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Kp11T11qecKaSI CTenettb so11ottaCblll.\eH11SI nop11cToro 113secTHS1Ka s coqeTatt1111 c ero pacnyq11satt11eM 11 
C)!(aT11eM s npol.(ecce npoMep3att115!-0TTa11satt11S111aeT npe11crnsnett11e o npol.(eccax, npo11cxo11S1!.l.\l1X np11 MOp03HOM 
BbIBeTp11BaHl111. Pacu111pett11e 06pa3u:a BJia)!(HOH nop0,!1bl np011CX0,!111T TOJibKO B yCJIOBl151X ero BbICOKOrO B0,!10Ha
Cb!ll.\eHl151 11 6h1CTporo oxJia)!(11ett115!, np11 KOTOpb1x yc111msaeTC5! 3cjJcjJeKT tta6yxatt115! 3a cqeT pacurnpe Hl1ll B0,!1hI 
np11 ee 3aMep3aHl111 . Ilp11 Hl13KOH CTeneH11 B0,!10HaCbI!I.\eHl151 (qTQ T11n11qHO )1JI51 eCTeCTBeHHb!X ycJIOBl1H) 
tta6mo11aeTC5! C)!(aT11e o6pa3I.(a, 06bS1CH5!10ll.\eec51 M11rpal.(11ett He3aMep3rnetf B0,!1bI s nop11cTOH cpe11e, se11yll.\ee K 
ocy111ett1110 OT,!1eJibHbIX MCJIKl1X nop. OchmHhie CKJIOllbI IlJiaTo Maynnm no3nOJI5!IOT conoCTan11Tb pe3yJihTaThI 
TaKl1X 3KCnep11MeHTOB c noJieBblMl1 11CCJie)10BaHl1SIMH. 

Mopo3HOe <3bteempueanue, na6yxanue, pacny'iueanue, u,u1CJLbt yeJLWKnenUJL/ <3btCbtXanu51 u 3aMopa)Ku
eanUJL/ ommaueanUJL, cmenenb HaCbt~enuR nap eoaou, aUJ1amoMempu51 

CRYOGENIC WEATHERING OF LIMESTONES EVALUATED BY LABORATORY TECHNIQUES 
AND APPLIED TO A MOUNTAIN PERMAFROST AREA 

(Plateau Mountain, Alberta, Canada) 
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The critical degree of saturation of a porous limestone combined with its dilatometrical behavior during a 
freeze I thaw cycle gives a good idea about the processes involved in frost weathering. Dilation of a humid rock 
sample only occurs under conditions of high saturation and rapid cooling, which emphasizes the influence of the 
swelling due to transformation of water into ice. With low saturation levels (the most common case in nature), the 
contraction of a sample can be observed and explained by migrations of unfrozen water within the porous media , 
leading to the drying of some small pores. The debris slopes of Plateau Mountain provide a good example of the 
application of such experiments to a field study. 

Frost weathering, wetting/drying and freezing/thawing cycles, degree of saturation of a porous, medium 
with water, dilation, dilatometry 

BBELJ:EHME 

Mopo3Hoe BbIBeTpHBaHHe .srBJrneTc.sr O/l.HHM H3 

B3)KHettlllHX rrpou:eccoB B rrepenrnu:waJihHbIX ye-

• JIOBH.srx [Mugridge, Young, 1983; Fahey, Lefebure, 
1988], HO HeKOTOpble reoMoptjJOJIOrH [White, 1976; 
Mc Greevy, 1981; Hall, 1995] OTMetJ:aJIH, tITO HeT 

IJ.OCTaTOllHbIX IIOJieBhlX H Jia6opaTOpHbIX HCCJie/].O

B3HHH, /].OK33bIB3IOID:HX, llTO rrpeBparu:eHHe BOil.bl B 

Jie/]. Ha caMOM /].eJie 51BJI51eTC51 rrpHtIHHOH o6pa30-

B3HH51 CKOIIJieHHH o6JIOMOllHOro MaTepHaJia, Tll

IIHllHbIX /].JI51 BbICOKOrOpHbIX H apKTHlleCKHX JI3HIJ.

matjJTOB. IloMHMO rrpoMep33HH51, K paCillHpeHHIO 

MoryT T3K)Ke rrpHBO,!J;HTb H .ri;pyrwe rrpou:ecchl, 

HanpHMep, Ha6yxaHHe npH rn.ri;paTaU:HH [White, 
1976 ]. TaKHM o6pa3oM, B HaH6oJiee o6ru:eM cJiytJ:ae 

:no COBOKYIIHOCTb pa3JIHllHbIX tjJH3HqecKHX, 
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XHMHqecKHX H 6HOJIOrwqeCKHX ¢aKTOpOB [Hall, 
1995 ]. 

KpoMe Toro, ecJIH paccMaTpHBaTh rrpoMep3a

HHe OT/].eJibHO, BHIJ.HO, KaK MaJio H3BeCTHO 0 npo

u:eccax, KOTopbre rrpH 3TOM rrpoHCXOIJ.51T. HoBhre 

Jia6opaTOpHbre MeTOIJ.HKH, pa3pa6oTaHHbie B reo

MOPcPOJIOrHH B rrocJieAHHe rOIJ.hI, rro3BOJI51IOT JiyqlJle 

IIOH51Tb OTHOCHTeJibHOe BJIH5IHHe OT/].eJibHbIX ¢w-

3HtJ:eCK.HX rrpou.eccoB ' HarrpHMep HCIIOJib30B3HHe 

aKy CT:Efq ecKOH 3MHCCIDI [Hallet et al., 1991], HM

IIYJibCHOro 511J.e pHo-MarHHTHoro pe3oHaHca [Aka
gawa, Fukuda, 1991] H IJ.HJIOTOMeTpHH [Matsuoka, 
1990; Prick et al, 1993; Pissart et al., 1993; Prick, 
1995]. 3 T H H OBbie MeTOIJ.bl He pa3pylllaIOT o6pa3eu:. 

B rrepBoli tJ:aCTH CTa Tn H rrpelJ.CTaBJieHhl pe3yJihT3TbI 



JIAEOPATOPHOE OIIPEJJ,EJIEHIJE KPIJOI'EHHOFO BblBETPIJBAHIJ51 

HeCKOJibKIIX 3KCIIepIIMeHTOB no Ha6yxaHIIIO BJia)l(

HbIX o6pa3uOB M5IrKIIX II rropIICTbIX ¢paHuy3CKIIX 

H3BeCTH5IKOB' nogBeprIIIIIXC5I rrpoMep3aHIIIO II 

OTTaIIBaHIIIO. 

D ,pyra5I rrpo6JieMa 3aKJIIO'-IaeTC5l B TOM, '-ITO 

OCHOBHa5I '-IaCTb paHHIIX 3KcrrepIIMeHTaJibHbIX pa6oT 

IIpOBOll,IIJiaCb 6e3 co6JIIOll,eHII5I TepMII'-IeCKIIX II 

B..la)l(HOCTHbIX ycJIOBIIM, COOTBeTCTBYIOilIIIX HaTyp

HbIM [Hall, 1986 ]. 3TO Ba)l(HbIM MOMeHT, KOTOpbIM 

Be 6bIJI gocTaTO'-IHO TiliaTeJihHO Y'-ITeH paHhme. TaK, 

HeKOTOpbIX pa60Tax K o6pa3uY rrpIIKJiall,bIBaJIOCb 

1133pyIIIaIOiliee gaBJieHIIe, KOToporo HeT npn npo

xe1J3aH1Ill: B ecTeCTBeHHbIX ycJIOBII5IX. B HacT05Iiliee 

,ffi CTaHOB5ITC5I HOpMOM B3aHMOll,OnOJIH5IIOilIIIe 

';nogeHH5I B rroJie II Jia6opaTOpHII [Douglas et al., 
19 3; Hallet et al., 1991] n 3TO cnoco6cTByeT 

e;rnpoBaHIIIO ecTeCTBeHHbIX II3MeHeHIIll TeMne

- bl II BJia)l(HOCTH. Bo BTopoll: '-IaCTII cTaTbH 

I' rrpell,CTaBJieH nop5Ill,OK rrpoBell,eHII5I IIOJieBbIX 

COBMeCTHO c Jia6opaTOpHbIMII 3KCnepIIMeH

..J,llil oueHKII B031l,eMCTBII5I rrpoMep3aHII5I Ha 

~..::nrinpnre II3BeCTH5IKII CKaJIHCThlX rop KaHall,hL 

JIAEOPATOPHhIE 3KCIIEPMMEHThl 

Onncam1e 113yqaeMoi1 nopOll,bI 

.::bmaTOMeTpII'-IeCKIIe II3MepeHH5I 6hIJIII npoBe

Ha 10 06pa3uax ¢paHuY3CKOro II3BeCTH5IKa 

ro H MeJIOBOro B03pacTa, KOTOpbie IICnOJib3Y

BO CDpaHI.I,HII B Ka'-IeCTBe cTpOIITeJibHoro Ma-

2t::::iia;;ra. 3nr rropoll,hI 6hIJIII Bb16paHhI H3-3a pa3HO

s o Hx cPII3II'-IeCKIIX xapaKTepIICTIIK II oco

ll3- 3 a HaJIII'-III5I ll,aHHblX no nopIICTOCTII II 

'11"1,_,.,,....,..,.,,......u p e 3yJihTaTOB gpyrIIX IICCJiell,OBaHHM no 

-~. 3gecb npell,CTaBJieHbI HeCKOJibKO 

u--or-··-~.roB IIOJiy'-IeHHblX npII pa6oTe c Oll,HOM II3 

~ TypoHCKIIM II3BeCTKOBbIM TYcPOM, TaK 

Elac::!iGO:'.!ei'ifi>D1 Breze. Ero o6ilia5I nopIICTOCTb (H3Me

BaKyyMe) - 4 7 % . Cpell,HIIM gMaMeTp 

peHHbIM PTYTHbIM nopoMeTpOM '-Iepe3 

nop COCTaBmreT 2,58 MK, a rropHCTOCTb 

n.-c~ ;n,Ra5I, TO eCTb Breze, IIMeeT ll,Ba OCHOBHbIX 

--"'-&.d IIOp . 1fa-3a TaKIIX nopoMeTpII'-IeCKIIX xapaK-

1 RX K03cPcPIIuIIeHT XnpIIIBaJihll,a cocTaBJI5I-

::n,r.ro 4 ,34 % (K03cPcPIIuIIeHT XIIpmBaJihll,a -

b OT o6iliero o6'heMa nop, B KOTOpbre Boga 

OHHKHYTb 3a 48 '-I), TaKIIM o6pa30M, npII 

E::::::l!inTI'eEJill 3THX rropoll, npII HOpMaJibHOM aTMOC

·- .cJ,.M1 u '.:..I .n.aBJiemrn B nopIICTOM cpege coxpaH5IeTc5I 

XE~ret:::rEo rrop c ny3bipbKaMH B03gyxa. 

lln:.mrnll.pII'-IeCKIIe o6pa3uhr (11 CM ll,JIIIHOM, 

;zyi:aMeTpe) 6hIJIII Bbipe33HbI nepneHll,IIKYJI5Ip

Ha oemno. ITpIIroTOBJieHHhre o6pa3uhr 6hrJIH 

H BbICYIIIeHbI npn 50 °C rrpII ITOCT05IHHOM 

n nepeJl, H3 1epeHII5IMH yJibTpa3BYKOBbIM ge3-

~"""' • .,.'"'T-O ·f (Grindosonic) OCT3BJieHbI OXJia)l(-

' O'rKpbITOM B031l,yxe (CM. HII)l(e KpIITH'-Ie

neHh RaCbIIIIeHII5I). ll,JI5I II3MepeHII5l Ha6y

o6pa31IbI 6bIJIII norpy)l(eHhl B ll,IIC-

TIIJIJIHpOBaHHYIO BOll,y, no Kpall:Heil Mepe , 3a 3 
Hell,eJIH ll,O 3KCnep.11MeHTa, a 3aTeM BbICYIIIIIBaJIIICb 

Ha B031l,yxe ll,O ):(OCTII)KeHII5l HMM BJia)KHOCTH, Tpe-

6yeMOll ll,JI5I 3KCilepIIMeHTa. 

Kp11T11'-IecKa5I creneHb Hacb1ruemrn 

BJia)l(HOCTb oKa3hrnaeT CIIJibHoe BJIII5lHHe Ha 

ITOBe,[(eHIIe rropOll,bl, IIOll,BepraIOilieMC5I npoMopa

)l(IIBaHIIIO. CTeneHh HaChiilieHII5I 3aBIICIIT He TOJibKO 

OT crroco6a rII):(paTaun.11 o6pa3ua M rrpoll,OJI)l(IITeJih

HOCTII HaMOKaHII5l, HO TaK)l(e OT pa3Mepa rrop B 

rropo):(e. B 3TOM CB5l3II, y'-IIIThIBa5l 3aBIICIIMOCTb 

Me)l(ll,y cTeneHhIO HachnueHII5I o6pa3ua II er o JrnTo

JIOrIIell:, MO)l(HO ll,Jl5l Ka)l(ll,OrO TIIIIa nopoll, onpe

):(eJIIITb KPIITII'-IeCKYIO crerreHh HaChiilieHII5l Ser· ITpH 

CTerreHII HaChiilieHII5I 6oJibIIIe II paBHOM s rropoga 

6ygeT pa3pymaThC5l rrpII rrpoMep3aHIIH [F~gerlund, 
1971; Weiss, 1992; Prick, 1997]. 3Ha'-IeHIIe Ser ):(Jrn 

Ka)l(ll,Oro MaTepIIaJia pa3HOe. 

ITpII6op Grindosonic no3BOJI5IeT npoII3BOAIITb 

II3MepeHH5l OCHOBHOM '-IaCTOTbI BII6pauIIII o6pa3ua 

COOTBeTCTBYIOilieM ¢opMbI II, TaKIIM o6pa30M, onpe·

ll,eJI5lTb ll,IIHaMII'-IeCKIIM MOAYJib I0Hra. Mhr IICnOJib-· 

30BaJIII ero g.rrn orrpe):(eJieHII5l 3Toro MOA YJI5I B 

CBe)l(IIX o6pa3uax II rrocJie Toro, KaK 3TI1 o6pa3uhr 

IIOll,BepraJIIICb 8-KpaTHOMY IIIIKJIY rrpoMep3aHmI .11 

OTTaIIBaH.115! c pa3JIII'-IHoll: BJia.1KHOCThIO. To'-IKa 

rreperII6a Ha rpa¢IIKe ):(MHaMH'-IeCKOro MOJ:\Y JI5l 

IOHra '-IeTKO BIIJ:(Ha Ha pIIc. 1. To'-IKa nepem:6a 

onpe.n:eJI5leT BeJIII'-IMHY Ser: no Mepe yMeHhrnemrn 

MOAYJI5l I0Hra BhrneTpIIBaHIIe rrpoIICXOll,IIT npII 60-

Jiee BbICOKOM HaChiilieHMII rropO):I. ll,JI5I 3Ha•rem rH: 

HaChiilieHII5l 6oJihme, '-IeM Ser' cyIIIeCTByeT Jin:Hell:

Ha>I 3aBMCIIMOCTb Me)l():ly CKOpOCThIO BLIBeTpTrnamrn: 

H ypOBHeM HaChiilieHII5l. 

CTerreHh KpIITII'-IecKoro HaCbiilieHII5I o npegemr .. 

eT ):(HJiaTOMeTpII'-IeCKIIe CBOMCTBa rropO):I , KOTOpbre 
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Puc. 1. OrrpeJJ,eJieHMe cTeneHM KPMTw1ecKoro Hachl~ 

ilieHM51 Ser B M3BeCTH5IKe Breze. 

ToqKa rreper116a Kp11noi1 orrpe;\em1eT 3Haqemie Ser: rro rrpoMep·· 

3aHHIO c BhICOKOH CTerreHh!O BOJ\OHaChlll\emrn , MOJ\YJih lOHra E 
3Haq11TeJibHO CHH)!(aeTCS! rro cpamreHHIO c HCXO}\Hb!M 3HaqeHHeM 
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A. IIPJ1K 

Ha6mo;n:aIOTCSI B U:HKJie npoMep3aHHSI/ OTTanBaHHSI, 
•ITO H 6y;n:eT npOHJIJIIOCTpnpoBaHO HH)Ke. 

,Il,nJlaTOMeTpnqeCKHH MeTO,!I, 

I13Mepemrn Ha6yxaHHSI nopo;n: B pe3yJihTaTe nx 
npoMep3aHHSI H OTTansaHHSI npOBO:U:HJIHCb pe;n:Ko 
[Matsuoka, 1990; Weiss, 1992 ]. Ha pnc. 2 noKa-
3aHo 3KcnepnMeHTaJibHOe ycTpOHCTBO, c IlOMO.m;bIO 
KOToporo npose;n:eHhl ;n:aHHhle H3MepeHHSI. Ll,n11a
TOMeTpH1IecKne TIOKa3aTeJIH H3Mep51JIHCb B Hec
KOJibKHX MeCTax: B u:eHTpe Kpyr11oro OCHOBaHHSI, y 
rpaHHIJ:bl 3TOrD OCHOBaHHSI, a TaK)Ke B ;n:syx TO'!KaX 
;n:pyr npOTHB ;n:pyra Ha nosepXHOCTH U:HJIHH;n:pa. 
3THMH 'IeTblpbMSI H3MepeHHSIMH Mbl perncTpnpo
BaJIH H3MeHeHHSI He TOJlbKO no :U:JIHHe U:HJIHH;n:pa, HO 
TaK)Ke no ;n:naMeTpy. 

I13MepeHHSI 6bIJIH npose;n:eHbl JIHHeHHbIM 
3JieKTpOHHblM npeo6pa30BaTeJieM CMem;eHHSI, ;n:a-
10.m;nM KOJie6aHHSI pa3MepoB c TO'IHOCTbIO OKOJIO 
5 MK. OcHoBaHne 06pa3u:a BBHH'Insa11ocb B cTaJib
Hoe OCHOBaHne, Ha KOTOPOM 6hlJIH ycTaHOBJieHbl 
;n:aT'IHKH CMem;eHHSI. 3TH H3MepeHHSI, a TaK)Ke H3-
MepeHHSI TeMnepaTypbI nopo;n: aBTOMaTH'!eCKH Bbl
nOJIHSIJIHCb B o;n:HOM U:HKJie 3aMep3aHne/ OTTansa
HHe B KJIHMaTH'!eCKOH KaMepe. Li,JISI u:e11ei1 onnCbI
BaeMoro ::iKcnepnMeHTa TeMnepaTypa 3a;n:asa11ach s 
;n:nana3oHe OT +20 °C ;n:o -20 °C n MeHS111ach Ha 2 °C 
B qac. 

1 

5 

Pttc. 2. 3KcnepttMeHTaJlhHasr ycTaHOBKa, ttCnOJ1h-
30BaHttaS1 ,!I,JISI H3MepeHHSI Ha6yxaHHSI nptt npoMep-
3aHHH/ OTTanBaHHH 06pa3u:a [Pissart et al., 1993). 

1 - K ::JJieKTpOHHOMY 3amtCbIBaJOw,e My y CTpOikrny ; 2 - ~aT
'-111Kl1 CMew,eHl1ll; 3 - MeTaJJJJH'-leCKHM l.\11Jll1H~p; 4 - o6pa3el.\; 

5 - MeTaJJJJH'-leCKOe OCHOBaH11e. 
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Pe3y Jib Ta Thi ,!I,ttJlaTOMeTptttt 

Ha pnc. 3 noKa3aHo ;n:n11aT0MeTpn1IecKoe nose
;n:eHne npoMopa)KHBaeMoro 06pa3u:a (Breze) co CTe
neHbIO BO,!l;OHaCbI.m;eHHSI 98 % ' TO eCTb Bhime CTe
neHH KpHTH'!eCKOro Hacblm;eHnSI. B npou:ecce ox
Jia)K;n:eHHSI Ha61110;n:aJIOCb CHa'!aJia TepMH'IeCKOe 
C)KaTHe. IlocJie KOpOTKOro nepno;n:a C)KaTHSI Ha'!aJICSI 
npou:ecc npoMep3aHnSI H npott3om110 pe3Koe pac
nyqnsaHtte npH nOCTOSIHHOH TeMnepaType 0 °C (Hy
JieBaSI 3aseca) 3a C'IeT H3MeHeHHSI o6'beMa Ha 9 % 
npn TpaHc¢opMaU:HH BO:U:bl B 11e;n:. IlpH nOHtt:>KeHHH 
TeMnepaTyphI B ;n:ttana3oHe OTPHU:aTeJibHhIX 3Ha-
1IeHHH Ha6nro;n:aeTCSI He6onhmoe ysenn'!eHtte ;n:ntt
HhI 3a C'!eT Toro, 'ITO 'IaCTb CBSl3aHHOH BO:U:bl 3aMep-
3aeT nptt TeMnepaType HH2Ke 0 °C. 

Kor;n:a 06pa3eu: Bh1;n:ep)Knsanrn npn TeMnepa
Type OKOJIO -18 °C B Te'!eHne 27 'I, Ha61110;n:aJIOCb 
He60JibIDOe COKpam;eHne no :U:JIHHe, 'ITO M02KeT 6hITb 
CBSl3aHO c nccymeHHeM MeJIKHX nop, H3 KOTOpbIX 
He3aMep3maS1 so;n:a MttrpnpyeT K KpncTaJIJiaM Jih;n:a, 
¢opMnpyrom;ttMrn B 6onee KpynHhrx nopax. Ilpn 
HarpeBaHHH H3MeHeHHSI npOHCXO,!J;SIT c o6paTHbIM 
3HaKOM. 

Ha pnc. 4 noKa3aHo nose;n:eHne npn npoMep-
3aHnn TaKoro 2Ke 06pa3u:a, HO co cTeneHbIO so;n:oHa
Chlm;eHnSI TOJibKO 86 % ' TO eCTb HH2Ke, 'IeM CTeneHh 
KpHTH'IecKoro Hach1.m;eHHS1. KpnBhie Ha6y~aHHSI OT
JIH'IaIOTCSI OT TaKHX )Ke KpHBblX Ha pnc. 3: Ha6JIIO
;n:aeTCSI orpaHH'IeHHOe Ha6yxaHne H TOJibKO B ne
pno;n: cym;eCTBOBaHHSI HyJieBOH 3aBeCbl. Ilocne 3TOro 
o6pa3eu: coKpam;aeTrn no ;n:nttHe B pe3yJihTaTe Tep
Mn'Iecr<oro C)KaTnSI, a TaK)Ke Mnrpau:ntt He3aMep3-
mei1 BO:U:bl OT MaJieHbKHX nop K 6oJibillHM' K 3TOMY 
MOMeHTY y)Ke npoMep3IDHM, H K 6oKOBOH nosepx
HOCTH U:HJIHH;n:pa, KOTOpaSI nepBOH BCTpeqaeT cPPOHT 
npoMep3aHHSI o6pa3u:a H n03TOMY SIBJISleTCSI 6onee 
xono;n:Hoii [Prick et al., 1993; Pissart et al., 1993; 
Prick, 1995 ]. 3TOT npou:ecc aHanorn'IeH ¢opMn
posaHnro cerperau:ttoHHoro Jih;n:a B noqse, OH tta-
61110;n:a11cS1 H B ;n:pyrnx na6opaTOpHbIX onbITaX 
[Hallet et al., 1991 ]. 3TO oco6eHHO 'IeTKO npOSIB

JISleTrn B 06pa3u:ax Breze, ;n:JISI KOTOphrx xapaKTepHo 
3aKynopnsaHne nop, KaK y)Ke 6b1JI0 onncaHo Bhime. 

CoKpam;eHne 06pa3u:a H3BeCTHSIKa no;n: ;n:eiicT
BHeM BbICymttBaHHSI npn noCTOSIHHOH nOJIO)KHTeJib
HOH TeMnepaType y)Ke nccne;n:osanoch c noMO.m;hIO 
;n:nnaToMeTpa X::iii:MCOM n ;n:p. [Hames et al., 1987], 
KOTOpbie noKa3aJIH' 'ITO MaKCHMaJibHOe H3MeHeHne 
;n:nnHbl nponcxo;n:nT, Kor;n:a so;n:a ocTaBJISleT MeJIKne 
nopbl. 3TOT ::i¢¢eKT Bbl3BaH B ;n:aHHOM CJiy'Iae 
npoMep3aHneM Heso;n:oHachrm;eHHOro nopncToro Ma
TepnaJia. 

B 3aKJII01IeHne OTMeTnM, 'ITO 3Tn 3KcnepnMeH
ThI no;n:qepKHBaJOT Ba2KHYIO poJib BJia2KHOCTH B MO
P03HOM BbIBeTpnBaHHH H noKa3bIBaIOT' KaK Ba)KHO 
onpe;n:eJISITb CTeneHb KpHTH'IeCKOrD HaChrm;eHHSI. 
Ha6yxaHne BJia)KHhrx 06pa3u:os nMeeT MeCTo TOJih
KO B ycnoBlrnx BhICOKoro Hachrm;ettnSI n 6hrCTporo 
OXJia)K;n:eHHSI, KOTOpoe ycHJIHBaeT BJIHSIHHe yse-
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A. flPI!K 

JIHtiemrn o6heMa rrpu rrepexoAe BOAhI B JieA. 3Tl1M 

o6'b5ICH51eTC51 MOp0306oll:Hoe pacTpeCKIIBaHHe IIOPOA 

[Letavernier, Ozouf, 1987]. I1p11 Hl13KHx ypoBH51X 

Hachlru;emrn (ll'ro qaru;e BCTpeqaeTC51 B ecTeCTBeH

Hhix ycJIOBH5IX) 3TO Ha6yxaHHe MaJI03aMeTHO " 

o6hilIHO rrpOIICXOAHT C)KaT11e 06pa3u:a. 3TO MO)KHO 

o6'b51CHHTh M11rpau:uell: He3aMep3mell: BOAhI BHYTPH 

IIOpHCTOro MaTepuaJia' rrpHBOA51ilieH K uccymeHHIO 

6oJiee MeJIKHX rrop " ¢opMHpoBaHHIO JIHH3 JibAa 

B6JIH3H IIOBepxHOCTII. 3TO rrpHBeAeT K Bbl

BeTpvrnaHHIO o6pa3u:a B pe3yJihTaTe [Letavernier, 
Ozouf, 1987], a He B CB513H c BhICOKOH CTerreHhIO 

HachiilieHH51 H 6hrcTpbIM oxJia)KAeHHeM. TaKHM o6-

pa3oM, pacKaJihIBaHHe IIOPOAhI, BHAHMO, AOBOJibHO 

peAKHH BHA BbIBeTpHBaHH51 B reOMOPcPOJIOrHH, KaK 

Apyrue aBTOphr y)Ke rrpeAIIOJiaraJI11, B03MO)KHO, l!TO 

poJih yBJia)KHeHH51 " uccymeHH51 MO)KeT 6hrTb 6oJiee 

3HalIHTeJihHa, tieM rrpeAIIOJiaraJIOCh AO cux rrop 

[White, 1976 ]. 

,D;onOJIHHTeJibHble ,[1,0Ka3aTeJihCTBa 

MHrpau:uH He3aMep3UieH B0,[1,bl 

B Mep3JIOM COCT051HHH HeKOTOphie o6pa3U:hI 

Breze 6hIJIH rrocJioll:Ho pa3pe3aHhI aJIMa3Holl: rruJioll: 

B MOp03l1JibHOH KaMepe fJI5IU:HOJIOrl1lleCKOH Jia6opa

TOpl1H BpIOcceJibCKoro YttuBeprnTeTa. U:eJihIH 06pa-

3eu: 6hJJI pa3pe3aH Ha MeJIKHe KYCOlIKH pa3MepoM OT 

1 CM3 " MeHee, KOTOpbie 6bIJIH B3BemeHbI IIOCJie 

rrpoMep3aHH51, a 3aTeM BhrcymeHhI rrpu TeMrrepaTy

pe 50 °C H 3aTeM IIOBTOPHO B3BeIIIeHbI AJI51 orrpeAe

JieHH51 BJia)KHOCTH. TipeABapuTeJihHOe HCIIbJTaHHe 

rrepe,[1, OXJia)KAeHHeM 6hIJIO rrpoBeAeHO AJI51 TOro, 

l!T06hr y6eAl1TbC51, l!TO pacrrpeAeJieHHe BOAbI B 

06pa3u:e rrepeA rrpoMep3aHueM - paBHOMepHoe. Ha 

puc.5 IIOKa3aHbl l130JIHHHH BJia)KHOCTH IIOCJie rrpo

Mep3aHH51 AJI51 Bcero pacrr11JieHHOro 06pa3u:a Breze, 

KOTOpbIH AO rrpoMopa)KHBaHH51 HMeJI CTerreHb HaCbI

IIIeHH51 7 5 % . 1-laCTb BOAbI MHrpupoBaJia OT u:eHTpa 

o6pa3u:a (rAe K03cPcPl1U:HeHT BOAOHaChiilieHH51 IIOCJie 

rrpoMep3aHH51 COCTaBHJI 45 % ) K 6oKOBOH IIOBepx -

HOCTH: OTHOCHTeJihHa51 BJia)KHOCTb 3AeCb IIOCJie npo

Mep3aHH51 OKa3aJiaCb 6oJiee 85 % . JleA B OCHOBHOM 

o6pa3oBaJIC51 BHYTPH nopttcToro MaTepuaJia, a He Ha 

IIOBepxHOCTH 06pa3u:a. 

IlPMMEHEHME 3TOro METO,D;A 

B IlOJIEBblX MCCJIE,D;OBAHM5IX 

ll,eJib HCCJie,[l,OBaHHSI 

KaK y)Ke IIOAtiepKHBaJioCb BO BBeAeHu11, BOII

poc, 51BJI51eTC51 JIM B03AelicTBl1e MOp03a orrpeAeJI51-

IOilIHM ¢aKTOpOM BbIBeTpHB3HH51 B XOJIOAHbIX pe

rHOHax, Bee eIIIe He pemeH. Ha AaHHOM ypoBHe 

3HaHHH Jiyqmull: rryTh rrorrbIT3ThC51 pemHTh Borrpoc 

0 B03AeHCTBHH MOpo3a - 3TO o6'beAHHHTb HeCKOJib

KO Jia6opaTOpHbIX HCIIbITaHHH c IIOJieBbIMH HCCJieAO

B3HH51MH B pall:oHaX, xapaKTepu3yeMbIX 6bICTpbIM 

pa3pymeHHeM BbIXOA51ilIHX Ha IIOBepXHOCTb IlOPOA. 
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IlJIACTMACCOBOE 
OCHOBAHllE 

P11c. 5. CeqeHHe QHJIHHAPHqecKoro 06pa3u:a nopo

AhI Breze nocJie npoMep3aHH51 c H30JIHHH51MH KO

::icpcpuu:»eHTa BO,[l,OHaChIIIJ:eHH51 qepe3 5 % ; CTerreHb 

BO,[l,OHaChIIIJ:eHH51 nop0,[1,bl AO npoMep3aHH51 7 5 % . 
(Ilo,L1,po6Hee - B [Prick, 1995]). 

OchmHhre CKJIOHhI I1JiaTo MayHTHH (A.nh6eprn, 

KaHaAa) II03BOJI51IOT ycnemHo rrpttMeHHTh TaKHe 

3KCrrepHMeHTbI B IIOJieBhIX HCCJieAOBaHH51X. 0CbIIl

Hbie CKJIOHbI ropa3AO 6oJihIIIe pacrrpoCTpaHeHbI B 

3THx MecTax, 'IeM rAe-Jiu6o eIIIe B CKaJIHCThrx 

ropax IOro-3arraAHOH A.nh6epTbI, rAe Ha noBepx

HOCTb Bb!XOA51T H3BeCTH51KH Toro )Ke B03pacTa. ,D;JI51 

3THX rop xapaKTepHO pacrrpocTpaHeHHe peJIHKTOBOH 

Mep3JIOTbI, HCCJieAOBami:eM KOTOpoll: 3aHHMaeTC51 

C . Xappuc (1997). IlJiaTo MayHTHH npeACTaBJI51eT 

co6oll: IIOJioryIO aHTHKJIHHaJib, CJIO)KeHHYIO cy6ro

PH30HTaJibHbIMH CJI051MH ocaAOl!HbIX rropoA Kap6o

Ha, rJiaBHbIM o6pa30M H3BeCTH51KaMH " AOJIOMH

TaMH. 06Ha)KaIOilIHeC51 IIOPOAbI 51BJI51IOTC51 HCTOl!

HHKOM o6JIOMOlIHOro MaTepuaJia Ha CKJIOHax . LJ:o

CTYIIHOCTb H3BeCTH51KOB AJI51 l1CCJieAOBaHH51 6hrJia 

OlleHb Ba)KHa, TaK KaK 60JibillHHCTBO MeTOAOB H3Me

peHH51 MOp03HOro B03):(eHCTBH51 pa3pa6aThIBaJIHCb 

AJI51 H3BeCTH51KOB. HacKOJihKO HaM H3BeCTHO, 3TO 

nepBbre uccJieAoBaHH51 TaKoro poAa B CeBepHoll: 

AMepuKe. 

IlepcneKTHBbl HCCJie,[l,oBaHHH 

1lTo6hI rrpoBepHTb, MO)KeT JIM OAHO MOp03HOe 

B03):(eHCTBHe pa3pyIIIHTb TaKoe 6oJibIIIOe KOJIH'-IeCT-



JJAEOPATOPHOE OJIPE/I,EJIEHJfE KPJfOI'EHHOI'O BblBETPJfBAHHfl 

BO H3BeCTH5IKOB, 6hIJia npoBe,n:eHa Oll,eHKa npoII

H CTH ABYX pa3JIM1IHbIX ¢au:Mii: rropo,n:hI B IIOJieBbIX 

a6opaTopHhrx ycJIOBM5IX. TaK KaK Heo6xo,n:MMO 

o porno 3HaTb cPM3MIIeCKMe xapaKTepMCTMKM rropo-

;n,i: ,ilJI5I ofrMICHeHM5I npou:ecCOB, npoTeKaIOilIMX npM 

ep3aHMH, 6hIJia M3MepeHa nopMCTOCTb 3TMX M3-

IDIKOB c IlOMOilibIO PTYTHOro rropoMeTpa B reo-

• OJiorMIIeCKOM UeHTpe B KaHHax (<!>paHU:M5I). 

HecKOJihKO o6pa3ll,OB 6bIJIO ,n:ocTaBJieHo B 

p B ceHT516pe 1996 r. Hx nopMCTOCTb (M3Me

B BaKyyMe) M Mx MO.D:YJIH IOHra 6y,n:yT 

eHhI CHOBa BeCHOH M oceHbIO 1997 r . .D:JI5I Toro, 

, bl paBHHTb pa3JIMIIMe 3MMHero M JieTHero BbI

"'-'-'~l'U.<>aJilUI. D,eii:CTBMTeJibHO, B03MO)l(H0, IITO IIailie 

JKe IlOBTOp5IIOilIMHC5I e)l(e,n:HeBHbIH HOIIHOH 

B TeIIeHMe JieTa MO)l(eT 6hITh 6oJiee pa3 -

·~-w'""""•-rP:ieH ITO OTHOIIIeHMIO K 3TMM nopo,n:aM, tieM 

"IXEITeJibHOe 3HMHee npoMep3aHMe, TaK KaK 

- ,,. p a3U:bI IIaCTO IIOKpbITbI CHeroM. 

,;ia6opaTOpMM IIOBe,n:eHHe 3TMX nopo.n: npH 

}':::.:E!KB:eHHH H MCcymeHMM npM IlOCT05IHHOH TeMITe-

II. mmaJIOCb ,n:MJiaToMeTpMeii: [Hames et al., 
rroTepe Beca M Mo,n:ymc IOHra. Kor,n:a 

51 BJIM5IHMe Mopo3a, 6oJibIIIOe 3HaIIeHMe 

IIhlTbI ITO yBJia)l(HeHMIO M MccymeHMIO. TaK 

OIIbITbI c npoMopa)l(MBaHMeM M OTTaM

blIIOiIH5IIOTC5I c BJia)l(HbIMM o6pa3u:aMM, TO 

---~"""""oAU!UlO 6hIJIO 6hr pa3,n:eJIMTb B03,n:eii:CTBHe BJia

o.n:y OT ,n:eii:CTBMTeJibHOro B03,n:eii:CTBM5I 

C:::.~.;EJIIleHIDI BO.D:bI B Jie,n:. 

Hb KpMTMIIeCKOro HaCbiilieHH5I 6y,n:eT OIT

IIOMOilibIO arrrraparn Grindosonic. Ha 

3THX pe3yJihTaTOB B Jlhe)l(CKOM YHM

(E e;-ihrM5I) 6y,n:eT BbIIlOJIHeHa .D:MJiaT0-

1 )Ke o6pa30M, KaK OIIMCaHO B 3TOH 

p ecHa5I IIaCTb MCCJie,n:oBaHMH - 3TO 

eJibIIaeMOCTh. OHM cocT05IT B ou:eHKe 

06pa3u:a B 3aBMCMMOCTM OT KOJIMIIeCTBa 

M ep3aHM5I M OTTaMBaHM5I M ycrremHO 

e=;;;;:;.::lli:ilOB iIHCb B MCCJie,n:oBaHM5IX paHee [Leta
li.P\:-rll'--. Ozouf, 1987]. TaKMe MCnhrTaHM5I BbinOJIHe

a3Jilfl!Hhrx TeMnepaTypax B KaJirapM (B 

.::=:::;;;::30.He 20 °C M - 20 °C), KaHHax (B ,n:Mana3oHe 

-5 °C) M Jlbe)l(e (B ,n:Mana3oHe +3 °C M 

IIpen,sapMTeJibHhre pe3y JihTaTbI 

11 0611aCTb npHMeHeHHR 

Bbi e pe3yJihTaTbI no,n:tiepKMBaIOT MaJiyIO 

Beca B M3BeCTH5IKax, no,n:BepraBIIIMXC5I 

~;e;Jif:sH t>ry ll,HKJIY rrpoMep3aHM5I I OTTaMBaHM5I B 

:-z::~:soH T eMIIepaTyp +20 °C M -20 °C. Bo3MO)l(

- - _TH rrpon.ecchl, TaKMe KaK CHlITHe ,n:aBJieHM5I, 

a 3bIBaTb HeKOTopoe B03,n:eii:CTBMe Ha 3TM 

reo OrHIIecKa5I MCTOpM5I KOTOpbIX BKJIIOIIa

'="'P'lllipOBaHHe CKJia,n:IIaToCTH CKam1cThrx rop B 

~5Y,.Thrare CTOJIKHOBeHM5I npw6pe)l(HbIX ITJIHT 

C Bepo-AMepMKaHCKOii: nJiaT¢opMbI. Hx rro

~cn>cr:& KpaliHe HM3Ka5I (0,38-1,22 %). B cooT-

BeTCTBMM co IIIKaJiaMM IIYBCTBMTeJibHOCTM, ycTaHOB

JieHHbIMM ,n:pyrMMM aBTopaMM [Letavernier, Ozouf, 
1987] M HaIIIMMM npe,n:hI.D:YilIMMM pa6oTaMM [Prick, 
1997], M3BeCTH5IK c TaKOH HM3KOH IIOpMCTOCTbIO He 

IIYBCTBMTeJieH K rrpoMep3aHMIO. 

Ll,MJiaToMeTpMIIeCKMH MeTo,n:, o6'be,n:MHeHHbIH c 

M3MepeHMeM KPMTMIIeCKOH CTerreHM HaCbiilieHM5I -

3TO xopornMii: crroco6 ou:eHMTb IIYBCTBMTeJibHOCTb 

rropo,n: K npoMep3aHMIO, Ha6JIIO,n:aTb MX IIOBe,n:eHMe II 

orrpe.n.eJIMTb, KaKOH BHJl. MHrpall,MH BO.D:bl MMeeT 

MeCTO. 0,n:HaKO HaIIIa 3KCnepMMeHTaJihHa5I MeTO

.D:HKa M pa3Mep HaIIIMX o6pa3U:OB II03BOJI5IeT HaM 

TOJibKO Ha6JIIO,n:aTb pa3pyIIIeHMe M MaCIIITa6 BbI

BeTpMBaHH5I. CyilieCTByeT ,n:pyroH: TIIII Mopo3Horo 

BbIBeTpMBaHM5I: paCKJIMHMBaIOIIIee B03Jl.eHCTBMe BO

.D:bI, rrona,n:aIOilieH B TpeilIHHbI M rrpM 3aMep3aHIIII 

pa3pyrnaIOilieii: MX [Letavernier, Ozouf, 1987]. 3TOT 

rrpou:ecc, B03MO:tKHO, OIIeHb IIIMpOKO pacITpOCTpa

HeHHbIH KOMIIOHeHT BbIBeTpMBaHMlI B ecTeCTBeHHbIX 

ycJIOBII5IX. OH II3yIIaJIC5I M Mo,n:eJIMpoBaJIC5I B Jia6o

paTOpMM [Davidson, Nye, 1985; Tharp, 1987; 
Matsuoka, 1995 ]. B HaCT05Iiliee BpeM5I Mb! Tex

HMIIecKM He MO:tKeM rrpoBepMTb 3HaIIeHMe 3TOro 

rrpou:ecca M cpaBHMTh c pe3yJihTaTaMn: Mo,n:eJIM

poBaHM5I, HO 5ICHO, IITO OH MO:tKeT HrpaTb Ba:tKHYIO 

poJib B OTKaJihIBaHIIM ¢parMeHTOB rropo,n:hI B IlOJie, 

oco6eHHO B cJiyIIae IIJIOTHbIX M3BeCTH5IKOB c HM3KOM 

rropMCTOCTbIO [Matsuoka, 1995 ]. ' 
EcJIM HaIIIa pa6orn rro,n:TBepJl.MT npe,n:BapIITeJib

Hhie pe3yJihTaThl, IIOKa3bIBaIOilIIIe CJia6oe yIIaCTMe 

npoMep3aHM5I B BbIBeTpMBaHHM 3TMX II3BeCTH5IKOB , 

B Harneii: CJie,n:yIOilieH pa6oTe MbI IIOCTapaeMC5I 

HaHTII ,n:pyroii: rrpou:ecc , o6'b5ICH5IIOilIMH 3TO 5IBJieHMe. 

BbIB0.11.hI 

Pa3pa6oTaHHbiii: Jia6opaTOpHhiii: MeTO,n: o 6'he

.D:MH5IeT Jl.MJiaTOMeTpMIIeCKMe M3MepeHM5I B TeIIeHMe 

U:MKJia rrpoMep3amrn/ OTTaMBaHII5f M ou:eHKY CTe

rreHII KpMTMIIeCKOro HaChiilieHH5I. 3To MO:tKeT ,n:aTb 

u:eHHYIO MHcPOpMaU:MIO npM MCCJie,n:oBaHMM MOp03HO

ro BhIBeTpMBaHMSI M orrpe,n:eJIMTb pa3JIIIIIHhre npo

u:eccbJ' yIIaCTBYIOilIMe B MOp03HOM BbIBeTpMBaHMM B 

ecTeCTBeHHbIX yCJIOBM51X. 113yIIeHIIe OCbIIlHbIX CKJIO

HOB IlJiaTo MayHTMH rrpe,n:CTaBJI5IeT MHTepec B Ka

IIeCTBe rrpMMeHeHII5I Jia6opaTOpHbIX MeTO,n:OB B ITO

JieBbIX MCCJie,n:oBaHM5IX. Mbr Ha,n:eeMc5I, IITO 3Ta pa-

6oTa npIIBHeCeT HeKOTOpbie HOBbie 3JieMeHTbI B 

peIIIeHIIe Ba:tKHOro Borrpoca: TaK JIM IIaCTO MOp03HOe 

BbIBeTpHBaHne yIIaCTByeT B ¢opMnpoBaHHM reo

MOPcPOJIOrHIIeCKOro o6JIMKa XOJIO.D:HbIX perMOHOB 

[Hall, 1995] . 
.5I Bbipa:tKaIO rJiy6oKyIO npH3HaTeJibHOCTb 

rrpo¢. A. IlMccapy 3a rroMOilih M coBeThI B Jia6opa

TOpHoii: pa60Te n rrpo¢. C. Xappncy 3a noMOilib M 

o6ocHOBaHMe IIOJieBbIX MCCJie,n:OB3HHH. 5I TaK:tKe 

6Jiaro,n:apIO ,n:-pa Ll,:tK.-K. 03oy¢a H3 feoMOPcPOJIO

rtttieCKOro n.eHTpa B KaHHax, rrpo¢. P. CoyIIe3 a M 

.n: - pa Ll,:tK. JI. TMcoHa M3 YHMBepcHTeTa Eprocc eJI5I. 
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