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CBOJICTBA CTIOKHBIX PYJ, OIpeJesiio-
[yie TEeXHOJIOTMY UX IepepaboTKu, Ipu-
CYLIV HEeIOCPENCTBEHHO MMIHEpanIaM M UX
KOMIIO3MIIMAM, @ He OTJE/TbHBIM XUMMYe-
ckyM aneMeHTaM. [ToaToMy, 06bIYHBIII TPO-
VI3BOJICTBEHHBIJI KOHTPO/Ib TOJIBKO XVIMM-
4eCKOT'o COCTaBa He MOXKET B IIOJTHOI Mepe
OIIpefe/IATh KaueCTBO U TEeXHOJIOTMYECKIe
CBOJICTBA PYJ ¥ NPOAYKTOB OOOTaIeHNs.
B mocnegHme roppl B MUPOBON IIPAaKTH-
Ke [ KOHTPOJIsI MMHEpPAJIbHOTO COCTaBa
VIHTEHCVBHO Pa3BUBAETCA IpPMMEHEHIe
aBTOMATM3MPOBAHHOTO KOJIMYECTBEHHOT'O
pentrenogdasooro anammsa (KP®A) mo
HOMHONPOGWIPHOMY MeTony Putsens-
ma [1]. CyTp MeToma B MOZEIMPOBAHNMA
peHTreHorpaMMBbl  00pasiia, M3MepeHHOI
Ha [upaKTOMeTpe, PaCUYeTHBIMU PeHT-
reHorpaMMamMy ero ¢as, BBIYMC/IAEMBIMU
U3 aTOMHO-KPUCTA/UIMYECKNX CTPYKTYp
MUHepanoB. [Ipyu 9TOM, yTOUHAIOTCSA Mapa-
METPBI peleTKy, Npopud AMQpPaKINOH-
HBIX IVKOB (pa3, TEKCTYPbI 1, BO3MOXKHO,
IIapaMeTpbl KPUCTA/UINYECKO CTPYKTYPBI
OCHOBHBIX (a3 o6pasna. Ito femaer KPOA
110 MeTOAYy PuTBe/ba HaMbO/Iee TOYHBIM 13
cymecTByroImux MeTofoB. OnHako, KPOA
1o mMertony PurBenppa apdexTuBeH muip
TOIZ]A, KOIZla Ka4eCTBEHHBII MMIHepalb-
HBIJI COCTaB PYJ U NPOAYKTOB U3BECTEH U
cTabuIeH, a P ero Jake YacTUYHOM W3-
MEHEeHUN B Ipobax NMPUBOAUT K OIIVOKaAM.
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ITO NPEIATCTBYET PasBUTHMIO aBTOMATH3al
KP®A no metony PutBenbia B crydasx cyme-
CTBEHHO M3MEHYVMBOIO MITHEPA/IbHOTO COCTaBa.

B C®DY cosmaHo mporpaMMHO-METO-
mudeckoe obecmnedenne (IIMO) aBToma-
tn3npoBanHoro KP®A. BpmonHaemMoro
COBMECTHO C OIIEPaTMBHBIM QAHAIN30M
XUMMYECKOTO 9IeMEHTHOIO COCTaBa Ipob
(Hamp., MeTofflaMM PeHTIeHOCIEeKTPAIbHO-
ro anammsa). Cxema [IMO KP®A mpen-
craBnena Ha pucynke 1. Cucrema IIMO
KP®A BpInoOnHAET CHa4Yajaa aBTOMaTU4Ye-
CKYIO peHTreHO(a30BYI0 UAEHTU(UKALIVIO
(OW) MmuHepanbHOTO COCTaBa MPOODI U €T0
nepsuuHbli KPOA (KPPAL) mo mynbrn-
pednexcaomy meropy RIR [2] ¢ mcnonb-
30BaHMeM KOPYHMIOBBIX uycen ¢as. [lanee
no maHnHbIM OV 1 KP®A1 aBTOMaTN4YeCKN
dbopMupyeTcss KOHKpeTHOe 3ajlaHye HJIst
mporpaMMbl MeTofa PurTBenbma, KoTropas
3aTeM BbINONHAET TOYHbIE KPDA Mune-
pPaJIbHOTO COCTaBa JaHHON Npo6bl. IIpnm
3TOM, POJIb OIepaTopa CBOAUTCA K BU3Y-
a/IbHOMY KOHTPOJIIO IIPOMEXYTOYHBIX pe-
3yJIbTATOB Ha 3KpaHe (C BO3MOXXHOCTHIO
OTKaTa Ha IpeAbIAyIINe STAlbl aHAIN3a
npy HeOOXOIMOCTM).

3eneHble 610K 0003HAYAIOT UCXOMHBIE
naHHble, rony6sie — [10, po3oBble — KOH-
TPOJIb pe3yAbTaTOB oneparopom, b/l1-bJ14
— cny>xe6Hble 6a3pl aHHbIX (B]]), cospaBa-
emble ipu HacTporike IIMO gy POA kon-
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BA1 sTanoHHbIX bA2 B/14 atomHbIX dopMHpOBaHHE

CIIeKTpoB (a3 3aIIpOCOB Ha CTPYKTYp (a3 oryéra no PMA

u3 PDF2 DU a3 B/11 u3 ICSD 1po6sI s TOK
PucyHok 1 — Cxema NMMO KPDA. UMNC POA — nuueH3npoBaHHas aBTopckas MHPOpPMaLMOHHO-MOUCKOBas CU-

cTeMa peHTreHodasoBol ngeHtudbumkaumm [3], Topas [4], B paHHoM Bepcum [MTMO, nporpamma metona Puteens-
na ¢upmbl Bruker (ee MOXHO 3aMeHATb APYrMMUY aHANOMUYHbBIMK).

KPETHBIX TUIIOB PyZ U IpOARyKTOB, PDF2
un ICSD - yHuBepcanbHble MEXIYHapOJ-
Hble B]l 3Ta/lOHHBIX CIIEKTPOB M aTOMHBIX
KPUCTA/UINYECKUX CTPYKTYP MMHEPAJb-
HbIX ¢a3. [IMO mpenHasHaueHO I OIle-
patuBHoro KP®A pyn m mpomykToB ux
oboraieHns 1 nepepaboTKy CO CTTO>KHBIM
Y M3MEHYVMBBIM MUHEPaJIbHBIM COCTABOM,
1 He MIMEET IPSAMbBIX MUPOBBIX aHAJIOIOB.
Cnenyer ormeTuth, 4To IIMO BBIIONHAET
aHa/lIM3 He MPOCTO MMHEPA/IbHOTO, a MU-
HepanbHO-(asoBoro cocrasa. Kak n3sect-
HO, OJJHM M Te K€ MUHepajbl B obpasijax
Pa3/IMYHOrO MPOMCXOXKJEHNA MMEIT, KaK
IIPaBUJIO, HEKOTOPBIE PA3IN4NA B XMMUYeE-
CKOM cocTaBe (0COOeHHO, HeCTeXNOMeTpPH-
YeCKOM) U KPUCTA/UINMYECKON CTPYKTYpe.
ITockonbky, cucrema IIMO BbImonHseT
cHauama @Vl mo Habopy pasmMyYHBIX ITa-
JIOHHBIX CIIeKTPOB (pa3 JaHHOTO MIHepaja
u3 b]/l, 3T0 co3maeT BO3BMOXXHOCTDb UEHTU-
¢dbukauyum ero ajgexBaTHOI (as3pl ¢ Hanbo-
Nee MOAXOAIMM XVMMWYECKMM COCTaBOM

n crpykrypoin. Ilpm srom, mcronbsosa-
HII€ aJIeKBaTHBIX (a3 MOBBIIIAET TOYHOCTD
KP®A no metony Putsenbpa.

[Tockonbky nporpammbl VIIIC u Topas
paboTarOT aBTOMATUYECK, IIOf] yIIpaBlie-
HMeM cucteMbl aBTo- KPDA, Heobxogumo
KOHTPO/IMPOBaTb MX pe3yIbTaThl B IIPO-
necce aHammsa. KOHTpomb pesynbraToB
BBITIO/IHAETCSA IIyTeM BU3Ya/lbHON OLIEHKU
COOTBETCTBUA MOAeNbHBIX cieKTpos MIIC
PDA (pucynok 2) n Topas (pucynok 3) ¢
PEHTTeHOTPaMMOit IPOOBI.

KoHTponb  MO[eIbHOTO  CIIEKTpa
NIIC P®A 3akmo4yaercs B CIEYIOIIEM.
Bo-nepBbIX, ecnmu B mpobe MOABWICA HO-
BbIJI, HEy4YTeHHbI B B/I1 Munepan, To Ha
PEHTTeHOIpaMMe OCTAIOTCS HeVJIeHTU(M-
IUpPOBaHHbIE NMUKNM. B aToM ciaydae oHm
OBICTPO UEHTUPUUMPYIOTCA B VHTEpPaK-
tuBHOM pexxume VIIIC [5], a aTa/moHHBII
CIIeKTp HaiifmeHHOI (asbl fobaBiseTcs B
B[I1 nns aBromMaTuueckoi upeHTHUKA-
VM 9TOTO MUHepajia B APYruX INpobax.
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PucyHok 2 — PeHTreHorpamma npobbl (cMHASA) 1 ee mogenbHbit crekTp UIMNC POA 13 3TanoHHbIX cnekTpoB das
B/l (uBeTHble WTpKUXK); B 1eBOM CTON6LE LBETHOM TabnuLbl KOHLEHTpauun das, B HUXHEN CTPOKe pacYeTHbIM

3/IEMEHTHbIN cocTaB NMpobbl (A1 cpaBHeHUs ¢ faHHbiMn PCA).

80001 Quartz 41.36 %
7 500- Muscovite 9.71 %
7 0001 Muscovite_3T_26818 047 %
6 5001 Clinochlore 254 %
6 000 Dolomﬂe 0.56 %
5 5001 Calc!tei191852 14.23 %
50001 CalciteMg 23.84 %
500 Berthierite_185792 0.64 %
Margarite_2M1_100608 042 %
40004 Magnetite_250540 0.01%
35004 Rutile 053 %
30001 Ankerite_152200 0.30 %
25001 Albite_(heat-treated)_87661 1.86 %
2000 Pyrite 0.38 %
15001 Pyrrhotite_5C_190011 0.69 %
1 0001 Arsenopyrite_185809 1.84 %
o |
5 0 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

PucyHok 3 — MopenbHas peHTreHorpamMMa Topas (Y4epHasl) U 3KCMepuMeHTasbHas peHTreHorpamma npoobbl
(kpacHas); cepasi IMHUA BHU3Y — MX PA3HOCTb; LiBETHas Tabnmua — KoHUeHTpaunm MmHepasbHbix ¢as (% macc.)

Bo-BTOpBIX, €cnM KaKue-TO 3Ta/IOHHbIE
CIIEKTPBI IJIOXO MHTEPIPETUPYIOT MHTEH-
CUBHOCTM IMKOB PEHTT€HOTPAMMbI, TO
VX MOYXHO OBICTPO IIOJOTHATH KHOIKaMU
«C+» n «C-». Jra mpolenypa IOBbILIA-
eT TouHocTb KP®AI1, BbINOMHAEMOrO IO
MacITabHbIM K03 uUIMeHTaM 3Ta/IoH-
HBIX CIIEKTPOB (a3 B MOJIe/IBHOM CIIEKTpe.
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Hocratoyno tounblit KPPA1 HyXeH mna
aBTOMAaTU4YeCKOro (pOpMMpPOBAHMS CeleK-
TUBHOTO 3afaHus Topas Ha 6ojiee TOYHBII
KP®A no metony Putsenbpa.

KoHTponp KadecTBa MOJIEIBHON PEHT-
reHorpaMMbl Topas BBINONHAETCA IO ee
PasHOCTM C SKCIIEPVMEHTA/IbHOM PEHT-
TeHOTPaMMOJI TIPOOBI, BU3YaIM3UPyeMOIt



BHM3Y pucyHKa 3 (cepas nmuanA). Ecmm mo-
JieIb I/IOXO COBIIA/IAeT C PEHTTEHOrPAMMOIA,
TO Ha Pa3HOCTHON JIMHUM IIPUCYTCTBYIOT
VKM, IO KOTOPBIM BMAHO, Kakas u3 ¢as
IJIOXO YTOYHEHA, M TOTJA €€ CIERyeT JI0y-
TOYHWUTb B MHTEPAKTUBHOM pexxume Topas.

Obmee KayecTBO  MOJEMMPOBAHMA
olpefenseTcs Mo BenmanHe Rwp- ¢akropa
MeTofa Pursenbaa, KOTOPBI MOKa3bIBAET
B3BELICHHYI0 OTHOCUTE/IbHYIO Pa3HOCTb
MOJIETIbHOM U 3KCIIEPUMMEHTA/IbHOV PEHT-
reHorpamMMm. [I7d CHIOXHBIX, TNPUMEPHO,
15- ¢dasubix mpob6 Rwp He momxeH mpe-
BpimaTh 10-11% OTH., B IPOTUMBHOM CIIy-
qae Becb LMK KP®A cnegyer nepenenarn,
Ha4yMHaA ¢ 6ojIee TIIATeTbHON ITOATOTOBKMI
npo6s! gt KPOA. Cnenyer oTMeTUTB, YTO
B OCHOBHOM 33 3TO OTBETCTBEHHA IIP00O-
IOJTOTOBKA, METOAMKA KOTOPOII He BCerja
MOXeT y4eCTb MHAVBUyaTbHbIE 0COOEH-
HOCTY TPOOBI (HAmp., TeKCTYPUPYEMOCTD
VUIM PasMep YacTull I IpefoTBpalleHN
Mukpornornomenus PV, u 1.11.), ocoben-
HO, IIpY IOTOYHOM aHAJIN3e.

B cury cnoxHocTM 3amaum, BHEIpEHME
I[IMO KP®A Ha KOHKPETHOM IIpOU3BOJ-
CTBe TpeOyeT CHadazla IpefBapUTEIbHBIX
MICCTIEOBAHMIT OCOOEHHOCTEl COCTaBa U
aTOMHO-KPUCTA/UINYECKNX CTPYKTYP MU-
HEPAJIOB, I HACTPONMKM /i1 KOHKPETHBIX
TUIIOB PyJ, M IPOJYKTOB, a 3aTeéM IIPOBe-
IEHMA OIBITHON 3KCIUTyaTauum y 3aKas-
ynka. [IMO KP®A Bregpeno B 2022r Ha
IT'OK OnmuMnuagmMHCKOTO MeCTOpOXKIe-

HUSA U 32 JUCTeKllee BpeMsA obecredmsio
aHa/IM3 MIUHEPAJTbHOTO COCTaBa CBBILIE
20 TBIC. PA3NNYHBIX IMPOO CYTbPUIHBIX
30/I0TOCOIep>KAIIX PYA, COAEpKaIlMX B
cpenHeM ~ 15 MuHepanbHBIX a3 u3 ~ 50
BO3MOXHBIX. B nmanHoe Bpemsa COY 3a-
BepuraeT paspaborky aBro- KPPA koH-
neHTparoB. OnepaTMBHOCTb ABTOMATH-
suposanHoro KP®A, B cpenneM, 15 Mun./
npo6y, MMHVMMAIbHBIN IIpefie/l U3MepeHNs
~ 0,5 % macc./¢asy, B 3aBUCHMMOCTU OT
muHepana. IIpu aTom, BpeMs maMepeHus
IPELV3MIOHHO PEeHTTeHOTPaMMBbl NPOOBI
Ha COBPEMEHHOM AudpaKkTOMeTpe TaKxe
~ 15 MyH./Ipo0y, YTO MO3BOJISAET CO3JATh
HeTIpepbIBHBIN NPOLIECC MI3MEPEHNSI PeHT-
reHOrpaMM Ha OMQpaKTOMeTpe ¥ aHaIu3a
MJHEPaIbHOTO COCTAaBA.

ABromatusupoBanHoe I[IMO KP®A
MOXeT OBITb aJalTMPOBAHO U BHEJpe-
HO B pamkax HVIOKP Ha mwo6six TOK n
npegnpuATuax MK pna omepatuBHOrO
KP®A cnoxxHbIX pys B Ipolieccax yInpas-
JIEHMAA PYAONOTOKAMM, TE€XHOJIOTMYECKOTO
KOHTPOJISI TIPOAYKTOB OOOTAllleHMs 1 Iie-
pepaboTKy, Npu KapTUPOBAHMM PYAHBIX
MECTOPOXK/IEHMII ¥ T.IIL., B JIOIOTHEHME K
CYLIECTBYIOIIEMY OIEPAaTMBHOMY KOHTPO-
JII0 XMMMWYECKOTO 37IEMEHTHOTO COCTaBa.
3aMHTEPECOBAHHBIM MPENIPUATAAM MO-
JKeT OBITb BBICIAH BUJEOPOIVK C IE€MOH-
crpanuen nponecca aBTo- KPDA B peanb-
HOM BPEMEHH U JIpyTHe NIPe3eHTAlIOHHbIE
MaTepUaJbl.
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AUTOMATED SYSTEM FOR X-RAY PHASE ANALYSIS OF
THE MINERAL-PHASE COMPOSITION OF ORES AND
TECHNOLOGICAL PRODUCTS
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The properties of complex ores that
determine the technologies for their
processing are inherent in the minerals and
their compositions, rather than individual
chemical elements. Therefore, conventional
production control based solely on
the chemical composition cannot fully
determine the quality and technological
properties of ores and enrichment products.
In recent years, the use of automated X-ray
diffraction quantitative phase analysis
(XRD QPA) using the full-profile Rietveld
method [1] has been intensively developed
in global practice for controlling the
mineral composition. The essence of the
method is to model the diffraction pattern
of the sample measured on a diffractometer
with calculated diffraction patterns of
its phases, which are computed from the
atomic-crystalline structures of minerals.
This refines the lattice parameters, peak
profile of the diffraction peaks of phases,
textures, and possibly the crystal structure
parameters of the main phases of the
sample. This makes Rietveld QPA the most
accurate of the existing methods. However,
the Rietveld QPA method is effective only
when the qualitative mineral composition
of ores and products is known and stable,
and even partial changes in samples lead
to errors. This impedes the development of
automation of Rietveld XRD QPA in cases of
significantly variable mineral composition.

Software and methodological support
(SMS) for automated QPA has been
254

developed at SFU. This QPA is performed in
conjunction with real-time analysis of the
chemical elemental composition of samples
(for example, using X-ray fluorescence
analysis methods). The scheme of the SMS
for QPA is presented in Figure 1. The QPA
SMS system first performs automatic phase
identification (PhI) of the sample's mineral
composition and its primary QPA (QPAI)
using the multireflex RIR method [2] with
the use of corundum phase numbers.
Then, based on the PhI and QPA1 data, a
specific task is automatically generated for
the Rietveld method program, which then
performs an accurate QPA of the mineral
composition of the given sample. In this
case, the operator's role is reduced to visual
control of intermediate results on the
screen (with the possibility of rolling back
to previous stages of analysis if necessary).

The green blocks represent the input
data, blue blocks represent software, and
pink blocks represent control of the results
by an operator. DB1-DB4 are service
databases (DB) created during the setup of
SMS for QPA of specific types of ores and
products (PDF2 and ICSD are universal
international databases of reference spectra
and atomic crystal structures of mineral
phases). SMS is designed for operational
QPA of ores and products of their
enrichment and processing with complex
and variable mineral compositions, and
has no direct global analogues. It should
be noted that SMS performs not only a
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Figure 1 — QPA SMS scheme. IRS QPA is a licensed proprietary information retrieval system for XRD phase
identification [3]. Topas [4] in this version of SMS is a program of the Rietveld method by Bruker (which can be

replaced by other similar programs).

mineralogical but also a mineral-phase
analysis. As known, the same minerals in
samples of different origins usually have
some differences in chemical composition
(especially non-stoichiometric) and crystal
structure. Since SMS initially performs Phl
using a set of various reference spectra of
phases of this mineral from databases,
it creates the opportunity to identify its
adequate phase with the most suitable
chemical composition and structure. At
the same time, the use of adequate phases
increases the accuracy of QPA by the
Rietveld method.

As IPS and Topas software operate
automatically under the Auto-QPA system,
it is necessary to control their results during
the analysis process. The control of the
results is performed by visually evaluating
the conformity of the model diffraction
pattern from IRS QPA (Figure 2) and Topas
(Figure 3) with the X-ray diffraction pattern
of the sample.

The control of the model spectrum
of IRS QPA is as follows. Firstly, if a new
mineral not accounted for in DB1 appears
in the sample, unidentified peaks remain on
the X-ray diffraction pattern. In this case,
they are quickly identified in interactive
mode using IRS [5], and the reference
spectrum of the found phase is added to
DB1 for automatic identification of this
mineral in other samples. Secondly, if some
of the reference spectra poorly interpret the
intensity of peaks on the X-ray diffraction
pattern, they can be promptly adjusted using
the «C+» and «C-» buttons. This procedure
improves the accuracy of QPA1 performed
by scaling the coeflicients of the reference
spectra of phases in the model spectrum. A
sufficiently accurate QPA1 is necessary for
the automatic formation of a selective task
for Topas for a more accurate QPA using
the Rietveld method.

The quality control of the Topas model
X-ray diffraction pattern is performed by
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Figure 2 — X-ray diffraction pattern of the sample (blue line) and its modeled IRS QPA spectrum, constructed
using reference spectra of phases from DB (colored vertical lines); in the left column of the color table, phase
concentrations are shown, and in the bottom row, the calculated elemental composition of the sample is

presented (for comparison with XRF analysis data).

8 000 Quartz 41.36 %
7 5001 Muscovite 971 %
7 000/ Muscovite_3T_26818 047 %
500 Clinochlore 2.54 %
60001 Dolornite 0.56 %
5 5001 Calc!te_191852 14.23%
5000 CalciteMg 2384 %
45001 Berthierite_185792 0.64 %
Margarite_2M1_100608 042 %
40004 Magnetite_250540 0.01 %
3500, Rutile 0.53 %
30001 Ankerite_152200 0.30 %
25001 Albite_(heat-treated) 87661 1.86 %
20007 Pyrite 0.38 %
15001 Pyrrhotite_5C_190011 0.69 %
10007 Arsenopyrite_185809 1.84 %
S0 1 J
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Figure 3 — Model diffraction pattern Topas (black line) and experimental diffraction pattern of the sample (red
line); the gray line at the bottom shows their difference; the colored table shows the concentrations of mineral

phases (% mass).

comparing it with the experimental X-ray
diffraction pattern of the sample, shown
at the bottom of Figure 3 (gray line). If the
model does not match the X-ray diftraction
pattern well, peaks are present on the

difference line, which indicate which phase
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is poorly refined, and then it should be
further refined in interactive mode using

Topas.

The overall quality of modeling is
determined by the value of the Rwp factor



of the Rietveld method, which shows
the weighted relative difference between
the modeled and experimental X-ray
diffraction patterns. For complex samples
(with around 15 phases), the Rwp value
should not exceed 10-11% rel., otherwise,
the entire XRD analysis should be revised,
starting with a more thorough preparation
of the sample. It is important to note that
most errors are due to sample preparation,
the methodology of which does not always
consider individual sample characteristics
(such as texture or particle size, aimed at
preventing X-ray microabsorption, etc.),
especially during continuous analysis.

Due to the complexity of the task, the
implementation of QPA SMS in a specific
production requires preliminary research
into the peculiarities of the composition and
atomic-crystalline structure of minerals, as
well as fine-tuning for specific types of ores
and products, followed by experimental
operation at the customer's site. QPA SMS
was implemented in 2022 at Olimpiada
Mine, and during this time it has analyzed
the mineral composition of over 20,000
different samples of sulfide gold-containing

ores, containing an average of ~15 mineral
phases out of ~50 possible ones. Currently,
SFU is completing the development of
Auto-QPA concentrates. The automated
QPA operates on average at a rate of 15 min/
sample, with a minimum detection limit
of ~0.5 % mass./phase, depending on the
mineral. At the same time, the measurement
time of a precision X-ray diffraction pattern
on a modern diffractometer also takes about
15min/sample, which providesa continuous
process of taking diffraction patterns and
analyzing the mineral composition.

Automated QPA SMS can be adapted
and implemented as part of R&D at any
mining and processing enterprises (MPE)
and enterprises of mining and metallurgical
complex (MMC) for operational QPA of
complex ores in ore management processes,
technological control of concentration
and processing products, at mapping
of ore deposits, etc., in addition to the
existing operational control of chemical
element composition. Interested companies
can receive a video with a real-time
demonstration of the Auto-QPA process
and other presentation materials.
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