EONIKO KAI KAMOAIZTPIAKO NANENIZTHMIO AGHNQN
TMHMA TEQAOTIAZ KAI TEQMNEPIBAAAONTO2
TOMEAZ TEQOYZIKHZ — TEQOEPMIAZ

OEPMIKO KAOE2TO2 kat OEPMIKE2
AIEPTA2IE2 oto E2QTEPIKO TH2 TH2
[ew-Ogpuoduvapkn-I|



Outer Core

- , : y )i’\"\ |
(Boehler, 1996)
Inner Core




Por Ocgudtnrag

H Bepuotnra peet mpoc ta
£C0, LaKpLaL 0o Tr) Beppn)
E6OTEPIKT TEPLOYN THE NG,
EYKAPOLOL TTPOC TN KO
emgavelo mg. O pecog
pubpog eivat mepimov 0.08
W/m’, mov 1odvvapet e 1.9
x 10° cal/em’/s HFU.



H Oepuotnta nov ¢ptavel otnv emipavela tng Me mpoEpxetot
OLTtO TO ECWTEPLKO TNC Ka artd tov HAuo.

-

«,‘?’,. ,ﬂ ~Zx1017w
'-(‘

S Ao,
H Gspp.omta nou anoBaMst n  ano to EO'w'tEleO ¢ eivat:

~44 x 10*? W

2xedbov TO ouvo)\o ¢ Oepuotnrag mou ¢raver amd Ttov ‘HAwo
enavaktivoBoAsital oto draotnua kot kaBopilel puoka pawvopeva mou
ocupBaivouv kovta otnv emidpaveia tng Mng.

~~

ST RN

Bpoyomtooels, KAipa, amtocadpmaon TETPORATOV, KAT.




H pon Oeppotntag ard to ecwtePLKO TNS NG eivat auti mov kabopilel Kol GUVOEETAL e
TO GUVOAO TWV YEWSUVAULKWY SLadilkaolwv, Onwc:

The Earth’s Magnetic Field

- N OElOUOYEVEDN

- N naLoTeLoTNTA

-T0 payvntiko niebdio tng Nng

- Ol TEKTOVIKEG KLV OELG
g’c

" o i
Continent Ooean floor Cean ,/Oo Continent
Rock : Rock
cools cools
Cold
rock sinks

Cold
rock sinks




A 2 MuOayopac:
«Kevtpkov nmup»

[MYOAIOPA2 ,




To eowTepikd TNC 'ng, 0w TOo avarapéoTnoe ypd@ika Tov 17° aiwva, o lMNeppavog
@IA0ooWoC, Hadnuartikoc Kai wuoikoc Athanasius Kircher.




O Kelvin (1862) Bacwlopevog otnv
unte0eon otL n ' PuxeTaL cUVEXWC
Adyw amnoPfoAng Oeppotntog e
oywyn, mpoonadnoe va
umtoAoyioet tnv nAwia tng ng.

S

Mn amodektA TR, KUpiwg Aoyw:

- Aladoon Beppotnrag pue petadopa

- ZnHavtikn cURBOAN TG
padLEVEPYELOG OTNV TTapaywyn
BeppoTNTOG OTO ECWTEPLKO TNG NG

william Kelvin



Quolkég moootNTeC IOV adopouV TIC BepuLkES Sladlkaoiec 0to eowTePLkO TNC MNC elvat
Katd KUpLo Aoyo n Bepupokpaocia, n Oeppofaduida, n pon Beppdtntag, n mapoywyn
OeppoTnTOC KOL N EVTIPOTILAL.

>H Beppokpacio petplétal o Babuol¢ Kedoiou, °C, | o Babuoug Kelvin, K (amoAutn
Bepuokpaoia) kot LoxveL n oxeon K =°C + 273.16.

15-25 °C otnv emudpavela tng 'ng

0 °C otoug MUBEVECS TWV WKEAVWV

5000-6000° C oto kévtpo tng 'ng




H OEPMOKPAZIA TH2 TH2
Hneipwtikog "‘Ewg 600°C

Aoclsvéopaipa 600 - 3000°C

6370 Km aktiva

. — 4

Kat, Mavbuiag

Mavbuag

ESwrt.

Mupnvag
= 3000-6000°C

Eowr,

Mupnvag



>H OeppoPadpida ekdppalel tn petaPfoln tng Beppokpaociag ava povada prkouc (Babouc)
Kol LeTpLETal og K/m.

H kotakopudn Beppofobuidba €xel pio peon tun 0.02 K/m (=20 °C/km) kovta otnv
emupavela tng Mg Ko PKeTa pkpotepn Babutepa otn Mn.

>H Beppotnta, Q, eival pia popdn evépyelac kot yU auto petpletal os Joule (J) oA kal og
Oepuidec, cal (1cal=4.18)).

H pon Ogppotnrag ava povada xpovou HeTpletal os Jsec?, dnAadn oe Watt (W) ko n
OUVOALKN Beppotnta tou Xavel n M ava dsutepolemnto sivat ~44x1012 J (loxUc 44x1012 W).

>H pon Bgppotntac, g, ava povada xpovou Kol povada smidavelag petpleétol oe W/ m?2
(Watt ava tetpaywviko HETPO) 1 o€ urtodlatpeoelc tne (ouvnBwe oe mMW/m?2 = 103 W/m?2).

>H napaywyn Osppotntag, A, sival n Bepudtnta mMOU MAPAyETAl ava povada Xpovou Kot
novada oykou (] povada padog) tov UAWKoU Kat petptetat oe W/m3 (n W/kg).
EVOEIKTIKEC TIHEC Tou A gival 2.5uW/m3 oto ypavitn kat 0.5uW/m3 otov aAkoAL-BaodATn.

>H evtpormia, S, amoteAel HETPO TNC EVEPYELAC EVOC OWMATOC N ormola de pmopel va
XpnotpomnolnBel yla tnv mapaywyn €Ewteplkol €pyou. H evipormia cuvnBwc opiletol HEow
¢ HeTaPoAng tng, AS=AQ/T, kata tn SLapkela piog BepULKAC HETABOANG EVOG CWHATOC, WG
0 AOyo¢ tn¢ petaBoAnc tng Oepuotntdc tou Sl tnC Beppokpaocioac tou. H evtpomia
netplEtat o JK(Joule ava Babuo)



Napdpetpot mov adopouv Tig OepULKEC LBLOTNTEC TOU UALKOU TnG 'NC:

o) O ocuvteAeot¢ Oepukng aywytpotntag, k, mou ekppdlel tn pony Oepuotntog He
aywyn HEoa o€ €va UALKO ava povada xpovou, pRkoug Kal Pabuo Bepuokpaocioc ko
HetplEtal o W/(meK) (Watt ava pétpo kat ava Babuod), SnAadn:

dW = Z—? kdldT (4.1)

B) H b1k Beppotnta, C, mou ekdppalel Tn BepUoTNTA TTOU ATIALTELTAL WOTE it povada
Hadac evoc UALKOU va auénoel tn Bepuokpacia tng katad pia povada. H avénon auvthn
Wropel va yivel unto otaBepn mieon, onote n ek Beppotnta cupPoAiletal wg C, n
Sdlatnpwvtag otaBepo tov Oyko omote n €Ok Bepupotnta cupPBoliletatr wg C, Kot
netplEtal oe Jkg k-1, Snhadn:

-3(F) w3,
m\ol /o m (ol ), '

o, -H®) Le(B)
mioTl ,, m \JaT ),



Y TIoU opileTal wg:

K

K=——
PCo

(4.4)
Kol EKPPALEL TNV LKAVOTNTO TOU UALKOU Vol aroBAaAeL BeppotnTa Kol LETPLETAL OE M?/s.

) TOU UALKOU 0 omoio¢ ekppAlel TNV OVNYUEVN
LETOBOAN TOU OYKOU TOU UALKOU ava povada Bsppokpaociog Kat petpletal os K1, dSnAadn:

1(oV
Aa=—| — (4.5)
viaT ),

k (W/(m*K)) Cp (T kg 'K

PL010C 3.0 1.0x10°
Mavévac 7.0 1.3x10°

ITvpijvog 0.7x10° 0.9x107

Méoeg TLHEG TOU ouvteAeot Oepikng aywytpotntag, k, tTng eldkng Oeppotntog und otabepn
nieon, C,, Tou ouvteAeoth duaxuong, K, kat tou cuvteleotr) Beppikrig SlactoArg, a, oto PpAoid, To
pavévua ko Tov mupnRva tng ng.



@¢epuIk AywyiyoTtnra

O puBudc yetaddoanc (aywyn) Tng BepuOTNTAC NECW
NG NG €ival eCaIPETIKA apyog JIOTI T TTETPWHATA KAl
TA YEWUAIKA YEVIKOTEPQ, €iVal BEPUIKOI JOVWTEG.

e H Bepuikn evépyela TTou TTapdayeTal atrd padleEvEPYEIQ OE

BABN peEPIKWY EKATOVTAdWY Km atraITei TTEPICCOTEPA
a1 4.600.000.000 xpovia va @Bdaoel oTnv €TTIPAVEIQ
(TrepitTrou 600 Kal n nAIKia TS 'ng)!
H OgppuIK ayWYIHOTNTA TWV OTEPEWYV, AV KAl
EAAXIOTA ECOPTWHMEVN OTTO TNV TTiEON, EAQTTWVETA
QPKETA AUEaVONEVNE TNS BEpuoKpaaiag.

E&aipeon amroteAouv Ta UAIKG TTOU TAQUTOXPOVA Eival
KAl NAEKTPIKOI HOVWTEC (TT.X. Ta KpuaTaAAika
meTpwHarQ), N BEPUIKA aywyiuoTNTa TWV OTTOIWV
augdveral OpaoTIKG Ye TNV Bepuokpaaia, ~T3.

O Kupiapxo¢ PNXavioNog ueTadoong TnG BepuoOTNTAC
o€ TETOIO UAIKA KQI OUVONKEG €ival N BEpUIKA
(utt€PUBPN) akTivoBoAia.

99099
9-90-90-9
'6*00 Q

THE,&HT © www.gcse.com

OepMIKA AaywyINoTNTA K
Movddec : W m1°C1
TUTTIKEG TIMEG:

Apyupog 420
["uaAi 1.2
MeTpwuara 1.7-3.3
=UAoO 0.1



Pon Bepudtntac ovopdletol n moootnta tne Oeppdtntac Q mov MEPVAEL ANO (La
oplopévn emudavela, S, kKabBetn npog tn SievBuvon dddoong, HEoA OE OPLOUEVO
Xpovo, t.

H pon Osppotntoc petpteton o W/ m?

S Q(z+52)




H Ogppotnta pécL ano pia Oepun o pia Ppuxpn neploxn

pon Oepuotntag

Wuxpn

nepLoXn




H ponl Ogppdtntoc amod 1o eowtePLKO tTNG g, pmopei va ekppaoctel anod tn
oxéon:

oT
q=-k— (4.6)
0z
Ikavotnta EVOG pEoOU
omou k givall 0 cuVTEAECTNG OEPULKNAG Y WYLHLOTNTOG va petadépet

Oeppotnta

kot 0T/ 9z sival n katakopudn Osppofaduida

KPYO Por) Ogppuotnrag, q

Por) Beppotntag, g, and Bepun o Puxpn mMEPLOXN TIOU améXouv amootaon dz kat €xouv dtadopd
Bepuokpaoiag dT, yia UAKO HECO e ouvteAeoT BepUKAC aywyngc, k.



H Sepuuikn aywyuotnta oto EoWTEPLKO TNE NG

O ouvteAeotng Oepukng aywypotntag, k, otov pAold kot kovtd otnv enipaveia
™G MG HeTpLETAL OTO EpyaoTthpLlo o deiypata UALKOU 1 ot O€oelg mou Bpiokovtal
o metpwpata otn duvon. O cUVTEAESTNG AUTOG EAATTWVETOL OTaV aAUAVETAL h
Oeppokpaoia TWV MEPLOCOTEPWV TTETPWHATWV.

MNeTpwpara OepMIKA AYWYINOTNTO
(W/m °C)

Expntvevi
Gnparoyevn

Méoec TLHEG amo Jessop, 1990




zmv mﬂ — n Oeppotnta Stadidetat pe: -aywyn

-aKTvoBoAia

‘Exel SewxOel MeEpOpATIKA OTL OTA TETPWHATA YiveTa -BLeyepon twv atopwy

diadoon Oeppotntac kot ME aktvofoAia oOtav n -peradopd
Oeppokpaocia untepPel pLa opltopévn tun (= 300° C).

2UVOALKOG ouvteAeoTAG Oep kG aywyLpotntag, k, og oplopévo Badog péca otov
pavéva, opiletal we to abpolopa Twv:

»>€VEPYO cuvteAeatr Beppikng aywylpotntag Adyw Stéyepong tTwv atopwy, k,




Evepyoc ouvteAeoTC OEPpLKAG aywyLHoTnTog AGyw aktivoBoAiag, kr:

_16n°0T*?
r 3¢

K

EvepyOG CUVTEAECTAC AyWYLHOTNTAC AGYW SLEYEPONG TWV ATOUWY, ke.

—E/KT

(Lol TOV ITUPNVOL,

T = andAvutn Sepuokpacia
K = otadepa Boltzmann

A = oUVTEAEDTHG NAEKTPLKNAG
aywyluoTnTag

Nopo¢ Wiedemenn-Franz e = (poptio Tou nAektpoviou




Oepuofaduida ovopaletor n petaBoln tng Ospupokpaociac ava povado HRKoug
(BaBouc) kat petpiétal os BaOpoug/ m.

H katakopudn Oeppofaduida kovtd otnv emidpaveila tng Mg €xet

pEon Tt 20° C/ km

2tnv énpd, n Katakopudn Oeppofaduidba pmopei va umoAoylotel ME TNV
HETPNon tng Oeppokpacioc os ditadopa Badn péoa oe mMNyAdla | 6 MUPHVEC
VEWTPAOEWV.

g YEWTPNON

. ) q > T,
Ztov PpAoiLd TG 'ng, n TN Tng .
Katakopudng OsppofaOuidac kupaivetol . T,
petaéV 10° C/ km kot 80° C/ km k T,
. T5 2



Me Bdon Tig peTPoelg tnG OcppoBadpidag kat tov ocuvteAeotr) OpULKAC
OLYWYLHOTNTOC OTOUC MUOUEVEC TWV BaAaocwv Kol OTLE NITELPOUC, £XoUV UTTOAOYLOOEL
TLOAAEG TLUEG TNC pon¢ OeppdTnTac.

Méon TIUR TS pon¢ Beppotntag, g = 65 mW/m?

ZuvoAikn pon Bgppdtntac oe 6An tnv emupaveia tng Mg = 34 x 1012W

Ot MeTpOUMEVEC TIHEC TNG PONC Oeppotnrac
nopovolalovv cpaipota ntov opeilovrat:

Aweioduon
OaAdocolov
edadikol vepou
OE PWYMEG TOU
$Aolov

KALpLOTLKEG
aAAayéG otnv
emudpaveira tneg Nng




10 x 1012 W

QOKEANIOX ®AOIOX

MAIMA



Wéq aAAayec emnpealouv enionc T pon Gspp.:i?ntaq

P %

o€ p.sva{xnpw diaotnua.

%ﬂ&howu MEXPL HEYAAa Badn kot

H peyaAn diapkeld tng eixe wg anors)\soya 1411
KOLTAL GUVETIELOL TNV LELWON TOU KAWVOVLKOU puep.ou

NG tng Bsﬁp.omtag HE To BaBog.
-«-” )

o0 -L " poL ‘por'|g Oeppodtntag, olaitepa g nsptoxsq__onou Unh

myerw&rutsptoﬁo. —



Moieg mepLoxecg TG MN¢ xapaktnpilovro anod VPNAEG TLHEG PONG
¥ Oepuotntag, ITOLEG OO XAUNAEC TLLEG KO yLaTi;

S




DpzaTikoi KpUTAPES TTN
Nioupo

-~ 5

Mikpoi gppeaTtikoi
Kpatnpeg otn MAAo
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AmroBéozic aldrwy amd Bzppéc Trnyéc: Yellowstone L
National Park mévw apiorzpd pia apyaia ef’-l>l1~‘3(; TrnYyég oTIg
lepdrmroAn ortnv Toupkia kdrw Gegid. OeppoTriAeg
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Tou MoAiyvitou AéoBou



©eppoTridaKac oTo
Yellowstone National Park - —
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Mid-ocean
ridge axis

Sea-floor
-<— spreading —

Méyiotn pon Bgppotnrog
Meiwon tng porig Bsppotnrag OTL( LECWKEAVLEG PAXEC U it (LS B e

EAGTTWOoN TG pong Oeppdtnrag pe tnv avénon tng nAwkiog tng Atbdodaipag



CONVERGENT TRANSFORM CIVERGENT CONVERGENT GONTINENTAL RIFT ZONE
FLATE BOUNDARY  PLATE BOUNDARY  PLATE BOUNDARY PLATE BOUNDARY (YOUMNG PLATE BOUNDARY)

LITHOSPFHERE

ASTHENOSPHERE

HOT 5POT

. . ) r‘——\‘\\-_—\\\\’//"____,\,_,'«"’/V\N\--\__‘:\-\slx\////"'_—////—-1
ST T e WL - Continent oo floor Ocean o Continent
7 (®) 7 Op

Water cools

% . Rock N Rock ™
Cold % A Cold ‘ cools cools
water Hot water water Cold Cold
sinks rises sinks| : 0
N b » rock sinks rock sinks

|

Hot rock
rises

AutoG 0 KUKAOG gival n emupavelakn ek6RAwWoN Twv peVpATwWY petadopds oto pavéia Kot anoteAEL tTh
onpavtikotepn puoikn Sitadikacia e Ttnv omoia petadEpetol OeppdTnTa Ao To ECWTEPLKO TNG I'ng.




Oepuécg knAideg (hot spots) eival onpeia pakpLd ano TIG LECWKEAVLEG
PAXEG OTIOU TalpATNPELTAL AVOSOC HAYHATOG Kol XYapaKtneifovtol ano
g€vtovn ndoaiotelakn paon

Asthienosplere

Magua Pods /

Katakopudog avodikog OUAakag



‘ H pon depuotnrac otouc wkeavoug

Hot spot 3.8-5.6 m.y. ago

v - 22-25my. |
= Oahu','i‘:! M loka‘y
0

27-34 my. vookal__1.3-1.5my.

1.8m.y./ J/‘ﬂa\u'

0.8 m.y.

Do, 1:2-1.3my.

o

B >y 7 ; Loihi seamount
" . g ! ./(cunent position I

o

.‘
el - “F., S “'....:‘?' .
IR T y !
‘AN pe VS 3.‘ - TN E

.‘2' _“ ./."?!f'.




H péon tTiun tng pong Beppotntog otnv veooxnuatiopévn Atlboodatpa otig
ECWKEAVLEG PAXEG Elval HeyAdAn:
K G POAXEG HEYQAN ~ 200 mW/m?

H pon Osppotntag LELWVETAL LE YPAYOPO
PUOMO MEXPL TNV NALKia TwV 30 Ma

Mo nAwiec > 100 Ma n pon
Oeppotnrag eival oAU pikpn

‘‘‘‘‘



Awadopa HovTEAA €xouv mpotaBel ywa TNV epunveia TG METABOANG TNG PONG
Oeppotntoc o€ oxéon e to BAO0C Kat TNV nAkia TnE wKedviag At0oodarpac.

3

AR ,!‘-’. RN ORI
gt T ;':9;} Lol :

"BeSopéve 6ime To

vBopeid
Elpnviko kal_‘ﬂo_pslocSUthQ A
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ATAAVTIKO WKEAVO

Pon Beppdtnrog (mW/im?)

MovtéAa:

-HS (Stein and Stein, 1992) 1-{:]{::|
-PSM (Parsons and Sclater, 1977) HAikia (Exatoppopia £1n)

-GDH1 (Stein and Stein, 1992
( ) (Stein and Stein,1992 kai Parson and Sclater, 1977)




Stein and Stein, 1992 kai Parson and Sclater, 1977

H wkedavia AlBoodaipa Oewpeitar otl
OPXLKA €XEL oTtaOepO MAxoG ME MNdeviKkN
Oeppokpaocia otnv enipAveld TG KAl TNV
idla Beppokpacia, T,, 660 cTov Ggova Tng
paxng 6oo kot otn Bacn tng Atboodarpac.

q(t)=510t™"* t<55Ma
q(t) =49+96e"*  t)55Ma

Pon BeppoTnrag (mWim?)

50 100 150
HAIKia (ExaToppopia £1n)

g (e mMW/m?2) elvat n por) Bsppotntag
t (oe Ma) elval n nAwia Tn¢ wkeaviag Alboodatpag.

H sAattwpévn ponl Oeppodtntag otn VEOOXNUATIOMEVN WKeAvia ABoocdoarpa
anodidetal otnv udpoBepukn KukAodopia tov Puxpol OaAdcolov vepol OTLG
PWYHEC TOU MIKPNAG nAlkiac wkedviou ¢Aowov. H amdbeon uwnpuatwv otnv
ABoodalpa, otav auvt E£XEL AMOMOAKPUVOEL amd tov afova tng paxng Ko E€XEL
avénOei n nAwkia tng, epunodilel tnv KukAodopia YPuxpou BaAdooiou vepol Kat
pon BepUOTNTAC EXEL TNV KOVOVLKA TLHLA TTOU TTPOPBAEMETOL OLTIO TAL LOVTEAQL.



MertaBoAnl Tou Baboug Tou
QaAadocoiou mMmuOpuéva
OE CUVAPTNON HE TNV nRAIKia Tou

20ppwva pe 1o Movtédo GDH1, n
DFEF'TH L — GOH1 petaBoAn tov pécov PBadoug, d (km),

L I [HIDG%I;IE]SEHL'. tou Baddoclou uBpéva os cuvdaptnon
| ME TNV nAwia, t (Ma), tTng wkeaviag

AMOoodaipag divetal anod tig oXECELS:

L5 IR O ) I AR

£
=
(Y8
o
D
8
)

50 100 d=26+ 0.361:_1/2 t <20Ma (4.12)
rhuda (Ma) d=565-247¢" t)20Ma (4.13)

H ab¢non tov BaBoug tou wkeaviov MUOpEva pe tTnv nAwkia tng Al0oodatpac odpeiletal
01O YEYovOG OtL n AtBoodarpikn mAdKaL:

OLTIOMLOLKPUVETOLL ATTO TOoV Afova NG avavetat n nAkia tng Puxetan

BuBiletan otov pavéva QUEAVETAL N TTUKVOTNTA TNG OUOTEAAETOL




HAwia Tov wkedaviov pAoov

Copyright © McGraw-Hill Companies, Inc. Permission required for reproduction or display.

o Paleo- Late Early
3d4a Miocene Oligocene  Eocene cene Cretaceous Middle Cretaceous Cretaceous Late Jurassic

Ocean Geology W] I [ — | I [— ]
0 m.y. 50 100 150

Mueller et al., 1997
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[Maykoouia Oepuikn Pon

YynAn Bepuikn pon
TTapaTnpEiTal;

e Kartd unkog Twv
WKEQVIWV ETTEKTATIKWV
KEVTPWV.

e Kartd UNAKOG vNOIWTIKWY  [#&4
Kal NQAICTEIQKWY TOEWV, zjaa
TTiow atrd TG (WVEG
oUyKAIONG.

XapnAn Bepuiki pon
TTAPATNPEITAI:

e Kard pnkog Twv (wvwv
ouykAiong kai BuBiong
(urraywyng) wkeaviou
@AoioU KATw atrd ToV
NTTEIPWTIKO KAl HECT
oTov Javoua.

® & TEKTOVIKGA OTABEPEC
TTEPIOXEG (TT.X.
NITEIPWTIKEC EVOOXWPEC,
AOTTIOEC KAl UEYAAEC
ICNUATOYEVEIC AEKAVES).

=
S

o
©

60°W 20°W (Q°
mW/m?

36 60 90 120 150 180 210 240 270 300

" 140°W

140°E 100°W

60°E

0° 20°E 100°E 180°




H pon Osppotnta otic neipouc ivart eEoPETIKA avopolopopdn Kot Sev
MIOpPElL vaL EpUNVEVOEL pE anmAd YEWOEPULKA LOVTEAQL.

H pon Oeppotntag otig nneipoug e§aptatal ano:

- TOMKEG CUYKEVTPWOELG PASLEVEPYWV GTOLYELWV TTOU TTOALPAYOUV
Oeppotnta

- Xpovog mou ntapABE amno onpavilkad OEPLOTEKTOVLKA YEYOVOTOL

- AnocaBpwon

- Ano6Oeon Wnupatwv

-‘Yrapén naystwvwv

Méon TN TNG PONRG BEPUOTNTAC OTLC NTELPOUG

v |65 mW/m?__




H pon depuotnrac otic nreipou¢

e avtiBeon pe v wkeavia ABocdapa (Baoikd, unepPaocikd METpWUATA), O
NIELPWTLKOC PAOLOC TEPLEXEL OELVaL KAl EVOLApEOO TTETpWHaTA (TT.X. ypaviteg) Ta onola
glvai mAovoLa o€ padLlevePyd UALKAL.

‘Epeuvec o€ TTOAAEG TIEPLOXEG £XOUV SELEEL OTL LOXUOUV OXECELG TLG

HopdNG:
do=9,+DA,

q, = n pon 9epuotntag otnv enwpdveta tng Fng

q, = n avnyuévn tun pong depuodtntag otn Baon touv pAotov

A, = n napaywyn JepuotnTag ava Hovasdo 6yKou IETPWUNTOS ATTO
PASLEVEPYELA KOVTA OTNV ENLPAVELA TNG NG

D = otaBepd nov unoAoyiletat yia KAOE epLOX Kol EXEL LOVASEG

HAKOUG
D=7-11 km

MetaBoAn tng pong Beppotntag o SLAPOPEC NTIELPWTLKEG
TLEPLOXEG ( Naraldyog 2008, tporonotnpévo and Jessop, 1990)

Ay (LW m™3)



‘ H pon Sepuotntac otic nmeipou¢ ‘

Yrapxet ocadng eAdttwon tn¢ pong Oepuotnta¢ ot NMELPOUC HE TRV NAWKIA TNG

MBoodarpag: HAikia (Ma) MEon por) 8eppoTnTag
(mWIm?)
0 - 250 76 + 53

250 - 800 63 + 21 (Sclater et al., 1980)
800 - 1700 50 + 10
> 1700 46 + 16

.
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Huukia phoiol (Siseraroppipia £h) Oeppotextovike nhkia (Sioekaropplpia £1n)

Av w¢ nAkia BewpnOel To TEAeUTALO BEPUOTEKTOVLKO YEYOVOC
TO OTtolo EMNPEACE TNV NIELPWTLKA AlBoodatpa
(C: Kawvolwikog, M: Meoolwikog, LPa: Avwtepog
MNaAatolwikog, EPa: Katwtepog MaAatolwikog, LPr: Avwtepog
Mpotepolwikog, EPr: Katwtepog Mpotepolwikog, A: AIwikog)

Por) Bepuotnrag, q (oe mW/m?), oe
ouvaptnon Ue tnVv nAtkia, t (oe Ma),
TWV NTEPWV.



Cesan

Continent an floor Ocean P Continent
o? 0o,

Rock v 4 Rock ®
cools cools

Cold Cold
rock sinks rock sinks

H petadopd Beppotntac amd tn pwa nepoxn tng ¢ oe aAAn, avéavetar He TtV
kivnon katakopudpwv kot opl{OvViiwv OEPULKWV PEVNATWY HECOH OTO AVWTATO THHMO
Tou pavéva. H kivnon autwv tTwv OepkwV pEVUATWY SLEVKOAUVEL TV Kivnon twv

ABoodalplkwv MAAKwWV.




Xwpikn katavoun tn¢ oAtkn¢ pong SEpUOTNTAC

Pony Osppotntog

To 70% tnG OAKNG ponG OEpUOTNTAC ATIO TO ECWTEPLKO TNE NG TP OLYHOTOTIOLELTOL OTOUG WKEAVOUG KOl
10 30% OTLC NIElPOUG.




MNa va epunveuBel n oxetikd vPnAn Beppokpacia Tou eowteplkol TNC NG onuepa
(~6000°C) kat n pon BepuodTNTAC ATIO TO ECWTEPLKO TNG TPOC TA £€W, €lval amapaitnto va
dexBoupe tnv UTtaPEN TINYWV BEPUOTNTOC OTO ECWTEPLKO TNG 'NC.

MBavéc mnyég Oeppdtnrac:

<+ Napaywyn Oeppotntag ano tn padlevepyela

< MNapaywyn OgppotTNTAC KATA TO OXNUATIOMO TN NG

< MNapaywyn Oeppotntag ano tnv evépyela neplotpodnc tng Mg
<+ Napaywyn OeppoTNTAC KATA TO OXNUOTLOMO Tou tupRva T Mg




MNapaywyn Bsppotntog oo tn padleveépyela

Katd tn HETOOTOL(EIWON PASLEVEPYWV TIUPHVWY TIOPAYOVTOL OKTIVEG v KOl MEYAANC
EVEPYELOC CWHATLAL @ KOL |7, N EVEPYELD TWV OTMOLWV HETATPEMETAL 0 BOgpupotnta. H
KLVNTLKN evEpyela, E, Tou owpatiov a givol onuavtikd peyaAUTEPN Ao TNV EVEPYELA TOU
owpoatiov B kat divetal anod tn oxeon:

A
INnT=—-B (4.17)

\/ E Herpdwio

T eilval o Xpovog urtodumAacLlacpol Twv padLEVEPYWV TTUPHVWV
A, B otaBepsg

NMoupoyopsvo: WupvoG

(KE - 168 Me¥)



MNapaywyn Bsppotntog oo tn padleveépyela

Ta Baowa padlevepyd Lootomna ta onoia Pplokovtal o adBovia kal €xouv xpovouc {wng
TETOLOUC TIOU va eMNPeAlouV TN YEWAOYLKNA Lotopla tng ¢ lval Ta Llodtoma Tou oupaviouv,
238 ko 22°U, kot to padlevepyd todtomna tou kahiou kot Bopiou, 4K kot 232Th.

OL xpovol uToSUTAOCLACHOU TWwV LooTOMwY autwv eivatr 4.5, 0.71, 13.9, kat 1.3
SloskatoppUpla €T, avtiotoLya.

Av Bewpriooupe oAOkAnpn tn 'n, n avaloyia 40K:232Th:238 givau onuepa mepimou
200ppm:74ppm:20ppm.

Mapd tnv avaloyia autrh, N EVEPYELA TTOU TapAyeTal anod tn padlevepyn Sldomaon Tou
oupaviou elval peyalltepn ano tou Bopilou Kat oAU peyalutepn ano auth tou 49K, Etol
onuepa to 43% tng Bepudtntag tng 'ng amod padlevépyela napayetal and to U (oxedov
arokAeLloTKa 238U), to 42% armo to 232Th kat to 15% amno to 4°K.
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MNapaywyn Bsppotntog oo tn padleveépyela

HAikia (AIgeEKaTOpPURIA £TT))

MetaBoAn TNG OXETIKAC TTAPAYWYNC
BepUOTNTAC LLE TO YEWAOYLKO XPOVO, yLa
TO 0UVOAO KoL yla KABe padlevepyo otolxelo

(Marafayxog 2008, tpomnonotnpevo anod Van Schmus, 1984).

Ao to oxnua eivan epdaveg ot

* H mapaywyn evépyelag amo 1n
podleveépyela KOTA TO TPWTA
otadla ATAV TECOCEPLC HE TEVTE
dopec  peyaAltepn amo  OTL
onuepa

s O polog tou 49K ntav moAv
TILO ONMOVTLKOC OTto OTL CAUEPQ




O puBuoc mapaywyng Bepuotntog eivatl onpepa 3.9x10-10WKg yia to ypavitn kat 0.8x10-
10WKg! yia to BaoaArn.

H peyaAltepn ouykévipwon padlevepyoU UALKOU OTO ypavitn amo OtL oto BacdAtn
SlKaloAoyel To onpaAVTIKA HeyaAUTEPO puBUO mapaywyng BepUOTNTAC OTOV NTELPWTLKO
dAoLo, o omoiog mepAapPAVEL KAl ypaAVITEG, Ao To puBUO TNC MAPAYWYNRS AUTNG OTOV
WKeAVLIo PAoLO, 0 omoiog meplhapPavel KUPLwWE BacaATIKA UALKA.

Ouwcg onwg €idape, n peon pon Bepuotntag otn Paocn tou Nrelpwtkov PpAolol nAtkiag
>300Ma eival mapopola (25mW/m?) aAAd HKpOTEPN amo tnv HEon porn Beppotntag tng
rnaaldtepnc wkeaviog ABoodatpac (~49mwW/m?2).

2tn dawvopevn avth avtidpaon 660nkav Vo mBaveg eppnveiec:

1. Evw oTic nmeipouc ta padlevepyd UALKA Bpilokovtal Kupiwe oto GAoLO, KATW OO TOUG
wKeovoUC Ta padlevepyd UALKA BplokovTtal KUpLwe HECA OTOV avwTepo pavdva, yatl
dev €XoUV UTIOOTEL OKOMA KATIOLO ETILAEKTLKO SLaXWPLOUO O OTtolo¢ Ba TO CUYKEVTPWVE
oto pAolo.

AvodSika Bepud pevpata PHETADOPAC KATW OO TNV wKeavia AtBoodatpa cupupariouv

otnVv avénon tng pong BepuoOTNTAC KATW OO TOUC WKEAVOUC LLE CUVETTELOL N PO QUTNA
va lval HeyaAUTEPN OTOUC WKEAVOUC aro OTL oTn fAon Tou NMEPwWTIKOU dAoLou.

Kapia amnod tig SUo autég amoPelg dev amokAeiel Tnv aAAN




Av Bewpriooupe OtL n 'n €ixe pia péon yovdpltiky cvotaon, avtiotolxn HE AUTH TOU
MPWTAPXIKOU pavdla kol dev aktivofolovce kaBOAou Bepuodtnta oto dlAoTNUA, TOTE N
padloaktvoBoAia Twv mapanmdvw padLEVEPYWY LOOTOTIWV HeyaAlou xpovou {wng Ba
avéBale tn Beppokpacia tng Mg oe 1800°C. AT autd MPOKUTTEL OTL N BepudTNTA TIOU
TIAPAYETAL HOVO AOYW TwV PadleveEpYWV SLAOTIACEWY TWV TECOAPWY LOOTOTIWV MEYAAOU
Xpovou {wn¢ dev emapKel yla va EpUNVEVOEL TNV Ttapoloa Beppokpaciol TOU E0WTEPLKOU

™e Ine.

Yridpyouv oplopéva ootona otn n, onwg eival ta A126, C13% kot Fe®? rou £XOUV
HULKPOUC Xpovoug umodutdaociacpol. To mpwto o’ autd €XeL Xpovo umodumhaclacpou
0.73Ma, evw kaBeva armo ta aAAa duo €xeL xpovo urntodutAactoopov 0.3Ma. H padlevépyela
TWV LOOTOTIWV QUTWV Kol dlwg Tou mpwTtou eival duvatd va cuveBale otnv avénon tng
Bepuokpaciag TG NG KAt To apXLKO 0TASLO OXNUATIOMOU TNG, av To oTtadlo auto SLpknoe
OXETIKA LULKPO XPOVO.



MNopaywyn OppotnTag KATA T0 OXNUATLGHO TG NG

Katd to oxnuatiopo tng Mg, eivat dSuvato va mapdxdnke Beppotnta Adyw Tng mMTwong
CWHATWV TTAVW TNE KoL AOYyw TN MPoodeuTIKAC alénong tng adlafatikng cupmieonc.

Jupdwva PE To PALVOUEVO AUTO, KATA TO OXNUOTIONO tTNS g, n padla tng avéavotav
TIPOOJEVUTIKA HE TO XPOVO, AOYW TNC MTWONC MAVW TNC CWHATWY. To CWHATA AUTA, AOYW
NG MEYAANC TAXUTNTAC TOUC, €ixav MEYAAN KWNTKA EVEPYELQ, N omola, KAatd TNV
TPOOTITWON TOUC MAVW oTn N, LETATPATINKE 0 BEPUOTNTA KAl OE CELOULKA EVEPYELA OTN
YELTOVLA TOU ONELOV TTTWONG.

H Bepuotnta mibBavotata aktivofoAndnke oAOkAnpn oxedov oto SLACTNUO EVW N CELCULKN
EVEPYELQ, N OTOLOL AVTLITPOOWIEVEL TTOGOOTO NG TAéNG Tou 0.1% TNG KVNTIKAG EVEPYELOC
TWV TIPOOTILITTOVIWY CWHATWY, UETATPATINKE TEAIKA 0 BepUOTNTA AOYW TNC AVEAAOTLKNG
mapapopPwong Twv METPWHATWY NG Ng. YmoAoyiletar OtL OAn n Oepupotnta, TMOU
TapAxOnKe KATA TOV TPOTIO AUTO, Uopel va avUuPpwoe tn Beppokpaocia tng Mg katda 30°C.



MeyaAUTepnG onuaciag NTav n avg¢non Tng Bepuokpaciag Adyw TnG adlaBaTIKiG
OUUTTiEONG, KOBWC N TTiEon Tou €0WTEPIKOU TNG NG augave TTPOOdEUTIKA AOYW
TNG TITWONG CWHATWY TTAVW TNG KATA TOV OXNMUATIOWO TNG.

H adiapariky Babuida, dT/dP, TTou trapiotavel 1n JETABOAN TNG Bepuokpaaiag
AOYW METABOAAC TNG TTiEONG €vOC HOVWHEVOU BepuIKA cwpatog (MNOEVIKN
METABOAN evTpoTTiag) divetal atrd Tn oxEon:

ar T

——=a—
P . (4.18)

P €ival N TTUKVOTNTA TOU UAIKOU
O 0 OUVTEAEOTNG BEPMIKAG BIAOTOANG
Cp n €10IKr) BeppdTNTA UTTO OTOBEPN TTIEOT).

ATTO TN oxéon auth BpiokeTal Ot yia TN ['n n adiaBarik) Babuida, yia yia apyikn
Beppokpaacia T=750°K civar dT/dP=0.3°C/kbar. Av Aapoupe utr’ oyn OTI N TriEoN
OTO KEVTPO TNG NG, KATtd TO oXNUATIONO TNG, ATav TNG Tacns Twv 3000Kkbar, T0TE N
au¢non TnG Bepuokpaciac AOyw TNG adlaBaTikA¢ oupTtrieong Ba nTav TTePITTOU
900°C oTo KEVTPO TNG 'NG Kal Ba eAaTTWVOTAV OTAdIOKA TTPOC TA £CW.



Napaywyn BepuoTNTAG ATTO TNV EVEPYEIA TTEPIOTPOPNG TNG NG

L

Q¢ mOavry TNy BepudTNTAG BEWpPEITAI N YETATPOTI O€ BEPMIKNA
EVEPYEIQ MEPOUC TNG KIVNTIKAG eveEpyelag TNG NG  €1meidn
EAQTTWVETAI N TAXUTNTA TTEPIOTPOPNG QUTNG.

2ToIXEia DeiXxvouv OTI 0 XPOVOG MIaC TTARPOUC TTEPIOTPOPNCS TNS NS, auéowg PETA
TO OXNMATIONO TNG NTAV iIOWC HIKPOTEPOC aTTO 10 wpes. H eAdTTWON TS TAXUTNTOC
TTEPIOTPOPNGS TNG 'NC €ival aTTOTEAEOUA KUPIWC TNG TTAAIPPOIOKAC TPIBAS AOYWw TNG
€AGNG TNG ZeARVNG.

Evw TUAUA TNG evEPYEIAC TTOU XAVETAI ATTO TNV TTAAIPPOICKN TPIRN METAPEPETAI OTN
2 ENAVN, ONUAVTIKO TUAMPO METATPETTETAI OE BEPUIKN EVEPYEIQ.

2UVETTWG, KATA TNV au¢non Tou Xpovou treploTpoPnc ammd 10 oe 24 wpeg, n I'n
EXQO0E ONUAVTIKA KIVNTIKA EVEPYEIA TTEPIOTPOPNG, TUNUA TNG OTTOIAC METATPATINKE
o€ BepuoTnTa.

To PeEYOAUTEPO TTOOOOTO TNG EVEPYEIAC QUTHC METATPATINKE O& BEPUOTNTA OTOUG
wKeavoug Me TIC BaAdcolec TraAippolec. MEpo¢ OpwC AUTAC TNG EVEPYEIOC
METATPATINKE O BepPOTNTA AOYW TWV TTOANIPPOIWV TNG OTEPEAC 'NG. 2UVETTEIQ
QuTOU NTAV N augnan TNG BEPUOKPACTIas TOU ECWTEPIKOU TNG 'NG Trepittou 200°C.



Mapaywyn BepuoTNTAG KATA TO OXNMATIOCHMO TOU TTUPAVA TNG NG

Y1rdpxouv coBapéc evocicelg 0TI N 'n oxnuaTtiodnke atrd oxedOv OUOYEVEC UAIKO,
TO OTTOIO OTN CUVEXEIQ DIAPOPOTTOINONKE

Ta UNIKG peyaAUTEPNG TTUKVOTNTAG METAKIVABNKAV TTPOG TO KEVTPO TNG ['NG evw Ta
eEAAQPOTEPA UAIKA PETAKIVAONKAV TTPOG TNV ETTIPAVEIA TNG KAl £TO1 OXNMATIOONKAV
0 Javouag Kal o TTupnvac.

KaTta TI¢ JETAKIVAOEIC AUTEG, DUVAUIKN EVEPYEIQ METATPETTETAI OE BEPUOTNTA AOYW
au¢nong TNG Trieong, KaBwg kal AOyw TpIBwV Kal TNG 1IEWdoUC pong. Kartd Tig
METAKIVAOEIC QUTEG, DUVAUIKN EVEPYEIQ METATPETTETAI O€ BEPUOTNTA AOYW aUENONG
TNG TTiEoNG, KaBwg Kal Adoyw TpIBwV Kail TNG 1IEWdoUC PoNG.

Mikpd pEPOC TNG BepudtTnTaC TTOU TTAPAXONKE MPE TOV TTAPATIAVW TPOTIO
datravenke yia TNV TA¢N Tou UAIKOU Tou TTUpAva, aAAG TO HEYOAUTEPO PEPOC TNG
datravenke yia TNV aviuywon tng Bgpuokpaciac ™S 'nc. H augnon auti
utroAoyideTal o€ 1500°C Trepitrou.



NMNaykéopiog Xaptng Oepuokpaciag (AtrpiAiog 2003)

Degrees Kelvin

1 1 1
192.0 224.0 256.0 288.0 320.0

NMaykéouiog xaprtng Oeppokpaciag ( atrd dopu@dpo Tng NASA) . O1
0eppokpacieg TroikiAouv atrd -81° C (-114° Fahrenheit)
ATTOHAUPO/MTTAE €wg Kal 47 ° C (116° F) KOKKIVO XpWHA.



H Ogppokpacia oto EcwTepPIKS TNG NG

H OXeTIKWG peEYAAn Oeppofabuida, 20°C/km, Trou METPIONKE KOVTA OTNV
em@aveia TnG I'ng, dev diartnpeital oe PyeyaAuTepa Padn yéoa otn I'n, yiati av
auTO ouvERaive TO UAIKO Tou pavoua Ba EAEiwve o€ OXETIKA MIKPO BABOC evw cival
YVWOTO atmmd oelogoAoyikd Oecdopéva OTi 0 pavduag [BpioKeTal O& OTEPEN
KatdoTaon.

A1dpopec TTPOoCTIABEIEC £XOUV KATAPBANOGEI yia TNV €KTiNON TNG BEpPOKpaciag o€
d1a@opa BABN pe BAoN OPIOUEVES UTTOBECEIC KOl ATTOTEAEOUATA €PYACTNPIOKWY
TTEIPANATWY. 'ETO1 AOITTOV:

»H €101k} NAEKTPIKA aywyiudTnTa, €ival yvwoTr n oxéon TG JE Tn Bepuokpaacia
KAl N METAPBOAN TNG ME TOo BABOC yEoa oTo pavoua.

>O1I TaXUTNTEC TWV COEIOMIKWY KUPATWY XWEOU Kal N TTEon, Twv OTToiwv Ol
METOBOAEC HpE TO PABOC eival €mmiong yvWOTEG, XPNOIYOTTOIOUVTAl YIQ TOV
KaBoplouod TNG UETABOANG TNG Bepuokpaaiag aAAd Kal Tou onueiou TAENG ME TO
BaBog oTto pavoua.

>H Paoiki uttdéBeon TTOoU YiveTal yia Tov KOBOPIOUO TNG BepUOKpaCiag oTov
TTupriva aAAQ Kal OTO MPEYOAUTEPO TPAMO TOu pavoua eival OTI n BepuIKA
METAPOAN eKEi gival adiaBarTikr).



lpoodiopioudg TnS Ospuokpaciag oro pavoua rng ng

ATTO BewpnTIKEC KAl TTEIPANATIKEC TTAPATNPACEIC TTPOKUTITEI OTI UTTAPXEI OXEON
METACU TNG Bepuokpaciac Kal TNG €I0IKAG NAEKTPIKAC AywyINOTNTAC TWV UAIKWV
aT1rd Ta OTToia ATTOTEAELITAI O pavouag. H oxéon autn gival TNG opPYNG:

O = + O (1)

TIOPLOTAVEL TNV NAEKTPLKA aywylpotnta

TIOPLOTAVEL TNV OYWYLLOTNTO TTOU
nou odelAetal ota NAEKTpOVLIA

odeileTal ota LOVTA

Kal o, €ival OTaBEPEC TTOU ECAPTWVTAI ATTO TO UAIKO
E, kal E, gival o1 evépyeleg DIEYEPONG TTOU £GAPTWVTAI ATTO TO UAIKO

K gival n otaBepd Tou Boltzmann
T n Bepuokpaaoia




[MpOOPATEG £EPEUVEG DEIXVOUV TTWC O TTPOCDIOPIOUOC TNG BEpUOKPATiag ME TN XPNON
AAAWV YEWQPUOIKWY TTOPANETPWY KAl KUPIWG TWV METPWY EAAOTIKOTNTAG OiVEl TTIO
a¢IOTTIOTA ATTOTEAEOUATA.

100 120 140

MeTaBoAr) Tou pETpou KUBIKAG dlaoToAng (K) ue tnv TTieon yia dIAQopeS BEPUOKPATIEG,
OTTWG QUTH TTPOKUTITEI OTTO PMOVTEAQ KATACTATIKWY VOPWVY YIa TOV Kal
yiQ TTIECEIC TTOU AVTIOTOIXOUV 0€ OAOKANPO TOoV KATW Havdua (OIAKEKOMMEVES YPAMMEG).
270 idI0 oxnua TrapoucialeTal yia oUykpion N TraparnpenMévn METABOAR Tou K (paupol
KUKAOI KOl OUVEXOMEVN YPAMMN), OTTWG auTh TIPOKUTITEl aTTO TO MOVTEAO PREM,
TTapouciadeTal yia ouykpion. H k&Be KauTTUAN avTiOTOIXEl O€ HPETABOAR BgpuoKkpaaiag
kKata 800°K

(da Silva et al., 2000).



Av ol idlol UTToOAOYIOUOi Yivouv yia TTUPOAITIKI) OoUOTOON TOU KATW Mavouaq, ol
avTioToIxeC Beppokpaoies peiwvovTal Katd 300-600°C, deixvoviag Tn CNUAVTIKA
eMidpaon TNG oUCTACONG TOU Pavdoua (Kal TwV aBERAIOTATWY TNG) OTNV EKTIUNON TNG
KATAVONNG BepuoKpaaciagc.

—— Calculated T (Perovekite)
— = Calculated T (Pyrolite)
| =——=—Anderson (15§2) Lower Mantle
| === Anderson (1962) Upper Mantle
Stacey (1882)
= = =HBrown & Shankland {19&1)
A e & Katsura (1989)
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MeTaBoAn Tng Bepuokpaaciac péoa otn I'n, yia Tov Mg-TrepoBoKiTn Kal avTioToixn
METABOAR yia TTUPOAITIKI} oUCTACN TOU KATW pavoua. lMNapouoidaleral 1miong éva
MOVTEAO OoXedOV adlafaTikAG WETAPBOANG TNG BepPoKpaaiag péoa oTto pavoua, To
OTTOiO ep@aviCel oaeic atrokAIoEIS yia aBn >1500km.
(Matraddxog 2008, TpotroTroinuévo atrd da Silva et al., 2000)



lpoodiopioudg Tng Bspuokpaciag orov rupnva tng F'ng

[Na TOov UTTOAOYIOUO TNG METAPBOANG TNG Beppokpaciag PECA OTOV TTUPRVA,
BaoilOuaoTe OTO YeEYOVOC OTI n Oeppokpacia OTo OPIO TOU pavOUa Kal Tou
TTUPNvVa €ival ouveXnNG Kal oTnv utrtoBeon OTI n BepuIKr METABOAN MEOQ OTOV
TTUPAVA gival TTEPITTOU adlaBaTiKA. 2TV TTEPITITWON AUTH I0XUEI N oXEoN:

= (4.20)

Apxidovtag TNV £QAPUOY TNG OXEONG AUTAG ATTO TO OPIO METALU TTUPRVA KAl
uavoua, OtTou N Beppokpacia gival yvwaoTh yIaTi auTr) TTPoodIoOPIOTNKE ATTO TA
dUo TTponyoupeva oxnuata n atmo tn oxéon 4.19, utoAoyifoupe TN BeppoKpaacia
o€ ouvapTnon Me To Badoc.



To onueio tnéng¢ oro pavdéua kai oTov Tupnva

Baoikd KpITAPIO yia TO av pia TTepIoXn TG NG PpiokeTal og OTEPEA ] uypn
KatdoTtaon €ival n diarmriotwon yia 1o av diadidovral )} OxI HEoA O€ aAuTh TA
EYKAPOIQ CEIOUIKA KUJATA.

O Uffen (1952) Bewpnoe TNV akOAoUBN axéon METALU TWV GNUEIWV TNENGS, Yo, Y1, TWV
TAXUTNTWYV, 0, O, TWV ETTIUNKWY CEIOCPIKWY KUPATWY KAl TwV TAXUTATWYV, By, B, TwV
EYKAPOIWY OEIOUIKWY KUMATWY, g€ OUO JIa@opETIKA onueia (0 kai 1) Tou pavdua.

2/3

34 90 2
Yo Py +2a, a, [

= (2)

V1 /813 + 26513 o, 3,

H ox€on auth oxVeL otav To poplako Bapoc tou UALKoU Tou pavdua eival to idlo ota

duo onpeia.




O Simon (1937) mpdteive TNV AKOAOUBN NUIEPTTEIPIKA OXEON METACU TNG
Trieong, P, kal Tou onueiou TACNG, v,

C

Al L -1 g
_7/0

-
I

Y, €ival To onpeio TAENG TOU UAIKOU UTTO QTUHOCQAIPIKN TTiECN

A, C e€ival TTOPAUETPOI, TTOU ECOPTWVTAI ATTO TO UAIKO Kal
utToAoyilovTtal TTEIPAPATIKA

H etlowon aut xpnolpomolndnke ylo Tov UTIOAOYLOMO TNG METAPOANC TNG

BeppoKkpaoLOC KoL LECOL OTOV TTUPKVAL.




lpooara amorsAéouara yia tn Ospuokpacia rou
EOWTEPIKOU TNGS I'N¢

Tnv TeAeutaia OekaeTia véa €pyaoTnpIiakd TreipduaTta, oANG Kal BewpnTIKES
EPEUVEG, €XOUV ETTITPEWPEI TOV OKPIBEOTEPO KABOPIONO TNG METABOAAC TNG
BeppoKpaoiag aTo pavdua (Kupiwg oTov KATW Pavdua) Kal Tov TTupnva 1ng 'ng
(Jeanloz, 1988; da Silva et al., 2000). T QTTOTEAECOUATA QUTA €XOUV QAVATPEWElI TNV
EIKOVA TIOU UTTAPXE VIO TNV Katavoun Twv Oegppokpaciwv péoa otn In,
deixvovTtag OTI oI BepUOKPATieC AuUTEG cival TTBavoTaTa PEYAAUTEPEG ATTO OTI
Bewpouaape TTpIv ATrd €ikoal Xpovia.,




Ta TTpéoPaATa oTOIXEIO DEIXVOUV YEVIKA
MEYAAUTEPEG TINEC BepUOKpaaiag aTrd OTI Ta
TTaAQIOTEPA PJOVTEAQ, Ta OTToI0 BEwpoucav
oxedov adlaBaTikh NETABOAR BepuoKkpaciag

OTO pavoua

’f ,.i‘rf.l
- ﬂ{\U}AG

___T‘—————"-U 200 400 6500 800
) 300 0

TTAPATNPOUVTAI ONUAVTIKEG
2000 aBeRAIOTNTEC Kal DIAPOPES TWV
S BEPUOKPATIAKWY MOVTEAWYV TTOU
EXOUV TTPOTABEI yIa TOV TTUPrVa TNG
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' Movo oTov £EWTEPIKO TTUPAVA N
MNatraldyxoc 2008 BaBog (km)

Beppokpacia TNG NG CeTTEPVA TO ONUEIO
TASNG, ME ATTOTEAEOUO AUTOG va
BpiokeTal o€ uypn edaaon

MOavoTepn peTafBoAn TnG Beppokpaciag, T (oe K), ye o B&OoOG, OTTWC TTPOKUTITEI ATTO
TTpoéo@ara Oedouéva (OUVEXRS HMaUpPn KOMTTUAN) Kol atmd  TTaAaidTEpa  OTOIXEIa
(O10KEKOMMEVN AETTTA KAMTIUAN). 210 idI0 OXAUO Trapoucialetal Kalr n METABOAR TOU
onueiou TACNG (OUVEXNC YKPI KAUTTUAN), KOBWG Kal pia eVOANOKTIK METABOAR TNG
Beppokpaciac otov TTUpAva TS 'N¢ (OlaKEKOPUEVN €VTOVN YPOUMNA) N OTToia ATTOTEAEI TO
TTAVW OPIO TWV ONUEPIVWV EKTIMACEWV.



H 1Tepioxr autr d€ix Vel

TN METAPBOANR TNG
BepUOKPOTiag Kal TOU

onueiou THENG oTA
avwrepa 1000km

) 300 >Tov dvw pavdua Kal Kupiwg oTta BEon

2000 120-300km n Bgpuokpacia TTANCIALE!
onNUAvTIKA To onueio TAENG. H TTEpIoXN

QUTIH CUUTTITITEl ME TO KEVTPIKO TUNMA
TNG aoBevoo@alpac.
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Mamadayog 2008) Baboc¢ (km)

Oco TtAnoidloupe 1O OnueEio TACNG, OI MOPIOKOI OECUOI ATTOKTOUV ONUAVTIKA
MEYOAUTEPN BEPMIKNA EVEPYEIQ («XAAAPWVOUV») JE ATTOTEAECHUA TN YEIWON TWV PETPWV
EAAOTIKOTNTAG KAl TNG TAXUTNTAG TWV KUPATWY XWEOU, 10iG TWV EYKAPTIWV KUNATWV.
H etridpaon auth Tng BEPPOKPATIaC UTTEPVIKA TNV QVTIOTOIXN aUgnon TwV TAXUTATWV
AOYW augnong TnG TTieong (ME To PABOC) PE ATTOTEAEOMA TNV EPPAVION MiAg TTEPIOXNS
XOMNAWY TAXUTATWY Kal TN dnuioupyia Tng acBevooeaipag, N otroia TTailel KATAAUTIKO
POAO OTNV TTAYKOOUIO YEWOUVAUIKN.



H ESicwon Tng OgppIkng AywyiuoTntag Kai ol EQapuoyég Tng

H eCiowaon TnNG BepuIknG aywyigoTnTag ival n BepeAitndng diapopikn e¢icwaon Trou
KaBopilel To puBuod PETABOANC TNG BepuoKpaTiag EvOC CWHATOS KE TO XPOVO.

O1 Baoikéc mapausrpol mou emrnpealouv tnv e§icwon givai.

a) N por] BEPUOTNTAG TTOU EICEPXETAI KAl ECEPYETAI ATTO TO CWA,

B)or Trapdupetpor ToU KaBopidouv TIC 10IOTNTEC TOU UAIKOU TOU OCWMPATOC
(TTUKVOTNTA, OUVTEAECTNC BEPUIKAG aywyIuoTNTAC, £10IKA BEPUOTNTA) KA,

Y) 0 puBudc TTapaywyng BeppdtnTag ava pyovada oykou (i Halag) Tou CWHATOG.




O@ewpoUPE APXIKA TNV ATTAN TTEQITITWON KATA TNV OTToia N BeppoTnTa diadideTal o€
EVA OTOIXEIWOEC OCWHA KATA TNV KATaKOpu®n dicuBuvaon.

‘E0TW OTI N opIdOVTIA ETTIPAVEIQ TOU
OWWMATOG €ival S, To VYOGS Tou Eival
Oz Kal n por BepudTnTag, dnAadn n
BepuOTNTA TTOU EICEPXETAI
KATakopu@pa 0T0O CWHA ava povada
z+0z XPOVOU Kal Hovada eTTIPAVEIAG Eival

Q(2).

(Matralayog 2008)

H BepudtnTa TTOU £I0EPYETAI OTO CWHA aAvA Jovada Xpovou gival SeQ(z).

H avTtioToixn BepudTnTa TTOU £CEPYETAI KATAKOPUPA ava Povada Xpovou atrd

TO WA gival SeQ(z+8z) Kal o€ TTPWTN TTPOCEyyion gival ion NES (Q(2) + (8Q / 82)57)
OTTWCG TTPOKUTITEI aTTO TNV avAaAuon o€ o€ipd Taylor Tn¢ Q(z+6z).

2UVETTWG, N OUVOAIKN BepudTnNTa TTOU TTAPAMEVEI OTO CWPA ava povada

xpovou gival qf=S*Q(z)-S*Q(z+6z) 1

oQ
=—-S—02 (4.23)
q; p~ 4.23



Av pyéoa oTo cwua TTapayetal BepudTnTa - ava povada Xpovou Kail povada OyKou,
n BeppdTNTa, gy, TTOU TTOPAYETAI G° OAO TO CWHA AVA PHOVAdA XPOvou Egival:

q, = AV = AS5z  (4.24)

2 UVETTWG, N OUVOAIKA METAPBOAR TG BEPUOTNTAC TOU CWHPATOS ava povada Xpovou
givaul:

J: +q, = AS5Z—S£;—(ZQ5Z (4.25)

Av auTr) n JETABOAN TNG BepPOTNTAC TTPAYMATOTTOINBEI O XpOVo Ot (TTapayouevn Kal
EI0EPXOMEVN BepUOTNTA UEIOV TNV ECEPXOPEVN BEPUATNTA), Ba £XEI WG ATTOTEAEOUA
TN METAPBOAN TNG BepuoKkpaaiag Tou cwuaTog Kata &T. Av To UAIKO TOU CWHATOG £XEI
TTUKVOTNTA p Kal €101k Bepudtnta Cp, 10TE auTrh N METABOAR TNG Bepuokpaaiag
aTraitei BeppoTnTa Ava povada xpoévou, g., N oTroia Je BAan TOV OPICPO TNG OXEONG
(4.2) divetal atrd TN oxéon:

1(0 1_(85 oT oT
() (3], - vonTocn

" m .om ot
(4.2) (4.26)



A@oU n OuVOAIKr) BeppoTnTa ava povada xpovou, (., TIPOEPXETAl ATTO TNV
TTapaywyn BeppotnTag ava povada xpovou, g, Kal TN Trapapevouca BepudtnTa
ava Jovada XpOvou (EI0EPXOUEVN PEIOV ECEPXOUEVN), Oy, EXOUME O = Q4 + (s, OTTOTE
atro TIC oxEoe€lg (4.25) kal (4.26) TTPOKUTITEI OTI:

dr _, @

C p— —
ph dt 0z

(4.27)

ATIO Tn oxéon (4.27) kal Tov OPIOCHO TNG BEPUIKNAG aywyinotTnTag amd 1o VOUOo
Fourier (oxéon 4.6) ye TTapaywylon w¢ TTPOC Z TTPOKUTITEI N £¢icwon:

Q ' dT k ©o°T A
— _— _|_
| St dt pC, oz° pC

(4.6) (4.27)

P

Arntotelel tnv g€iowon ™G BepUkNG aywylpotntag o pia dtdotaon kot ekdppalel T

netaBoAn tng Bepuokpaociag pe to xpovo, t, katd tnv katakopudn dtevBuvon, z.



[evikd, Otav n Oepuokpacia METABAAAETAI pe TO XPOVO OAAG Kal OTIC TPEIC
dleuBuvOoEIG (X,Y,2), N OEUTEPN XWPIKNA TTapAYywyos oTn oxéaon (4.28) mrepIAapBavel
Kal TIG GAAEG BUO dlaoTACEIC, OTTOTE N £CicWOoN TNG BEPUIKNAG AyWYINOTNTAG YiveTal
TPIODIACTATN KAl £XEI TN HOPPN:

Exppadel TNV

TOU UAIKOU va atroBAAAel IKQVOTNTA TOU
BeppdTnTa KAl yI' QUTO N UAIKOU va TTapayel
TToooTNTA K= k / pC BepudTNTA
ovouaderai auvrs)\sonjé)

Ospuikn¢ diaxuoncg.

Exppdler TNV IKavoTnTa




Av o¢ €va TUAPa NG 'NG €xel eTTEANBEI I00pPOTTIa TwV dIAPOPWY AVTAYWVICTIKWY
TTapayovIwv Tn¢ egiowong (4.29), pe armmoTéAeopa va €XOUME Mia oTaBepn
KaraoTtaon (steady-state) xwpic petaBoAn tng Bepuokpaciag (dT/dt=0), rore n
e€iowan (4.29) yiverai:

VT = —f (4.30)

eV OTav dgv UTTAPXOoUV TTNYEC BeppdTnTag 0TO UAIKO (A=0), n (4.29) yivertau:

or _ kK VT =KV*T (4.31)
ot pC,

TTOU €ival YVWOTH WG £§icwor) BepPIKAS diayuong.




Av uttoBéooupe OTI TO OTOIXEIWOEG CwWHA (MIKPO TUARMA TNG 'NG), TOu OTToIoU
MEAETAUE TN METABOAN TNG Bepuokpaciac AOYyw aywyiuotntag, OeV TTAPAMEVEI
oTa0epO OAAG KIVEITAI KATA TNV KATAKOPU®N dleuBuvon pe Taxutnta U,, TOTE N
OAIKR} TTAPAYWYOC TG BEpUOKpaTiag aTo TTPWTO MEAOC TNG (4.28) yiveTal:

dT _oar azaT aT a_T
dt ot ataz at Z@z

OTTOTE N £Ciowan (4.28) yiveral:

ar  k (’32T A
dt pC oz° pCp (4:32)

0po¢ peTaPOpPAc (advective-transfer term)




AvTioToIxa PE TN PovodIAoTaTn €CiOWON MUTTOPEI va TTPOKUWEl Kal TPIOOIAOTATN
ammd 1N oxéon (4.29), omldTE €EXOUME TN VYEVIKR MOP®R TnG &icwong
@eppoTNTOG:

o _ K V2T+i—A0§T VEE)

ot pC, pC,

H AUon 1ng Odlagpopikng egiowong Ttng Bepudtntag TTapoucialel onPAvTIKES
OUOKOAIEG.

Aovetal, OpWG, UTTO oplopéEveg TTPoUTTOBEoEIC, ONAADN YIO OPICUEVEC APXIKEC
OUVONKEC Kal UTTOBECEIC TTOU ApOPOUV OUYKEKPIMEVA POVTEAQ.

O1 AUogIc auTég divouv QTTaVTACEIC OE ONUAVTIKA YEWBOEPUIKA TTPORANMATA, OTTWC
givail:

*Ta BEPMIKA POVTEAQ TNG wKeAviag AIBooaipag (HS, PSM, GDH1),
*0 UTTOAOYIOUOG TWV YEWBEPHWYV
*n MEAETN TNG BEPMIKAG 10TOPIaC TNG NG



EONIKO KAI KAMOAIZTPIAKO NANENIZTHMIO AGHNQN
TMHMA TEQAOTIAZ KAI TEQMNEPIBAAAONTO2
TOMEAZ TEQOYZIKHZ — TEQOEPMIAZ

OEPMIKO KAGE2TO2 kat OEPMIKE2
AIEPTA2IE2 oto E2QTEPIKO TH2 TH2
[ew-Oeppoduvapikn-ll



To O=puiIKkO HOVTEAO NUIXWPOU TNSC WKEAVIAS AIBOoPpaIpac

To povrého nuiIxwpou (Half Space-HS) civar éva atmrAd poviéAo TTou agopd To
OXNUATIONO Kal TNV Yugn TNG wKeAviag AiBdo@aipac.

2UuQwva e autd n AIBGopaipa TTPoEPXETAI ATTO A0BeVOOPaIPIKO UAIKO TTOU WUXETAI
OTAV QVEPXETAI OTN HECWKEAVIA PAXN.

2TO0 MOVTEAO auTO n Beppokpacia oTov acova
NG paxng, T,, €ival yvwoTA Kal oTaBepr Kal
dev  umrdpxouv o1 AIBSoc@aipa  TTNYEC
BeppotnTag (A=0). 2TnVv TTEPITITWON QUTH,
Bewpoupe OTI N PAXN EKTEIVETAI ATTEPIOPIOTA
otn OIevBuvaon y, dnAadrn €xouue €va aTTAO
O1001ACTATO YOVTEAO TO OTTOIO €ival apeTARANTO
koTé Tn dievBuvon  Y(O°T /oy* =0) evw TO
UAIKO aTTOMOKPUVETAI OTTO TN pAXN ME OTABEPN
TaxuTNTa U=U,




ATIO Ta TTponyouleva n oxéon (4.33) yiveral:

or k o°T aZT oT
( ) u, — (4.34)

ot pC OX° az " OX

ol OUO TIPWTEG TTAPAYywYol OTO OeUTEPO MEAOG ava@EpovTal OTn METAPOPA TNG
BeppoTNTAC PE aywyr) OTIG dIEuBUvVOoEIC X (0pIfOVTIA) Kal Z (KATAKOPUPA), avTioToIXA,
EVW O TeAeuTaiog 6po¢ avTioToIXEi TNV 0PICOVTIa dIAdoan BepuUdTNTAC PE HETAPOPA
(advective transfer).

Av avalnthcoupe TN AUON TNG £€icwonG PETA ATTO APKETO XPOVIKO dIAoTNUA OTTOTE
TO ouoTnua Bpioketal oe Bepuikn 10oppoTria ( dT/dt = 0 , steady-state) kar av
Bswpnoouue 011 TO UAIKO aTTOUaKPUVETAI QPKETA YPAYOPQ ATTO TN MECWKEAVIA PAXN
waoTe N opIfovTia por BepudTNTAC ME Aywyn va gival aoAUAvVTN 0 OoXEoN ME TNV
opIfOVTIa por) BEPPOTNTAC UE METAPOPA

(k / pC_)(@°T 1x?) 0 u, (T /X)

T0TE N £€icwon (4.34) |J£TC1Tp£1T£TGI oTnVv :

(MPCPIGD) = uxG)  ass



H dia@opikn e¢iowan (4.35) €xel atrAf Auon, n otroia diveTal atrd TN oxEon:

T(z,x)=T,erf(

Kx/u,

erf n ouvaptnon c@AAPATOg

t=x/u, o Xpovog TOU €£Kave KABE onueio
TTOU ATTEXElI ATTO0TAON X VA PTACEI EKEI

Av XpnOIKJOTTIOINCOUPE TO VOUO Fourier yia Tn ponl BepudTnNTaC, EUKOAA BPIOKOUME
OTI N pon BepudTnTag, q(t), otn AIBéoalpa, o XPOVO t YETA TO OXNMATIONO TNG
OTn MEOCWKEAQVIaA pAxn, diveTal atrd T oXéon:

KT,

Kt

q(t) = - (4.37)

AnAadn n por) BepudTNTAC EAQTTWVETAI AVTIOTPOPWGS avAAOya UE TNV TETPAYWVIKN
pifa Tou xpovou, t.



H oxéon (4.36) €mTPETTEl TOV UTTOAOYIOUO TNG MOP®NG Twv 1000gpuwy. Av
emMAECoupE pia oTaBepny Bepuokpacia TC=T(z,x), kal €MAUOCOUME TNV E£giowon
(4.36) wg TTPOC z, €UKOAA @aiveTal OTI N MOPPN TWV 1I0008epuwyv diveTal atrd TN
oxéon:

Z= {2 K /u,erf 1(_Tr—c)} X% = {2\/Rerf 1(_TI_—C)}t1’2 (4.38)

a

H oxéon auth pag €mTPETTEl va OXEOQIAOOUUE TIC 1I000EPUEC MIAC WKEAVIOC
ANBboaipac yvwpiloviac TO oOuvTteAeoTy BeppikAG didxuong, K, kar TN
Beppokpacia T,, OoTn peEOWKeAvia paxn. EmMTALov pag emTPETTEl KAl €vav
OI0POPETIKO (BEPUIKO Kal OXI uNXAVIKO) oplopo TG AIBGopalpac.



O@eWPWVTAC TUTTIKEG TIMEG YIa TNV WKeAvia AIBéogaipa otn oxéon (4.38) (K=0.8*10
®m2?s-t kai T,=1350°C) Traipvoupe TIG I060EPUES TTOU TTAPOUCIAOVTAl OTO TTAPAKATW

oxXnua:

E
=
L
0
D
=,
@

o
=]

120
0

(Momagéyog 2008) HAIKia (Ma

lo6BepuEC Kal ETTIPAVEIOKT) BUBOPETPIO TOU PMOVTEAOU NUIXWPEOU
yla TNV wkeavia ABdéoc@aipa. H 1000epun twv 1100°C 010
OXNUOA QVTITIPOOWTTEVEI TO BEPMIKO Oplo TS AIBGOPaIpac.

Av uttoBéooupue OTI N Bepuokpaacia
otTn paxn e€ivar 1350°C «kai n
Bepuokpacia otn  Bacn  TNG
ANB6oaipag TTANoIalel oTo onuEio
TAZNG TOU TTUPOAITIKOU pavoua oTta
TUTTIKGA BAON Tou avwTtepou pavoua,
onAadn eival 1.x. 1100°C, n oxéon
(4.38) pTTOpPEI va BewpnOei  OTI
TTpoadiopifel 1O TaAxog L 1nG
ANB6o@aipag, odnywvrtag o€  pia
OXe0n TNG HOPPNG:

L =9t (4.39)

LOVTEAO TOU OXMATOC.

AnAadn to maxog tne ABoodatpac auéavel KOBWC ATTOUAKPUVOUOOTE OO TN PAXN Kol €lval
OVAAOYO TNC TETPOYWVLKAC plloc tou xpovou, t, omwc dalvetal Kal OTO QATAOTIOLNUEVO




H trdyxuvon tng AMIBGoaipag, o€ ouvduaoud Pe Tnv uttoBeon o1 n AIBoo@aipa
BpiokeTal o€ BapuTikrl avTioTdBuion odnyei oTo CUupTTEPAcHa OTI n AIBGo@aipa
BubieTal 01O pavdua Adyw auf¢nong TnG TTUKVOTNTAG TNG ME TNV TTAPOOO TOU
XPOVOoU, JE aTToTEAEOUA va aucdvel To BABo¢ Tou Baldoaiou TTuBpéva.

2UPOwWva Pe To PovtéNo auTtd, 1o Babog, d, Tou BaAdacaoiou TTUBUEva PETA QTTO
XpPOvo t divetal atro Tn oxEon:

2p aT |Kt
d=d +L « (4.40)

PPN

d, kai p, €ivalr To BABog TOU VEPOU Kal N TTUKVOTNTA
NG AIBGOPAIPAG OTOV ACOVA TNG HECOWKEAVIAG PAXNG

p,, €ival N TTUKVOTNTA TOU VEPOU

a gival 0 OUVTEAEOTNC BEPUIKAG OIAOTOANC

Emopévwe, kal to BaBocg tou wkeaviou muBueva (dnAadn to BaBog tnC mavw eMLPAVELOG

NS wKeaviag AtBoodatpoag) avéavetol avaloya LE TNV TETPAYWVLKN pila Tou xpovou.




ewOBepuec

eCaptatol amno:

ECWTEPLKOUC TAPAYOVTEC TNG SOUNG :

- AyWyLpoTnTA,

- L0k Beppotnta,

- TTUKVOTNTQ,

- TINYEC YEveEoNC BepUOTNTOC ATO padLEVEPYELL

€EWTEPLKOUC TTAPAYOVTEC :

- por) BeppoTNTAC IOV ELOEPXETOL OTN doun),

- Beppokpaocia otnv enidpavela tng SOUNG,

- pUBULOC e TOV OTtolo aTopaKPUVETAL [ TIpooTiBeTAL UALKO oTNnV €TtLpAveLa
¢ Sounc m.x. L amocdBbpwon n anoBeon, avtiotoya)




Av Bewpriooupe OTI £Xoupue dia KkaTakdépugn oTAAN oTn ['n 61ToU OEV aPalpEiTal oUTE
TTPOCTIOETAI UAMIKO AOyw peTagopdg (u=0), n pon Bgpudrnrag ue aywyn yiveral TIpOKTIKA
MOVO KATaKOPU®Q Kal gival oTabepn.

MeTa at1rd KATToI0 XPOVIKO dIdoTnPa n OTAHAN BPIOKETAI O€ KATAOTAON BEPUIKNG IC0PPOTTIAG,
onAadn n Bepuokpacia o€ kABe BABoG ival oTaBepr Pe 10 Xpovo (aT/ dt= 0 ).

H petaBoAn tng Bepuokpaciac ye 1o FAB0OC ovOPAZETAI YEWBEPHN 1IC00PPOTTIAG :

(4.41)

AuTn gival d1a@opIKn eiocwon deUTEPNG TAENS Kal uTTopPEi va AuBei av doBouv dUO OPIKES
OuvONnKeg. TI.X. OTI:

1) ortnv emeaveia 1S 'ng n Beppokpacia gival ion pe undév, dnAadn yia z=0, T=0

2) n por] BepudTNTAG OTNV ETMIPAVEIA €ival ion JE —qo (TO ApvNTIKO TTPOCNKO GNnuaivel OTI
pon BepudTNTAC TTPAYUATOTIOIEITAI TTPOG TA ETTAVW, AVTIOETA TTPOC TNV

auénon Tou Radouc), dnAadn yia z=0, q=-K—

6eutépou Babuov



AvTioToixa, otav ol apxXIKEC ouvlnKeg opilouv:
1) om otnv emeaveia TG NS n Bepuokpacia cival ion pe undev (z=0, T=0)

2) om og doopEvo BAbog, d, n por) BepudTnTag gival yvwaTn, -04, (2=d, g=-q,)
N YEWBEPUN 100ppoTTIaC gival N akdAoudn eciowaon deuTépou Babuou:

(4.45)




ATTO Tn oUYKPION TV OUO OXECEWV TTPOKUTTTEI OTI:

1.

Mia oTAAN TTaxouc d (T1.X. NTTEIPWTIKOS PAOIOC), OTTOU TTapdyeTal BepudtnTa A 11O
padioakTivoBoAia, cupBAAAel kata Ad oTnv augnon TNG PongS BEpPOTNTAC OTNV ETTIPAVEIQ
™G I'ng.

n pon BepudtnTag q4 o€ Babog d (11.X. N por) BepuOTNTAG ATTO TOV HaVOUX TTPOG TOV (PAOIO)
oUPBAAAel og peTafoAn Tng Bepuokpaaiag kata zq,/k ae Babog z.

Kal oTIG OUO TTEPITITWOEIC Ol YEWBEPHPEG €ival KAUTTUAEG deuTEPOU BaBuou TTou diEpXovTal
atrd TNV apxn Twv agdvwy (z=0, T=0, TTpwTn OpIKA CUVBAKN).

[[ewOepUESC KAUTTUAEC yia TTaAQIG wWKeAvIa
ANBSoaipa (cuveXAC KAUTTUAN) Kal TTaAaid
NTTEIPWTIKN AIBGC@aIpa (SIAKEKOUPEVN KAUTTUAN).

Maparnpoupe 611 KAl o1 BUO YEWBEPHEG
KOMTTUAEG S1€pXovTal ATTé TNV apXK TwV a{dévwyv
(yia z=0, T=0).

n Oeppokpacia TNG NITEIPWTIKAG TTAAKAG
EAATTWVETAI NE HEYOAUTEPO PUBNO pE TO BABOG
O& oXEon ME TN OEPUOKPATIA TNG WKEAVIAG
TTAAKQG.



H depuikn 1otopia tng Nn¢

Av n e€giowon TG BepuIkKNG aAyWYINOTNTAG AVOATITUXOEi 0O OQAIPIKES
OUVTETAYHEVEG, BEwpPWVTAG OTI UTTAPXEI OPAIPIK CUMMETPIA (avecapTnaia aTro
TO YEWYPAYPIKO UNKOG KAl TTAATOG) TOTE TTAiPVEl TN HOPOPH:

oT K 8(28Tj A
= r’— |+

ot pC,r° orl or S

pC,

r: namoéoTacn ammo 10 KEVTPO NG NG

H AUon Tn¢ €€icwong auTtrg UTTOPEN, UTTO OPICUEVEC TTPOUTTOBECEIC, VO dWOEl XPrOIMES
TTANPOYOPIEG YIaA:

- TNV APXIKN KAaTavour TnG Beppokpaciac yéoca otn In,
- yIa TN METABOAN TS BepPOKpaTiag Ye To Xpovo o€ didgopa BAon.



H 1o atrAf TTpocéyyion €ival va uttoBécoupe OTI N I'n gival opoyevig o€ OTI
a@opd T600 Tn BEpMIKA AaywyiuoTnTa, K, 600 KaI T TrTapaywyn 0eppodTnTag
AOyw padievépyelag (A=orabepn).

Av n ueraoAn tn¢ Bgpuokpaociac ue 1o Baboc¢ otaBepoTroinbei HETA aTTd KATTOI0
XPOVIKO diaoTnua (steady-state, dT ot= 0 ) kar n Bepuokpaaia oTnV ETTIPAVEIA TNG
['ng givan T=0, 101€ N £€icwaon £xel TNV akOGAouBn Auon:

R: n akTiva 1nG 'ng

(4.47) , {10 K
r . n amoéaTaon ato 10 KEVTPO TNG 'Ng

2TNV TTEPITITWON AUTH N PON €ival ion JE: (4.48)

ATIO TIG YVWOTEG TIMES (R=6371km, gR~80mW/m2, k~4W/(m+K)), Bpiokoupe 0TI

OTO KEVTPO TNG NG,
T(0)=AR?/6k=qrR/2k

(akoua kai o 'HAIOC Exel eTTIpaveIakn Bepuokpaaia UEPIKWVY XIAIGdwVY BaBuwv)



v'O KUpI0¢ AGYOoC atroTuxiag Tng Trponyouuevng e€iowaong eivai Ot
uTTOBETElI B1Ad00N TG BEPUOTNTAC MOVO ME Kol 61 pE

v'Ta pevpata autd dIEUKOAUVOUV TN METAPOPG HEYAAWY TTOCWV
BepuoTnTaC ATTO T BABUTEPA OTA ETTIPAVEIOKA OTPpWHPATA TNG ['NG, apa
N 6eppokpaacia TG 'NG YTTOPEI va gival TTOAU PJIKPOTEPN OTO KEVTPO TNG,
ETTITUYXAVOVTAC TNV idIA ETTIPAVEIAKI) por BEpUOTNTAG.

v'H ayvonon Twv peUPATWY PETAPOPAC € GUVOUACOHO JE TNV TIUR TNG
ETTIQAVEIOKNG pONG BEpPOTNTAC ATAV OI AITIEC TTOU 00 ynoav Tov A6pdo
Kelvin otov TTpocOIopPIOHO €EAIPETIKA HIKPRGS NAIKIOG yia Tn 'n
(BAETTE E1oQyWwyn).

v OUOoIKA, OTNV TTPAYHATIKOTNTA, TO JOVTEAD TTPETTEI va AauBdvouv uTr’
oWn Kai TTo TTOAUTTAOKOUG TTAPAYOVTEC, OTTWC TT.X. TN METABOAN TNG
EVEPYEIAGC NEOW PAdIEVEPYWYV DIACTIACEWY HE TO XPOVO.



2TNV TTpaAyhaTiKOTNTA, N Bepuokpacia HeTaBAAAETalI pEoa oTn ['N PE TO YEWAOYIKO XpOvo, £0TW
Kal apya ( aT ot# 0 ).

JAUEPQA TILOTEVETAL OTL N BAPUTIKN EVEPYELA IOV ATEAEVOEPWONKE KATA TO SLaxwpLlono
TOU METAAALKOU TTUPAVA ATTO TOV TTUPLTLKO HovdUa 1Tov TETOLO WOTE OAOKANPOC O
pavévac Eptaoce tn Oepprokpaocia TAENG TOU 1 €0Tw BepoKkpacia TTOAU KOVTIA O AUTHV

(Matradayxog 2008, TpoTroTroiNuévo atd Stacey, 1992)

2T0 OXNUa TTapoucIAdeTal Eva geVAPIO UTTOAOYIOUOU
TNC £CEANIENC TNC BEPUIKAC I0TOPIOC OTNV TTEPIOYN TOU
opiou yavoua-TTUpNVvaA,

Ty : N apxIkn Bepuokpaacia THENG Tou pavoua (~3850 K),
T n Bgppokpaacia Tou TTUPrvVa KovTa oTo OpIo Javoua-
TTUpva

Ts :navrioToixn Bepyokpaaia Tou pavdua aTo idlo 6pIo av
Bewpriooupe OTI N YETABOAN TNG BepUOKpaTiag HEoa OTO
Mavoua gival povo adlafartikn .

Oeppokpacia (°K)

- H petafoAn g T TTapouacialeral yia dUO aKpaieg
peoAoyieg Tou pavdua.

3 2
HAikia (AiggkaToppupia €Tn)

Tooo n T, 600 Kkat n T Seixvouv moAu apyn petaBoln pe To XpAvo, Seixvovtag OTL 0 TapOvVIaG PUBUOG
JUEnc Tou pavéua og auto to Babog ival mepimou ioog pe 70°C/(8wo. xpovia).

H tiun avtr Seixvel otL, av Kal ta pevpota petodopdc cuvteAouv otnv taxutepn Puén tou pavdva, n
nopoywyn Ogpuotntag ano Tic padlevepyEg SLAOTIACELG EIVOL APKETA ONUOVTLK WOTE va Slatnpei to
pavdua o uPnAn Beppokpacia.




XapakTnPIoTIKO TTapAdelyua gival N TTapapdéppwon ‘P“‘m'“
TWV YEWOBEPUWYV KATA TNV KATAdUON MiAC WKEAVIOC
ANBoo@alpag (oxnua 3.18) apou n aywyn dev
TTpoAaBaivel va e€I00PPOTTACEI TN BEPUOKPOATIOKN
uETABOAN AOYW TNG PETAPOPAG TNG WUXPNG
wKeAviac AIBdopaipac o€ yeyaila Badn
(UWPNAOTEPEC BEPUOKPATIEC).

BdaBog (km)

To atrotéAeopa gival n dnuioupyia EViovwy d10@QOopWY OTIC TAXUTNTEC TWV OEITUIKWY
KULMATWY, ETTITPETTOVTAG TNV ATTEIKOVION TwWV AIBOCQAIPIKWY KATAOUCEWV WG TTEPIOXWV
uwnAWV TaxuTATWV aAAG Kal EAEYXOU YEWAOYIKWY HOVTEAWV.

O yavduac PJeE TOV TPOTTO QUTO «TTAVWVEI» KOl QTTOTUTTWVEI OEpUIKA TN VEWAOVIKA
1I0TOPIO TNC AIOGC@aIpacC.




AvaAoyo poAo pmopel va maiéel Kol 0 NTTELPWTLKOC GAOLOC yia TLE ATULOCDHALPLKEC
Oeppokpaciakég LetaBoAéc. H efatpetikd apyn petafoln tng Oepuokpaciag ue aywyn pEoa
010 PAOLO, ETUTPETEL TNV AMOTUNIWGN ENMLPAVELOKWV OEPLLOKPOAOLOKWV AAAQYWV TIPLV QO

LALASEC XpOVLa LECO GE AUTOV.

Naykoopia Sedopéva Katavoung tne Beppokpaociac pe to Badog

(GompeC UMAPEC) KAl NAVAEVOUEVN LETABOAN TNC Beppokpaoiag ota
_' npwta 2km ov uTtoTteBEL OTL N pEon emipavelakn Bepuokpacia nTav

$ i otaBepn Kal ion pe tn onuepvn (CUVEXAGC YPOUUN) EVW UE LOUPOUG

T [ KUKAouC Ttapouotaletal n petafoln tng Oepuokpaociac péca otn 'n av

—

'_g‘ ! otnVv enipavela akohouOr|Onke to oevapto (1) oto oxnua (4.16a).

L

1B — i (Motragdayog 2008, TPOTTOTIOINWEVO
2000 T T - amd Huang et al., 1997 kai Polack
50 5 60 65 and Smerdon, 2004)

Por} Beppérnrag (mW m?)

p
o

AUo oevapla petafoAnc tng Bepuokpaociag katd Ta
teAevtaia 20.000 xpovia pe Baon to oy. 4.16PB).

Av kal ta SU0 poVTEAQ avTloTolyoUV oTnv idLa TLun
enmipavelakng pong Bepuotntag, To 1° meplypadet
LKOLVOTTOLNTLKA TNV TopatNPOUUEVN UETOBOAN TNG
ponc BeppodTNTAC LECO OTOV OVWTEPO NTELPWTLKO
dAoLo.
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Bewpnua TNG BePUOdUVAMIKAG
(reciprocal theorem):

Beppoduvapiki oxéon Maxwell:

8T 88 T : Bepuokpaoia (o€ K),

P : 1rieon

oS 5 OP - S : evipoTria
(4.50)

ar) (oM
8s ).\ aT ),

(4.51)

ATIO Tn oX€onN AUTA KAl TOUG OPICHOUG TOU OUVTEAEOTH BEPUIKAG dIAOTOANG, A, Kal TNG €I0IKAG
BepuoTtntag, Cp, (Ox€oeig 4.2 Kal 4.5) TTPOKUTITEI N OXEON :

KaBwg yia Tov pavoua deXOUaoTE OTI UTTAPXEL, TIPOCEYYIOTIKA, UDPOCTATIKA ICOPPOTTIA N

TTOPATTAVW YIVETAI:

(4.53)



H kKaprtuAn théng, mou xwpiletl to povoua og Teploxr otePeol UALKOU Kol O€ TIEPLOXNA
uypoU UALKOU, elval StadopeTikn armo tnv adlofatiki looBepun.
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ASLafatikn LlooBepun Kot KOUTTUAN THENC
(Maralayxog 2008, tpornonolnpévo anod Fowler, 2005).
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T Expanding O(z 4 0z) in a Taylor series gives
I
z I ] Q {67}2 32 Q
| z
+32)= 0z) + 8:— + oo
o Qlet o) =0+t 4 =
- heat entering across z — heat leaving across z + 0z

Z+ 0z ¢

=a0(z)-a0(z +0z)

d
Aa dz — a 8:£

Y
[fthe mateh l;as\density p and specific heat cp, and undergoes a temperature
increase o7 1n time of, t-b,grate at wh s cained 1s

(7.9)



5T 30

cpa szg = Aadz —ad:z .
3T 90
pp— = A — — 7.10
P ot 0z ( )
[n the limiting case when oz, 8 — 0, Eq. (7.10) becomes
T 90
—=A—- 7.11
AT 0z 7
Using Eq. (7.4) for O (heat flow per unit area), we can write
o 4+kazT (7.12)
PP T AT ‘

or

oT k 9°T n A (7.13)
= .12
dt pcp 0z pcp

This 1s the one-dimensional heat-conduction equation.

aT K A
S 4
ot pCp PcCp




For a steady-state situation when there is no change in temperature with time,
Eq. (7.15) becomes

(7.16)

In the special situation when there 1s no heat generation, Eq. (7.15) becomes

0T k
) - e
at pcp

This 1s the diffusion equation (Section 7.3.5).

Relative motion through aregion where the temperature varies with depth

aT k 9T A T
= - + — U — (7.18)
dt pPCp 6:2 PCcp dz
and
aT k A
— = — VT + —u-VT (7.19)
at pcp pcp

In Eq. (7.19), u is the three-dimensional velocity of the material. The term
u - VTis the advective-transfer term.



Table 7.1 Tipical concentrations of radioactive elements and heat production of some rock types

Average Average Average
Tholeiitic Alkali continental  continental  oceanic Undepleted
Granite hasalt basalt Peridotite upper crust crust crust mantle

Concentration by weight
U (ppm) 4
Th (ppm) 15
K (%) 35
Heat generation (10" Wkg~")
U 3.9
Th 4.1
K 1.3
Total 9.3

Density (10° kg m~3) 2.7

Heat generation 25
(WWm™)




Depth (km)

Figure 7.3. Equilibrium geotherms calculated from Eq. (7.28) for a
50-km-thick column of rock. Curve a: standard model with
conductivity 25Wm™"°C", radioactive heat generation
1.25uWm=3 and basal heat flow 21 x 10-*Wm~2. Curve b

Temperature (°C)
0 50 1000 1500

standard model with conductivity reduced to 1.7Wm="°C".
A f Curve ¢ standard model with radioactive heat generation
F increased to 2.5 p\Wm~>. Curve d: standard model with basal heat
10 k flow increased to 42 x 10-*Wm~2. Curve e: standard model with

basal heat flow reduced to 105 x 10~ Wm™2. (From Nishet and
[ ea dbel  Fowler (198,




Two layer model

Consider a two-layer model:

A=A4, for0<z <z
A= A4, forz;i <z <z,

T'=0 onz=20

with a basal heat flow QO = —(Q, on z = z;. In the first layer, 0 < z < z;, the
equilibrium heat-conduction equation 1is
02T A,y

= — 7.29
dz? k ( )

In the second layer, z; < z < z3, the equilibrium heat-conduction equation is

T A (7.30)
9z2 k -

The solution to these two differential equations, subject to the boundary condi-
tions and matchmg both temperature, 7, and temperature gradient, 37 /dz, on the
boundary z = z;, 1

A Az
T=—2—;rzz—|—(%+—(-2——l}+ ; )z for0 <z < z4 (7.31)

A A Ay — A4
= — 222+(Q2+ 222)24—#:% forz) <z < z» (7.32)

2k k k 2k



Temperature (°C)
0 500 1000 1500

A=42 | 1o
CRUST 20
“ A=08 |
MANTLE
Q=63

Figure 7.4. A two-layer model for the crust and equilibrium geotherm in the
Archaean. Heat generation A is in nW m~3; heat flow from the mantle Q is in
1073 W m~2. Recall that, during the Archaean, heat generation was much greater
than tis now (Table 7.2). (After Nisbet and Fowler (1982).)



Example: periodic variation of surface temperature

Because the Earth’s surface temperature is not constant but varies periodically
(daily, annually, ice ages), it 1s necessary to ensure that temperature measurements
are made deep enough that distortion due to these surface periodicities 1s minimal.
We can model this periodic contribution to the surface temperature as Tyei#!, where
w 1s 2t multiplied by the frequency of the temperature variation, i is the square root
of —1 and T} 1s the maximum variation of the mean surface temperature. The
temperature 7 (z, t) is then given by Eq. (7.13) (with 4 = 0) subject to the following

two boundary conditions:

(1) 7(0, 1) = Tyelet and
(i1) T(z, 1) = 0 as z — oo.

We can use the separation-of-variables technique to solve this problem. Let us
assume that the variables z and ¢ can be separated and that the temperature can be
written as

T(z,t)=V(z)W(t) (7.38)

This supposes that the periodic nature of the temperature variation is the same at all

depths as it 1s at the surface, but it allows the magnitude and phase of the variation



to be depth-dependent, which seems reasonable. Substitution into Eq. (7.13) (with

A = 0) then yields

" dw k Wsz
dt  pcp  dz2

which, upon rearranging, becomes
L dw k1 d?v
W dt N pPCp Vo dz?

Because the left-hand side of this equation is a function of z alone and the

(7.39)

(7.40)

right-hand side is a function of 7 alone, it follows that each must equal a constant,

say, ¢;. However, substitution of Eq. (7.38) into the boundary conditions (1) and (i1)

yields, respectively,
W{I) — eiw!
and

FV(z) =0 asz— o

(7.41)

(7.42)



Boundary condition (1) therefore means that the constant ¢; must be equal to 1w
(differentiate Eq. (7.41) to check this). Substituting Eq. (7.41) into Eq. (7.40) gives
the equation to be solved for V (z):
&V iwpcpV
2~ &

(7.43)
This has the solution

V(z) = cpe™ % 4 czef? (7.44)

where ¢ = (1 + i)\/mpcp/’{ﬂ'} (remember that /1 = (1 + i)/ﬁ) and ¢, and ¢; are
constants. Equation (7.37), boundary condition (i1). indicates that the positive
exponential solution is not allowed; the constant ¢3 must be zero. Boundary

condition (i) indicates that the constant ¢, is Ty: so, finally. T (z, t) is given by

. : .. [@pPCPp
I(z,t) =Ty exp(lmr)exp(—(l +1) oy 4

— 7, exp(— “’g ;P ) exp[i (a}f _ ‘”§ ;P _)] (7.45)

For large z this periodic variation dies out. Thus, temperatures at great depth are

unaffected by the variations in surface temperatures, as required by boundary

condition (11).



_ : . [@PCp )
z.t)="1T, exp(lmf)exp(—(l + 1) 7 z
\T) {U_.OCP . y (U_.OCP
= Toexpl| — z | expl1 — z
0€Xp o PIN“" =V 2k
L= |2k (7.46)
NV erce

the periodic disturbance has an amplitude 1/e of the amplitude at the surface. This
depth L is called the skin depth. Taking k =2.5Wm™'°C !, ¢p = 10° Tkg~ ! °C~!
and p = 2.3 x 10° kgm™>, which are reasonable values for a sandstone, then for the

At a depth of

daily variation'(w — 7.27 x 107 s7 1), L is approximately 17 cm: for the annual

variation (w = 2 x 1077 s7!), L is 3.3 m; and for an ice age (with period of the order
of 100000 yr), L 1s greater than 1 km. Therefore, provided that temperature

measurements are made at depths greater than 10—-20 m, the effects of the daily and
annual surface temperature variation are negligible. The effects of ice ages cannot
be so easily ignored and must be considered when borehole measurements are
made. Measurement of temperatures in ocean sediments is not usually subject to
these constraints, the ocean-bottom temperature being comparatively constant.




Heat flow and the depth of the oceans

250 250 250
1
;; 200 Atlantic Ocean 200 Indian Ocean 200 Pacific Ocean
£
% 150 150 150
E 100 100 100
Lo
®
£ 50 50 50
0 | | 1 0 0 | 1 !
0 50 100 150 0 50 100 150 0 50 100 150
Age (Ma) Age (Ma) Age (Ma)

Figure 7.6. Observed heat flows for the Atlantic, Indian and Pacific Oceans. Heat
flow predicted by the plate models: solid line, GDH1; and dashed line, PSM. Heat
flow predicted by the half-space model HS is not shown - it is almost coincident with
PSM (Table 7.5). (After Stein and Stein, Constraints on hydrothermal heat flux
through the oceanic lithosphere from global heat data, J. Geophys. Res., 99,
3881-95, 1994. Copyright 1994 American Geophysical Union. Modified by
permission of American Geophysical Union.)
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Figure 7.7. Mean oceanic depth (a) and oceanic heat flow (b) with standard
deviations plotted every 10 Ma against age. The data are from the north Pacific and
northwest Atlantic. These global depths exclude data from the hotspot swells. The
three model predictions for ocean depth and heat flow are shown as solid and
dashed lines. The plate model GDH?1 fits both data sets overall better than does
either the half-space model HS or the alternative plate model PSM. Data shown in
black were used to determine GDH1. Heat flow data at <50 Ma are shown in grey -
these are affected by hydrothermal circulation and were not used to determine
GDH1.(c) Mean oceanic depth plotted against the square root of the age of the
lithosphere (+/t). The solid line is the hest-fitting half-space model: d = 2.607 +
0.344tV2 (After Stein and Stein (1992) Thermo-mechanical evolution of oceanic
lithosphere: implications for the subduction process and deep earthquakes
(overview), Geophysical Monograph 96, 1-17, 1996. Copyright 1996 American
Geophysical Union. Modified by Permission of American Geophysical Union; and
Carlson and Johnson, On modeling the thermal evolution of the oceanic upper
mantle: an assessment of the cooling plate model, J. Geophys. Res., 99, 3201-14,
1994. Copyright 1994 American Geophysical Union. Modified by permission of
American Geophysical Union.)



Figure 7.7(a) shows the mean depth of the oceans plotted against age. For
ages less than 20 Ma a simple relation between bathymetric depth ¢ (km) and
lithosphere age 1 (Ma) 1s observed:

Depth increases linearly with the square root of age. For ages greater than 20 Ma
this simple relation does not hold; depth increases more slowly with increasing

age and approximates a negative exponential:

d =5.65—2.47e"/3 (7.57b)

Figure 7.7(b) shows the measured heat flow plotted against age. A simple
relationship, linked to that for ocean depth, between heat flow QO (107> W m=?)
and lithosphere age 7 (Ma) is predicted for crust younger than 55 Ma:

O = 5107172 (7.58a)

Heat flow decreases linearly with the inverse square root of age. For ages greater
than 55 Ma this simple relation does not hold; heat flow decreases more slowly
with increasing age and follows a negative exponential:

O = 48 4 96~/ (7.58b)



The simplest thermal model of the lithosphere is to assume that the lithospher
is cooled asthenospheric material, which, at the ridge axis, had a constant tem-

v direct1o 1e temperature field to be i equilibrium, t ifferential
equation to be solved 1s
k (0*T 0T aT
+ = u— (7.59)
pcp \ 0x?2 0z? 0x

where u 1s the horizontal velocity of the plate and the term on the right-hand
side of the equation 1s due to advection of heat with the moving plate. A further
simplification can be introduced by the assumption that horizontal conduction
of heat is insignificant in comparison with horizontal advection and vertical
conduction of heat. In this case, we can disregard the 92 T/ Jx? term, leaving
the equation to be solved as

k 9*T aT _
- = u—- (7.60)
PCp 9z2 dx




This equation, however, 1s identical to Eq. (7.43) 1f we write ¢ = x /u, which
means that we reintroduce time through the spreading of the ridge. Approximate
initial and boundary conditions are 7= T, atx =0 and 7= 0 at z = 0. According

to Eq. (7.44), the solution to Eq. (7.60) 1s

Izt =Tyerf(— 7.61
(z,1) er (2\/5) (7.61)

The surface heat flow at any distance (age) from the ridge axis is then obtained
by differentiating Eq. (7.61):

0() = —k-

dz

— A::; v, (7.62)

The observed 1"/ relationship between heat flow and ag®s thus a feature of this

z=0

model which is called a half-space cooling model. S
O =510¢"12



We can estimate the lithospheric thickness L from Eq. (7.61) by specifying a
temperature for the base of the lithosphere. For example, if we assume the tem-
perature of the asthenosphere at the ridge axis to be 1300 °C and the temperature
at the base of the lithosphere to be 1100 °C, then we need to find the combination
of L and 7 such that

L
1100 = 1300 erf (7.63)
(ZJE)

In other words, we need the inverse error function of 0.846. Using Fig. 7.5 (or
Appendix 5), we can write

1008 = jﬁ (7.64)
Thus, if k = 1070 m?2s~1,
L =2016x 107/t (7.65a)
when L is in metres and ¢ in seconds, or
L=111t (7.65b)

when L 1s in kilometres and 7 in millions of years (Ma). At 10 Ma this lithosphere
would be 35 km thick, and at 80 Ma it would be 98 km thick. Different choices
for the temperature at the ridge axis and at the base of the lithosphere will yield
slightly different values for the numerical constants in Eq. (7.65) but the ‘root ¢’
dependence of lithosphere thickness on age will not change.



The depth of the seabed at any given age can be calculated by using the
principle of isostasy (see Section 5.5.2) and the gradual increase in density of the
lithosphere as it cools. If we take the compensation depth D to be in the mantle
beneath the base of the lithosphere, the total mass in a vertical column extending

D
f p(z) dz
0

[sostatic compensation requires that this mass be constant for all columns what-
ever their age. At the ridge axis the lithosphere has zero thickness, and so, taking

down to D 1s

z = (0 to be at sea level, the mass of the column 1s

dr D
f pw dz + f pa dz
0 dr

where p,, 1s the density of sea water, p, the density of the asthenosphere (at
temperature 7,) and d; the depth of the water over the ridge axis. The mass of a

d d+L D
f Py dz +f p(z)dz +f pa dz
0 d d+L

where d 1s the water depth and L the thickness of the lithosphere. Because the

column aged 7 is then

mass in this column must be the same as the mass in the column at the ridge axis,



we obtain the equation

d; D d d+L D
f ,Ode+f padz = f pwdz+f p(z}dz+f Pa dz (7.66)
0 dy 0 d d+1L

Rearranging vields
L
(d —d)(pa — pw) = f (p(z) — pa) dz (7.67)
0

To determine p(z), we must use the expression for density as a function of
temperature and « the coefficient of thermal expansion,
P(T) = pa[l —a(T —T,)] (7.68)

and Eq. (7.61) for the temperature structure of the lithosphere. Substituting these
two equations into Eq. (7.67) gives

L =
d —d)p, — py) = pace Ty rf - dz 7.69
( NP2 — Pw) = Pac ﬂ e C(2\/E) ( )

where erfc 1s the complementary error function —




) The integral

on the right-hand side of this equation can easily be calculated or looked up in
a set of mathematical tables. However, for our purposes it is sufficient to change
the upper limit of integration from L to o0 (the error introduced by this approxi-
mation is about 5%). This integral of erfc(x) between x = 0 and infinity is 1 //7
(Appendix 5). When this approximation 1s made, Eq. (7.69) becomes

(d — de)(pa — pu) = 2Ty — (7.70)
s

20T, [xi
d=d + %= K
Pa— Pw ¥ T

If we assume values for p, and for p,, of 3.3 x 10° and 1.0 x 10°kgm™3,
respectively; for «, 3 x 102 °C~!: for k, 10 m2 s~ for T,, 1200°C: and for
dy, 2.6 km; with 7 in millions of years and d in kilometres, then Eq. (7.71) 1s

— d=2.6+0.33/1t (7.72)

en T, is taken to be 1300°C, Eq. (7.71) 1s

<

d=2.640.3641 73)

d =2.64+02365"2
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Figure 7.12. Measured heat flow QO plotted against internal heat generation AO for (a)
the eastern-U.S.A. heat-flow province. The straight line Qo = Qr + DAo that can be
fitted to these measurements has Qr = 33 x 10-3Wm-2 and D = 7.5 km. (After Roy et
al. (1968).) (b) Best-fitting straight lines for other heat-flow provinces: CA, central
Australia; B, Baltic shield; BR, Basin and Range; C, Atlantic Canada; EW, England and
Wales; EUS , eastern USA,; I, India; S, Superior Province; SN, Sierra Nevada; and Y,
Yilgarn block, Australia. (After Jessop (1990).)



|. Heat generation is uniformly concentrated within a slab with thickness D.
In this case, using Eq. (7.16), we obtain

82T:—@ for0<z<D
0z2 k -
Integrating once gives
0z k

where ¢ is the constant of integration. At the surface, z = 0, the upward heat flow
Q(0) is
aT
00)=0Qp =k —

dz z=0
= ke (7.77)

Therefore, the constant ¢ is given by



At depth D, the upward heat flow is

_ o AL | Qo
Q(D)—A( T k)
= —AgD + Oy
— 0, (7.78)

Thus, in this case, the heat flow Q(D) into the base of the uniform slab (and the

base of the crust, since all the heat generation is assumed to be concentrated in
the slab) 1s the O, of Eq. (7.75).



Tectonic implications of spatial variation of b-values
and heat flow in the Aegean region
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Fig. 2 The heat flow contours of the study area (prepared from Fytikas 1980). Triangle symbols show the heat flow values from Jongsma (1974):
Erickson et al. (1976) and Fytikas and Kolios (1978)
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The application of the ¢B{) model for the calcul-ation
of the variation of the activation volume for creep with depth

i ’ antle

in the Barths fover m A MATERIAL SCIENCE APPROACH FOR THE

EVALUATION OF THE RHEOLOGICAL STATE INTO
THE EARTH’S LOWER MANTLE

mody-
C model which connects [ IDbS energy F. VALLIANATOS,! K. EFTAXIAS? AND A. VASSILIKOU-DOVA?
nami

F. Vallianatos and K. Eftaxias

' 2 i
with the bulk properties. According to this model "Technical University of Crete, Chania, 73100, Crete, Greece; *University of Athens,
the Gibbs energy g " s given by: Section of Solid State Physics, Greece
c 1 :
gi=c'BQ (1)

where B is the isothermal bulk modulus, (Q is the
mean atomic volume and ¢’ is a constant inde-
pendent of temperature and pressure; for a .given.
host lattice ¢’ depends only on the mechanism i
(i = activation, formation, or migration) (Varotsos
and Alexopoulos, 1986).

Isoviscosity and adiabaticity in the Lower Mantle We now proceed to the
discussion of the isoviscosity of the lower mantle by applying the cBQ model. A
combination of eqs(1) and (2) leads to an expression for the viscosity 7:

1= 1, exp(c*“'BO/KT) (7)

An insertion of the definition of isoviscous temperature into eq(7) leads to:

Tisov = (B/Bo)(20/0) (" /¢, ") T, (8)

In order to obtain the lower value of Tisor we use eq(3) for the depth variation of ¢** (i.e.
£=5) and we get:

yA

Tiieov = (B/Bo)(ao/a)Te exp( J ~k(z)dP(2)) 9)

Zo

In Figure 2 we have plotted T isov calculated from eq(9) and compared it with the adiabatic
temperature T,q from the lower mantle derived by Brown and Shankland.®
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calculated by Poirier and Liebermann (1984).



Geothermodynamics
or

Heat in the Earth



Heat vs Temperature

T => how fast individual particles are moving around. For a
bunch of particles you can think of T as a mean speed. Because the
speed of a particle is related to it’s kinetic energy (= 1/2 mv?) then T
will be related to it’s energy as well.

Q => the total energy represented by all these particles moving
about.

Obviously, it 1s possible to have high T and low Q, and vice versa.
In a rock, the “particles” are atoms in a lattice, and T represents an

amplitude of vibration about an equilibrium point (kind of like a
spring). More on this later.



It 1s usetul to define a material constant ¢, called the “specific heat” as
the amount of heat Q that 1s required to raise a unit mass (say 1 kg) of
stuff a unit degree ot temperature (degree K). ¢, will then have the units
J kg'! K-l and we can write

AQ=c, mAT

In most materials, a change in temperature relates to a change in
volume and pressure. In a solid, it 1s easier for elements of a lattice to
move farther apart then closer together, so even in a solid there will be
a net expansion. In a situation where the pressure p does not change,
we can relate the change 1in temperature to a change in volume by the
thermal expansion coefficient o

1 dV
o =——
V dT
The division by V makes this a fractional change in volume. o has units
of K-1,



Note that a change in volume constitutes a change in energy. So, 1f
we add heat (energy) to a system, we could increase the volume
without increasing the temperature (all physical work) or increase the
temperature without increasing the volume (all internal energy) or
some combination of the two.

We write this as
AQ = AU + AW =TAS

AU = change in internal energy
AW = work done externally (like volume change).

The last term on the right 1s called the change in Entropy (S).

This 1s the second law of thermodynamics.



Physically, entropy is a measure of a dispersion of energy from a
concentrated to a dilute state. AS is always > 0, which means that
energy 1s always dispersive. This is why heat always flows from hot
areas to cold areas, for example.

So, 1n the above equation, AQ 1s the amount of energy that was
dispersed.

If AS =0, a given process is reversible, meaning that we can go back
to a previous state

if AS > 0, then the process 1s irreversible, and we can’t go back.
Note that if AS = 0, then the second law says that we can change T

without exchanging heat (AQ = 0). This special kind of process 1s
called adiabatic.



Heat transport in the Earth
Three mechanisms: Conduction, Convection, and Radiation.
Advection also occurs, but is less important as a general mechanism.

Radiation 1s electromagnetic energy in the infrared part of the
spectrum. It 1s important for transport though space (and for global
warming), but not very important within the Earth (interior materials
are opaque).

Conduction 1s the most important mechanism for heat transfer in
solids, and can be used to understand a lot of near surface and/or short
duration heating phenomena. However, it 1s very inefficient for heat
transfer.

Convection involves hot stuff physically moving to cold stuff. You
can observe this easily 1n air and liquids, but what about solids? Well,
on geologic time scales, rocks can look like extremely viscous liquids.
It turns out that convection rules in the interior of the Earth.



Conduction:

Mechanisms:
1. In metals, free electrons conduct heat. As temperature
increases, they move faster.

2. In “insulators™, lattice vibrations conduct heat by forces of
mutual repulsion.

Both can be described macroscopically in the same way.

Define q as the heat flux = amount of heat that passes through a unit
area during a unit time (example units: watts/m?).

_ 4

LT



According to Fourier Law of heat conduction, q is related to the
temperature gradient as

dT
— —k S
. dz

where k is called the thermal conductivity of the medium (units =
watts m! K-1)

The negative sign means that heat flows from high temp to low temp.
Note that this law ALWAYS applies LOCALLY.

If the heat flow 1s constant and unchanging everywhere, then we are
done. Thus, if there are no INTERNAL sources or sinks of heat in
our medium, and heat flow is steady state, then the temperature
gradient 1s LINEAR.



Steady State Heat Production

But what if we have sources or sinks of heat?
For example: radioactive heat production in
the earth.

In one dimension we 1imagine a volume
where the amount of heat leaving a medium
at (z +dz) 1s greater than the heat coming in

Ay

at Z . Fig.4.15 (a) Conduction of heat Q through a bar of length L and
cross-sectional area A, with its ends kept at temperatures T\and T,

(>T)). (b) Heat flux entering (g,) and leaving (¢,—dg,) a short bar
of length dz.

dq d dT d°T
Zz+dz)—q(z)=—dz=dz—| —k— |=—-kdz
4(z+dz)-a(z) dz dz( dzj dz’

Since this 1s steady state (nothing changes with time) then because
there 1s a net amount of heat leaving the body, something must be

supplying it.




For radioactivity, it is useful to define 4 as the heat production rate per
unit mass

_1dQ_ 1 dQ
dm dt  pdV dt

The total heat production in our volume then would be

dq 1 dQ 1
“dz = — VA= pdzA
dz dxdy dt dxdy'od A

and so
d°T
Adz = —kdz
» dz?
or
d°T
O=K——+pA

dz



The biggest contribution to heat flow from radioactive decay 1n the
Earth comes from U, Th, and K in the continental crust.

It also appears that the concentration of these elements in the crust
decays exponentially with depth, and so the heat production must as
well. We can therefore adopt:

A _ Aoe—Z/D

Where D i1s a characteristic “skin depth”.



If we substitute this into the above equation and apply boundary
conditions: T, = surface temperature, q, = heat flow at surface and
q,, = heat flow from deep mantle, then the above diff. eq. will give:

d°T

Y% -z/D
=——Ac¢
dz* k %
Integrating:
d_T _ IO_D e—Z/D + Cl
dz Kk
Applying the heat flow boundary conditions:
dT dT
=k— =kC =k— = pDA +
qm dZ . 1 qo dZ L P Ao qm

Note that the minus sign 1s not used because the heat flow 1s in the —
z direction. Thus

d, =, + PDA,



Thus dT _ pD Aoe—Z/D Y
dz Kk K
Integrating again:
2
= '0 D Ae qkm z+C,

And applying the temperature b.c. at z = 0:

pDZ

pD’
Ml === A +C, C,=T +

A,

2

Thus T = qkm Z+T, +'0|kD A(1-e?P)

Or, since q, =0q,, + pDA,

T=T, +qm§+(qo —qm)%(l—e‘”D)



The equation

Go = O + PDA,
suggests that there should be a linear relation between the heat flow
measured at the surface and the radioactive heat production rate
measured at the surface, and this turns out to be the case. Generally,

we find that D 1s about 10 km.
(a) (b)
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Fig. 4.16 Dependence of surface heat flux on radioactive heat
generation in two heat-flow provinces: (a) Sierra Nevada, (b)
eastern United States (data source: Roy et al., 1968)



Non steady state heat conduction:

There are of course many situations where heat conduction is not
constant in time. Your coffee gets cold, your beer warms up.

Generally, if you don’t supply heat to a conducting system, then the
system will eventually become all the same temperature.

For now, let’s 1ignore volumetric heat production (A = 0). In fact, for
a lot of common situations where we worry about bodies heating up
or cooling off this is a good assumption.



The cooling/heating rate is just the rate of change of temperature =
dT/dt.

Imagine a slab of width dz that is cooling; it will experience a net
reduction in heat, which means that the heat flowing out 1s less than

the heat flowing 1n.

We already described this situation above and found

d°T

ZZ

q(z+dz)—q(z) = —kdz



This change 1n heat flux results in a net change 1n the internal heat Q.
Recall from above that a change 1n temperature 1s related to a change in
heat by the specific heat ¢ , which has units J kg K-!. If a unit volume
of the slab i1s dV, the change in heat per unit time is

dQ dT
= Adz
dt S
The net heat flux 1s just this quantity divided by A. Thus
dT d°T
dq=dzpc, — =dzk
=55 dz®
or
dT d°T
— =K
dt dz®

where k= k/pc_ 1s called the thermal diffusivity. The above equation 1s
called the thermal diffusion equation or sometimes just the equation of
heat conduction (something of a misnomer).



The general solution to the thermal diffusion equation 1s not trivial
and often has to be figured out numerically, but there are a number of
geologically significant situations where we can manipulate this
equation into something easy to solve.



Case 1: Using separation of variables.

A useful technique for solving the diffusion equation 1s by separation of
variables:

I(zy = 01 Z(z)

Substitution gives:
d(OMZ(2) _ d*(0M)Z(2))
dt dz*
7 2 dé’(t) — (D) d’ Z(z)

1 dH(t)_K 1 dZ(z)
o) dt  Z(z) dz?

The left side depends only on time, the right side only on space. Thus,
for example, if we specify a certain 0(t) then we can solve for Z(z) and

VISE versa.



A class of problems where this works very well is cyclical heating and
cooling at the Earth’s surface, caused by daily, seasonal, or geologic
(1.e., glacial) cycles.
We can specify variations in the temperature at the surface of the Earth
by

7(0,0) =T e™

where o 1s the radial frequency = 2xnf, and we take the real part of this
expression (the cosine).

Try
Z(z)=Ae™
and solve for A and m.
Substitute: |
e Yive'™ =iw=Kk——m’4e™ = xm’
Ae
from which

0, W T
m=ta o =i
K K



Note that

1+1

=

\/; _ (eiﬂ/2)1/2 — el :cos(72'/4)+isin72'/4)=

m= +\f\f 1+l—+(1+z)1/
Hence
7Z=Ae™ = Aex ir(l+i) D = Aex J_rw/ﬁz ex J_riw/ﬂz
2K 2K 2K

We take the minus sign so that temperature doesn’t blow up as z

Increases:
/ =Aex —1122 eXx —iwfﬁz
2K 2K

SO



[~
(=]

So then
T(z,t) =0(t)Z(2)

:T;exp@aﬁ)Aexp{—Wﬁflz}exp{—hffgz}
2K 2K

0, : 0, -

=T —J—— t—J—— of
Oexp{ sz}expl(a> 2KZJ O

Where we recognize that Tatz=01s T, 155 ® ' \\ ]
soA=1. 5 -\ ]
A /% S

z

This gives us a temperature distribution I =
that decreases exponentially with depth
and has a depth dependant phase shift. , :
Both the rate of decay and the phase shift T N T ey
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Fig. 4.18 Temperature variations at various depths in a sandy soil:
(a) daily fluctuations, (b) annual (seasonal) variations.



Case 2: Instantaneous cooling of a
semi infinite half space.

We need to solve this problem to
understand how the lithosphere
evolves. The solution can also be
used to figure out how magma
solidifies (or even how a lake
freezes).

Here’s how we do it:
First, the BC’s of this problem are
T=T att=0,z>0

T=T atz=0,t>0
T—>T asz—o,t>0

B A >t =x/v
—>»0 —>0 —>»0
NT T ’TJQZ
T= Tm \\
t=0 t= tl t= t2
(b) Age (Ma)
0 50 100 150

E 507 600 °C
< 800 °C
0,

o}

0 1007

150~

‘ig. 4.31 Application of the infinite half-space model to explain
he cooling of oceanic lithosphere: (a) vertical heat flow in narrow
olumns that move away from the ridge crest, and (b) predicted
hermal structure in the cooling plate (after Turcotte and Schubert,
982).



Define a dimensionless temperature O as

T-T,
T-T

S m

0

and a dimensionless variable
Z

T e

Then we can rewrite the thermal diffusion equation as

do 1d°6

dn 2dn’

or in other words, we convert a PDE of two variables (z, t) into an
ODE of one variable (1n). This is much easier to deal with.



The solution to this ODE is 6=1-—

we call the integral part the “error
function” and 1 minus that the
“complimentary error function”.
Resubstituting:

=)

T=T, T.-T,-T-T, I-1

]‘ e dn =1-erf(n) = erfd(n)

] | L L 1 L | L L

E(n)

erf (1)

;‘““mkgrfC (n)

T.-T,  T,-T,  T,-T.

T(zt)=T + (T, —T)er

T | T T 1 ‘.MW“""“VI 1 1 1 i I
1.0 2.0

n

Fig.4.19 The error function erf(7) and complementary error
function erfe(n).

=l — erf({Z\/_J erf(zjgj

Z
2+/kt




The heat flow 1s

=— E—— - éer = ——k(Tm_];)ex _—sz
4=k =K, ];)dz{ 1{2\/5)} g 4t

so at the surface (z=0)

__ KT, -T)
d, —

Note that the surface heat flow is predicted to decrease like 1/sqrt(t).
As shown in next figure, this works well for oceans, although there
1s a lot of uncertainty in HF measurements.



Fig. 4.25 Comparison of
observed and predicted heat
flow as a function of age of
oceanic lithosphere. (a)
Schematic summary for all
oceans, showing the
influence of hydrothermal
heat flow at the ocean ridges
(after Anderson and
Skilbeck, 1981).
Comparisons with the
reference cooling models
PSM (Parsons and Sclater,
1977) and GDH1 (Stein and
Stein, 1992) for (b) the
Pacific, (c) Atlantic and (d)
Indian oceans.
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We can also calculate what the depth of the oceans should by invoking
1sostacy. We consider that oceanic lithosphere 1s represented by some
depth of water w above a cooling half space. Isostacy requires:

p.(Ww+z,)=wp, + j p'(2")dz!
or :
w(p, —p,)= I p(2)dz' - p,z, = f (0'(2) - p, )dz

0 0
but

P ()= p, =p,oAT, —T(2"))
where o 1s our thermal expansion coefficient. We can also extend let
z; —0 so that

w(p,, —p,)= T p,.oT, —T(z"))dz' = pmaT (T, —T(z"))dz'

0 0



We know from the half space cooling solution that

T-T, _erﬁ( z J
T.-T, 2Kt

SO

w(p,, —p,)= I p.olT, —T(z"))dz' = p,,a(T,, — YZ)I erfc{z%jdz'
or

w(pup)=puc(T,~T)[

W= meC(Tm _Ts)\/E
(/0 m P W) 7T
or in other words w should increase like sqrt(t). As shown in the

following figure, this works ok for t < about 80 Million yrs, but then w
flattens out.
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Fig. 4.26 Relationship between mean ocean depth and the square
root of age for the Atlantic, Pacific and Indian oceans, compared

with theoretical curves for different models of plate structure (after
Johnson and Carlson, 1992).



One way to correct 1s to use the
“plate model” instead of the “half
space model”. The plate model
specifies that the temperature at a
certain depth should stay at T ..
Thus, at very old age, the heat flux
1s constant and T(z) 1s linear. This
seems to fit the data pretty well for
z; of about 125 km depth.

The source of the extra heat 1s
presumed to be basal shear heating
(from the lithosphere moving on
top of the asthenosphere).
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Fig. 4.32 Schematic diagram of lithospheric plate structure
beneath oceans and continents. The dashed line indicates the
approximation as a plate of constant thickness (based upon
Parsons and McKenzie, 1978, and Sclater er al., 1981).
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For Olivine — spinel, the slope of the Clapeyron curve (dp/dT) is
positive, which means that if the pressure increases, the
temperature must increase as well in order for Olivine to turn into
spinel.

Consider what happens in a slab. Outside the slab, olivine 1s
turning into spinel at a certain P-T condition. Inside the slab, the
Pressure 1s the same, but the temperature 1s lower.

This means that the transition will take place at lower pressures, or in
other words at shallower depth. Thus we expect the transition to
be elevated 1n the slab, and this should enhance subduction
Just the opposite happens for spinel-perovskite, which means that
subduction should be resisted.



Convection

Conduction 1s the predominant mechanism for heat transfer near the
surface, but 1t cannot be for the mantle. This is because the Earth 1s
loosing too much heat. Near surface temperature gradients are on the
order of 30K km-1, so that this rate the center of the Earth would be
200,000 K, and more importantly everything below a couple hundred
km would be molten, and we know from seismology that the mantle 1s
solid. To explain what happens in the mantle, we appeal to
convection.

Recall that as you heat up something, 1t will expand, and hence
become less dense. Thus, if you heat up something from the bottom,
there will be a tendency to produce a gravitational instability.

First, let’s recall what an adiabat 1s. It is the condition of no change in
entropy, which means that the temperature of a body changes without
any gain or loss of heat.



Imagine a small volume at a certain depth (= pressure) in equilibrium
with its surroundings. Now, displace it to a shallower depth (less
pressure). Remember that

PV ~T

so 1f V 1s constant and there 1s no AQ, then a decrease in P leads to a
decrease in T. If that T just happens to be the same temperature as it’s
new surroundings, there will be no AQ (no temperature gradient) and
no oV. In other words, 1t 1s stable.

The temperature gradient that corresponds to this condition is called
the adiabatic temperature gradient.



Now suppose the gradient 1s greater than adiabatic (superadiabatic).
Then, as the volume ascends, 1t will still be hotter than its
surroundings.

This will result 1n a volume increase, and hence a local density
decrease, which creates a net gravitational buoyancy.

The opposite will occur 1f a downward displacement occurs (there
will be a negative buoyancy produced).



BUT there 1s resistance to this process from
(1) viscosity of the surrounding medium and

(2) the conduction of heat away from the volume that will equilibrate
it with 1ts surroundings.

To figure out 1f the material will rise spontaneously or not (i.e.,
“convect”) we form a ratio between the forces that make it go up
(buoyancy) and those keeping it down (conduction and viscosity)
and we call this the Rayleigh number.



A useful form of the Rayleigh number is:

Ra = (gab/xv) D*

where

g gravitational acceleration

o thermal expansion coefficient

0 superadiabatic temperature gradient (the gradient of the
temperature above the adiabat)

K diffusivity

\Y, dynamic viscosity (= regular viscosity/density)

D thickness of the fluid layer

Note sensitivity of Ra to D!



Note that convective systems tend to be stabilizing: because heat is

taken out of a system so efficiently, the temperature gradient tends to
return to an adiabat.

Thus, the temperature gradient in a convecting system tends to be
just slightly above adiabatic.



What can we say about temperature in the Earth?

Recall from seismology we know Vp and Vs, from which we can get p,
from which we can get pressure, and we also know about phase changes
in from olivine-spinel and spinel-perovskite and the depth of the CMB.

And of course we can make lab measurements on likely rocks and
minerals to determine their thermal properties.

Even so, we have only a vague 1dea of how temperature changes with
depth.

However, 1t seems clear that 1f the Earth’s interior cannot be loosing
heat by conduction or radiation, it must be doing so by convection, and
from what we learned before 1t seems most likely that the temperature
gradient in the Earth 1s close to adiabatic.

So 1t 1s of interest to compute the adiabatic temperature gradient.



We can do this using a relation developed by Maxwell in late 1800s:

R

This says that the change of temperature with pressure at constant
entropy (1.e. adiabatic conditions) 1s equal to the change of volume
with entropy at constant pressure.

Working on the right hand side first, let’s do
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Recall from 2 law of thermo:

o,
T

and that the relation between dQ and dT 1s
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Now, op = pg dz so
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So, 1f we have estimates of how each of the parameters varies with
depth, we can derive T(z).

The gradient in the mantle is reckoned to be about 0.3 K km! and, in
the core, 0.8 K km™! (much less than the conductive gradient).
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Fig. 4.14 Variations of estimated temperature and melting point
with depth in the Earth (based upon data from Stacey, 1992).
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