJA KeHOip YHFbIManapja naiilalaHbUIaThIH KePacThl CYJApbIHBIH
carachlHbIH HOTIDKENepl YCHIHBUIFAaH. AMNTa KeTy Kepek, KpI3puiopla KeH OpHBI ayJaHbIHAA >XEpP acThl CyJIapbIHBIH
muHepanganysl 0.8-1.1 r/nm Kypaiapl, jKeKelereH eHAIpyIli YHFbIMaJIap/blH CYBIHIArbl cyiabdarrapasiy Memmepi 690 mr/in
JKETeJli, aJl )Kep acThl CYJIAPBIHBIH JKaNIIbl KATTBUIBIFEI-14 Mr okB/1 neiiin. 2038 xputrbl 16 aknmanaarsl 0oipkaM OOHBIHINA JKEP
acThI CyJIapbIHBIH MUHEpaAIaHYbIHBIH eH Kol yiiFatobl (0.22 1/i1-re) kapra HeMipiuepi 131, 133, 135 yHreiManapaa Oonasl.

Hezizzi co30ep: mabueu cy, Coipoapus e3eni, dicep acmul cynapbl, Keizviiocapma ken opHul, cyoblly candacwl, XuMusiblK

KYPambl, dHcep aCmbl CYIaAPbIHbIY CANACLIHbIY 032€PYi.
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AnHoTanus. L{enbl0 TaHHOTO HMCCIIENOBaHUs SIBIIICTCS MOHHUTOPUHT M3MEHCHHMH KadyecTBa BOIbI peku ChIpmapbs U MOJ-
3eMHBIX BOJ MeCTOpOXAeHHs KbI3punKapMa sl YCTOWIUBOTO CHAOXKEHHUs MUTheBOM Bojoi ropoaa Kemseutopaa (Kazaxcran).
B 1aHHO# cTaThe MpeIcTaBiIeHbl Pe3yIbTaThl XAMUYECKUX aHAIU30B MPUPOAHBIX BOJ peKu ChIpIaphs, B3SATHIX U3 PEUHBIX BOJ
[0 HaINpaBJIeHHIO TedeHus:, Ha Teppuropun JKanakoprana, Ke3putopasl u Kaszansl. [IpeacraBinensl pe3yibTaThl Ka4ecTBa UC-
MOJIb3YEMbIX B HEKOTOPHIX CKB2)KWHAX MOA3EMHBIX BOJ B CPAaBHEHHU C HOPMATHBaMH MHUTHEBOH BOBI, AeicTByomnME B Ka-
3axcrane. ClielyeT OTMETHTh, YTO B paiioHe KbI3bUIOPAMHCKOTO MECTOPOKACHHS MUHEPAIU3AIMs T0I3EMHBIX BOJ] COCTABIISECT
0.8-1.1 r/n, Conepkanue cynab(paToB B BOJEC OTIACIBHBIX IOOBIBAIOIINX CKBaXHH nocturaet 690 mr/m, a oOmias >keCTKOCTh
MOJ3EMHBIX BOJ — 10 14 Mr-3kB/11. [IpencTaBieHbl pe3yibTaThl OICHKH BO3MOXKHBIX U3MEHEHHUI KauecTBa MOA3EMHBIX BoJ. [1o
nporHo3am Ha 16 ¢eBpaist 2038 roga HanbosblIee yBeIMYeHNE MUHEpATU3aLMHU T013eMHbBIX Box (Ha 0.22 1/m) npousoiieT B
CKBa)XHHax ¢ Homepamu kapT 131, 133, 135.

Knroueswie cnosa: npupoonas éooa, pexa Coipoapuvsi, noo3emuble 600bl, Mecmopodicoenue KvizvLioicapma, kauecmeo 600bi,
XUMUYECKUL COCMAB, USMEHEHUEe Kauecm8ad NO03EMHbIX 800.
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