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MPELUN3NOHHBIV (ICP-MS, LA-ICP-MS) AHA/TIN3 COCTABA
FOPHbLIX TTOPOA4 N MMHEPAJTOB: METOAVKA N OUEHKA
TOYHOCTWN PE3YJIbTATOB HA NMPUMEPE
PAHHEJOKEMBPUNCKNX MA®UTOBbLIX KOMIMJ/IEKCOB
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VHCTUTYT reosniornn Kapenbckoro Hay4yHoro ueHrpa PAH

B cratbe 06cyxaaetca MeToamka Macc-CrnekTpoMeTpun € UHAYKTUBHO CBSA3AHHOW nnias-
Mol (ICP-MS) Ha npvmepe aHanm3a pe3y/bTaToB M3YYeHUst AOKeMOPUNCKMX MaduToB
1 yNbTpamauToB BOCTOUHOM YacTn ®eHHOCKaHAMHABCKOrO LMTa 1 cnaratowmx ux Mu-
HepanoB. lNMoka3aHa BO3MOXHOCTb M3MEpeHUs1 BasIOBOrO cocTaBa npob, Kak ¢ MCnosib30-
BaHVEM XUMMUYECKOro pasfioxeHns obpasLoB, Tak 1 ¢ NPUMEHEHNEM NTOKalbHOTo nasep-
Horo npo6ooTt6opa (LA-ICP-MS). KauecTBo aHa/mM3a (TOYHOCTb M BOCMPOM3BOAMMOCTb)
OLIEHEHO C UCMO/b30BaHWEM POCCUICKUX WM MEXAYHAPOAHbIX CTaHAApPTHbIX 06pasLoB
FOPHbIX MOPOA, 1 BHYTpUiabopaTopHbIX (in house) KOHTPOsIbHBLIX 06pa3LoB. MprBeaeH co-
CTaB 1 pesesbTaTbl N3MEPEHWI BHYTpMNabopaTopHbIX cTaHaapToB C-1412, KH1 un KK1.
M3y4yeHOo BusiHME PEXMMOB 1a3ePHOr0 UCNapeHusi Ha TOYHOCTb U BOCMPOM3BOAMMOCTb
pesynbTaToB ONpeAesieHNs CoaepXaHNin XMMNYeCcKnx anemeHToB npu LA-ICP-MS aHanu-
3€ 3Ta/I0HHbIX 06Pa3sLOB, MYHEPASIOB M FOpPHbIX Nopog. NokasaHo, YTO YyBCTBUTE/IbHOCTb
MeToAa 3aBUCUT He TOJbKO OT (IN3UKO-XUMUYECKMX CBOMCTB NPUPOAHLIX OOHLEKTOB (TEM-
nepatypa N/iaB/ieHu1s:, JIETYYECTb), HO U OT NPUMEHSEMOA METOAVKM Ta3epHOI abisLmm.

KniwoueBble cnoBa: MacCC-CNnekTpoMeTpuda, WHAOYKTUBHO CBA3aHHasA [/ia3Ma,
na3epHas a6r|9|u,|/|;|, Ka4eCTBO XMMNYECKOro aHasn3a.
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LA-ICP-MS) ANALYSIS OF ROCK AND MINERAL COMPOSITION:
THE METHOD AND ACCURACY ESTIMATION IN THE CASE STUDY OF
EARLY PRECAMBRIAN MAFIC COMPLEXES

The application of inductively coupled plasma mass spectrometry (ICP-MS) is
discussed in the case study of Precambrian mafic and ultramafic rocks of eastern
Fennoscandian shield and their mineral components. Determination of bulk probe
sample composition is reported to be possible using both the chemical digestion of
samples and in situ laser ablation (LA-ICP-MS). The accuracy of the analyses was
monitored by analyzing the USGS standard BHVO-2, Russian standard SGD-1A, and in-
house reference materials. The composition and measurement results of in-house
reference materials C-1412, KN1 and KK1 are presented. The effect of ablation modes
on the accuracy and reproducibility of LA-ICP-MS elemental concentration analysis was



explored for standards, minerals and rocks.

The sensitivity of the method

is indicated to depend not only on the physicochemical properties of the samples
(melting temperature, volatility), but also on the ablation mode and analysis procedure.
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BeepeHune

MpeunsnoHHbIe METOAbI aHan3a BellecTsa ne-
XaT B OCHOBE HOBbIX 3HAHUI B LUMPOKOM psigy PyH-
JaMeHTasbHbIX Y NPUKNAAHbIX Te0/I0TNYecKux unc-
cnefoBaHuii. MNosiBUBLUASCA BO3MOXHOCTb M3yyaTb
pacnpegeneHve peakmx u peako3eMesibHbIX ane-
MEHTOB B OCaf04HbIX U MarMaTuyeckux nopopgax
nossonuna ewe B 1964 rogy [Taylor, 1964] onpe-
OenuTb TUN UCTOYHWKOB 0OCAAO04YHOro MaTepuana
hopmMUpyOLLEro BEPXHIOK KOHTUHEHTA/IbHYI0 KOpy
N NpeasioXnTb rnobasbHble 3BONIOLNOHHbIE MOAe-
nn chopmupoBaHusa nutocgepbl. C 3TOr0 BpEMEHM
neTposiorusl, ocafoyHas reonornsl, MuHepanorus
NOJTYYUIN HOBbIA, BbICOKOTOYHbI UHCTPYMEHT aHa-
nn3a - mMacc-CnekTpoMeTpuio, pelyibTaTbl NpuMe-
HEHMs1 KOTOPOro MO3BOJ/IMAU pellaTh Kak Nokasb-
Hble HayyHble 3ajauyu, Tak U paspabaTbiBaTb [/10-
6asibHble 3BOJIIOLUOHHbIE MOAen hoOpMUPOBaHKS
coBpeMeHHoW 3emnu, nnaHeT COJIHEYHON cucTte-
Mbl [Telinop, Mak-/leHHaH, 1988].

MpuMeHeHWe NpPeLn3noHHbIX METOA0B aHa u-
3a BelecTBa Npu U3yYeHUW paHHe[OoKeMOpwuii-
CKMX MarMaTuyeckux accounauunin gaeTt yHUKab-
HYI0 BO3MOXHOCTb CUCTEMATUKNA U TEHETUYECKO-
ro aHanusa KOMMeKkcoB, (DOPMUPYKOLUX APEB-
Helllune o6Gpa3oBaHMA 3eMu, Takme Kak 3ene-
HOKaMeHHble W TpaHynuT-THecoBble o06nacTu
apxelickux KpaToHOB, noaumMeTamopduyeckue
ckiaguvartble mnosica, No3Bonss nonayvatb MHGOP-
Mauuio 0 npoueccax 3BOMKLUUM 3eMM Ha paH-
HUX CTagusax ee pa3sBuTua [Santosh et al.,, 2013;
Hoffmann et al., 2014; Huang et al., 2014; KrCher
et al., 2014; Furnes et al., 2015].

B HacTosiuiee Bpemsi ypOBeHb MPOBOAUMbBIX
dhyHAaMeHTasbHbIX U NMPUKNIaAHbIX NCCNefoBaHuUi
BO MHOrFOM OMpefensieTcs COCTOSAHWEM aHanuTu-
yeckoil nabopaTopHON 6asbl, a UMEHHO, Ha/IN4un-
€M COBpPeEMEHHOro ob6opygoBaHusi M anpobupo-
BaHHbIX U CEPTUIULUPOBAHHBLIX METOANK, MO3BO-
NAWMX NoAyYaTb KOPPEKTHbIE pe3ybTaTbl.

Hanbonee BocTpeb60BaHHbIM B reosiornn SABNs-
eTca NPeuu3noHHbIR MeTo4 Macc-CnekTpoMeTpumn
C WHAYKTUBHO-CBA3aHHON nnasmoli (ICP-MS),
NO3BOMIAKOLINIA onpefenaTb B Npo6ax HU3KME KOH-
LEeHTpaLMM pacCesiHHbIX 3/IEMEHTOB. HegocTaTkoM
[aHHOTO MeToja fBNSETCS HEeBO3MOXHOCTb nps-
MOro aHanu3a BelecTBa U He06Xo4MMOCTb NpoOBe-
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OeHusa 3aTpaTHbIX, MO pecypcamMm U BpemeHu, npo-
ueayp npobonoaroToBKM.

MosiBneHve B nocnegHue roAabl MeTofa no-
KanbHOro nasepHoro npo6oot6bopa Annasa macc-
cnektpomeTpoB (LA-ICP-MS) no3Bonuaun, NCK/K-
YMB CTagmilo XMMUYECcKo NoAroTOBKW MNpo6, Bbl-
NOMHATL NPAMON aHanu3 TBEPAbIX MUHEpanbHbIX
06bEKTOB C peanbHbIM pasmepomM o6nacTn usydye-
Hua coctaBa 20-40 MKM. MeToAuka /1I0KabHOTO
onpo6oBaHNA B Macc-oNnekTpomMeTpun, ee nchl
N MUHYCBbI, fieTa/lbHO OnucaHbl BO MHOTMX paboTax
[Jarvis, Williams, 1993; Jackson, 2001, 2008;
ApamoBuny, MManeccknin, 2010; BoTtsikoB, Agamo-
By, 2011]. OgHako rnaBHasi npob6semMa gaHHOro
BMAa aHanusa - 3aBUCUMOCTb pe3y/bTaTtoB OT ro-
MOTeHHOCTU/TeTEPOreHHOCTU  (HaInuma MuHe-
panbHbIX W Ta30BO-XUAKUX MUKPOBKIHOUEHWUI)
n3yyaemoro o6bekTa, YTO MOXET BbI3blBaTb Cylle-
CTBEHHOE MWCKaXeHue nojslyvyaemblX pesynbTaTtoB
N 3aTpyAHATb WX WHTepnpeTauumio. Kpome ToOro,
00 cuX MOop He pelleHa npobrnema cTaHOapTHbIX
06pa3L 0B MUKPOrOMOreHHOro cocrtasa, CO CBOWA-
cTBamu, MakcMmasnbHO O6/IN3KUMU K U3yvyaeMbiM
NPUPOAHLIM 06BbEKTAM.

BmecTe c TeM, HeCMOTps Ha cyliecTBylliue
npob6aemMbl, Macc-CneKTpoMeTpuUs CTaHOBUTCH Ha-
[EXHON aHa/IMTUYECKON OCHOBOI TreosiornMyecKknx
paboT, YTO NPUBOAUT K CYLLECTBEHHOMY Pa3BUTUIO
He TO/IbKO annapaTHOW 6a3bl, HO U METOAMK aHa/N-
TUYECKUX unccnegoBaHnin. VIMEHHO npeuusnoH-
HocTb meToga ICP-MS, nocTtaHoBKa M anpobauus
ero B KOHKpeTHOli nabopaTtopun, HanpasaeHHON Ha
n3yyeHue onpenesieHHoOro BuAaa NPUPOAHbIX WY
CUHTETMYECKNUX MaTtepuanoB, TpebyeT pelleHus
paga npuknagHbiX 3agad anaa o6ecnevyeHnss TOYHO-
CTV 1 BOCNPON3BOAUMOCTU pe3y/sibTaToB.

Llenb naHHoW paboTbl - aHann3 ocobeHHOCTeN
NoAroTOBKM MPUPOAHbLIX 06BEKTOB (NOPOL U MUHE-
pasioB) K reoOXMMNYeCckoMy aHaIM3y BasioBOro cocra-
Ba Npo6 1 oueHKa AOCTOBEPHOCTU MNoJlydyaeMbIX pe-
3y/nbTaTOB Ha KBaApynosibHOM Macc-crnektpomeTpe
X-Series 2 (Thermo Fisher Scientific) B aHanuTnye-
cko na6opatopum WUl KapHL, PAH. Kpome Toro,
B cTaTbe MnpeacTaB/fieHbl MeToAuyeckue noaxonpl
K NOArOoTOBKE OOGBLEKTOB W pe3y/ibTaTbl JI0KaSIbHOro
peakoanNeMeHTHOro aHanusa TBepabix 06pasLoBs
C npuMeHeHnem nasepHoro npoboot6opa (LA-ICP-
MS). BaxHO OTMETWUTb, YTO HECMOTPS Ha LUMPOKOEe



ncnonb3oBaHue pesynbTaToB M3MEepeHuin coctaBa
obpasyoB metogamu ICP-MS un LA-ICP-MS, nony-
YaembIx B aHanuTmyeckolh nabopatopun I KapHL,
PAH, KonuyecTBeHHas oOLEeHKa KayecTBa NoJsyvae-
MbIX pe3ynbTaToB paHee He npoBoauiacb. [aHHas
paboTa npu3BaHa 3anosiHUTbL 3TOT Npoden.

B paHHOM wuccnepoBaHuu cpaenaH akueHT Ha
aHanuse pesynbTatoB W3yyeHUs MadUTOBbIX WU
ynbTpamadmTOoBbIX NOPOA (M UX MUHEpPasnbHbIX ar-
peratoB) ”3 pasfMYHbIX AOKEMOPUNCKMX KOM-
nnekcoB KapenbCcKOro kpaToHa, nNpu aToM aHanu3
COCTaBOB MPOYMUX FOPHbIX MOPOA, aHaNU3nNpyeMbIxX
B nabopaTtopun, a Takxe KayecTBO MOJlydaeMblX
pe3ynbTaTtoB (N0 MMEKLWUMCH B HalleM pacnops-
XEHUN faHHbIM) MMeeT COMOCTaBUMYI TOYHOCTb
1M BOCNPOU3OBOAUMOCTb U3MEPEHUIA.

Mpu noaroToBke AaHHOW cTaTby GbLIM NpoaHa-
nun3npoBaHbl pesysbTaTbl U3MEPEHUS aTTeCcToBaH-
HbIX CTaHOapTOB W BHYTpWIabopaToOpHbIX CTaH-
OapTHbIX 06pa3uoB B TeuyeHue nocnefHux AOBYyX
NeT, a Takke pe3y/sbTaTbl U3y4yeHUs AO0KeMOpPUi-
CKMX MeTamMopU30BaHHbIX BY/IKAHWYECKMX MOpOoJ,
(komaTtumnToB, NMKpUTOB, 6asanbToB) Kapesnbckoro
KpaToHa, KonbCKOro noayocTpoBa v UX MuHepasb-
HbIX arperatoB: MarHeTuTa, XpoOMuUTa, 4YacTU4HO
onucaHHbIX paHee B cregywmx pabotax: [CBeToB
n ap., 2011; CsetoB, 2013; CseToB, [0ny6es,
2013, CtenaHoBa u gp., 2014; Stepanova et al.,
2014, 2015]. MNpeaBapuTenbHo MeToauka LA-ICP-
MS aHanusa MuHepanos oTpabartbiBanacb npu
n3yyeHun KBapua, nupuTta, LUPKOHOB, kKapboHaToB
n gonomntoB [CBeToBa un gp., 2011, 2012; Cepae-
Ba 1 ap., 2013; KoxeBHukoB, 3emuos, 2014].

MpeacTaBneHHble B cTaTbe AaHHble MO3BONSAIOT
OLLeHUTb TOYHOCTb Y BOCNPON3BOAMMOCTb aHanu-
3a Ha npumMepe M3yyeHus peaKo3/IeMeHTHOro co-
cTaBa Me30apxeinckux KoMmaTunMToBbIX Nas (XayTa-
Baapckoin u Kolikapckoli) cTpyktyp Kapenbckoro
kpaToHa [CBeToB, 2005] metogom ICP-MS, Ba-
pUONNTOBLIX NaB MUKPo6Ga3asbTOB CylWcapckoro
komnnaekca OHeXCKOW CTPyKTypbl [CBeToB, 2013;
CeeToB, [ony6eB, 2013] n nukputoB [leyeHrn
[CmonbknH, CeeTtoB, 1999; CsetoB M gp., 2011]
MeToAoM JsiokasibHoro LA-ICP-MS aHanusa. lpo-
61emMbl M3y4eHUs MUHepasbHbiX a3 B AaHHOW
cTatbe paccMOTpPeHbl Ha OCHOBE aHanun3a pefko-
3/IEMEHTHOrO cocTaBa LWNWHENWAOB B Me3oap-
Xenckmx komatuntoB Kokapckoin CTpyKTypbi.|

I - MPEUVN3NOHHbIV Ba/IOBbI aHa/In3 XUMU-

Yyeckoro cocTtaBa ropHbix nopog (ICP-MS):
MeToAMKa M TOYHOCTb pe3y/ibTaToB

B 60/1bWKNHCTBE CnyyvyaeB U3yvyeHwe BasiOBOro
XUMUYECKOro u pegkoanemeHTtHoro (ICP-MS) co-
cTaBa 06pasuoB npeaBapseT nlyyeHne nx peako-
3/1EMEHTHON TEOXMMMUK JIOKAJIbHbIMU MeToAamMMu.
MpumeHaemble Ans aHanu3a MaduMToB U ynbTpa-

MadgMTOB MeTOoAbl BCKPbITUA 06pasuoB, YC/I0BUSA
N Ka4yecTBO U3MEPEHUN NpuBeaeHbl HUXe.

AHann3 KOHUEHTpaunin paccesiHHbIX 3/1eMEHTOB
B rOpHbIX nopogax metogomMm ICP-MS B aHanutuye-
ckoin na6opatopunm WI KapHL, nposoautcsi no
afanTupoBaHHOW MeToanKe, pa3paboTaHHOWM C yye-
TOM MeToAuyeckux npouenyp [KapaHpawes u gp.,
2007], KoTopasi cBOAUTCS K CAeAyroLWmm atanam;

O6pasubl NpoXoAAT TWaTeNbHY0 npeasapuTesb-
HYt0 NOArOTOBKY C KOHTPOJIEM KayecTBa MUCTUpaHWUs
Ons obecneyeHnss roMOreHHOCTU pas/siaraeMoro 06-
pasua. PasnoxeHve 06pa3yoB ropHbIX Nopog npo-
BOAMTCA MyTEM KUCMNOTHOIO BCKPbITUA B OTKPbITOM
cucteme. B aHanutnueckoii nabopatopun LI KapHL],
PAH npn pasnoxeHnn 1Mcnosb3yoTcs 0c060 YNCTble
kncnotbl (OCH), AONONHUTENBHO OYMLLEHHbIE NyTEM
neperoHkn B cucteme «PTFE/PFASubboilingEcolR»,
N [0enoHu3npoBaHHas Boga. [evoHu3auus BoApl
NpoBOAMTCA C NPUMEHeHueM AenoHusaTopa cepuu
«Bogoneit» npoussoactea HIM XumanekTpoHUKa.
KauecTBO Mosly4eHHOI BoAbl KOHTPOAMPYETCH No na-
pameTpam yaenbHON 3/1eKTPonpoBOAHOCTN U BOAO-
poaHomy nokasatento (pH) .

Mpu pasnoxeHun obpasubl rpynnupyroTcsa no
7-10 wTt. Ana aHa/iu3a UCMOIb3YKTCA HaBECKU
maccoli 100 mr. Maccbl MCNONb3yeMbIX HaBECOK,
mMacca nepeBefeHHbIX Npo6, Macca asiMkBOTbl Npu
pasbasneHun npobbl, mMacca anuKkBoTbl BHYTpPEH-
Hero crtaHgaprta C TOYHOCTbIO A0 4 3Haka uKcu-
pyloTCA B 3/IEKTPOHHbLIX Tabanuyax u UCNONb3YyHT-
CA B MOCNefyroLmnx pacyertax.

BmecTe ¢ aHanusnpyemMbiMy ob6pasuamu BbINos-
HAeTCS pa3/i0XkeHne X0N0CTbIX NPo6 M 04HOro CTaH-
AapTHoro obpasua. Mpu pasnoxeHun npobbl rpyn-
NUPYOTCA Takum o6pas3om, YTOObl XMMUYECKUIA COo-
CTaB MCMNoJ/Ib3yemMoro ctaHgapTa 6bi1 MakCMasibHO
611M30K K cocTaBaM aHanuaupyemsblx nopoa. B cny-
Yae, ec/iM Takas rpynnupoBKa HEBO3MOXHa, Wuc-
No/sb3yeTCcs HECKOJIbKO CTaHA4apTHbIX 06pasLoB.

Ha aHanutuyecknx Becax B3BelLLUMBAIOT HaBecC-
KM aHanusnpyembliX M CcTaHgapTHbIX 06pasLosB
maccoi no 100 mr. O6pasubl nomewiatoT B Ted1o-
HOBble cTakaHbl 06bemMoM 50 Mn, cmaumMBawT
0,2 MmN genoHN3MpoBaHHOW BoAbl. B cTakaHbl A0-
3atopamu oTmepsaT 0,5 M KOHULEHTPUPOBAHHOM
XniopHon kucnotol (70 % HCIO4, OCY); 0,5 M KOH-
LEeHTpUpoBaHHOI a30THOl kucnoTbl (65 % HNO3
OCY TOCT 11125-84, AONOMHUTENIBHO O4YULLEH-
Has); 3,0 M1 TOpPMCTOBOAOPOAHON KACNOTHI
(40 % HF, OCY, TY 6-09-3401-88); 0,1 mn pac-
TBOpa 18Dy c kKOoHUeHTpauuein 8 mkr/n. Dy nob6as-
naeTca ANA KOHTPONA XMMWYECKOro Bbixoga npu
nposefeHuUn npoueaypbl pasnoxeHus obpasuos
cornacHo metoauke [KapaHgawes nap., 2007].

TedIOHOBbIE CTakaHbl 3aKpbiBalTCA Te(/I0HO-
BbIMU KpblLLKamMmn (TMna «4acoBOe CTeK/10»), AO0BO-
OATCA [0 KAMEHUA W NporpeBalwTCcsa B TeyeHue



30 MWH. 3aTem KpbIlWKN CHUMalTCs, 06MbIBalOTCA
n3 posatopa 0,5 M [0EVOHU3UPOBAHHON BOAbI.
PacTtBopbl ynapusalTcsa A0 MNOABMEHUSA UHTEHCUB-
HbIX 6enbix napoB. 3aTem cTakaHbl CHUMAaKTCA
C N/INTKN, CTEHKM CTakaHOB OOMbIBAOTCA AEWNOHU-
3MpoBaHHOK Bogoih (2-4 wmn) M ynapuBarTcs
00 BNaxHbIX conei. B Kaxablil cTakaH go3atopamu
nob6asnsetrca No 2 MA CONAHON KUCMOTbl U MO
0,2 mn 0,1 M pactBopa HBO3 (UAA). MNonyyeHHas
CMecCb HarpeBaeTcs A0 MOJSIHOTO pacTBOPEHUS CO-
neli. 3aTeM CTakaHbl OX1aXAAlTCHA, MNOJyYEHHbIE
pacTBOpbl NEPeHOCATCA B NpefBapuTesibHO B3Be-
LUEeHHble NoSIMMepPHble NPOBUPKU, 06bEM NOMyYeH-
HbIX pacTBOpOB gosBoanTca o 20 ma, npobupkn
B3BewwmBawTcAa. Bec npobupok dukcupyeTtcs
B 3/IeKTPOHHON Tabnuue. [Mony4vyeHHble pacTBOpbI
pasbasnsawTca B 10 pa3. [MonumepHble Npo6upku
o6bemMom 15 M B3BEWMBAKT, MOMYYEHHbI Bec
OUKCUPYIOT B 3/IEKTPOHHOW Tabnuue, A03aTOpoM
B MPOGUPKM OTMEPSIOT as/IMKBOTY MOJIyYEHHbIX
pacTtBopoB ob6bemom 0,5 mn, 3aTteM Job6aBnswoT
0,05 mn pacTtBopa In ¢ KoHUeHTpaymeii 10 ppm, go-
BOAAT 06beM pacTBopoB A0 10 mMn 2 % pacTBOpPOM
HNO3 lMocne kaxgoi npoueaypsl fob6aBneHns ove-
peaHOro KOMMOHeHTa Npo6UpKM B3BELUMBAKOT, BeC
hUKCUPYIOT B 3/IEKTPOHHON Tabnuue. AHanornyHas
npoueaypa NpoBOANTCA U A1 XON0CTbIX NPoo.

B cnyyae HenonHoro pasnoxeHus obpasua
NpPoOBOANTCSA €ro NOBTOPHOE pa3/ioXeHue B aBTo-
knaBe. Ha npakTuke aBTOKNaBHOE pasfoxeHue
npUMeHNMO B 6onblUeii cTeneHn K obpasuam
KMCAbIX TOPHbIX Nopog, Torga Kak Madutbl U
ynbTpamaduTbl YyCNewHo passaralTcs B OTKPbI-
TOW cucteme. WM3mepeHUs BbINOJHAIOTCA Ha
KBaApynonbHOM Macc-cnekTpomeTpe X-Series 2
(Thermo Fisher Scientific). B nabopatopun Be-
AeTca NOCTOSAHHbIA KOHTPO/Ib NapameTpoB MUK-
poknumarta, BAUSAILWMX HA Ka4eCTBO U3MEepPeHUi,
C 3annCbi0 B COOTBETCTBYHIOLLUIA XYpPHa.

Kaxpan aHanutnyeckas ceccus BkIYaeT B ce-
658 cTaHOapTHble Npoueaypbl HACTPOIMKA U CTabu-
nmsaymn napameTpoB paboTbl npubopa um kanmb-
pOBKM C MUCNOSb30BaHWeM Ka/MbpoBOYHbLIX pac-
TBOpoB (ICP-MS-68A-A n ICP-MS-68A-B, High-
purity Standards). WV3mepeHne uccnegyembix
06pasuoB, KOHTPOJIbHbIX 06pa3LOB U XOOCTbIX
06pasyoB BbINOAHAETCA rpynnamy no 15-20 wr.,
C NPOMEXYTOYHbIM U3MEepeHneM KasiMbpoBOUHbIX
6/710K0B, 4TO Heobxoaumo Aans dukcauum gpeida
YyBCTBUTE/IbHOCTU Npubopa.

B kauecTBe KOHTPO/IbHbIX 06pasLoB B1abopaTo-
pyM UCNONb3YTCA POCCUNCKME U MEXAYHAPOAHbIe
cTaHgapTHble o06pasubl FopHbiX nopog Cra-1A,
CT-1, BHVO-2, BIR-1, GSP-2. OueHka kayecTBa
pesynbtatoB n3mepeHns metogom ICP-MS nposo-
Aunacb C MCMNOMb30BaHMEM pe3ynbTaToB aHanu3a
cTaHAapTHbIX 06pasyos Cra-1A, BHVO-2 u BHYTpU-

nabopaTopHbIX CTaHOapTHbIX 06pasuoB, OTHOCU-
MbIX MO XMMUYECKOMY COCTaBY K rpynne OCHOBHbIX-
y/IbTPAOCHOBHbIX Nopog (Tabn. 1). Kak nokasan aHa-
N3 MMEeLUNXCHA AaHHbIX, U3MEpEeHHble 3HavyeHus
KOHLeHTpauuii ans AaHHbIX 3TasIOHHbIX 06pasLoB
XapakTepusyrTcsa 3Ha4YeHUsMU OTHOCUTENIbHOrO
cTaHgapTHOro otknoHeHus (RSD) ot 4,51 go 10 %,
4N 60MbLIMHCTBA 3/1IEMEHTOB B Peakux cryyasx
[0CTuras 3HadeHuii, npesbiwarowmnx 20 % (Ta n Pb,
Tabn. 2), wn kKoapuumeHtamm  Koppenaumm
R2= 0,997 (puc. 1, Tabn. 2).

Puc. 1 Pe3synbTaTtbl TECTOBbLIX U3MEPEHUA XUMUYECKO-
ro cocraBa CTaHAapTHbIXx obpasuoB CrA-1A (cepus
n3 14 namepenuin) n BHVO-2 (10 nsmepeHwnii) MeTo40M
ICP-MS Ha KBagpynosibHOM  Macc-CrnekTpomeTpe
X-Series 2 (Thermo Fisher Scientific) B aHanutuyeckoin
na6oparopun U KapHL, PAH B 2013-2015 rogax.
Cepble 06nacTv Ha gnarpaMmMax - aTTecToBaHHble 3Ha-
YeHusa 4Nna cTaHaapTHbIX 06pas3LoB



Tabnuua 1 Xumnueckmin coctas (Bec. %) atTectoBaHHbIX cTaHgapToB CIMA-1A n BHVO-2 1 n3yyeHHbIX BHYTpWia-
6opaTopHbIX (in house) cTaHAapTHLIX 06pa3LoB MauToB

CraHpapTbl Si02 TiO2 Al203 Fe20.r MnO MgO CaO Na20 K2 P25 Cymma
BHVO-2* 49,9 2,73 13,5 12,3 7,23 114 2,22 0,52 0,27 100,07
cra-1Ax 46,4 171 14,88 11,66 0,17 7,0 10,97 2,82 2,96 1,01 99,58

C-1412 48,02 1,83 13,26 18,74 0,27 5,61 9,68 2,22 0,27 0,10 100,00
KH1 44,21 0,29 5,55 12,91 0,18 31,79 4,93 0,10 0,03 0,02 100,00
KK1 50,81 0,66 14,75 10,29 0,15 13,62 6,49 3,23 0,05 0,01 100,00

MpumeyaHne. ‘ATTecToBaHHble cTaHAapTbl: BHVO-2 - 6asanbT, [aBalickne octpoBa, [eonoruueckas cnyxb6a CLUA [Wilson,
1998], CrAa-1A - asccekcutoBoe rabbpo [Kartanor..., 2009]; BHyTpunabopaTopHble cTaHAapTbl (NepecuntaHbl Ha GE3BOAHbIN
ocTtatok): C-1412 - onuBuHcoAepxaluii goneput o. Tansuwapu (03. Msao3epo) [Stepanova et al., 2014]; KH1 - me3o0apxeiickuii
KoMaTumuT XayTaBaapckoii cTpykTypbl [CBeToB, 2005]; KK1 - me3o0apxelickuii KOMaTUMTOBLIA 6a3anbT Koikapckoi CTpYKTypbl
[CBeToB, 2005].

Tabnuua 2. Pe3ynbTatbl M3MEPEHNA XMMUYECKOTrO cocTasa (B ppm) aTtTeCcToBaHHbLIX CTaHA4ApPTOB U BHyTpunabopa-
TOPHOro craHgapTHoro obpasua C-1412 metogom ICP-MS Ha kBagpynosibHOM Macc-cnektpomeTtpe X-Series 2
(Thermo Fisher Scientific) B aHanutnyeckoit na6opatopun U KapHL, PAH B 2013-2015 rogax

MO, gpyoz +  CPeAMee,  pooh op crp1a = CPEAHEE  pop op 1412 CPEAHES. o g
ppm n=10 n=40 n=28

L 0,936 5 4,32 4,68 14 3 13,4 6 7.7 7,44 13,3
Be 0,067 0,959 17,0 2 0,4 1,92 5,7 0,5 0,416 18,3
Sc 7,19 32 1 30,3 12,6 27 3 21 8,5 46,6 35,4 14,6
V 639 317 1 319 7,21 240 20 262 5,3 464 421 12,7
Ccr 858 280 19 282 9,01 55 4 47,8 7,6 51,5 43,8 138
Co 0,397 45 3 42,3 10,4 40 5 37,1 7 69,4 65,1 9,4
N 1,15 119 7 112 10,3 50 5 35,1 7.7 80,1 77,4 8,9
Cu 2,76 127 7 144 6,65 68 7 62,2 12,7 267 256 101
Zn 3,65 103 6 113 11,7 120 10 131 8,8 183 159 11,3
Ga 0012 21,7 09 20,1 9,89 19 2 18,3 196 21,7 18,8 10,0
Rb 2,08 9,8 1 8,86 10,7 73 4 75,4 6,4 7,6 7.3 11,2
St 0195 389 23 404 8,49 2300 200 2123 105 121 115 6,3
Y 0032 26 2 22,2 11,3 30 4 27,3 8,9 27,9 24,0 9,9
Zr 0,448 72 1 171 4,15 240 20 242 10,4 66,2 70,2 10,6
Nb 0,123 18 2 17,9 4,59 8 1 8,74 10,8 5,8 5,32 7,5
Ba 2,00 130 13 117 6,21 1300 100 1171 10,8 67,8 55,4 88
Lla 0,03 15 1 138 4,75 80 20 78,9 4,7 51 4,52 6,7
Ce 0,035 38 2 32,8 6,34 150 10 170 5,4 13,3 11,9 4,2
Pr 0,006 4,81 5,34 15 5 19,7 121 2 1,80 5,3
Nd 0,023 25 18 23,3 6,11 70 10 86,7 8,5 101 9,63 6.1
Sm 0,010 62 04 5,91 4,44 17 1 16 5,8 3,2 2,99 6,7
Eu 0,007 1,96 5,74 5 1 3,98 5,2 12 1,08 6.8
Gd 0,006 63 0,2 6,38 6,79 10 3 12,6 8,6 45 4,17 7.8
Tb 0004 09 0,915 4,57 14 02 1,44 6,3 0,7 0,683 7,3
Dy 0,026 4,97 5,32 6 1 6,46 7 4,7 4,58 6,7
Ho 0,002 1,04 004 0921 5,73 12 03 1,08 5,5 1 0,929 6,4
Er 0,001 2,44 5,51 32 07 2,84 5,2 3 2,78 7.1
Tm 0,004 0,317 7,36 05 02 0,344 6,9 0,4 0,402 81
Yb 0,004 2 0,2 2,01 7,31 29 05 2,38 16,3 2,9 2,76 7,6
Lu 0008 028 001 07272 5,19 0,3 0,295 8,2 0,4 0,399 7,3
Hf 0019 41 03 4,34 5,54 7,08 14,3 21 1,97 9,6
Ta 0,043 1,4 1,16 12,6 0,91 27,8 0,4 0,40 39,1
W 0,282 0,277 136 1 1,13 123

Pb 0,136 1,86 35,8 17 2 15,0 13 2,6 2,57 22,7
Th 0,014 12 03 1,14 4,69 9 1 8,67 10,8 0,4 0,429 21,1
U 0,006 0,394 4,30 2 0,5 2,13 11,4 0.1 0,101 10,3

Mpumeyanne. MO - npefen obHapyxeHust anemeHTa, BHVO-2 - 6asanbTt, [aBaiickue ocTpoBa, eonoruuyeckas cnyx6a CLUA
[Wilson, 1998], CrA-1A - accekcuToBOe rab6po [KaTtanor., 2009], C-1412 - onuBuHcogepxaluuii goneput [Stepanova et al.,
2014], RSD - oTHOCUTE/IbHOE CTaHA4AaPTHOE OTK/IOHEHME.

Kpome aTTecToBaHHbIX CTaH4apTHbLIX 06pasyos,
018 KOHTPONSA TOYHOCTU M3MEpPEeHUii B aHanuTu4e-
CKoil nabopaTtopum Mcnonb3yTcA BHyTpunabopa-
TopHble (in house) ctaHgapTHble 06pasubl. Bbibop
BHYTpM/1abopaTopHbIX  CTaHO4ApTHbIX  06pa3uoB
06ycnoBneH HecKo/bKMMU lakTopamu. Kaxapli

N3 HUX XapakTepusyeT LIMPOKO pacnpocTpaHeH-
Hbll cpean paHHeaoKeMOpUACKUX MaduT-ynbTpa-
mMachutoB PeHHockaHAuM Tun nopoj. lNpu aTom
BHYTpuiabopaTopHble cTaHAapTHble 06pa3Lbl KOH-
TpacTHO OT/IMYAKOTCSA NO COCTaBy OT aTTeCTOBaH-
HbIXx cTaHgapTtoB CI[-1A (sccekcutoBoe rabbpo



Puc. 2. CogepxaHusi paccesiHHbIX 3/1eMEHTOB, HOPMVPOBAHHblE K MPUMWUTWBHOM MaHTuM [Sun,
McDonough, 1989] Bo BHyTpunabopatopHom ctaHgapte C-1412 (28 n3mepeHwin). Ksagpatamu noka-
3aHO 3Ha4YeHWe KOHLIEHTpaLWii o pesynbTatam Mex1abopaTopHbIX TECTOB

C BbICOKUMW (Hanpumep, Ao 2300 ppm Sr) KOHLUEH-
TpauusasmMu paccesHHbIX 3neMeHToB) u BHVO-2
(BbicOoKO-Ti 6asanbT OIB-Tuna). Bce wucnonb3ye-
Mble B niabopaTopun BHYTPEHHWE cTaHapTbl Xa-
pakTepum3yloTCa BbICOKOW CTeneHbld OLHOPOAHO-
CTU nopoj B TOYKe onNpoboBaHus, TLaTeNbHOW
noAroToBKOM Npoo.

Mpn aHannse 6a3nTOB HOPMasibLHOMO psAga
LWesIoYHOCTM  ucnonb3yetca obpasey C-1412
(cm. Tabn. 1, 2), npeacTaBaAOLWMNIA NaneonpoTepo-
30/iCKnii onMBMHCOAEpXawmii goneput (0. Tansu-
Wwapw, 03. MNA03epo), KOTOpbIA AeTanNbHO FeOXUMU-
Yeckun, reoXpoHOIOTMYECKN W U30TOMHO OXapakre-
pusoBaH B paboTe A. B. CTenaHoBOi1 C coaBTopamu
[Stepanova et al., 2014] n MHOrokpaTHO nNpoaHasnu-
3MpoBaH pas/iMyHbIMU  MeTofaMu B HECKOJIbKUX
na6opatopusax (XRF B WIEM PAH, ICP-MS
n ICP-AES B UMTM PAH). o reoxumnyecknm xa-
pakTepucTukam obpasel, oTBevyaeT TO/IEUTOBbLIM
6azanbTam (cm. Tabn. 1) n nmeeT pacnpegeneHue
paccesiHHbIX 3/1eMeHToB, 6/51M3koe K 6GasasibTam
N-MORB. XapakTepHoli 0CO6EHHOCTbI 3TOro 06-
pasua sBnseTca cofepxaHue 60MbLIMHCTBA pac-
CesiHHbIX 3/IeMEHTOB Ha ypoBHe, B 4-10 pa3s npe-
BblLLAKOWEM WX KOHUEHTpauum B MNPUMUTUBHOM
MaHTuUn (puc. 2) n cnaboanddepeHUnpoBaHHbIl
xapaktep pacnpegenenusa P33.

Mpu ICP-MS aHanu3e BbICOKOMarHesnasbHbIX
MaduT-ynbTpamagumuTtoB (KOMaTUMTOB, NMUKPUTOB)
B KayecTBe BHyTpunabopatopHoro (in house)
cTaHgapTa ucnonb3yTca npobbl: 1) me3oapxeli-
CKOro KoMaTumTa XayTaBaapCKOW CTPYKTypbl
KH1; 2) komatuntoBoro 6asanbTa Koiikapckoii

cTpykTypbl KK1 (cm. Tabn. 1); gaHHble npobbl
npeacTaBfsAlOT  MacCuMBHble, TOHKO3EepHWUCTble
yyacTKs NaBOBbIX MNOTOKOB, MeTamMopun3oBaHbl

B YCNOBMAX 3e/ieHOoCcnaHueBoli daunm, Ho coxpa-
HAKT PenunkTbl NepBUYHO-MarMaTuyeckux osnmBuU-
Ha (npo6a KH1) n xpomuta (Nnpoda KK1) [Cge-
ToB, 2005]. OTn o06pasybl paHee MHOrokpaTHoO

aHanusMpoBanucb metogamu ICP-MS B aHanutu-
yeckux nabopatopuax UIT YpO PAH u leonoru-
4yeckol cnyxbe duHAAHANN.

Cnepyet OTMETUTb, YTO NO FrEOXMMUYECKUM Xa-
pakTepucTMkam npobbl 0TBEYAT KpanHUM yneHam
andhdhepeHunpoBaHHOli  KomMaTunUT-6a3asibTOBO
cepun, cogepxaHue MgO B HuX Bapbupyet ot 13
(KK1) mac.% (KH1) (cm. Tabn. 1). Mpu aTom
nNpobbl NMEeT Tonosiornyeckn 6sM3koe pacnpejge-
NleHVe pacCesHHbIX 3/1IEMEHTOB, TUNMNYHOE AN ap-
Xenckux kKomatumt-6asanbToBbIX cepuii Kapernb-
CKOro KpaToHa. Pe3ynbTaTbl aHanm3a KOHUEHTpa-
Ui  paccesiHHbIX 3/1EMEHTOB B aTTeCTOBaHHbIX
cTaHgapTax U BHyTpunabopartopHoM CTaH4apTHOM
obpasue C-1412 oTtpaxeHbl B T1abn. 2.

YCTaHOB/IEHO, YTO KOHLEHTpauum 3/1eMeHTOB B
N3y4YeHHbIX CTaHgapTax B OO/bLUMHCTBE CllyYaeB
xapakTtepusytTtca RSD He 6onee 8 %, 19 HEKOTO-
pbIX 3/IEMEHTOB 3HAYEHWSI KOHLEeHTpauuid mmeroT
RSD ot 8 fo 12 % (Be, Sc, Cr, Co, Ni, Cu, Zn, Rb,
Sr, Y, Ba, Pr, Yb, Hf) n B pegkux cny4yasx sbiwe 20 %
(Ta, Pb) (cm. Tabn. 2). Mpu 3TOM MOrpPELIHOCTb
namepeHunii gns BHVO-2 Huxe, yem ana CrA-1A.

AHannM3 BOCMNpoM3BOAMMOCTMN pe3ynbTatoB U3me-
peHVsa KOHUEeHTpauuy anemMeHToB BO BHyTpunabopa-
TOPHOM cTaHgapTHOM ob6pasue C-1412 gaet 3Hade-
HMA RSD gns 60/blIMHCTBA 3/1EMEHTOB < 10 %,
3a ucknwdyenmem L, Sc, Cr, V, Cu, Zn, Rb, Zr, U,
(RSD < 15 %) un Be, Ta, Th, Pb, gnsi kotopbix RSD mo-
xeT gocturatb 18-40 %, gns o6pasyos KK1 n KH1
napameTtp RSD < 7 %, 3a ucknwo4veHuem Li, Sc,V,
Te, Cs, Ta, W, U, ana kotopbix RSD < 25 %.

Cnaligeprpamma ans obpasya C-1412 (cMm. puc.
2), NOCTpOEeHHaa Ha cepuu U3 28 M3MepeHuid, Bbl-
MOJSIHEHHbIX B TeyeHne 2013-2014 rogos, nokasbl-
BaeT XOPOLUY TOMOSIOTMYECKY CXOANMOCTb CMekK-
TpoB. MakcuMMasnbHble KonebaHus KOHLEeHTpauuii
otTmevatotca gnia Nb, Zr, Y , uTo oTpaxaeTt nsmepe-
Hua 2013 roga ¢ MCnonb3oBaHWEM OAHOro Kanmb-
poBoyHoro pacteopa (ICP-MS-68 solution A) wn



Puc. 3. CofepxaHusi pacCesiHHbIX 3/1EMEHTOB,

HOPMWPOBaHHbLIE K I'IpVIMI/ITVIBHOI7I MaHTUnN

[Sun, McDonough, 1989] Bo BHyTpunabopatopHoMm cTaHgapTe KH1 (kBagpat) u KK1 (kpyr)
(no 10 usmepeHwnii, NpoBeAeHHbIX B TeueHne 2015 roga) ¢ MCMoMb30BaHNEM OAHOMO Kasimbpo-

BouHoro pacteopa (ICP-MS-68 solution A-B)

onpefeneHveM BblleNepeynucnieHHblX 371eMEHTOB
MONIYKONIMYECTBEHHBIM METOA0M, C MUCMNOMb30BaHU-
eM nporpamMmHoro o6ecneyeHuss npubopa. [Ans
BHyTpunabopatopHbix cTtaHgaptos KH1 un KK1
(no 10 nsmepeHmam NpoBefEeHHbIX B TeyeHune 2014-
2015 ropoB) BOCNPOU3BOAMMOCTb iyylle (puc. 3).
Takum obpasoM, NosiydyeHHble pe3ynbTaTtbl No-
Ka3blBalT yAO0B/IETBOPUTE/IbHYO BOCNPOU3BOAMN-
MOCTb aHanusa metoaom ICP-MS B pexume cTaH-
OapTHO Npo6onoaroToBKW, ANS LWKWPOKOro psaga
COCTABOB OCHOBHbIX U Y/IbTPAOCHOBHbIX NMOpPoA. |

Il - NnokasnbHbIi NPO600TOOP NPK NPELM3NO0H-
HOM aHa/In3e cocTasa rnopog u mmHepanos (LA-
ICP-MS): meTOoAMKa N TOYHOCTb Pe3y/ibTaTtoB

B nokanbHbIX aHaMTUYeckux unccnefoBaHusax
B HacTosiLee BpeMsi Hanbosee LWKPOKO NPUMEHS-
l0TCA TBEpAOTE/IbHble WMMY/bCHbIE HAHOCEKYHA-
Hble nasepbl Ha ocHoBe NA:YAG C u3nyyeHuem
266 wnn 213 HM 1 B MeHbllen cTeneHn ArF akcu-
MepHble nasepbl ¢ nsnydyeHnem 213 unm 193 Hm
[BoTsikoB, AgamoBuy, 2011]. Mopg Bo3ageincTBuem
Na3epHoOro Wu3nyyvyeHNs Ha MuHepasbHble dasbl
npoMcxoauT nocnefoBatesibHO WX HarpesaHue,
nnaefieHne, uUCNapeHue, uWOHU3aAUUA BellecTBa
n obpasoBaHue nnasmbl [Laser-Ablation..., 2001],
npy 3TOM CKOPOCTb Mnpouecca HemnocpencTBeHHo
3aBMCUT OT napamMeTpoB /a3epHoro wmnysbca.
B Hanbonee WNPOKO pacnpocTpaHeHHbIX NpucTas-
Kax fiokanbHoro npo6oot6opa (cepus UP) usnyye-
HVWe BbI3blBAET UCNapeHue BellecTBa, a ero UoHU-
3aUmsa  OCYLeCTB/SeTCA B aproHOBON ropesnke
mMacc-crnekTpomMmeTpa [BoTsakos, Agamosuy, 2011].

Mpouecc nnaBneHna u ucnapeHusa onpepens-
eTca napameTpamy usnyydeHus nasepa (4VHON
BOJIHbl, MOLLHOCTbIO, TMJIOTHOCTbIO 3HEpPruuM Ha
npobe, 4acToOTOl, KOIMYECTBOM MMMY/ILCOB 1 AP.)
N CTPOEHUEeM, XMMUYECKMM COCTaBOM MUHepa-

0B, MX ONTMYECKOM NPOo3pavyHOCTblo, CBOMCTBAMMU
NMOBEPXHOCTU, CTEMEHbID KPUCTa/I/IMYHOCTU MaT-
puubl [Laser-Ablation., 2001; Eggins, 2003;
YepHOHOXKUH, CanpbiknH, 2011].

BaxHO OTMETUTb, YTO MeTof /la3epHoro npo-
600T60pa NO3BONAET CYL,ECTBEHHO YMEHbLWMUTb
BO3MOXHO€e 3arpsi3HeHue npobbl B CBA3U C OT-
CYTCTBMEM CTaAUN €e XUMUYECKOT0o pasfioXeHus
M NO3BOJIAAET N3yyYaTb MUHMMASIbHbIE MO pasmepy
06bekTbl (OTAEeNbHblE 30HbI NOPOA, MUHepanb-
Hble 3epHa, 30Hbl B HUX W BK/IO4YeHUs) [CBeTOB
nap., 2011; CsetoBsa u gp., 2011, 2012; Cepae-
Ba npagp., 2013].

NlokanbHoe KW3yyeHMe XUMMUYECKOro cocTaBa
MUHEpasbHbIX arperaTtoB BbIMOMHANOCL METOAOM
nasepHoro ucnapeHuna LA-ICP-MS ¢ ncnonb3oBa-
HMEM npucTaBkn nasepHoii abnaymm UP-266
Macro (New Wave Research), pgononHstwouwen
KBaApynonbHbI Macc-cnektpomeTp (X-SERIES 2
Terhmo Scientific).

Cuctema UP-266 Macro Bkiw4yaeT B cebs
yyeTBepeHHbI No yactoTe nasep Nd: YAG ¢ gnu-
HOW BOJIHbI 266 HM, MO3BONAKLWNIA NPOBOAUTL UC-
napeHue c aHeprvein B MMMy/bCe Ha ypoBHe OT
0,133 go 10 mAx, cTaHAapTHble HACTPOWMKN Npo-
BOAMMbIX aHAIUTUYECKUX IKCMEPUMEHTOB NO3BO-
NnAnn - BapbuMpoBaTb  KOJIMYECTBOM  MMNYJ/IbCOB
(ot 50 go 300) B x04€e aHa/nM3a O4HOW TOYKM, Yac-
TOTY NOBTOpeHnsa umnynabcos - 10 'y, MuHuManb-
Hblii pa3mep NSATHA /1a3epHOro UcnapeHus B 3KC-
nepumeHTtax sapbuposan oT 15 g0 35 MKM.

Kaxgaa aHanutMyeckas Ceccuss B pexume
LA-ICP-MS Bknto4aeT B cebs pag 3Tanos:

1) Mepea noAkIlYeHMEM ycTpolicTBa nasep-

HOro npo6ooT6opa NpoBOAMTCS Macc-kannbpos-
ka KBaZpynosns, npu Heob6XoAUMMOCTM yCcTaHOBKa
YCUNUBAKOLWIMX HaNpPsXeHWii 1 nepekpecTHas ka-
NM6poBKa AeTeKkTopa C MCMOJIb30BaHWEM MHOTO-



3/1IEMEHTHbIX KannmbpoBoYHbIX pacTBopoB ICP-MS-
68A-A n ICP-MS-68A-B c BBegeHNeM 4yepes pac-
NbINTENBHYIO Kamepy;

2) JlononHUTENbHO BbINOMHAETCA HOCTUPOBKA Na-
3epa B cucteme abnauum, npnubop nepeknovaeTcs
B pexum LA n ocywecTBnseTca ncnapeHue craH-
AapTHoro obpasya (B Hawem cny4dae - NIST 612 -
National Institute of Standards and Technology)
C noAcTpolikoin npmbopa € uenbl NoayyYeHnss Mak-
CMMaJIbHOl YyBCTBUTENIBHOCTWM NO UHTEPECYLW UM
aHanvTam;

3) [anee npoBoAUTCA CbemMoyHas cepud,
BK/tOYaeTcsa aHanui 5-10 nlyyaembix 06pas3LoB.

BaxHO OTMeTUTb, YTO aHanuTU4Yeckme uccne-
AoBaHUA aBTOpaMu MPOBOAUMNCH HA Pa3/IMYHbIX
Tnax 06pasLoB: MOMMPOBaHHbLIX WANdax, ax-
wnugax U MUHepanbHbiX pakunax, BMOHTUPO-
BaHHbIX B Wabbl U3 3MNOKCUAHOI CMOJbI UK ca-
MoTBepgelwen naactMaccel «lpoTakpui-M»,
npu 3TOM A0 BbINO/IHEHWUA WCCNEef0BaHUA Ocy-
LwecTBnaeTca ynbTpa3BykoBass ouumcTka NonamMpo-
BaHHbIX MOBEPXHOCTEN B AUCTUIIMPOBAHHOM BO-
4e B TeyeHune 3 MUHYT.

KonunyecTtBeHHbln aHanuis npu LA-ICP-MS
npoBoOAMICA NO BHeLWHe kannbposke (aTTecTo-
BaHHbIA cunukaTHblIA cTaHgapT - NIST 612) ans
rpynn u3 38 win 42 snemeHToB. CTaHgapTHas
npoueaypa BkAo4Yana onpefesieHne cregyrwmnx
cepuii anemeHToB (38): Li, Be, Na, Mg, K, Ca, Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rb,
Sr, Y, Zr, Nb, Cd, Sn, Sb, Te, Cs, Ba, La, Hf, Ta,
W, Pb, Bi, Th, U; nan (run 42 c pgob6aBneHunem
P33) Li, Be, Sc, Ti, V, Fe, Co, Ni, Cu, Zn, Ga, Ge,
As, Rb, Sr, Y, Zr, Nb, Ag, In, Sn, Sb, Ba, La, Ce,
Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu,
Hf, Ta, Au, Th, U.

B npouecce nNocTaHOBKUM MEeTOAUKA WUCNOJIb-
30BaHUA cuUcTeMbl Jfla3epHoro npob6ooTbopa
UP-266 Macro aBTopamMu BbIMO/IHEHO U3y4eHUue
pasmepa W reomeTpum KpaTepoB ucnapeHus
TECTOBbIX W peanbHbiXx Npo6 (MUHepanbHbIX ar-
peratoB pasnM4YHOn NNOTHOCTW). B gaHHON cTa-
Tbe o06cyxgalwTca pesynbTatbl, MNOJyYeHHbIE
B X04e W3y4yeHUs akLeCCOPHbIX MUHepasbHbIX
arperaTtoB - WNWHEINL0B N3 KOMATUMTOBOW ac-
coumaumn Koiikapckoii cTpykTypbl [Pbi6HMKOBa
n ap., 2014]. bonee paHHue nccnegoBaHus Bbl-
NOSTHAMINCb Ha NpUMepe TOHKOKpUCTaNnyecko-
ro keapua, xanuegoHa [CeeToBa u gp., 2011,
2014], marHeTtuTa [Pbi6HMKOBa K Ap., 2014],
kanbunTa [CBeToB, CBeToBa, 2013] n gonomuta
[Medvedev et al.,, 2014]. N3yyeHne mopdoso-
rmm abnsiuMOHHbIX KpaTepoB MPOBOAMIOCL Ha
cKaHupylouwem 31eKTPOHHOM Mukpockone VEGA
Il LSH (Tescan). AHann3 3D noBepxHOCTM npob
C KapTupoBaHuWeM pefnbeda KpaTepoB MNpPOBO-
OWNCSA Ha a3epHOM CKaHupylLwem MUKpockone

C wmoaynem aHanusa noBepxHoctn VK-9710
(Keyence) B aHanutuyeckoin nabopatopuu
NI KapHL, PAH.

AHanu3 paHHbIX, MONYYEHHbIX B pe3ynbrare
n3yyeHna mopgonornm kpatepos (puc. 4), oueH-
kKa ux penbeda M HenocpeACTBEHHO MOBEPXHO-
CTM 06bEKTOB, MO3BONAET cAenartb cnegywuine
BbIBOAbI:

1) Kpuctannuyeckoe cTpoeHUe MUHepanbHbIX
arperatoB (a WMEHHO WX cOCTaB, MJIOTHOCTb,
OAHOPOAHOCTb, CTPYKTypa MNOBEPXHOCTU) UMeeT
BaXXHOEe 3HayeHue npu BbIGOpe pexuma na3epHo-
ro ucnapeHus;

2) Pasmep n mopconorusa kpatepos (30H npo-
600T6Opa) onpegensieTcs, rnaBHbIM 06pasom,
MOLLHOCTbIO Nasepa, AnamMmeTpoM nydyka, 4acToTol
NOBTOPEHWUA N O6LMUM KOTIMYECTBOM UMMNY/bCOB;

3) lMpu cepuiiHOM na3epHoOM onpoboBaHuK
(B 04HOI TOYKe) MpomucxoamuT yrnybneHne kparte-
pa, AN cnyyas WNWHeNWAoB, Ha rnybuHy meHee
5 MKM, npu 3TOM AnameTp ero ypesiMynBaeTcs He-
3Ha4YuTesbHO.

Kak nokasanu Hawu akcnepuMeHTbl, MNpu Nno-
KanbHOM U3y4YeHUU MUHepanos rpynmnbl WAVHENN,
CTabunbHOCTb aHa/IMTUUYEeCcKOro curHana B xofe
aHanvs3a, HenocpefcTBEHHO BAMAOLWAA Ha pe-
3ynbTaT U3MEepPeHus, MOXeT AOCTUraTbCsA TOJIbKO
3a cyeT TwartenbHoro nogbopa aHepruy nasepa,
4acToTbl MOBTOPEHWA MMNYILCOB U MX 06LEr0 KO-
NuyecTBa. YcTaHaBnuBas npu 3HepPrum B UMNyJb-
ce Ha ypoBHe - 0,13-0,14 m[xX, KonnyecTse UM-
nynscos - 50, 1 npu yactoTe nosTopeHus - 10 Iu.
B aTom cnydae yaanocb 4OCTUTHYTb (hOpMuUpoOBa-
HUA MpU Na3epHOM MchapeHun XPOMUTOB, XPOM-
MarHeHTUTOB W MarHeTUTOB, G/IM3KUX K OKPYrnoW
chopme KpaTepoB, CO CclefylWUMU XapakTepwu-
cTMKamn:  AnameTp  LUeHTpasbHOl  rny6okoii
30HbI BOpPOHKKM Bapbupyet oT 30 go 50 MKM, cam
Kpatep pocturaeTt gunametpa 70-100 mkm, ero
rnybuHa coctasnset ot 8 4o 14 MKM, Npu 3TOM
KpaTepHbllii Basl UMeeT MUHUMAasbHble pa3Mepbl
(meHee 3-4 mkm) (cm. puc. 4).

CnepyeT oTMeTUTb, 4YTO npobnema BbiGoOpa
pabounx napameTpoB flasepa fABNAETCA Kn4ye-
BOW 0715 NONIYYEeHUS KOPPEKTHbIX W, YTO BaXHO,
BOCNPOV3BOAUMBIX aHA/IMTUYECKUX AaHHbIX NpK
nokanbHoMm npo6ooT6ope. OnA 3Toro Heobxo-
OVMO UCKIIUYUTL pa3bpbl3rmBaHue Matepuana,
hopmMMpoBaHUE «BbICOKMX» KpaTepHbIX KOHYCOB
[AgamoBuy, Maneccknii, 2010], a Takxe onsas-
NeHns n KoHTaMuHauuuM mMaTtepuana npu obpa-
30BaHUM WUPOKUX (MM Ype3MepHO T[y6OoKux)
KOHYCOB MpW uMCCrefoBaHUW reTeporeHHbIX
06bEKTOB.

B cBA3M € TeM, 4YTO BXOAe aHa/IMTUYECKOro n3y-
YeHUs MUHepasibHbIX arperatos metogom LA-ICP-
MS npoucxogut KannbpoBka MO 3TasIOHHOMY



Puc. 4. Tonorpadhmss NOBEPXHOCTU KpaTepoB fla3epHoro mcnapenns (LA) 418 XpOMMarHeTUToB M3 Me30apXemnckmx
KOMaTumMTOBbIX NaB Kolikapckoli CTpyKTypbl: 1) eAMHUYHOE mMcnapeHune; 2) cepus U3 2 ucnapeHuit; 3) cepust u3
3 ucnapeHwuii B Touke. inarpaMma xapakrepusyeT penbedd KpaTepoB Npy pas/iMyHbIX BapuaHTax ncnapeHus

o6pasyy NIST 612, Hac nHTepecoBasia BOCNPOMU3-
BOAMMOCTb Pe3y/ibTaTtoB Mpy aHa/n3e XMMun4yecko-
ro coctaBa HenocpeacTBEHHO OCHOBHOTO 3TasIoHa.

BaxHO OTMEeTUTb, YTO MPU pacyeTe KOHUEHTpa-
UMiA B MUHEpPanbHbIX O6BbEKTax MCNosb30Bascs
Haumnyywmnii  MHTepBasl CcTabunbHOrO curHana
(«nnato») AnA yMeHblUeHWs MNOorpeluHocTen, Bbl-
60p KOTOPOro OCyLWecTBAsAACA NyTeM aHanusa
cnekTpoB Habopa cTtaHgapTta NIST-612 u cnek-
TPOB uM3MepsAeMblx 06pa3uoB. Auana3oH cbopa
JaHHbIX Obl1 OAWMHAKOB An1A cTaHjapTa W Ans
06pa3uoB B paMKax OAHOro 3akcnepumeHTa. Bbl-
60p obnacTn «nnato» OCyL,eCcTBAANCA HA OCHOBE
conocrtaBneHunsa nimepsembix LA-ICP-MS KoHLeH-
Tpauun Cr, Co B XpoMUTax-xpoMmarHetmrax
C AaHHbIMKW, NOJIYYEHHbLIMW NO pe3ysbTaraMm MUK-
pO30HA0BOrO aHanu3a nlyyaembix nNpoob.

Mpn aHanuse mMuHepasnioB 3TO MO3BOMSAET KOH-
Tpo/supoBaTb OTCYTCTBME MonajaHus Kakux-méo
MUHEepasbHbIX BKIOYEHWI WX BAUSHUSA 30HAJIbHO-
CTM a3 Ha paccuuTaHHbIli XMMUYecKuii cocTaBs
MWHepasioB. Ha puc. 5 nokasaH npumep aHannTun-

4ecKoro curHana npu aHanuse aTasoOHHOro o6pas-
ua NIST 612. B pacueTe ncnonb3oBancsa «Cctabusb-
Hbli» YPOBEHb CUTHaNa, KOTOPbIA yMeHbllanca Ha
Be/IMYMHY (POHOBOrO curHasna rasa Ansa Kaxnoro
3/1IeMeHTa, B C/lyyae aHann3a cocTaBa NpUPOAHbIX
06BHEKTOB UCNO/b30Bas/ICA aHas/IOrUYHbI BpeEMEH-
HOIi MHTepBan «CTabu/bHOro curHana» npu céope
JaHHbIX. Bce konnuyecTBeHHble pesynbTaTbl pac-
CUMTbIBANIMCL MOC/Me KOoppekuun BpemeHn gpeiida
N KOSIMYECTBEHHOI KannbpoBky npubopa.

AHanu3 pesysbtaToB 50 M3MEepeHuin XMMmnyecko-
ro coctaBa atasioHa NIST 612 nokasan (Tabn. 3),
YTO MOJIyYEHHbIe 3HAYEHUS KOHLEHTpauuin xmmuye-
CKMX 3/1eMEHTOB XapaKTepusyTcs 60/1ee BbICOKU-
MU 3HAYEHUAMWN OTHOCUTESIbHOTO CTaHAapTHOro OT-
KnoHeHusa (RSD), yem B c/iyyae XMMUYECKOTO aHa-
Nn3a pacTBOPEHHbIX 3Ta/IOHHbIX 06pas3LoB.

BonblWMHCTBO onpefesieHnii  KOHUeHTpauun
3/1IEMEHTOB B X0/, aHa/n3a cTaHgapTHOro o6pas-
ua NIST 612 umeeT RSD < 15 % (cm. Tabn. 3, 4).
Camble HU3KMe 3HavyeHuUs RSD xapaktepusyioT
aHanuTuyeckne onpegeneHns KoHueHTpauuin Cr,



Co, Ni, Ga, As - meHee 10 %, gnsa 60nblINHCTBA
3/IeMeHTOoB, Takmx kak: Li, Sc, V, Mn, Cu, Zn, Ge,
Rb, Sr, Y, Zr, Nb, Ag, Cd, Sn, Sb, Cs, Ba, La, Hf,
Ta, W, Pb, Bi, Th, U - RSD Bapbupyet ot 10
bo 20 %, npu atom gna scex P33 RSD meHseTcs
oT 12 po 20 %, MakcumasibHble 3HauyeHua RSD
XapakTepusyrT onpegeneHne KoHueHTpauuii Be,
Te, Mo, In (oT 22 go 32 %) (puc. 6, 7).

Tabnmua 3. PesynbTaTbl U3MEPEHUS KOHUEHTpauuu
paccesiHHbIX 3/1eMEHTOB (B ppm) B CTaHAapTHOM 06-
pasue NIST 612 (50 nsmepenwnii) metogom LA-ICP-MS
Ha KBagpynonbHOM Macc-crnekTpomeTpe X-Series 2
(Thermo Fisher Scientific) ¢ ucnonb3oBaHvem npucTas-
Kn nasepHoin abnaumm UP-266 Macro (New Wave
research) B aHanuTuyeckoint naéopartopun W KapHL],
PAH B 2014-2015 ropax

dnemeHT NIST 612 Cp. 3HayeHune RSD %
Li 40,73 40,04 19,95
Be 37,25 36,04 22,08
Sc 42,23 42,19 14,20
\% 40,12 40,02 14,74
Cr 31,48 32,08 8,60
Mn 37,73 39,05 14,07
Co 37,46 37,04 9,75
Ni 38,32 38,49 9,58
Cu 39,48 40,65 13,95
Zn 38,69 39,99 16,05
Ga 36,92 37,38 6,12
Ge 32,77 33,64 13,27
As 39,57 40,00 8,54
Rb 31,77 31,39 12,49
Sr 73,47 73,11 11,67
Y 37,54 37,63 11,37
Zr 35,32 35,74 15,72
Nb 37,18 37,34 10,78
Mo 36,84 36,85 22,74
Ag 20,86 20,62 15,46
In 33,03 32,47 22,01
Cd 28,28 27,44 18,96
Sn 37,51 36,73 13,55
Sb 35,59 35,90 17,97
Te 36,60 38,47 31,75
Cs 39,46 38,65 17,95
Ba 35,94 35,54 15,25
La 34,60 33,85 18,33
Hf 33,58 33,53 11,25
Ta 41,26 41,13 10,28
w 26,50 26,03 12,65
Pb 39,32 38,77 17,78
Bi 31,45 30,92 14,39
Th 38,00 37,99 11,86
] 35,92 34,98 13,78

Vi3MepeHHble KOHUeHTpauum MUKPO3JIEMEHTOB
B ctaHgapTte NIST 612 nokasbiBatOT XOPOLLYK CXO-
OVMOCTb C aTTECTOBAHHLIMU 3HAYEHUSAMU KOHUEH-
Tpauuii B 3aTanoHe. KoadhduumeHT koppensauumn
no gaHHbiM 50 namepeHuit coctaBnn R2= 0,9971
(puc. 6). B cnyyae namepeHus KOHUeHTpauun P33
nogo6Haa 3aBUCMMOCTb (N0 AaHHbIM 25 namepe-
HUIN) umeeT KoadhpuumeHT kKoppensumm R2 =
0,9624. Takum o06pa3om, NPOBEAEHHbI aHanu3

nokasblBaeT, YTO aHaNUTUYecKkast TOUHOCTb Npubo-
pa, BOCMPOU3BOAMMOCTb pe3y/bTaToB B Crlyyae
npoBeAeHUss fnasepHoro npo6oot6opa, CyllecT-
BEHHO HWXe, uYeM MNpu K3yyeHuu BasioBbIX NPO6
C NpeABapuTeNbHbIM XUMUYECKUM Pa3NoXeHUeEM.

Tabmmua 4. PesynbTaTbl M3MEPEHWUs] KOHLLEHTpaumm
P332 (8 ppm) B craHgapTHom o6pa3ue NIST 612 (25
navepennii) metogom LA-ICP-MS Ha kBagpynosbHOM
macc-cnektpomeTpe  X-Series 2  (Thermo  Fisher
Scientific) ¢ ncnonb3oBaHMeM NpUCTaBkK NasepHoi ab-
nauyum UP-266 Macro (New Wave research) B aHannTu-
yeckoii nabopartopumn UM KapHLL, PAH B 2015 rogy

dnemMeHT NIST 612 Cp. 3HayeHune RSD %
La 34,60 33,85 18,33
Ce 36,93 37,06 19,48
Pr 37,09 37,31 13,52
Nd 34,91 34,89 18,87
Sm 37,00 36,72 14,88
Eu 34,48 34,93 17,31
Gd 37,11 36,50 12,36
Tb 36,67 36,40 17,77
Dy 34,71 33,94 19,11
Ho 38,37 38,33 17,15
Er 37,32 37,30 16,88
Tm 37,32 37,18 14,51
Yb 38,89 38,80 16,95
Lu 37,58 37,37 16,28

B cnyyae, ecnn BO3MOXHO yBeMyeHne obLiero
KonnyecTsa aHanusmpyembix TOYek B npobe npu
N3yyeHun o6bHEKTOB (Kak 37O Obli/I0 YCTAHOB/EHO
B Xo4e namepeHus atanoHa NIST 612), gpoctosep-
HOCTb NoJlydyaeMblX pe3ysibTaToB CYLLECTBEHHO
BO3pacTaeT, 0[HaKo 3TO nogpasymMmeBaeT rOMOreH-
HOe CTpOeHue n3yvyaemblX 06bEKTOB. B oTAENbHbIX
aKcnepumeHTax, Ha npumepe 3TasIOHHbIX Npob6
N TOMOTFEHHbIX MPUPOAHbLIX MUHEpasbHbIX 06pas-
uoB (korga o6bem maTepuana MoO3BOAAN MNPOBO-
OVTb CEepUitHbIA NasepHblil Npo600THOP), HAMU OT-
paboTtaHa meToAMKa MOBTOPSIOLLMXCA UCNAPEHUin
(8o 3 uamepeHuin B 04HON TOUKe aHanu3a), Mnoka-
3aBLUlasl, YTO Takoll BapuaHT uccnefoBaHnst NO3BO-
nfeT CyWwecTBEHHO YMEeHbWWUTb 3HayeHus RSD,
ONns 60/bLINHCTBA 3/1EMEHTOB A0 YPOBHA < 18 %.

B cnyuae n3yueHnsa NIST 612 (aHanM3 NnpoBOAMT-
CA KaK eAUHNYHBIMY UCNapeHusiMU, Tak U cepueit 3
2-3 NOBTOPOB B O4HOI TOUKE C IHEPTNein B UMMYb-
ce - 0,13 mx, npyu KoMyecTBe UMMybCOB - 50
M yacToTe NoBTOpeHus - 10 'u) oTmevaeTcsa 6onee
BbICOKMIA ypoBeHb RSD % B nepBOM M3MepeHuu
(tabn. 4), 4To BbI3bIBAETCA MHULMaNU3auuein npo-
Luecca ucnapeHus, noTepei BellecTsa, kak Ha Kpa-
Tepoobpa3oBaHue, Tak U B xoge pasbpbi3ruBaHus
maTtepwna, npueogslwero Kk 6onee 3HauYMMOMy OT-
K/TIOHEHWIO B U3MEPEHHbIX KOHLEHTpaLmsX.

Takum o6pa3om, NOrpewHoOCcTM Npu onpegene-
HAW KOHUEeHTpauun 37eMeHToB mMeToaoMm LA-
ICP-MS o06ycnoBnnBalTCs He TO/MIbKO YCNOBUS-
MW CcbeMkM (MOWHOCTb sfasepa, TUN pexuma



35000 -

30000

25000

20000

15000

10000

5000

0 5000 10000 15000
abnaunn, Boi6Op 06nacTn aHanmnsa (ToyeyHas, nu-
HeliHas), HO W HeNnocpeACTBEHHO 3aBUCAT OT
CBOICTB oOnpefensembix 3/eMeHTOB (aTOMHOW
Macchbl, MOHHOTO NoTeHUmWana, neTyyectu u ap.) u
PUN3NKO-XMMUNYECKUX CBOWCTB 0b6pasuya, BkH4Yas

XUMUYECKNA 1 MI/IHepaI'IbeIVI CcoCTtaB, ontunye-

20000

Puc. 5= Xapaktepuctvka W3MeHeHus
aHanutuyecknx  curHanos  LA-ICP-MS
(B KOOpaMHaTax Bpems (Ms) - UMMY/bChbI
B cekyHabl (CPS)) BO Bpemsi aHa/m3a pac-
CEeAHHbIX 3/IEMEHTOB B 3Ta/IOHHOM 06pas3-
ue NIST 612. LiBeToM BblOerieH nHTepsall,
YUMTbIBAIOLLMIACA MPU pacyeTe
ms

CKYl0 Npo3payHOCTb, CBO/CTBA MNOBEPXHOCTH,
CTeneHb KPUCTAN/IMYHOCTU MaTpuLbl uap. [Laser-
Ablation..., 2001; Eggins, 2003; UYepHOHOXKWH,
CanpblkuH, 2011].

BnvsiHne neTyyecTn 3/EMEHTOB Ha WX pak-
LMOHMpPOBaHWe B nNpolecce abnsuMm nokasaHo Ha

Tabmua 5. ConoctaeneHve pe3y/bTaTtoB TPEXCTaAMNRHOIO U eAMHUYHOrO 3mepeHuii (Mo OAHOM TOUKE) KOHLeHTpaumm
paccesiHHbIX 3/IEMEHTOB (B ppM) 41 cTaHgapTHoro obpasua NIST 612 metogom LA-ICP-MS Ha kBagpynosibHOM Macc-
cnekTpomeTpe X-Series 2 (Thermo Ficher Scientific) ¢ ncnons3oBaHnem nNpucTaBku NasepHo abnsLmm

pynnbr* RSD < 10 % 10<RSD <20 % RSD < 30 %
ONeMeHTbI Cr Co Rb Y La Nd Yb Mo In
NIST 612 31,48 37,46 31,77 73,47 37,54 34,60 34,91 38,89 36,84 33,03

TpexcTaauiiHoe namepeHue (=6, No 3 TOYKM B KaXKA0W, CyMMapHO 18)

1-li npomep BTOuUKE

CpepfHee 3HavyeHue 28,45 31,30 26,68 62,03 32,37 27,01 26,87 33,72 37,09 26,00

RSD % 8,46 11,85 19,22 11,31 12,39 21,82 18,78 12,06 27,03 12,89
2-ii npomep B TouYke

CpepHee 3HavyeHue 33,94 38,47 31,94 77,42 38,83 37,85 37,42 39,76 35,52 34,51

RSD % 5,34 1,89 10,88 4,75 7,43 19,49 14,11 7,54 13,29 10,51
3-i NnpoMep BTOYKe

CpepfHee 3HavyeHue 32,15 41,46 35,66 77,34 39,34 33,36 35,36 40,23 38,02 35,38

RSD % 13,08 10,26 11,60 3,23 5,93 9,99 7,29 6,91 7,44 8,02

MN3MepeHne BOAVH NPOMEP C YBENNYEHHOW ANNTENbHOCTbIO (N=41)
CpepHee 3HavyeHue 31,51 37,04 31,39 73,11 37,64 33,85 34,89 38,80 36,85 32,47
RSD % 11,25 9,75 12,49 11,67 11,37 18,33 18,87 16,95 22,74 22,01

MpumeyaHuve. ‘lNpeacTaBneHHble 3M1EMEHTLI XapaKkTepusyoT rpynnbl XMMUYECKUX 3/IEMEHTOB, onpeaensemsix metogom LA-ICP-

MS ¢ pa3snnyHbiM yposHem RSD go 10, 20 n 30 %.



Puc. 6. COOTHOLLEHME N3MEPEHHbIX 3HAYEHWIA KOHLEHTPaLMN paccesHHbIX 3/1IEMEHTOB 1 aTTECTOBaHHBIX 3HAYEHWI
B cTaHaapte NIST 612 (kBagpar - cpefHee no 50 M3MepeHusM, oTpe3kamMu NnokasaHbl MakCUMaslbHble U MUHU-
MaJlbHble 3HaYEeHMS] U3MEPEHHbIX KOHLEeHTpauuin) metogoM LA-ICP-MS Ha KBagpynosibHOM Macc-CneKTpomeTpe
X-Series 2 (Thermo Fisher Scientific) B aHanuTnyeckoin nabopatopun UM KapHLL PAH B 2014-2015 ropax

Puc. 7. CooTHOLLEHME N3MEPEHHbIX 3HAYEHWI KOHLEHTpaUMN peako3emesibHbIX 3/1IEMEHTOB U aTTeCTOBaHHbIX 3Ha-
yeHuii B ctaHgapTe NIST 612 (kBagpaT - cpefHee no 25 M3MepeHusiM, OTpe3kamy nokasaHbl MakCUMasibHble
N MUHUMa/IbHbIE 3HAYEHUS] U3MEPEHHbIX KOHUEeHTpaumin) metogom LA-ICP-MS Ha kBagpynosibHOM Macc-CrnekTpo-
meTpe X-Series 2 (Thermo Fisher Scientific) B aHannTuueckoii nabopatopumn UM KapHL, PAH B 2015 rogy

puc. 8, Ha KOTOpPOM MpeAcTaBs/ieHbl OTK/IOHEHUSA
M3MepEHHbIX KOHLEHTpaumnii afieMeHToB B 3Tano-
He NIST 612 oT cTaHAaPTHbIX 3HAYEHUIN B 3aBUCK-
MOCTW OT /leTy4yecTn 3/1eMeHTOB. [10CKOJIbKY Ha
CerofHAWHNIA AeHb He CyLLecTBYeT HaAeXHbIX KO-
NINYECTBEHHbIX MapamMeTpoB, XapaKTepusylLiunx

NeTyyecTb 3/IEMEHTOB B npouecce abnauun, 10
ONA UX PaHXMPOBaHUA MO CTEMEHN NIeTYY4eCcTH, Kak
npasuio, NPUMEHAIT TeMmnepaTypy KoHAeHcauum
anemeHToB B CoONnHeYHoin cucteme («in solar
nebula») [Lodders, 2003]. B oTanyme oT Temnepa-
TYpbl KUNEHWUSA WX NNaBfeHnsa, 3TOT napameTp



Pvc. 8. OTKNIOHEHME M3MEPEHHbIX KOHLEHTpauuii an1emeHToB B aTasloHe NIST 612 OT aTTecToBaHHbIX 3Ha-
UeHuiA KOHUEeHTpauuii (paccunTaHHOe Kak OTHOLLUEHME U3MEPEHHbIX KOHLEHTpaUuii K aTTecToBaHHbIM) B 3a-
BUCMMOCTM OT JIETY4YECTU 3/IEMEHTOB (KPYr - CpefHee 3HaueHve). DneMeHTbl paHkMpoBaHbl B Noc/ieoBa-
TENIbHOCTY YBE/MYEHSI /leMEeHTapHOI TemMnepaTypbl KoHAeHcaumn

oTpaxaeT TepMoAnHaMuMyeckme B3anmMonenicTems
3/1eMEHTOB B MHOFOKOMMOHEHTHbIX OKCUA0-CUMK-
KaTHbIX cuctemax. Ha puc. 8 BuagHo, 4Yto norpeLu-
HOCTb OnpefeneHns KOHUEeHTpauuu paccesHHbIX
3/1eMEHTOB (paccyMTaHHYH Kak OTHOLWEeHMe n3mMe-
PEHHbIX KOHUEHTpaLWuin K aTTecTOBaHHbIM 3Haue-
HUAM KOHUEeHTpaLuun) Bo3pactaeT B psafy OT Tyro-
nnaBkUX K NeTy4ynm asieMeHTam.

Pe3ynbTaTtbl NpOBEAEHHbIX HAMW UCCNeaoBaHuin
XUMUYECKOro cocTaBa MOHOMUHepasbHbIX gocTa-
TOYHO FOMOFEHHbIX (Ha U3y4aemMoM ypOBHE) 06beK-
TOB (XpOMWUTOB, MarHeTUTOB), NMOATBEPXAAKT, YUTO
TOYHOCTb OMpefeneHns KOHUEeHTpauuin pepkmx
anemeHTOB (BenmunHa RSD) npu LA-ICP-MS aHa-
nn3e KoppenupyeT C UX 1IeTyYecTblo.

B otnnune OT pyAHbIX MUHepasnbHbIX dias, 4ns
CUINKATHbIX CTEKON uccneposaHve pakLmoHMpo-
BaHUA XMMMNYECKUX 3/IEMEHTOB NpPU Na3epHoM UC-
napeHun [Gaboardi, Humayun, 2009] nokasano,
4YTO TOYHOCTb aHa/IM3a CyLeCTBEHHO YMeHbLIaeTcs
1 N0 Mepe yBe/IMYeHns UxX npo3payHocTu. STo CBA-
3aHO C TeMm, 4YTO MpPW YyBENNYEHUN MPO3PavYHOCTU
CTEKON [0M4 TYronnaBKUX 3/1IEMEHTOB CHWXaeTcH,
W COOTBETCTBEHHO BO3pacTtaeT O0ObEM JleTyynx
3/1IeMEeHTOB, W, Kak cnejcTBue, B Lie/IOM BOo3pacTa-
0T NOTrPELUHOCTY ONpefesieHNs UX KOHLEeHTPaLWid.

Mpn LA-ICP-MS aHanuse MOXeT BO3HUKaTb
«MaTpUYHbI ahhekT» B cnyyae pesknx OTANYuni
PU3NKO-XMMUYECKUX CBONCTB MCCeAyeMbIX 06-
pasuoB OT CTaHAapTHbIX 3TaNoHOB. B naeane gns
Kaxgoro Tmna msyvyaemoro obbekta Heo6xoAuMo
MCnonb30BaTb CTaHAapTHbI 06pasel, ¢ COOTBeT-
CTBYIOLLEN NO MUHEpPA/IbHOMY U XUMUYECKOMY CO-
CTaBy MaTpuLuen, 4To Ha NpakTuKe HEeBO3MOXHO
ocyuwectBuTb. [Ana HuBenupoBaHus adgekta
B/IMAHUA MaTpuLbl Ha TOYHOCTb OnpenesieHnsa mMo-
XeT UCNO0/b30BaTbCA MEeTO[, «BHYTPEHHEro CTaH-
papta» [Jackson, 2008], Bknwuvakuwero B cebs

HOpPMWpPOBAHUE MO 3M1EMEHTY C W3BECTHON KOH-
LeHTpauuen. B kauecTBe HopmMupylouiero ane-
MEeHTa ANs CU/IMKATHbIX Nopo4, Kak npaBufo, uc-
nonb3ytT Ca [Jackson, 2008; Gaboardi,
Humayun, 2009]. MHorumum wnccnegosaTensamu
6bI10 NoKa3aHo, YTO Ha MpaKTWKe BMOJIHE KOp-
peKTHble pe3ynbTaTbl MOryT 6GbiTb MOMY4YeHbl MpU
ncnonb3osaHnu ctaHgapta NIST 612 npu aHanu-
3e He TO/MIbKO cCUNMKaTHbIX ha3, HO K dpocdaToB
[Jackson, 2008; BoTtskoB, AgamoBudy, 2011] wn
kapboHaTtoB [Sylvester, 2008], gaxe 6e3 y4yeTa
«BHYTPEHHEro craHaapTa».

JononHnTtensHO aBTOpamu cTaTbW CTaBWUUCH
cepuy 3KCNepuMeHTOB MO OLEeHKE BO3MOXHOCTE
npUMeHeHNs MeToda NasepHoro npobooTbopa
NpyY M3yYEHUU TeTEePOreHHbIX NPUPOAHbLIX 0O6bEK-
TOB C «TOHKO3EPHUCTbIM» CTPOEHMWEM - Marmartiu-
yeckux nopoj, MeTamopdIMUecKkn WU3IMeEHEHHbIX
BY/IKAHWYECKMX CTekon. [laHHOoW paboTe npepjlie-
CTBOBa/IN IKCMEPUMEHTbI MO U3YYEHUID METOAO0M
LA-ICP-MS xmmwnyeckoro coctaBa TOHKO3EpHWU-
CTbIX XEMOTEHHbIX apxeickux cunnumtoB Kolikap-
CKOl n 3nbmycckoii cTpykTyp [CBeToB M Ap.,
2011], pocTpoB 6€/IEMHUTOB N HOPCKUX TNayKOHW-
TOBbIX INMH [CBeToB, CBeToBa, 2013], gaBLwunx no-
NoXuUTenbHble pesynbTarhbl.

O6beKToM HOBOro 3Tana MccnefoBaHuii cTanm
JeTanbHO M3y4YeHHble paHee ManeonpoTepos30ii-
ckume nukpobasanbTbl ANry6CKOro Kpsxa, Mmero-
Lne nnuKBaLumMoHHble ob6ocobneHns [CeeTos, 2013;
CseT0B, lony6es, 2013] n nukBayuMoHHbIE obpa-
30BaHUA B nuKpuTax [leUeHrcKom CTPYKTypbl
[CBeTOB M Ap., 2011].

C npumeHeHnem JasepHoro npob6oot6opa
(puc. 9) BbINOMHANCA aHaNIM3 cocTaBa MaTpukca
W /WKBAUMOHHbLIX 06pasoBaHuini (Bapuonei,
NNH3), VMMEKLWUX pagunanbHO-NYYUCTble CTPYK-
TYpbl, U CTPYKTYpbl, ChOPMUPOBAHHbIE UrO/bYa-



Puc. 9. Mpumep pa3veTkn obnacteli nasepHoro Npo6ooT6opa (BUAHLI NPSIMOYTO/bHbIE Criedbl Na3epHOro
ncnapeHusl) Ha aHLMde BaproIMTOBOI NaBbl NMKpobasasibTa ANryoekoli CTpykTypbl (A) 1 nukpuTa MNeyerr-

cKoii cTpykTypbl (B)

Puc. 10. Cneapl «A0pOXek» NnasepHoro npob6ootbopa (nokasaHbl CTpesikaMu) Npy U3yYeHun MKBaLIOHHOM
HeoHOpOAHOCTU (B A@HHOM Crlyyae MpPOBOAWIOCH ONPOGOBAHME LEHTPA/IbHbIX YacTel IMKBALMOHHBIX [10-
6yn-MuKpoBapuoneii) B nukpuTax Meyenrn (A) n 6asanstax Anry6si (B)

TbIMU MUKpOSEeicTaMy KJIMHONMUPOKCEHA - aBTU-
Ta B CTek/10BaToli oAHOpPOAHOI Macce. MaTpuKc
nopo/ BbINOMHEH Narnoknas-nupokKceH-amgu-
60N-X/IOPUTOBLIM MaTepuUasioM U XJ0PUTU3NPO-
BaHHbIM, 6MOTUTU3NPOBAHHBLIM W 3NUAOTU3NPO-
BaHHbIM CTeKNOM. $fAapa B Bapuosnsax WUMerT
NYYNCTO-BONIOKHUCTOE CTPOEHMUEe, CMOXeHbl BO-
NIOKHaMW M MUKpo/AuTamu nnaaruoknasa. B aToii
Xe Macce BCTpevawTcs BKpanfeHHUKM MOHO-

KNMHHOTO MNWPOKCEHa, KOTOpble pPacnosioXeHbl
BHYTpW Bapuosneii 1 B OCHOBHOW Macce [CBeTOB,
2013].

B faHHbIX 3KCNepuMeHTax aHaan3 npoBoAun-
cA B cTaHjapTHOM pexume paboTbl nasepa no
NPOUAbHLIM NIMHUAM (NpuMeHanach «» obpas-
Has pasmeTka npogwuns), MNoKpbiBawWUM 06-
nacto B cpegHem ot 400 x 400 mkm go 600 Xx
400 mkm (puc. 10).
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Puc. 11. CopepxaHusi pacCesiHHbIX 3/IEMEHTOB,

MaTpuKC

Bapuonu'

HOPMMPOBAHHbIE K MPUMUTUBHOM MaHTUM [Sun,

McDonough, 1989], B packpycTas/iM30BaHHOM CTEK/I0BATOM MaTpukce (KBagpar - CpefHsst KOHLEeHTpa-
umst) 1 BapuosuTax (Kpyr - cpefHss KOHLEeHTpaLus) NaneonpoTepo30iCcKNX NUKPUTOB MevyeHrckon cTpyk-
Typbl, nosyyeHHble MeToaoM LA-ICP-MS. [ns maTpukca BbINOSHEHA Cepusi U3 TpexX NPOXUroB B OAHOW
TOYKe, 47159 Bapunosieli onpoboBaHo 3 TOYKM MO 3 MpoXura

Puc. 12, CopepxaHus pacCesiHHbIX 3/1EMEHTOB,

HOPMMPOBAHHbIE K MPUMUTUBHOM MaHTUM [Sun,

McDonough, 1989], B paCkpnCTa/I/IM30BaHHOM CTEK/I0BATOM MaTpuKce (KBaapaTr - CPefHsis KOHUEeHTpa-
umst) 1 BapvonmTax (Kpyr - CPeaHssi KOHLEHTpauus) naseonpoTepo30inckMx NMKpobasasnibToB HAnrybekoi
CTPYKTYpbI, NosyyeHHble metofom LA-ICP-MS. [ing maTpukca BbINoHEHbI 3 cepun 13 3 NPOXUTOB B Kax-
[0 Touke, Ana Bapuoein onpoboBaHo 2 TOUKM Mo 3 npoxura

lMonyyeHHble BO BCex cnyyaax pesynbrartbl Mo-
Kasasn TMpeKkpacHylw CXO0AMMOCTb B MOBTOPSAIO-
LLNXCA Cepusax aHanmsoB U Masylo pasHuLy B KOH-
LeHTpauusax, MONYYEHHbIX MPU NepBOM, BTOPOM
unu TpetbeM usMmepeHun (puc. 11, 12). OcHoBHoOe
npenMyLLLecTBO MCNO/b30BaHUA Jsla3epHoro npo-
600T6Opa B AaHHbIX NpumMepax - 3TO geTajibHoe
n3yyeHne XMMMYECKOro coctaBa BCEX BUAOB /IUK-
BaLMOHHbIX 06pa3oBaHuii (a He BanoBbIX COCTa-
BOB MOPOJ), YTO MO3BOANAO NPEANOXUTb NPUHLM-
nManbHO HOBbIA MeXaHW3M BO3HWKHOBEHUS SIUK-
BaLMOHHOIoO (hpakunmoHMpoBaHUA B pacnjase 3a

cyeT WHUUMANBbHOW  KOHTamuHauuu [CBeTOB,
2013; CseToB, ony6es, 2013].

BaxHo oTmMeTuTb, 4To LA-ICP-MS aHanuiy no-
POAHbLIX NMMTOTMMNOB MNpeALecTBOBaNO AeTasbHoe
u3yyeHne npob6 MeToAamMu CKaHWpYHLWEeWh 3nek-
TPOHHOI U Na3epHO MUKPOCKONUN ANS pasmMeTKu
obnacTteli MakCMManbHO OAHOPOAHbLIX MO CBOE
BHYTPEHHEl CTpyKType Afs nocregylouwero na-
3epHoro npo6ooT6opa.

dopma obnacTteli «npoxura» MoxeT 3ajaBaTb-
cA Npu HacTpolike npouegypbl adbnauuu, raBHas
3a/aya nNpv 3TOM - KOHTPOJb NonajaHus nasepom



B 3a4aHHyl0 06nacTb, YTOObl UCKIOUYUTb KOHTaMMU-
HaLM0 MmaTepuasiom M3 CMeXHbIX obnacTeii npobsbl
1 nofyyeHne Hef0CTOBEPHbIX AAHHbIX.

MpoBeneHHoe uccnefoBaHne NO3BONMO paspa-
60Tatb lornyeckyto cxemy LA-ICP-MS xnmmnyeckoro
N3y4yeHUsl, Kak FOMOTEeHHbIX, Tak W reTeporeHHbIX
NpUpoaHbIX 06BEKTOB (Nopoag MacUTOBOro coctaBa
N WX MWHepasioB), BK/IOYAKLWYH LEeblii Habop
npeaBapuTesibHbIX UccnefoBaHuii, 6a3upyroLwmxcs
Ha CKaHMpPYHOLWEN 3/1EKTPOHHONM 1 Ta3epHO MUKPO-
CKOMUK C Liefbio BbiIGopa MakCUMasibHO FTOMOreHHbIX
obnacteli o189 XMMUYECKOro U3ydYeHus.

BbiBOAbI

MpoBeneHHble UcCCefoBaHUA Mokasanu, 4To
aHanu3 cocTtaBa [FOpHbIX MOPO4 W MWHepasios,
BbIMOMIHAEMbIA B aHanuTuyeckol naéopaTtopumn
I KapHU, PAH metogamun ICP-MS un LA-ICP-MS
Ha KBagpynosibHOM Macc-cnekTrpomeTpe
X-Series 2 (Thermo Fisher Scientific), sasnsetcs
BbICOKOI(D(NEKTUBHLIM U TOUHBIM MHCTPYMEHTOM B
onpefenieHnn XMMMUYECKOro coctaBa AOKeMbpuii-
CKMX MadUTOBLIX N YNbTpaMauToBbIX NOPOA.

1. B xoge paboTbl yCTaHOBJ/IEHO, 4TO NorpeLu-
HOCTb M3MEPEHUI XMMUYECKOT0 COCTaBa BasIOBbIX
npo6 metogom ICP-MS ans 60/bLINHCTBA 3/1EMEH-
TOB cocTaBnseT B cpegHem 4,5-10 %, Cr, Zn, Sc,
Th, Ga, Be xapakTepu3yloTcsa NOrpeLwHoCcTb0 n3mMe-
peHunii 10-13 %, Pb n Ta > 20 %. Tem He MeHee,
01151 OLEeHKM KavyecTBa U3MEPEHWn B KaXKAol KOH-
KpeTHOW napTuvM aHanmsnpyembix 06pasLoB Heob-
XO4MM MOCTOSIHHbIA KOHTPO/Ib TOYHOCTU U3Mepe-
HVS, KaK Ha OCHOBE aTTeCTOBaHHbIX CTaHAApPTOB, Tak
1 BHYTpMnabopaTopHbIX CTaHAapTHbLIX NPO6.

2. CyuwecTBylowas MeToAMKa XMMUYECKOro
pasfnoxeHnss No3BOMASET nosiydyaTb CTabubHble
BOCMNPOV3BOAUMbIE aHATMTUYECKNE faHHble.

3. AHanu3 pesynbLTaToOB U3MEPEHUS COCTaBOB
ctekon NIST metogom LA-ICP-MS nokasan ypoB-
NeTBOpPUTENbLHYHD BOCNPOM3BOAMMOCTb U  TOY-
HOCTb pe3ynbTaToB. OfHaKo Npu aHanuse npu-
poAHbIX OOGBLEKTOB BO3HUKAET Uenblii psag npo-
651eM, B 4acTHOCTW, reTEPOreHHOCTb W 30Hanb-
HOCTb 06pasuoB, Hanmune B HUX TBepAOMasHbIX
N ra3oBO-XWUAKNX BKAOYEHWUI, Ha/Myne CpPOCTKOB
B 06pasuax MMHepanbHbiX hpakuymin n 1. 4. Pelwe-
HMe 4YacTu 3TUX NPo6/eEM BO3MOXHO C NpUMeEHe-
HMeM A0MONHUTENbHbIX METOA0B U3YYeHUs - cKa-
HUpYOLWEH 3NEeKTPOHHON U Ta3epHOn MUKPOCKO-
nun. Takum o6pa3omM, NpuMeHeHne MeToanku LA-
ICP-MS pns aHanmsa XMMUYeCcKoro coctaBa rete-
poreHHbIX 06bEKTOB TpebyeT He TOMIbKO KOPPEKT-
HOli MOCTAHOBKU aHa/MTMYecKol 3ajaun umccne-
[OBaHUsA, HO M 0CO60 TwaTenbHOro Bblbopa 06-
nactTn U3yyeHus u aKcnepuMeHTanbHOro nogéopa
pexnuMoB Na3epHOro ucnapeHus.

4. HecmoTpa Ha cyuiecTBywuiMe npobnemsl

npun LA-ICP-MS wun3yuyeHun madunyeckux nopoag,
OaHHbIA MeTo OTKpblBaeT CyLleCTBEHHble nep-
CMEeKTUBbI - BO3MOXHOCTb Ha MUKPOYPOBHE WU3Y-
yaTb Mpoueccbl MarmaTuyeckol gudgepeHymna-
uum pacnnasoB (ppakyMoOHUPOBAHUS, NUKBALWUN),
aHanu3mpys He TONIbKO BasioBble COCTaBbl MOPOA,
a cocTaBbl CUCTEM MWKPOYPOBHSA, 4YTO Jenaet
nccnepgoBaHne 6o05ee KOPPEKTHbIM W afanTupo-
BaHHbIM K M3YYEHUIO NPUPOAHbLIX CUCTEM.

ABTOpbI NpU3HaTeNbHbI . B. BbIMKOBOW, KpUTU-
YeckKMe 3amMeyaHus KOTOPOl MO3BOJIUAN CYLLECT-
BEHHO Y/lyYLLV Th CTATHIO.

MpeaocTaBneHHas paboTa OTpakaeT aHaMTU-
YeCcKMe N MeTOoAMYECKME BbIBOAbl, MOyYEHHbIEe
B X04e peam3aumn NpoeKToB, BbINO/IHEHHbLIX NPU
noagepxke Pddun: 13-05-00402A, 14-35-5019,
14-05-00432. 2KcnepMMeHTa/lbHasd YacTb paboThbl
ABNSETCA BK1a[0M B BbINOJIHEHME roc3ajaHnii (Te-
Mbl Ne 200 n 203, peanmsyemble B VI KapHL, PAH).
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