


92 Kucenvnuxos FO.B., lneuoep A.I’, [Ipockypnun B.D.
Kiselnikov Yu.V., Shneider A.G., Proskurnin V.F.

Puc. 4. CTpyKTypHO-TEKCTYpHBIE 0COOCHHOCTH TPaHUTOM/IOB IIaBHOW (pa3bl MaccuBa HOxkHBII: A — runugroMopdHO3epHHU-
cTast CTpyKTypa ¢ uauoMophHeIM 1utarnokiasa (Pl) u porooit oomanxoii (Hbl), mummd, Hukonm ckperuenst; b — mopduposua-
Has CTPYKTypa, 00yCIIOBIICHHAsI KPYITHBIMHU BKparIeHHHKaMu (Tiopdupodinactamu?) kanuesoro nonesoro nmiara (Kfs).

3neck n panee: Qz — xBapi, Bt — onorur.

Fig. 4. Structural and textural peculiarities of the main phase granitoids of the Yuzhny pluton: A — subhedral-granular structure
with euhedral plagioclase (P1) and hornblende (Hbl), thin section, crossed nicols; b — porphyritic structure with large inclusions
(porphyroblasts?) of K-feldspar (Kfs).
Hereinafter: Qz — quartz; Bt — biotite.

Puc. 5. A — Kpucramisl poroBoit oomanku (Hbl) u nimarnoknasa (P1) B rpanntonnax maccusa FOxusiit, BSE doto; b — coc-
taB ampuooi10B Ha KnaccudukannonHoi quarpamme (Hawthorne et al., 2012).

Fig. 5. A—Plagioclase (Pl) and amphibole (Hbl) crystals in granitoids of the Yuzhny pluton, BSE photo; B — composition of
amphiboles in classification diagram of (Hawthorne et al., 2012).
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Puc. 6. I'padrueckne KBapL-110IEBOIINATOBBIE arperarsl B alNTTOBUIHBIX JICHKOrpaHuTax MaccuBa FOsHbIH ¢ 060co0ieHn-
SIMH TIETMaTUTOB, OTIIMYAIOIINECS OT MUPMEKHTOBBIX BPOCTKOB (Myrm) nmpsiMOJIMHEHHBIMI OuepTaHusMH U [-00pa3Hoit dop-

Mo#. Pororpadun mmMpOB, HUKOIN CKPEIICHBI.

Fig. 6. Graphic quartz-feldspar aggregates in aplitic leucogranite of the Yuzhny pluton with pegmatite, which differ from
myrmekite intergrowths (Myrm) in straight contours and I"-shaped morphology. Thin sections, crossed nicols.

Tl'eoTepmoGapoMeTpusi TPAHUTONI0B MACCUBA
FOskubIi

VYcnoBus KpUCTAITU3AINN TIOPOJT OIIEHEHBI TPe-
Ms HE3aBUCHMBIMHU CITOCOOaMH 110 KOHTAKTOBBIM METa-
MOP(HUIESCKAM TTOPOAaM, acCOIHAIH amMpuOOI-TIIa-
THOKJIa3 U MUKPOTpapUUECKUM CPACTaHUSAM KBapIa C
MOJICBBIMH IIIITATAMH.

Teomepmobapomempust no accoyuayuu am-
¢ubon-nracuoknaz 6 epanumoudax. IIpUMEHUMOCTH
COOTBETCTBYIOIINX aM(pHUOOI-TIIaTHOKIa30BhIX Te0-
TEpMOOAPOMETPOB OMPEEIACTCS PABHOBECHBIM CO-
CYIIIECTBOBAaHUEM KBapIia, KaJHeBOro MOJEBOro INma-
Ta, aHAe3WHA, OMOTUTA W POTOBOH OOMaHKH B TIOpPOJIE
(Anderson, 1996). Temneparypa u JaBI€HHE PacCUh-
TaHBI Ha OCHOBE M30MOP(HBIX 3aMeIeHni B aMm(puOo-
ne u iarnoknasze. «IlomexaMuy TpU MOJOOHBIX HC-
CIICJIOBAHUSX SIBISIOTCS OOMECHHBIC PEaKIMH, MPHYIH-
HOW KOTOPBIX BBICTYMAeT KCTpeMasbHAas aKTHBHOCTb
kucaopoaa fO,. Tak, mpu o4eHb HU3KOH (DyTUTHBHOCTH
O, B pacmumaBe Fe?" mpeoGmamaer Hanx Fe*™ m mpomc-
xonuT m3omMopdHoe 3amerienne Mg u Si Ha Al, B pe-
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3yJbTaTe Yero 3HAYCHUs] PACUETHOTO JIABJICHUS 3aBbl-
nratorcsi. Hanpotus, npu BecbMa BBICOKOM ()yTHTHBHO-
ctu O, 3HaunTeNbHAs YacTth Fe mpucyTcTByeT B BUje
Fe**, kotopoe naTeHCcHBHO 3ameniaet Al** B ampubdore,
B pe3yJIbTaTe Yero OlEHKH JIaBJICHUS BCET/a CucTeMa-
TUYECKU 3aHVIKCHBI.

Cunraercs, 4TO MPH CIEIYIOUIMX Iapamerpax
amM(pHrOOIBI IPUTOHEI JIJISl TE0TEPMOOAPOMETPUYECKUX
WCCIIE/IOBAaHUI: JIOMycTUMAasi 0O0Iasi JKele3UCTOCTh
(#Fe) ot 0.40 o 0.65, nHeobxomumas moist Fe** otHOCH-
tenbHO cymmbl (Fe?* + Fe**) ne menee 0.25 niu, B kpaii-
HeM ciydae, He MeHee 0.20 (Anderson, Smith, 1995).
W3 19 ananu3oB am¢puOO0IOB HAMH HCIOIB30BaHO 16,
KOTOPBIC YJIOBJIETBOPSIIOT YKa3aHHBIM KPUTEPHSIM, TPH
aHaJIn3a UCKITIOYEHBI U3 PACCMOTPEHHS M3-3a HH3KOTO
comepxanus Fe** (tabm. 2): Ne 1 (o6p. GS1), Ne 5 u
No 6 (00p. GS2). B paznmuuubix mopoaax (0T MOHIIOHH-
TOB JIO CYOIIIEJIOYHBIX TPAHUTOB, pUC. 3) B aMmpuOoIax
He HAONIONAIOTCS CYNIECTBEHHBIE OTIIMYHS B XUMHUUE-
ckoM coctase (puc. 5B), 4ro, Mo Bceit BUAUMOCTH, 00-
YCIIOBJICHO (POPMUPOBAHMEM HOPOJ B OJNM3KHX yCIO-
BUSIX BO BPEMsI BHEJIPECHUSI IIABHOM (ha3bl.
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JlaBiieHue OIeHEHO 1O 3aBHCHMOCTH COfEpKa-
aus Al (Al = Alr + Alc) B poroBoit oOMaHKe W BBI-
paxaercs mMuHepanbHOU peaknuerr (Hollister et al.,
1987): oprokias + yepMakuT = 2 KBapil + 2 aHOPTHUT +
omotut. [Ipn MOBBIIIIEHNN JTaBIEHUS paBHOBECHE CMe-
IIaeTCs BIIEBO, BCIIEACTBHE YEro B POTOBOM OOMaHKe
Bo3pacTaeT comepkanne Al. UTorm skciepuMeHTalb-
HOTO U3y4YEeHUs 3TOW 3aBUCHMOCTH B rarylorpaHUTHOM
CHCTEME W KaJIMOpPOBKH TeobapoMeTpa H3JIOKEHBI B
paborax (Johnson, Rutherford, 1989; Anderson, 1996;
Mutch et al., 2016). YpaBaenue E. Marga ¢ coaBropa-
MU IPUMEHUMO B HHTepBajie 1—13 xbap; HaIM OIICHKH
10 3TOMY YPaBHEHHUIO COCTABIISIOT 2—3 KOap ¢ pe3yib-
THpYyIomeH ommoKkoi + 0.5 xkbap (puc. 7A, Tabdm. 3).

W3menenmne Temreparypsl, B CBOIO O4epeib, OT-
paxaetrcs Ha paBHOBecwu (Holland, Blundy, 1994):
AMEHUT + 4 KBapIl = TPEMOJHUT + ambOouT. M3yueHue
mporiecca nepepacnpeneienns Na Mex Iy aMmpuoomom
Y TTaTMOKJIa30M TTO3BOJIMIIO COCTaBUTh YPaBHEHHE CO-
otBeTCcTByMOmEero reorepmomerpa (Holland, Blundy,
1994), ommbOka KaTHOPOBKH KOTOPOTO COCTAaBIISET
+30 °C. Ha ocHOBaHWH XMMHYECKOTO cOCTaBa aMpu-
00710B (Ta0I. 2) M COCYIMIECTBYIONINX C HUMH TTOJICBBIX
mmaroB (Tabi. 4) TeMmeparypbl KPUCTAUTH3AIMN Ba-
peupytoT ot 680 mo 760 °C mpu UTOTOBOM MOTPEITHO-
ctu £50-70 °C (puc. 7, Tabm. 4).

Konmentpanus H,O B paciiiaBe omeHeHa 1o TH-
rpometpy (Riddolfi et al., 2009). J{s n3ydeHHBIX 00pa3-
11oB conepxanne H,O cocrasnser 3.5-4.5 mac. % (Tabm.
4). Oumbka onpenenenuii cocrasmseT 0.4 mac. %.

Teobapomempusa no xumuueckomy cocmagy 6uo-
muma. 1lpu ncclnenoBaHUM WHTPY3WBHBIX MacCHBOB
VYpana yCTaHOBJIEHO, 9TO B 3aBHCHMOCTH OT TTyOWH-
HOCTH 00pa30BaHUs TPAHUTOUIOB B OMOTHTE Hanboee
3HAYUMO U3MEHSTIOTCs comepkanus Ti0, u AL,O; (Dep-
mrarep, 1987). JlanHas 3aKOHOMEPHOCTH TIPEIIOKEHA
JUTSE OI[EHOYHOTO (pannajbHOTO aHalu3a IUTYyTOHOB.
CocTaB M3y4eHHOTO OMOTHTa 0€3 BKIIOUCHUI aKIec-
COPHBIX MUHEpaJIOB ((pTopanarnurta, IMUpKoHa, TUTAHU-
Ta) U3 TPAHUTOWIOB MaccuBa HOKHEIN (3TIEKTPOHHOE
MIPIIIO’KEHYE) TIOTIaIaeT B IOJIe Me30abuccanbHOM (ha-
mu (puc. 7b).

Oyenka obuge2o u 800H020 0AGIEeHUsL NO MUKDO-
epaghuneckum cpacmanusam Keapyd ¢ noiesviMu Wna-
mamu. 1Ipu KpUCTaNIM3aiy OCTaTOYHBIX TPAHUTHBIX
pactiaBoB (TI0 COCTaBy ONM3KUX TPAHUTHOW KOTCKTH-
Ke) popMHpPYIOTCS TpadUIECKUE arperarhbl, KOJIMIeCTBO
KBapIia B KOTOPBIX 3aBUCHT OT COCTaBa paciuiaBa (B T. U.
OT COZepKaHMs BOIBI B HeM). Takasi 3aBUCHMOCTD W3-
yueHa skcriepuMenTanbHo (Tuttle, Bowen, 1958; James,
Hamilton, 1969) 1 monokeHa B OCHOBY METOIUKH OITpe-
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Temnepartypa (°C)
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Puc. 7. Pe3ynbTaThl re0TepMoOapOMETPHICCKHX PACUCTOB: A — Ha OCHOBE MaparcHe3nca aM(pHOO-TIIarnoKI1a3 B rPaHATONIAX.

Pa3max 1o BepTHKaIbHON U TOPU3OHTAIBHOM OCAM Y KaKJO0ro
parypsl. ['pyOblii MyHKTUP — JTUHUHM T€OTEPMHUECKOTO Tpajane

3HaKa MMOKa3bIBACT OMIMOKY ONPEICIICHNUS AaBICHUS 1 TEMIIe-
HTA; TOHKUI IIyHKTUDP — JIMHUU JMKBUAYCA C OLPEICIICHHBIM

coziep>)KaHueM BOJIBI B pacIljiaBe; S — JIMHUS BOIOHACBIIIEHHOTO TpaHUTHOTO conuyca, o (Holtz et al., 2001); b — riyOuna

KpUCTaJUIU3allui, OUCHCHHAs 110 COCTaBy OHOTHTA C UCITIOJIB30B

Fig. 7. Results of geothermobarometric calculations: A — base

anvieM guarpammbl TiO,—AlLO;, o (deprrrarep, 1987).

d on the amphibole-plagioclase assemblage in granitoids. The

vertical and horizontal lines near each symbol indicate the calculation error of pressure and temperature. Coarse dotted line
— lines of geothermal gradient; fine dotted line — lines of liquidus with a certain water content in the melt; S — line of the water-
saturated granitic solidus, after (Holtz et al., 2001); b — crystallization depth estimated from the composition of biotite on TiO,—

Al,Osdiagram, after (Ferhstater, 1987).

nenenust Puo (Pepurarep, 1987). I'paduueckue cpoct-
KU HaOJIIOAaIMCh HAMU B alUIMTOBHIHBIX JICHKOIpaHU-
Tax Mo3HeH kwibHOU ¢assl (puc. 2/1, E; 6).

CoBMecTHas KpHCTaUTM3alMsl KBapla M Ioje-
BBIX MINATOB MPOMCXOAMT B YCIIOBHSX PaBEHCTBA BO-
JTHOTO M 001ero AaBiIeHUH (P = Pogy). OLIGHKH J1aB-
JICHUS TIO TeJlaM TETMaTUTOB MOTYT OBITH 3aBBIIICHBI
BCJICAICTBUE TAaK Ha3bIBAEMOT'0 aBTOKJIaBHOTO 3¢ dekra,
00yCIIOBICHHOTO H30BITOYHBIM JIaBICHUEM (hiron-
HoOU ¢a3bl. Bnusiaue s¢ddexra Ha Mukporpadudeckue
CpacTaHusl B alUIMTOBUIHBIX I'PAaHUTAX 3HAYUTEIHHO
MmenbIre (Gepmrarep, 1987).

B mopoxmax sxunbHOW (ha3el HAOIIOZATIHMCH JBa
TUIa KBapL-TIOJICBOLINATOBBIX CpacTaHui. B mepBom
tune (puc. 6A—B) mpeobnagaer KaiaMeBbIl MOJEBOM
INAT, HACHIIEHHBIH MHOTOYMCICHHBIMH MHUKpPOIEp-
TUTOBBIMH BPOCTKaMHU ajbOUTa-OIHMrokiaza (Any.).
KBapu 3aece popmupyer ['-00pa3Hbie yrioBarbie Kpu-
cTayutbl pasmMepoM 1-2 MM. B cpocTkax Broporo tumna
(puc. 61') moseBol MIMAT MPENCTABICH OJUTOKIIA30M;
KBapll 3aKOHOMEpPHO 00JaJaeT HECKOJIbKO MEHBIINM
pa3MepoM 3epeH M MPUCYTCTBYET B OOJBIIMX KOJH-
yecTBaX. Ha ocHOBaHMM KolMdecTBa KBaplia M COCTa-

Ba MOJIEBHIX LINATOB JAaBJICHHUE MPH KPUCTAJUIN3ALUH
JKUJIBHOM (ha3bl OLEHEHO MPHOMU3UTENIBHO B 3 KOap
(puc. 8, Tabm. 5).

Yenosus  kpucmannusayuu, oyenugaemvie no
KOHMAKmMogulM Memamopguueckum nopooam. Hadmnro-
JaeMble B KOHTAKTOBOM Ope0jie MHUHEPaJIbHbIE acCOLHU-
anuu (OMOTHT-KBapL-aHAATY3UT-KOPAUEPUT, POroBas
00MaHKa-3MuA0T-ONOTUT-aHAE3UH U Ap.), YCTOHYUBBI
IpY MIMPOKUX BapHalMsIX TEMIIEpaTyp W AaBJICHUH U
HE YKa3bIBAalOT HA MX KOHKPETHBbIC 3HayeHus. Mckiro-
YUTEJILHON SIBIISICTCS TOJIBKO acCOLMALMS KOPIUEPHUT
+ anmany3uT + craBpoiut + kBapi (be3syoOues u mp.,
1979), xoTopast HaOmOMAIACh HAMU B MeTaMopdu30-
BaHHBIX DIMHUCTBIX OTIOKEHHSAX HIKHEI0 KeMOpHS
(o6p. HR1, puc. 9) B ceBepHOM SK30KOHTAKTE TLTYyTOHA
Ha pacctostHid 500—-1000 M oT rpanuib ¢ HUM (puc. 1).
Cormacuo (Richardson, 1968; Yardley, 1989), nannas
AcCOLMALU SIBIISICTCS. HUYKHEH TPaHuLel 1Mol yCTOM-
YMBOCTH CTaBPOJMTA B METANEIUTAX U MPEACTABISCT
co0OH MOHOBapHMAHTHOE PaBHOBECHE: KOPAMEPUT +
2 anpanysut + 2H,O = 2 craBponut + 3 kBapu. JIu-
HUS TakoW peakiuu B P7-KOOpIWHAaTax COOTBETCTBY-
€T OrpaHMYCHHBIM YCIOBHSAM MeTamMopuzma: 2—
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Tabnuya 4. Xummaecknit coctas (Mac. %) 1 kpuctauoxuMuaeckue Gopmysasl Na-Ca moneBbIx mmnaTtoB MaccuBa FOKHBIH,

PaBHOBECHO COCYIIECTBYIOIMINX ¢ aMpuOoIamMu

Table 4. Chemical composition (wt. %) and atoms per formula units of Na-Ca feldspars of the Yuzhny pluton equilibrated

with amphiboles

Oo6paszert No an. Coneprarue, mac. o Kpucramroxummdeckas popmya
SiO, | ALO; | CaO | Na,O | K;O | Cymma

GSl1 1 62.34 | 2391 | 445 899 | 0.17 99.86 (Na7Caxi K)o (SizzeAli2s)a01Os00]
2 6242 | 23.89 | 426 | 9.01 0.20 99.78 (Na77Ca0K)os[ (S1277A1125)4020s00 ]

3 62.40 | 23.82 | 426 | 9.01 0.20 99.69 (Na77Ca0K)os[ (Si277A1125)4030s00]

4 62.41 | 23.82 | 4.25 9.12 | 0.19 99.79 (NazsCarK)oo[ (Si277A1124)401Os00]

GS2 5 62.37 | 23.87 | 426 | 9.00 | 0.20 99.71 (Na75Ca3K)oo[ (Si277A1123)4000s00]
6 62.00 | 23.85 | 5.25 835 | 0.18 99.63 (Na7,CaxsK)os[ (Siz76Al125)401Os00]

7 62.12 | 23.81 | 524 | 834 | 0.18 99.69 (Na7,CassK)os[ (Si277A1125)4020s00]

GS3 8 63.19 | 23.23 | 390 | 9.31 0.20 99.84 (NagoCaoK ) 100[ (SiasoAli21)4010s00]
9 6244 | 23.18 | 4.05 | 9.05 | 0.22 98.95 (NazsCai9K)os[ (Si279Al1122)401Os00]

10 63.75 | 22.28 | 3.82 | 9.12 | 0.18 99.15 (NazoCaysK)os[ (SizssAli17)4000s00]

11 63.85 | 2232 | 3.82 | 9.14 | 0.18 99.31 (NazCazoK,)100[(SizzsAli23)401Os00]

12 62.38 | 23.53 | 4.00 | 9.19 | 0.18 99.27 (Naz9Cai9K )90 (Si277A1123)4000s00]

GS4 13 61.74 | 2444 | 522 | 8.21 0.15 99.76 (Na7:1CassK)97[ (Si274Al1128)4020s00]
14 61.57 | 24.19 | 5.13 828 | 0.24 99.41 (Na7CasK)os[ (SizzaAli27)4010s00]

15 61.72 | 2449 | 5.15 830 | 0.13 99.79 (Na71CaxK)os[ (Si273A1128)401Os00]

GS5 16 61.23 | 24.19 | 5.45 822 | 0.18 99.27 (Na71CaxK)os[ (Si273A1127)4000s00]
17 61.07 | 2432 | 544 | 832 | 0.18 99.32 (Na7,CaxK )90 (Si273A1128)401Os00]

GS6 18 62.65 | 23.73 | 4.05 9.88 | 0.14 | 100.44 (NazCayoK 1) 100[ (Si277A1123)4000500]
19 62.12 | 2446 | 3.81 9.48 | 0.18 | 100.05 (Nag;CaysKi)100[ (Si274Al127)4010s00]

Ipumeuanue. KoappuuuenTs! B hopMysIax paccuuTaHsl Ha 16 3apsaoB.
Note. Atoms per formula units are calculated for 16 charges.

3 k6ap u 520-620 °C (puc. 10). Ona npubIU3UTEITHHO
XapaKTepU3yeT YCJIOBUS BO BpPEMs 3aCThIBAHHs pac-
IJ1aBa TIaBHOM (pa3bl.

OBCYXJEHUE

JlanHble 00 yCIOBUSIX KPUCTAJUTU3ALMU TPaHH-
TOUJIOB TO3BOJISIIOT, BO-TIEPBBIX, ONMPEACIUTh ITyOHH-
HOCTh MaccuBa (BO BpeMms 0Opa3oBaHMs TJIABHOW H
JKUITBHOM (a3 BHEAPEHUS) U, BO-BTOPBIX, OUCHUTh HX
METaJUIOTeHUYECKHIA TTOTSHIUAI.

Yenosua kpucmannuzayuu epanumouoos. Co-
[IacHO pe3yibTaTtaM amMQHuOOI-TUIarHOKIA30BOH Teo-
TepmobapomeTpun (puc. 7A, Tabn. 4), KpucCTayUIU-
3alUsl MarMbl TPOUCXOANIA TIPU OTHOCHTEJIBHO HH3-
KuX Temmeparypax B 680-760 °C, naBnenuu B 2.8—
3.4 xOap (4TO COOTBETCTBYeT IIyOMHaM OT 7 JO
11 kM) u Hu3kux conepxkanusx H,O B pacrnase

(3.5-4.5 mac. %). Conepxanus TiO, u Al,O; B 6uo-
TUTE XapaKTepPHbI AJs Me30adbuccanbHOl (anuu riy-
ounnoctH (puc. 7b). OCOOCHHOCTH CTPOCHHS KBapIl-
TMOJIEBOILIATOBEIX rpa)MueCKUX CpacTaHui (comepKa-
HUE KBapla 1 XMMUYECKUH COCTaB CONPSHKEHHOTO T0-
JIEBOTO ILITIaTa) B )KUJIbHBIX JEHKOTPAaHUTAX YKA3bIBAIOT
Ha BEJIMYMHBI JaBJICHUs OKOJIO 3 KOap (puc. 8, Tadi. 5).

B KoOHTakTOBBIX poroBukax Hauboiee HHDOp-
MaTUBHOM OKa3bIBa€TCSl ACCOLMALUS KOpAUEPUT +
aHJaIy3uT + KBapl + craBponuT (puc. 9), Koropas
MpeACTaBIsIeT cO00l MOHOBapHAHTHOE PaBHOBECHE C
OIpe/IeTICHHBIM TOJIOKeHNEM B PT-koopauHarax (puc.
10). I'myOunHOE pa3MeleHre MEeTanelIuToB |, CIIeI0-
BaTeIbHO, O(POPMIIGHHOTO K TOMY BPEMEHH ILIyTOHA
MOYKHO OLIEHHUTh B 6—9 KM, eciM BETUUMHY JaBJIECHUS
pa3nenuTh Ha reo0apuyecKUil TpajueHT, NpUOIN3HU-
tenbHO paBHbId 0.3 xk6ap/km (Pitcher, 1997). [Tockons-
Ky 00pa3oBaHHE MacCHBa CBSI3aHO C MOCTKOJIM3HOH-
HBIM 3TanoM marmaTtu3ma Ha Taiimeipe (Vernikovsky,

MUMHEPAJIOTVIA/MINERALOGY 12(1) 2026
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Tabnuya 5. OnieHKa TaBICHUS U [TYOWHBI KPUCTAUTU3AINH KIJTFHBIX JTEUKOTPaHUTOB MaccuBa HOKHBIH

Table 5. Pressure and depth estimation of leucogranites of the Yuzhny pluton

Ob6pasert Tun cpactanus An B moneBom mmnare, % Qz, % n | P,xbap | h, km
APL1 KBapi-onuroxinazoBbie 10 42.5£3.0 4 3 8-11
APL2 2 32.5+2.1 8 3 8-11

KBapu kanummnarosbie
APL3 0 324+29 9 3 8-11

Ipumeuanue. Metoarka 6apomMeTpun usioxeHa B padore (deprrarep, 1987).
Note. Barometry method is described in (Fershater, 1987).

99

An/(An + Ab + Or)
03L @ APL2 APL3
®APL1

Qz, mac.%
1

50

Puc. 8. Onienka naBreHns o KonmmdaecTBy kBapiia (Qz) B rpa-
(uueckux arperarax W COOTHOILICHHIO MEXIYy AHOPTHTOM
(An), anmpOuToM (Ab) 1 KanueBbIM MmoJieBbIM ImiratoM (Or) Ha
nmuarpamme 1o (depmrrarep, 1987).

CrutomrHble ¥ MyHKTHPHBIE JTUHUH — W300apHhl B cucteMax Qz-
Ab-An (mpumernmo mist o6paznoB APL2 nu APL3) u Qz-Ab-
An (mprmvennMa utst obpasma APL1), cooTBeTCBEHHO.

Fig. 8. Estimated pressure from the amount of quartz (Qz) in
graphic aggregates and a ratio between anorthite (An), albite
(Ab), and K-feldspar (Or) in diagram after (Fershtater, 1987).
Solid and dotted lines — isobars in the Qz-Ab-An (applicable
for APL2 and APL3 samples) and Qz-Ab-An (applicable for
the APL1 sample) systems, respectively. Numerical signatures
are pressure values.
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Puc. 9. Tlaparenesuc xopauepura (Crd), annanysura (And),
KBaplia, Ouotura u crapponaura (St) B Meranenute (oOpaserr
HR1) B koHTakTOBOM Opeosie MaccuBa FOxKHBII.

1mud, poro Ge3 ananuzaropa.

Fig. 9. Assemblage of cordierite (Crd), andalusite (And),
quartz, biotite, and staurolite (St) in metapelite (sample HR1)
at the contact halo of the Yuzhny pluton.

Thin section, without analyzer.

Puc. 10. Ouenka mryOWHBI KpHCTaJUIA3AIMA MaccuBa FOxk-
HBI TI0 TAaHHBIM TeoTepMoOapoMeTprn am(puOOI-TIIaruo-
KJIa3 ¥ KBapI-TOJICBhIC IIIIATHl H XapaKTePUCTHKA KOHTAKTO-
BOTO MeTamMophu3Ma.

[Tone yCTOIYMBOCTH CTaBPOJIMTA B METAIEIUTAX 110 JaHHBIM
(Richardson, 1968; Yardley, 1989); S — conmmyc BomoHackI-
IIEHHOTO TPaHUTHOTO paciuiaBa; Ky — kuannT; And — aHa-
my3uT; Sil — CHITIMaHHT.

Fig. 10. Estimation of crystallization depth of the Yuzhny
pluton based on amphibole-plagioclase and quartz-
feldspar geothermobarometry and characteristics of contact
metamorphism.

Stability field of staurolite in metapelites is after (Richardson,
1968; Yardley, 1989); S — solidus of water-saturated granite
melt; Ky — kyanite; And — andalusite; Sil — sillimanite.
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2020), BHEApEHNE paCIIaBOB MPOHMCXOAMIIO B 00OCTa-
HOBKE PACTSDKEHUS, W JJaBIIEHUE TP KOHTAKTOBOM Me-
TaMop(r3Me OTPeNeNsIIOCh B CYIIECTBEHHOW CTENICHH
JIMIIb TOJIKO HArpy3KOH BhINIENeKaux Toiml. Kon-
TaKTOBBIN MeTamopdu3M npu P 10 2—3 kOap CBOMCTBE-
HEH I TpaHUTHEIX OaTonuToB (Pesepmarto, 1970).

CraHoBJIcHHE 0aroluTa B YCIOBHSAX MeE30a-
OuccanpHOW (hamuu TIIyOWHHOCTH, TaKUM 00pa3oM,
MPEJICTABIIACTCS PEAIUCTUYHBIM. YCTaHOBJICHHBIE PT-
nmapaMeTpsl XapaKTEepHBI ISl 30HBI MarMaTH4ecKOn
acCUMIITAIIMN BMemaromux mopon (Kysnemos u np.,
1973). [elicTBUTEIRHO, B TPAHUTOMIAX HAOIIOMACTCS
HECKOJIbKO MTPHU3HAKOB ATOTO TpoIiecca: B KPaeBhIX 30-
HaX WHTPY3UBA MIMPOKO Pa3BUTHI TPl MEIaHOKpPa-
TOBBIX (aM(puOOIIOBEIX, aM(PHOOI-OMOTUTOBBIX) MOH-
moradopo u radbopomamoputoB (puc. 2I°), mpUCyTCTBY-
FOT KCEHOJIUTHI OPOTOBUKOBAHHBIX BMETIAIOIINX ITOPOT
(puc. 2B) u 6o71€€e TEMHOIIBETHBIC HHTPY3UBHEIC TTOPO-
JIBI TATOTEIOT K TPaHUIle Teia (COTIacCHO MapIIPYTHBIM
HaAOJIO/IEHUSIM TaK Ha3bIBAEMbIE «30HBI 3aKaTIKI).

Oyenka  Memaio2eHU4ecko20  NOMeHYuaLd
epanumoudos. BcenencTBue 0COOCHHOCTEH YCIIOBHH
00pa30BaHNs U3y4YEeHHBIE TPAHUTOU/IBI, TIO BCEH BUIN-
MOCTH, 001a1af0T HU3KOW PyIOHOCHOCTRI0. CunTaer-
CsI, UYTO Ha TIIyOWHAX OT 16 M0 4 KM KPHUCTAITU3YIOTCS
MIPEUMYIIECTBEHHO Oe3pYyIHBIE TPAHUTHI, KOTOpPBIE 00-
pasyroTcs W3 OTHOCHTEIHHO MAaJIOBOAHBIX PACILIABOB
(3—4 mac. % H,0O) no cpaBHeHHIO ¢ OoJee TITyOUHHBI-
MH pacIuiaBaMid MYCKOBHTCOJEPKAIINX TPaHUTOB (7—
8 mac. % H,0) (Strong, 1981). B mocinemqnnx wm3Ha-
YaJbHO BBICOKAas (DIIOMIOHACHIIIIEHHOCTh HapacTaeT
Mo Mepe (PpakIMOHHON KPUCTATH3ANH OE3BOTHBIX
TIOJIEBBIX IITIATOB W KBapIla M OKa3bIBAeTCS JOCTATO4-
HOHM 11t (pOpMHUpPOBAHUS MarMaToreHHOTO (UIFOMaa U
00pa30BaHMs METMAaTUTOBBIX U THAPOTEPMAJIHLHBIX allb-
OUTHUT-TPEH3EHOBBIX MECTOPOXKICHHUT.

3acTrIBas Ha 3HAUYNTEIHHOU TITyOWHE, TPAHUTO-
MBI MacCHBa SIBHO HE MOCTHUIIM YPOBHS TPYHTOBBIX
Bonl. llopdupoBeie W smUTEpMAbHBIE MECTOPOXKJIE-
HUS, XOTS ¥ CBSI3aHBI C BEChbMa «CYXMMM» PacIuIaBaMu
(comepxammmvu meree 3—4 mac. % H,O), popmupyrot-
csl B CYIIECTBEHHOM CTETeHW 3a CUET BHEIIHWX MpPH-
MTOBEPXHOCTHBIX MCTOYHUKOB BOZBI, TAKUX KaK MeTe-
OpHBIC OCAJK{, MOPCKHUE W TUIACTOBBIC BOIBI (Strong,
1981; XKapukos, Pycunos, 1998).

MertamioreHust MOOOHBIX OATOIUTOB MOHIIO-
HUT-TPAHUTHOTO COCTaBa OTPaHWUYEHa HEOONBIINMHU
CKapHOBBIMU MecTopokaeHmsIMH W-Mo u Cu 6e3 cy-
MIECTBEHHOTO MPOMBIIUIeHHOTO 3Ha4eHus (Ky3Heros,
1964; Uzox, 1978). IloguepkHeM, 4TO B aJUTIOBUU PEK U
PY9bEB, IPOTEKAIOIINX HA TUIOIAAN W3yYEeHHOTO Mac-

CHBa M €r0 PK30KOHTAKTa, B IUIMXaX OMNpeE/esIeH Iee-
mut (Kauypuna u np., 2013). Buaumo, HCTOTHHKOM TITe-
€JINTa CITY)KUT UMEHHO KOHTAKTOBBII OpEOJl MacCHBa.

Henp3s1, Tem He MeHee, HCKITIOYaTh OOHapyXe-
HHUE Ha TUIOMIAIN MaccuBa Ooliee MO3aHe MIUHEpaIn-
3amuy MONMOIeH-MeaHO-TIopdupoBoro Tuma. Ha ce-
BEpO-BOCTOUYHOM TaiimMbipe Takol pyIOHOCHOCTBIO Xa-
paKTepu3yeTcsi MEeKMHCKUI TPaHUT-IPaHOCHUEHUTOBBIN
TUTIA0MCCANTBHBI KOMIUICKC ITO3THEH IepMHU-TpHaca.
OH 00ycCiIaBTUBaeT pa3BUTHC MUHEPATH3AIlNH, HApH-
Mep, Ha [HIupoxunckom, Ilekunckom u Tpéxcectep-
CKOoM pynHBIX y3nax (bep3on u mp., 2021; [IpockypHuH
u ap., 2021; bep3un u np., 2024).

3AKJIFOYEHUE

Ha ocHOBaHMM MHHEPAIOTHYECKHX OCOOEH-
HOCTEW KOHTAKTOBOTO MeTamopdusMa, MHHEpalb-
HOH TreorepobapoMeTpuu (mapareHe3uc amduboI-
TUTaTHOKIIA3), W3YYCHHS OBTEKTHUECKHX  KBapIl-
TTOJIEBOIITIATOBBIX TPaUIECKUX arperaroB T'PaHUTO-
el MaccuBa FOXHBINA (ceBepO-BOCTOUHBIN TalMBbIp)
Hauboyee BEpOSATHO KPHUCTAITH30BAIUCH B YCIOBHSIX
Me30a0nccanbHON (pamuy U3 MaJOBOTHOW Marmbl Ha
mryonHax 7—11 kM, He TOCTHUTAsl TIPHUITOBEPXHOCTHBIX
WCTOYHUKOB BOJIBI, BCIIEJICTBHE YETO CAMOCTOATEIHHOE
METAJIOTEHHYECKOe 3HaYeHHe MAacCHUBa HEBEINKO M,
0 BCEH BHIMMOCTH, OTPAHWYCHO JIUIITH MAJIBIMH TIPO-
SBIICHUSME cCKapHOB. OJHAKO MacCHB MOYKET BMEIATh
Oomee TO3AHME THITAOWCCATBHBIC Tella TPAHUTOB-Tpa-
HOCHEHHTOB, PYIOHOCHBIX B oTHOIIeHnn Cu u Mo.
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Annomayua. KoctHas TKaHb — 9TO IPUPOIHBINA KOMIIO3UTHBII MaTepuall, COCTOSIINN U3 OPraHMUECKUX KOM-
MOHEHTOB (KoJutareHa u nurpara Ca) M MUHEpaJIbHOW (ha3bl (KOCTHOTO amarurta). MeTonoM HHppaKpacHOH
CHEKTPOCKOINH U PEHTICHOBCKOW TU(PAKIMN U3yUEeHBI CTPYKTYPHBIC N3MEHEHHSI MUHEPAIbHOH (ha3bl KOPTHU-
KaJIbHOM KOCTHOM TKaHM J1a00paTOPHBIX KpbIC TMHUH Wistar B Ipoliecce TepMUIECKoil 00pabOTKH B MHTEpBaJe
temreparyp 50—400 °C ¢ marom narpesa 50 °C u Bbiepkkoii 1Ba yaca. [TokazaHo, 4to xapakrep mpeodpaszo-
BaHMH KOCTHOTO alaTHTa KOPPEIUPYET C PA3IOKECHUEM OPraHNYeCKUX KOMITOHEHTOB KOCTHOW TKaHH (KoJutare-
Ha u nuTpara Ca) Ha pa3IMYHbIX 3Tarax Harpesa. MI3MeHeHus cTPyKTypbl KOCTHOTO anaTuTa 3a(uKCHpPOBaHEI
npu Harpese Beimre 150 °C, 4ro BbIpakaeTcs yMeHblIeHneM Tonymupuasl nuka (310) na audpakrorpamme
U YMEHBLICHHEM LIMPUHBI ONoCkl mormouieHus 604 cm ' Ha UK cnekrpax. DTo H3MEHEHHE CBA3aHO C Iepe-
XOJIOM M3 MOHOKJIMHHOH B T€KCAaroHaJbHYI0 MOAU(UKAIMIO U MCUC3HOBEHHIO MO3aMYHOM CTPYKTYphl MUHE-
paJIbHBIX IIIaCTHH KocTHOTro anatuta. [Ipu narpese cBbie 300 °C 10 H3MEHEHUIO IUPUHBI TOJIOCH TOMIONIE-
Hus 604 cM ' 3aduKcHpoBaHbl AanbHEHIINE TPeoOpa30BaHusI KOCTHOTO alaTuTa, 00YCIOBICHHbBIC EPEXOI0M
LIUTPAT-nOHA B KapOOHAT-HOH, YTO NPUBOIUT K YMEHBIICHUIO PACCTOSHHS MEXKLy COCETHIMHU MHUHEPATbHBIMH
TUTACTUHAMH U MX CJIMTaHuio. [lomydeHHbIe TaHHbIe 0 TpaHC(HOPMAIMK KOCTHOTO allaTUTa NPU HarpeBe BaXKHEI
JUIsl TIOHUMAaHUSI TEPMUYECKOM CTaOMIBHOCTH KOCTHOM TKaHM M MOTYT OBITH MCIIOJIB30BaHbI MPH pa3zpaboTke
TEXHOJIOTHH TIOJTy4eHHUs] OMOMOI00HBIX MAaTEPUAIOB ISl KOCTHOIM MMIIAHTOJIOTHH.

Knrouegvie cnoea: xocTb, KOCTHBIH amaTHT, HAarpeBaHWE, KOJJIATCH, LUTPAT, PEHTTEHOBCKas Au(paxmus,
UK cnekrpockonus.
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Two stage reorganization of bone apatite during heating
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Abstract. Bone tissue is a natural composite material consisting of organic components (collagen and calcium
citrate) and a mineral phase (bone apatite). Infrared spectroscopy and X-ray diffraction are used to study
structural changes in the mineral phase of the cortical bone tissue from Wistar laboratory rats during heat
treatment in a temperature range of 50-400 °C with a heating step of 50 °C and an exposition time of two
hours. It is shown that the nature of bone apatite transformations is correlated with the decomposition of
organic bone tissue components (collagen and calcium citrate) at different heating stages. Changes in the bone
apatite structure are recorded upon heating above 150 °C as a decrease in the half-width of the peak (310) in an
XRD pattern and a decrease in the width of the absorption band at 604 cm™ in the IR spectra. This change is
associated with the transition from monoclinic to hexagonal modification and the disappearance of the mosaic
structure of bone apatite mineral plates. Upon heating above 300 °C, further transformations of bone apatite
are related to the change in the width of the 604 cm™ absorption band causing by citrate ion to carbonate ion
conversion, which leads to a decrease in the distance between the adjacent mineral plates and their adhesion.
Our data on the transformation of bone apatite during heating are important for the understanding the thermal
stability of bone tissue and can be used in the elaboration of technologies for producing biosimilar materials
for bone implantology.

Keywords: bone, bone apatite, heating, collagen, citrate, X-ray diffraction, IR spectroscopy.
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BBEJIEHUE

KoctHas TkaHb ABISETCS MPHUPOTHBIM KOMIIO-
3UTHBIM MaTepHalioM, KOTOPBIA TIPEACTaBIeH, B OC-
HOBHOM, KOJJTAT@HOM M KOCTHBIM amatutoMm. Kosmare-
HOBBIH MAaTPHUKC COCTOUT M3 IUIOTHO CyOmapasiienbHO
pacToyioKeHHBIX (PuOpHILT KoImarena nuamMerpoM 10—
100 BM, KOTOpBIE OOPaMIISIOT SKCTpadUOPHIIIIPHEBIC
MuHepanbHble TutacTuHbl (MII) amarnta. dubpmma
KoJlareHa HeojHopoaHa. Ee ocHOBHOH cocTaBHOMU
YacThIO SIBIIIETCS TaK Ha3blBaeMas «000coOIeHHas
crpykrypras equaunay (OCE) mnamerpom ~1.5 HM U
nmmrHOM 300 HM, TIpeacTaBiIsaionas u3 ceds Crupas u3
TpeX KOJUIAT€HOBBIX OEJIKOB, KOTOPBIE YACPKUBAIOTCS
BMECTE KOBAJICHTHBIMH W HEKOBAJICHTHBIMH CBS3SIMU.
OCE BBICTpanBarOTCS B IIETIOUKH, YEPEAYICH C «Pa3phl-
BaMm» (~67 HM), TIPH 3TOM COCEIHUE IEMTOYKH ITTIOTHO
MIPHUIIETAIOT APYT K ApyTy. Oubpniiia kourarena cocTo-
UT U3 HEKOTOPOTO KOJTMYECTBA TAKHX IIETIOYEK, TPHIEM
«pa3pbIBBD) PACIONAraloTCs B IIAXMATHOM TOPSJIKE.
B mux pasmematorcst uaTpadudpumisapasie MII ama-
tuta (Hodge, 1963; Hodge, 1989). MII HeonHOpoaHA.
DTO MO3aWYHBIN arperar, COCTOSIINA U3 HAaHOKPHUCTAII-
JIOB KOCTHOTO allaTHWTa, HAlpaBJIeHHE OCH ¢ KOTOPBIX
HE3HAUYNTEIbHO MEHSETCS W MPHUMEPHO MapajuieTbHO
ymrHeHHI0 GuOpmiutel. B cBoro ouepenn, MII dhop-
Mupyrot nadky (Schwarcz et al., 2014; bubko u mp.,
2024).

CornacHo JaTeparypHbIM TaHHBIM, MII B mad-
Kax pasJeNIeHbl «IIPOCIOWKaMM», 3aTIOTHEHHBIMA IIH-
tpar-nonamu (CsHsO,)*". Briepssie manmslie o pacmpe-
JISJICHUU TIUTpaTa B OPTaHU3ME XOPAOBBIX C TIPEUMY-
IIECTBEHHBIM HaXO0X/IEHHEM B KOCTHOW TKaHH OITyOIn-
koBaHBI B padote (Dickens, 1941). Tompko B XXI Beke
Omaromapst UCMOIB30BAHMIO SIIEPHOTO MAarHUTHOTO pe-
3oHaHca (SIMP) ycTaHOBIIEHO, YTO ITUTPAT-UOHBI B3aH-
MOJIEHCTBYIOT C MOBEPXHOCTHIO WHAWBHIOB KOCTHOTO
amaTtuTa, oprueHTHpoBaHHY0 B Tiockoctr (010) (Hu et
al., 2010; Schwarcz, Jasiuk, 2025), obpasys dhocdar-
nutparayto comb Ca (Duer, 2015). Oto coemuHeHue
BBICTYITaeT CBOeoOpa3HbIM «Kiteem» Mexay MIT (Pang
et al., 2021). ITo3xe TOSBIIIOCH MHEHHE, YTO UMEHHO
«TIpocyoiikay muTpaTa mpumaer magkam MII HeoOxo-
TUMYIO0 MEXaHMUECKYIO MPOYHOCTh. KpoMe Toro, HOHBI
[IUTpaTa MOTYT BBICTYNAaTh LEHTPAMHU ISl STTUTAKCH-
anpHOTO pocTa HOBBIX MII (Schwarcz, Jasiuk, 2025).

MunepanbHyt0 (hasy KOCTHOW TKaHH [OJTOC
BpeMs cuuTanu ruapokcuianarutoMm (Posner et al.,
1984; LeGeros, LeGeros, 1993; Legros et al., 1987),
KOTOPBI BXOJUT B TPYTIITY arlaTUTa CYTEePrpyIIIb ama-
tuTa. [ pynma amatuta BKIIOUaeT B ce0s TeKcaroHa b-
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HBIC U TICeBIOTeKCaroHaabHbIe (pocdarkl, apceHaTsl U
BaHamatel. @ocdarel Ca dTOW TPYIIIEI MPEACTABICHEB
(dTopamaTuTOM, XJIOPATaTUTOM U THAPOKCHIIAIATUTOM,
UMCIOIMH TeKCaroHaJIbHYI0 CTpYKTypy (P6:;/m), m
KITMHOTHIPOKCHITATIATUTOM C MOHOKJIMHHON CTPYKTY-
poii (P2,/b) (Pasero et al., 2010; Hazrah, Antao, 2022).
KoctHpiif MuHepan He clienyeT OTHOCUTh K THAPOK-
cunamaruty (Cho et al., 2003; Shah, 2025; Kis et al.,
2025), T.X. IO JaHHBIM MPOCBEUYHUBAIOIICH IITCKTPOH-
HOM MHKPOCKOIIMK BBICOKOTO paspemeHus (I[15M)
KOCTHBIN amaTHT SBIsIeTCs] MOHOKITUHHBIM (P2,/b) (Kis
et al., 2025). Bo-Bropsix, xoimudectBo (OH)™ aHMOHOB
B CTPYKType MHHEpaja HeJ0CTaTOYHO, YTOOBI OTHECTH
KOCTHBIM MuHepan K ruapokcmranatuty (Cho et al.,
2003, Pasteris et al., 2004). B-TpeTbux, KOCTHBIA MU-
HepaJI UIMeeT criennpuIecKuii CocTaB, KOTOPBI BRIpa-
JKaeTcs B e(UIMTe Kanbius u 3amernernsx [CO;]* —
[PO4J* u [HPO4]>— [PO4]* (Rey et al., 1991; Shah,
2025). B 0630pe (Shah, 2025) ormeuaeTcs, 9T0 KOCT-
HBIM MEHEpAJ TIPEACTaBISICT COO0H YHUKATBHYIO Gop-
My amatuTta ¢ nedururom Ca u (OH) 1 xapakTepHBIMU
[CO;]* u [HPO4]* zamemenusamu. Ilo mepedncien-
HBIM BBIIIIE TPHYWHAM T KOCTHOTO MIHEpaa Mbl Oy-
JIEM HCIIONb30BaTh TEPMUH «KOCTHBIM amarut». B pa-
6ote (Shah, 2025) Taxxke oTMeUaeTcs, 9TO CTPYKTypa
KOCTHOTO amaTuTa BeposiTHEe Bcero HecTaOwmimbHa. Ha
JAHHBIE MOMEHT MEXaHW3M CTaOWIIHM3aIlii KPHUCTa-
JUYECKOW CTPYKTYpHI KOCTHOTO amaThTa HE OIHCaH,
HO B psjie padoOT BaKHast POJIb B 3TOM MPOIECCE OT-
BOJIUTCS] OPTAaHNIECKUM KOMIIOHEHTaM KOCTHOW TKaHU
(Raspanti et al., 1994; Kalsbeek, Richter, 2006).

B Hame#t pabore Toka3zaHO BIHSHHUE TEPMH-
geckoit 00pabdorku (HarpeB mo0 400 °C) Ha KOCTHYIO
TKaHb U e¢ MUHepanbHyIo (a3y. PaccmoTpeHs! mpeos-
pa3oBaHMs KaK OPTaHUYECKOTO MaTpHKca (KOJUIareH,
IIATpar), Tak W KOCTHOTO aratuTa. Beibop Temmepa-
Typsl 400 °C B KagecTBE MaKCHMaJIbHOH 00YCIIOBIICH
TE€M, YTO HarpeB J0 3TOTO Tpejesia COMPOBOXKIACT-
Cd 3HAYUTEJIILHOW MOTepel KOCTHOM Macchl, a Takke
3TO TeMmIepaTrypa TIIONHOW JeHATypalui KoJUlareHa
(Raspanti et al., 1994; Kalsbeek, Richter, 2006). Ota
TeMIepaTypa ompeeseHa Kak MpeiIebHO BO3MOKHAS
JUTSL CYIIIECTBOBaHUS JTaHHOTO OPTaHOMHHEPAIHEHOTO
arperara. [lody4deHHble JaHHBIE O KOPPENSIHN pa3iio-
JKEHHSI OPTaHUIEeCKOTO MaTpHKca M TpaHchopmarmen
MUHEpaJIbHON (pa3pl 3HAYMMEI T TIOHUMAHUS TIpejie-
JIOB TEPMHUYECKON CTAOMILHOCTH KOCTHOW TKaHU Kak
MIPUPOIHOTO KOMTIO3WTAa W MOTYT OBITh YYTEHBI NpPHU
CO3TaHUH ONOTIONOOHBIX MaTePHUAJIOB.
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METO/IbI UCCJIEJIOBAHUIA

B kauecTBe 00BEKTa HCCICIOBAHHS BBIOpA-
Hbl OepeHHBIE KOCTH ILECTH MOJOBO3PENBIX CAMOK
Kpbic mopoabl Wistar maccoit 180-230 1, momyuen-
HBIX OT cepTU(UIMPOBAHHOTO Mpou3BoauTels. [locie
14-1HEeBHOrO KapaHTHHA UX COJepXaJld B CTaHAApT-
HBIX YCJIOBUSIX BUBAPHSI C €CTECTBEHHBIM OCBEIICHUEM
W CTaHJAPTHBIM PAIIOHOM MHTaHHUs CO CBOOOIAHBIM
JOCTYTIOM K Bojie W muuie (0e3 AMeThl ¢ OrpaHuveH-
HbIM conepskanueMm Ca). B BuUBapuu KpyriiocyTO4HO
MOAJICPKUBAIMCh OTHOCHUTENIbHASI BIAYKHOCTH BO3JY-
xa 50-65 % u Temmeparypa Bozmyxa 20-25 °C. Bce
MPOLEAYPbI IPOBOIWIN B COOTBETCTBUH C TIPaBUIIAMH
Y PEKOMEHJALUSMHE 110 TYMaHHOMY OOPAaIIeHHUIO C JKH-
BOTHBIMH, HCIIOJIB3YEMBIMH B SKCIIEPHUMEHTAIBHBIX H
nHBIX HaydHbIX nemstx (Ilpuka3 Munucrepcra 3apa-
Booxpanenusi Poccuiickoit @eneparuu ot 01.04.2016
Ne 1991 «OG0 yrBepxnaenuu [IpaBun Hajuiexaneit na-
O0paToOpHO PAKTHKH).

JKUBOTHBIX BBIBOIWIM M3 OSKCIEPUMEHTa ITy-
TeM OJHOMOMEHTHOM nekanurtanuu mox CO, Hap-
KO30M, 3aTeM W3BJIEKall OcOPEHHBIE KOCTH, KOTO-
pble PaHAOMHM3MPOBAINCH W 3aYUIIAINCH OT
HIEYHOW TKaHM, MOCJE YEro OTIEISUIMCH (PparMeHThI
KopTUKanpHOW Kkocth naumaduza. Ilocie mnpensapu-
TEJbHOW TOATOTOBKM KOCTH HAarpeBaiuCh B My-
¢denbHOI Teun Ha Bo3myxe. Jlwama3oH HarpeBa 50—
400 °C, mar uarpesa 50 °C, Bpemsi HarpeBa IocCIe
BBIXOJIa Ha 3a/IaHHYIO TeMIlepaTypy COCTaBIISJIO JiBa
yaca. [lanee KOpTHKanbHAash KOCTh APOOHMIIACH, TOCIE
4yero (parMeHThl elle pa3 paHJOMHU3UPOBAIHCh U H3-
YYaIHCh METOIAMH PEHTTEHOBCKOM AU(PaKINU U WH-
¢dpaxpacHoii (MK) cnekrpockonuu. J[o TepMuyeckoi
00pabOTKK YacTh (PParMEHTOB KOPTHKAJIBLHOW KOCTH
ObUIa TaKKe MCCIEO0BaHa METOAAMH PEHTTCHOBCKOM
mudpaknun 1 MK cniekTpockonmuu Amisl MOJTy4eHUs
KOHTPOJIBHBIX 3HAUEHUI.

JIJ1s1 peHTreHOCTPYKTYPHOTO aHanu3a gparMen-
Thl KOPTUKJILHOW KOCTH HW3MENBYaiiiCh B araroBOi
cTynke 7o myapsl. JuddpakrorpaMmbl TOITydeHBl Ha
pentreHoBckoM audpaxromerpe HAOYUAN DX-
2700BH (Dandong Haoyan Instrument Co, Ltd, Ku-
Tait). CheMKa MpoBe/ieHa MPU HOPMAJIBHBIX YCIOBHUSX
no reomerpun bparra-bpeHtaHo ¢ HCNOIBL30BaHUEM
CuKa mnyuenus ¢ NiKp ¢uisTpoM Hpu Hampsbke-
Hun Ha TpyOke 40 kB u Toke 30 MA. PeHTreHOTpaMMsI
cuuManuck ¢ marom 0.01° B uaTepane 24-46 °20 c
BbIepkkoit 0.5 cex B Touke. Jludpakrorpammer 00-
paboransl B mporpammax HighScore u Fittyk. Iomy-
HIMPHUHA MUKa (TIOJTHAS IIUPUHA TTHKA Ha MTOJIOBUHE €TO

MBbI-

MakcHMyMa) ompezesiack B nmporpamme Fityk mocme
CTaH/JIapPTHOM TPOIETyphl aMpOKCHMAITIH TTUKOB ac-
cnMerpuaHoi dhyHkImeit Pearson VII.

UK criexkTpbl KOCTHOW TKaHU TIOTYYEHBI ¢ TIOMO-
mpio criektpodoromerpa FT-801 Simex. KoctHas TkaHb
HCTHpaJIach U CMENTUBajach B mpornopuuu 1 : 8 ¢ nepso-
HavaJibHO BhIcylieHHBIM KBr uuctoTs 99.999. U3 nomny-
YEHHOW CMECH IPECCOBAINCH TAOJIETKH, a CTIEKTPHI TIPO-
MyCKaHWsI PETUCTPUPOBAIIMCH OTHOCHTENFHO TaOIEeTKH
KBr. KonuuecTBo HakomjieHUH MPU ChEMKE CIIEKTPOB
COCTaBISIO 32, CIEKTpalbHOE paspelreHne — 2 cM.
Bce uccnenoBanvs mpoOBOAMIUCH MPU OTHOCUTEIHHON
BraxHocTu Hwke 20 %; copOIust BOIBI MCTEPTHIMU
obpa3raMu ¥ B TIpoIiecce MporpeBa He HaOmromanach
(MHTEHCUBHOCTH TIOJIOC TTonTomIeHus Boabl Ha MK criek-
Tpe HE yBeITUYNBAIach). J{JIs TEKOHBOIIONNY CIIEKTPOB
TIOTVIONICHHS] HMCTIONB30BAJICh TaycCHaHbl. Pasmoxe-
HHUE MPOBOAMIOCH METOIOM HaMMEHBIITNX KBA/IPATOB B
BeO-prtokerann ArDI (Shendrik et al., 2024; Smirnov
et al., 2026). ®opma 6a30BOM JTUHWH B CIIEKTpax BOC-
CTaHaBIMBAIACh TI0 MOTU(PHUIIMPOBAHHOMY AITOPUTMY
ACHMMETPUYHOTO CIIIAXXKMBAaHUI METOIOM HaWMEHBIITIX
KBanpatoB (asymmetric least square smoothing), peann-
30BaHHOMY B NpuiiokeHun ArDI.

JI1s1 OLIeHKM M3MEHEHUI KOCTHOTO anaTuTa aHa-
nu3upoBanachk momymupuaa mukoB (002) u (310) Ha
nudpaKTorpaMMax M oKas3aresb MOTHON ITHPHHBI T0-
socel mortomienust 604 cm ' Ha 85 % WHTEHCHBHOCTH
Ha MK cmexrpax (FW85 %). Yacto ans oneHkn mpe-
00pazoBaHUi armaTuTa UCTIOIL3YIOT (PaKTOp pacIiernie-
aust Mozl v4(PO4)* B uHdpakpacaom criekrpe (Lebon
et al., 2010; Pucéat et al., 2004). JlaHHBII TOKa3aTeTh
paccuMThIBaeTCS Kak CyMMa WHTEHCHBHOCTEH TOJOC
565 u 604 cMm!, pasmenenHas Ha MHTEHCHBHOCTE TIPO-
Baya Mexxay HuMH (Termine, Posner, 1966). B pabote
(Dal Sasso et al., 2018) moxa3ano, ato FW85 % mo-
nockl 604 cM! TydIire KOppeaupyeT ¢ pasMepaMu ooa-
CTeH KOTEPEHTHOIO PACCESHUSI PEHTICHOBCKUX JIyUYeH,
geM (paKTop pacIIeTUICHUs B HHPPAKPACHOM CIIEKTPE,
Mo3TOMY TipeanoyTenne 0bu10 otnano FW85 %.

PE3VJIbTATBI UCCJIEJOBAHUN

Jupgpaxmomempus. Ha mudpakrorpamme KOCTHOMH
TKaHu BeIAesstrorcest maku (002) 1 (310) 1 MakCHMAaITBHBIH
10 MHTEHCHBHOCTH TIHK, TIPESICTABILTIONTHI OO0 CyTiep-
no3utturo Tpex mukoB (211), (112) u (300) (puc. 1a). Ana-
T3 TIOMYIIAPYH TTHKOB, COOTBETCTBYIOIINX TIIOCKOCTSIM
(002) m (310), TO3BONACT OICHUTH M3MEHEHUS pazMepa
00JTacT KOTEPEeHTHOTO PACCEsHHSI PEHTTeHOBCKUX JTydei
B OTHX HalpaBleHWsX. 3MeHeHre MoMyIMpHHbI TTHKOB
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Puc. 1. Pentrenosckas qudpakrorpamma (a) u MK criekrp (0) ncxomHO#M KoCTH.
Fig. 1. XRD pattern (a) and IR spectrum (6) of the original bone.
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Puc. 2. TlomymmprHa MMKOB Ha AU(paKTOrpaMMax B 3aBUCHMOCTH OT TeMIIEpaTypbl Harpesa.
Fig. 2. FWHM of peaks on XRD pattern versus heating temperature.

(002) u (310) 3aBuCHT OT TeMIlepaTypbl: IPH HarpeBe
koctr ot 0 10 400 °C obnacTy KOTepEHTHOTO PacCesHuUS
KOCTHOTO araThTa yBeIIMUMBatoTcs (puc. 2).

UK cnexmpocronusa. Ha UK cnekTpe ucxonHoit
KOCTHOM TKaHHW TEMHO-CHHHUM I[BETOM TTIOKa3aH IEePBO-
HAYaJIbHBIA CIIEKTP, KEITHIM IYHKTUPOM — CIIEKTp TI0-
cJie MaTeMaTu4ecKoii oopadorku (puc. 10), B pe3ynbra-
TE€ YETO BBIJIENSIOTCS COOCTBEHHBIE TIOJIOCH TIOTJIOIIe-
HUS anaTuTa (3eJISHbIH [BET), KojutareHa (CHHUMN I[BET)
¥ OOIIKe MOJNIOCH MOIONICH!sT KOJUTareHa W [UTpara
(kpacHbiii 1Bet). B obmactu 3200-3400 cm' Bkian
B CIIEKTP MOTYT BHOCHTH BCE€ TPH COCIUHEHHUsS (4ep-
Helid nBeT). Ha UK cniekTpe BhIIenstoTCs KoedaTeb-
HbIe MOJBI B nuamna3zoHax 550-610 (vsPOy), 950-1200
(vsPO4), ~860 (v,CO5) u ~1450 (v;COs) em! (Madupalli
et al., 2017). OTu MOABI COOTBETCTBYIOT COOCTBEHHBIM

MUMHEPAJIOTVIAI/MINERALOGY 12(1) 2026

KoJIeOaHUSIM KOCTHOTO amatuta. OpraHudecKre KOM-
TTOHEHTHI KOCTHOW TKaHU (PUKCHUPYIOTCSI HECKOJIBKUMU
[10JI0CaMU ITOIJIOIIEHUS:

1. TMomoca mormomenust ~1550 cm! coorser-
ctByeT Konebanusam amunaa [ (RCONHR’, rae R — ato
BOJIOPO/] WIIH YTJICBOAOPOIHBIA pajfiKa) B KOJIareHe
(Xiao et al., 2007).

2. Tlonoca mormomenus ~1650 cm!' cBaza-
Ha ¢ konebanusmu cBs3u C=0O B mutpare u amwunue |
(RCONH,) B xommarene (Kristoffersen et al., 2023;
Punthipayanon et al., 2025).

3. Ionocsl ommomenust 2930 u 2960 cm™! xa-
pakTepHbl Ui Kojebanuil ceszeit C—H B mutpare u
koiutareHe (Xiao et al., 2007; Mansour, 1994).

OTH TONOCHI TOTJIOMIEHHS TPEICTABIISIOT IS
HAIIIETO WCCJICAOBAaHUS OCOOBIH WMHTEpPEC, MOCKOJIBKY
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Puc. 3. I3MeHeHNEe HHTEHCUBHOCTH I10JI0C TOTIOLICHUS OPTaHUYCCKUX COC,HI/IHCHI/Iﬁ Ha K CIICKTPEC B KOCTHU IIPpU HAI'PEBC.
It — MIHTEHCUBHOCTD ITOJIOCHI TMOTJIOLICHU ITPU HArpeBe, Io — MHTEHCUBHOCTbH ATOH K€ II0JIOCHI B I/ICXOHHOﬁ KOCTH; Kom —

koyuiareH, L{ut — rrpar.

Fig. 3. Change in peak intensity of organic compounds of the bone during heating.
It — intensity of the peak upon heating, I, — intensity of the same peak in the original bone; Kox — collagen, Llut — citrate.

Tabnuya. INTEHCUBHOCTB TIOJIOC TIOTIONIEHHsI OPraHMYECKUX COEANHEHUI KOCTHOM TKaHU MPH HarpeBe
Table. Intensity of absorption bands of organic compounds of bone tissue upon heating

T narpesa, °C 1550 cm! 1650 cm! 2930 u 2960 cm! 3070 cm!
Konnaren Komnaren+uurpar Komnnaren+uurpar Konnaren
0 + + + +
50 = = = -
100 = = = =
150 = = = l
200 l = = l
250 l = = l
300 l = = -
350 l l l -
400 - l - -
Ipumeuanue. +/— — HAIUUNUE/OTCYTCTBHE MOJOCHI MOIONICHUS; = — OTCYTCTBHE HM3MEHEHHUH M0 CPaBHEHHUIO C
IpeIbIAYIIEH TeMIepaTypoil HarpeBa; | — yMEHbIICHHE HHTEHCUBHOCTH MOJIOCHI MTOTVIOIICHHUSI.
Note. +/—— the presence/absence of absorption band; = —no change compared to the previous heating step; | — decrease

in intensity of the absorption band.

OTpPaXKalOT HAIMYKME OPTaHWYECKOW COCTAaBISIONICH B
KOCTHOM TKaHH.

I'padmku n3MeHEHNss MHTEHCUBHOCTH TIOJIOC TI0-
[JIOIIEHUS] OPTaHWYECKHX COCTUHEHUH IIpU HarpeBe
MIPeJICTaBJIeHbI HA PUCYHKE 3 1 000O0IIEeHBI B TaOIuIIe,
KOTOpBIE JIEMOHCTPHUPYIOT YMEHbBIIIEHHE WHTEHCHBHO-
CTH U IOJHOE HCYE3HOBEHHE IIOJIOC ITOIVIOIIEHUS Ha
UK cmekrpax, oTpakarolux MPUCYTCTBUE OpraHuYe-

CKUX cocTaBisitomux. Kak BuaHo U3 Tabnuisl, nepsble
W3MEHEHHMS MIPOMCXOAAT B KOJJIAr€HE IPH HArpeBe 110
temneparypsl 150 °C, koTopble (PUKCHPYIOTCS B BUIEC
YMEHBILICHNUST MHTEHCHUBHOCTU TIIOJIOCHI ITIOTJIOLICHUS
3070 cm!. Crnemyromiee H3MEHEHHE PETHCTPUPYETCS
[0 YMEHBIICHUIO WHTEHCHBHOCTH MOJIOCHI IOIVIOIIE-
aust 1550 em! mpu 200 °C. o Mepe najbHEHIero Ha-
rpeBa KOCTH MHTEHCHBHOCTH mosioc 3070 u 1550 cm!

MUMHEPAJIOTVIA/MINERALOGY 12(1) 2026
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Two stage reorganization of bone apatite during heating.
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npu temmeparypax 300 °C (mrs momocer 3070 cm™!) u
400°C (mmsamonocsr 1550 cm ™). HaunHast ¢c TemMIieparyphbl
350 °C, mpoucxoauT YMEHBIICHIE HHTEHCUBHOCTH T10-
moc ~2900 u 1650 cm!, KOTOpPEIE COOTBETCTBYIOT IIH-
TpaTy M KoJUIareHy.

3adukcupoBaTh U3MEHEHHUS KOCTHOTO araThTa
MOKHO TaKXe 10 COOCTBEHHBIM MOJIOCaM TOIIIONIe-
aus Ha MK crexrpe: 550-610 (v4(PO4)*) m 950-1200
(vs(PO,)*) em! (puc. 16). cmonp3oBanme KomedaTems-
Ho#i Momsl v3(PO,)* miIst MHTEpIpeTaruy W3MEHEHMI
KOCTHOTO arfaTuTa MpoOJeMaTnyHO W3-3a BKIala B
Momy OOJBIIOTO KOMHYECTBA IMOJNIOC, a MMeHHO: 960,
1035, 1090 u 1110 cm'. JIms pacuera IOKasarels
FW8S5 % mpoBenena npoueaypa JeKOHBOIIOIUH CTIEK-
TPOB B OO0JIacTH, TJIE pacrojaraercs KojeOarembHas
moma v4(PO4)*. Ha rpaduke 3aBUCHMOCTH TIONyYEH-
HbIX BenmanH FW85 % mosnocet 604 cm! ot Temmepa-
TypBI HAarpeBa BUIHO, uTo u3MeHeHns FW85 % mpowuc-
XOIAT Tpu HarpeBe kocTH Bhime 150 u Boime 300 °C
(puc. 4). B amamazonax 0—150 u 200-300 °C nabmro-
JIAFOTCS TIIATO.

OBCYXIAEHUE PE3YJIbTATOB

Ilpeobpazosanusi opeanuyeckux KOMNOHEHMO8
npu Hazpege. I1epBble N3MEHEHUS KOJUTareHa (PUKCHPY-
tores mipu Temmeparype 150 °C (tabmmma). Kak orme-
yanock B padbote (Bozec, Odlyha, 2011), npu 3T0#1 TEM-
neparype MpoMCXOUT TEIUIOBOE pacIIMPEHHE, CBSI3aH-
HOE ¢ HaOyXaHMEM KOJIJIar€HOBBIX (PHOPUILT B PE3YiIb-
Tare yJlaJIeH!sI TPOYHO CBS3aHHOW BOJIBI U3 CTPYKTYPBI
0enka ¥ I3MEHEHUEM CTaOMIHbHOCTH TPOHHON CITMPau
MOJIEKyN KoJutareHoBbIX OenkoB (Renugopalakrishnan
et al., 1989; Liu, De Yao, 2001). U3menenne nmpu TeM-
nepatype 200 °C cBs3aHO C Aerpafanuend CTPyKTypbl
koutarena (Luescher et al., 1974; Bigi et al., 1987).
HcuesnoBenue nonoc nortomenus 3070 u 1550 cm!
npu Temmneparypax 300 u 400 °C cBsi3aHO C TIOJTHOH
JeHarypaiuei kojutarena (Bozec, Odlyha, 2011).

MUMHEPAJIOTVIAI/MINERALOGY 12(1) 2026

Puc. 4. VI3venenune nonHoW mmpuHsl Ha 85 % WHTEH-
CHBHOCTH monockl mornomenuss 604 cm! (FW85 %) npu
Harpese.

Fig. 4. Change in the full width by 85 % of the intensity
of the absorption band at 604 cm™ (FW85 %) upon heating.

YMeHbIIIeHHe WHTEHCHBHOCTH IIOJIOC TIOTJIO-
IICHNS, COOTBETCTBYIOIINX KOMOWHAIMH KOJUTareHa W
[IUTpaTa, CBA3aHO C TEPMHUYECKUM Pa3TIOKECHUEM IIH-
TpaTta, OOBIYHO MPOTEKAIOMUM B TPH cTamuu: 1) me-
TUApaTaIus ¢ oopa3oBaHueM Oe3BogHOTO IUTpara Ca
(mpum marpeBe mo 145 °C); 2) ero mpeobpazoBaHue B
kapOonar Ca B amamazone temmeparyp 230-480 °C;
3) pasmokeHue KapOoHaTa ¢ 00Opa30BaHWEM OKCHIA
Ca mpu Temmneparype Boimre 600 °C (Mansour, 1994).
VHTEHCHMBHOCTH TIOJIOC TOTJIOMIEHUS, CBS3aHHBIX C
[UTPATOM, H3MEHSIOTCS, Ha4WHAs C TEMIIEpaTyphl
350 °C, 9TO0 COOTBETCTBYET BTOPOM CTaIUU TEPMHUE-
CKOTO Pa3JIOKEeHHsI. ITO OOBSICHACTCS TEM, UTO B TIPO-
mecce (PU3NOIIOTHUECKOTO (OPMUPOBAHMS KOCTHOMH
TKaau nuTpar Ca CeKpeTHpyeTcs KIIETKaMH yxkKe B 0e3-
BOJTHOM (popme, T0ITOMY TIepBasi CTaAU TEPMUUIECKOTO
pa3ioKeHus B HAIlIeM SKCTIEpUMEHTe He (pukcupyeTcs.
Ilocnennue cTymeHn pa3nokeHus KoiareHa U BTopas
CTYTIEHb PA3JIOKEHHsI IIUTpPaTa COBMAAAIOT IO TeMIIe-
parype. C 5TUM CBSI3aHO YMEHBIIEHHE WHTEHCHBHO-
CTH TI0JI0CHI TIortomenust 1650 cM™! 1 oHOBpEMEHHOE
YMEHBIIIEHHE WHTEHCHBHOCTH TIOJIOC TIOIJIOIICHHUS,
pacoaokeHHbIX BOmm3n ~2900 cm!.

IIpeobpasosanue kocmuoeo anamuma. N3mene-
Hue noxymmpuHsl nuka (310) u Bemmuuasl FW85 %
mostocsl ororienust 604 cv! pu 200 °C ykassiBaeT
Ha TO, YTO BTOPAs CTAIM Pa3IOKESHNS KOJIIareHa siBIisi-
eTCsl KJTFOYEBOH M 3aIlyCKaeT MPoIecc MpeoOpa3oBaHus
KOCTHOTO amaruTa. JleHaTyparus KoijjareHa IMPHBO-
IUT K YBEIMUEHHUIO 00IaCTH KOTEPEHTHOTO PAcCEesHUS
PEHTTEHOBCKHX JTy4eil, YT0 (PUKCUPYETCS] YMEHBIIICHH-
eM monymupuHabl Tika (310) Ha gudpakTorpamMmax.
DTO MOXET yKa3blBaTh Ha MCUYE3HOBEHHE MO3aWIHOMN
cTpykrypsl MII, mposiBrisitomieecst B BapuadbeIbHOCTH
opueHranuii ocu ¢ (Schwarcz et al., 2014; bubko u
np., 2024), u, BeposITHO, BEI3BAHHOE TpaHChopManuen
P21/b — P63/ m.

Temmeparypa nepexona P2,/b — P6;/m paccun-
TaHa C TIOMONIBIO TEOpUH (HYHKIMOHANIA TIOTHOCTH
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Puc. 5. Cxema JByXCTYIIEHYATOTO IPE0OPa30BaHMsI KOCTHOTO arlaTHTa Py Harpese.
Fig. 5. Scheme of two-stage transformation of bone apatite upon heating.

(Slepko, Demkov, 2015) u moaTBep)kIeHa 3KCIEpHU-
MEHTaJbHBIMUA paboTaMH C UCIIONb30BAHUEM XUMHUE-
cKM yncToro KiamHoruapokcwianaruta (Ikoma et al.,
1998). MonoximaHas momudukamms P2,/b ruapox-
CUJIATIATHTa MEePEXOJUT B TeKCaroHalbHy0 P6s/m mpu
temneparype ~200 °C (Ikoma et al., 1998; Slepko,
Demkov, 2015). BepositHOo, Temmneparypa 3TOro mepe-
X0Jla MOKET MEHSTHCS B 3aBUCHMOCTH OT BapHaluit
COZIEP)KAHMS TPUMECHBIX KOMIIOHEHTOB B COCTaBe
amatute. [Ipu temmeparype 720 °C rexcaroHaJIbHBIH
THJIPOKCHIIATIATUT MOXKET TpaHchopMHUpOBaThCs B [3
tpukanbuuii ¢pocdar (B-Cas;(PO.),) (B-TCP) (Posner,
1969; Gibson et al., 2000; Szekanecz et al., 2024).

N3menenne Bemmuuuasl FW85 % momocel 1o-
miomenus 604 e ipu Temmeparype 350 °C cBa3aHo
¢ JajJbHEHIINM MpeoOpa3oBaHUEM KOCTHOTO araTHTa.
Ora TemIieparypa He JOCTHraeT 3HaYeHHUH, He0OX0/H-
MBIX JUIsl TpaHCQOPMAIIMY TeKCArOHAILHOTO araTuTa B
B-TCP, ogHako maHHas TeMIlepaTypa XapaKTepHa st
BTOPOM CTaJIMU Pa3JIOKEHUs IIUTPATA KAJIBIHS U JIeHa-
Typalyu KoJulareHa.

Ponp muTpata B 00eCleUCHHM YHUKAIBHBIX
MIPOYHOCTHBIX CBOMCTB KOCTHU OueHb Bejuka. OH BbI-
CTyIaeT CBOETO poJia «KJIEEeM» U SIBISIETCS 04aroM
Hykneanuu coceqaux MIT B mauke (Pang et al., 2021;
Schwarcz et al., 2024; Schwarcz, Jasiuk, 2025). Kap-
OoHar-voH, (GOPMHUPYIONIMKCS TIPU Jerpajialiy -
Tpar-uoHa, OyJeT MO-TPEKHEMY «CKIICHBATh» COCEI-

Hue MII, ognako paccroguue mexay MII npu 3Tom
CTaHOBUTCA cyliecTBeHHO MeHble. JJannbie UK criek-
TPOCKOTIMH ¥ PEHTTEHOBCKOM TU(PAKINH, 10 HAILIEMY
MHEHHIO, OTPAXKAIOT TMPOIECC «CIUMAHM COCETHHUX
MII B mavke ¢ COOTBETCTBYIOIIUM YBEJIMYEHUEM pa3-
Mepa o0macTeil KOTepeHTHOTO PACCESHNUS araTuTa.

Onupasch Ha OITyONMKOBaHHBIE JAHHBIE U C y4e-
TOM CTPYKTYPHBIX U MOP(OIOTUYECKNX 0COOCHHOCTEH
KOCTHOTO allaTHTa, YCTAHOBJIEHHBIX B JJAHHOM HCCIIE-
JIOBAaHWHU, MOXHO TPEUIOKUATH CIEAYIONIYI0 MpeBa-
PUTETBHYIO CXeMy MPeo0pa30BaHMsl KOCTHOTO araTuTa
(puc. 5). IIpu Temneparype Harpesa 200 °C HaunHaeT-
cs Jlerpajanusi CTpyKTypbl KojiareHa. KocTHbld ama-
TUT TpeTeprieBaeT Tpancpopmanuio P2,/b — P6s/m,
YTO TPUBOJUT K MCYE3HOBEHUIO MO3AaMYHOM CTPYKTY-
pst MIL. Ilpu temmeparype Harpesa 350 °C mpowucxo-
T TIpeoOpazoBaHME IUTpPAT-WOHA B KapOOHAT-MOH,
YTO MMPUBOJNT K CIAHUMaHuio cocennux MII.

Takum o0pazoM, B paMKax OSKCIEPUMEHTa II0
HarpeBy KOCTHOW TKaHH yIalloch 3a()UKCHUpPOBATH IO-
CJIeI0BaTEeNIbHOE MPeo0pa3oBaHNe KOCTHOTO araTHuTa,
CBSI3aHHOE C JeTpajanueil W yJaJeHueM OpraHude-
CKHX KOMITOHEHTOB. 3BeCTHO, YTO OpraHW4YecKue
KOMITOHEHTBI pa3jiaraloTcsi M MpU 3aXOPOHEHWH KOCT-
HOM TKaHM, KOT/Ia IEHATYypaIys KoJlareHa MpOUCXOAUT
ecrecTBeHHBIM iyTeM (Trueman et al., 2008). [Toka op-
TaHWYECKNE COEAMHEHMUS TPUCYTCTBYIOT B OPTaHOMH-
HEpaJIbHOM arperare, arnaTuT He pearupyeTr ¢ KOMIIO-
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,ZZ({_)/XCIT[G()L{ZZH()@ npeo6pa3o@al-tue KOCmMHO2O0 anamuma npu Hacpeese

113

Two stage reorganization of bone apatite during heating.

HEHTaMU OKpY>Karoliel cpesbl. B MpUpoIHbIX YCIOBU-
X €CTECTBEHHOE pa3pylIeHne KoljlareHa, yIijIoTHeHHE
0Cajika, COAEPIKAIero KOCTHBIE OCTAaTKH, M HaJHune
MOPOBOM BJIard MPUBOJUT K TEPEKPHUCTATUIN3ANNN U
YKPYITHEHHIO KPHUCTAJUIOB alaTuTa U M3MEHEHHIO ero
xummgeckoro cocrana (Nielsen-Marsh, Hedges, 2000;
Collins et al., 2002; Kohn, 2008). 3Tu mporieccbl MOTYT
MPOTEKATh CTPEMHUTEIHHO (B TEUCHHUE OIHON HEIEIH),
YTO MOKA3aHO B SKCIEPUMEHTE 71 Situ TIO 3aXOPOHEHUTO
kocteit ammratopo (Keenan, Engel, 2017). ITocne
TTOJTHOTO Pa3JIOKEHUSI OPTaHUYECKUX COCAMHEHUH Ha-
YUHAETCS POCT BTOPUYHOTO alaTUTa, COCTaB U CTPYK-
Typa KOTOPOTO KOHTPOJTUPYETCS CICTIU(PUKON yCIIOBUN
3axopoHenus (Bartsiokas, Middleton, 1992; Trueman
et al., 2008; Trueman 2013; Psrckas u ap., 2020).

BbIBO/IbI

B pesynbrare uccienoBaHuii o HarpeBy KOCTHOM
TKaHHU JIAOOpaTOPHBIX MEIel B nuanasone 50400 °C
YCTaHOBJICHO, YTO KOCTHBIM allaTUT TPETEPIIEBAET Cy-
IIECTBEHHbIE HM3MEHEHHs, KOTOpble 3a(hMKCHPOBAHBI
TP TIOMOIITM peHTreHoBCcKoW mudpakimu u MK criek-
Tpockonmu. Ha mudpakxrorpammax HaOmomaeTcs 3a-
KOHOMEpPHOE yMeHbIIIeHHe NonymupruHbl TrKoB (002)
u (310), a Ha MK criektpax — yMEHBIIICHHE TTapamMeTpa
FWS85 % nonocs! nomomenust 604 cm'. TlepBbie mpu-
3HAKW M3MEHEHHSI KOCTHOTO anarnuta (PUKCHPYIOTCS TIpH
Harpese Bbllle Temneparypbl 150 °C 1o yMeHbIIEHHUIO
noymmpuasl irka (310) 1 FW85 % mosmocs! mormorie-
arst 604 cv'. BeposiTHee BCero, 3TH M3MEHEHMS CBSI3aHBI
CO CTPYKTYPHBIM TIEPEX0/IOM MOHOKITMHHON MOTU(HKA-
IIUH arlaTHTa B TeKCaroHaJ bHYI0. Temmeparypa, mpu Ko-
TOpO# 3a(hMKCHPOBAHBI ATH NU3MEHEHUS, KOPPEIHUPYET C
TeMIIepaTypoii Hadala JIeHaTypalliy KoJlareHa.

[Nocmenytomnye n3MeHeHNsT KOCTHOTO araThTa 3a-
¢duxcupoBansl Tipu Harpese Boimie 300 °C. [poncxomut
ymenbiienrne FW85 % monocs! noronienust 604 v,
3HAYHUTEIHHO MaIaeT HHTEHCUBHOCTB TTOJIOC MTOTIIOICHHS
~2900 u 1650 cm™. TToCKOJIbKY HHTEHCHBHOCTH 3THX TI0-
JIOC TIOTJIOMICHUSI 3aBUCUT OT HAIM4YMs KOJUIareHa W Ii-
Tpara B OpraHOMUHEPAIFHOM arperare, 3TH W3MEHEHWS
CIIeyeT pacCMaTpUBaTh KaK CBUIIETENTHLCTBA TIOIHOM Jie-
TpaJlaliiy OPraHMIECKUX COCTABISIONINX KOCTHOW TKaHH.
B nHarmrem nipesictaBieHHN 3TO IPUBOAUT K CITUTIAHUIO MU-
HepaJIbHBIX IIACTHH KOCTHOTO alaTHTA.

[lomyueHHble AaHHBIE O TpaHC(OPMAIIUU KOCT-
HOTO araThTa TNpPU HarpeBe BaXKHBI JJIS TTOHMMAaHUS
TEPMUYECKON CTAaOMIBLHOCTH KOCTHOW TKaHW U MOTYT
OBITH MICTIOIB30BAHBI TIPH Pa3pabOTKe TEXHOJIOTHH TT0-
Ty4deHust ONOTOIOOHBIX MaTePHAIIOB JJIsi KOCTHOM MM-
TUTAHTOJIOTHH.
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