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Components of Planetary Interiors

. Core contams metals (eg o |ron, nlckel) B e e s
~* Mantle - intermediate layer with rocky (sem| molten) materlal S
. Crust - Iowest den5|ty rocks (surface) | | i



Components of Planetary Interiors

0 Ganymede' .U Callistol i con
* Core - contains metals (eg., iron, nickel).

* Mantle - intermediate layer with rocky (semi-molten) material.
® Crust - lowest-density rocks (surface).
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Components of Planetary Interiors

Mantle Convection Simulation by

Walter Kiefer (LPI) and Louise Kellogg (Univ. California)

Norn—dimensional Temperature

I I | I

0.0 Q.2 Q.4 0.6 0.3 1.0



MocJe{Fﬂq P/ameilnr.?r Jnf:erfe_rs
KQ}( ohservetions y;“.-:!d(-. fpl'lene‘/ ma§S, 5/ Ze, ond Thereboce
on Esf:‘mmﬂe ﬁ'f The average q/cn :’:'7{7. 7—4«'.5' Canq .Le us-uj G&}ﬂcﬁy
'f‘b a’En"'M- (-‘rd-ﬂnfer fs‘?’fﬂ es of a pf-uic? Cﬂmﬂﬂi-'fa’ﬁﬂ. A
Jeﬂ $r";-?r p o IJ /n':'aw-"'l3 fm,oh\!f an 1CY il s porous abjecf,
whikt p= 3J/¢:HJ ;u&?ﬂ-}r o vocky object. E-.rﬂ}a’eu.?f)f
A F'S'J/cm?,

Bu“( Com as4"!-'an Can L-e cl’ﬂs"crfba:/ HS-'nJ mnfy a )a'ﬂ:’#d’
HH-H.L&:— a‘!r e e-n-en!‘f. Far ‘fLe En.--'”-u 0. Fe/ Mjs auz.fc'
ex}afg;.., 2 % af e masr. T£ Né, S AL, sl Ca ore added
Yhen 9??2‘, of The mass 1’'s taken snte accownt

TABLE 1. Mass fraction of the major elements contained in
EH enstatite chondrites (values from Javoy, 1995).

Element Enstatite Model
Mass Fraction

0 30.28
Fe 33.39
Si 19.23
Mg 12.21
Total 95.11
Ni 2.02
Ca 1.01
Al 0.93
S _0.85
Total 09.92

This example shows that 8 elements account for more than 99.9%
of the total mass.
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Element Cooking: Abundance of Elements

Billions of years after universe origin
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Figure 2-1, Relative abundances of the elements in our Sun.

0

THE UNIVERSE

-6

40
12 1L,
u*
14 |~ | 1 | L i L I I |
; 20 30 f 40) f 50 f 6() 70 [ 90
s r MFSl &
L THE EARTH
E Missing volatile elements
..4 =
L5 |F
5 |
= 'I'.h
sL use
-10 He Ne
i l + 1 1 I
f * f 30 f 40 50* 60 70 80 90
ATOMIC NUMBER

FIG. 17.2, Relalive abundances of the elements in the universe and the earth. (From Cox.)



E_‘?n¢4¥£¢41 {lﬁ I& I.ﬂﬁﬁ:ar

"I'Le re{ﬂ.l‘*‘a—. befwceq 'nlf mags #{x JJ}Q.-:G{' (M) ana{f?{?’
ra..d;'uc_s' CE) i s a’eriwdf (ro-ﬂ {;ur 891.:41{.‘@&:-‘

I. Mass consersyatian

L. Enfrg,r ‘)qu.nspf:ff
3. H)fdfﬂ5+~{'-’c E?‘“'ff-éra'mrﬂ
&. Equﬂlﬁa# of state

R/R,

Moons/dwarf planets
10°E : Exoplanets ' | ' ' ® Earth Plfon iisaﬂzm
e | | Terran
E o Brown dwarfs ( P )
| * Stars © Sun
B Y Neptune (Stars) 4
(Neptunian) V| ek
10" |
10° § R~Mo0-28 " R~M0s9 R~M-004 R~M088 A Jupiter
~ Terran 'Neptunian | Jovian | Stars (Jovian)
i . worlds |  worlds |
1 = = 2
10%E N S S|
N EERIT | Illllw 1L Ll 1 IIlIIw i [ | IIIIIIIII | Illllw L I:Illlw |1 LLm
104+ 10° 10?7 10! 100 10 10? 100 104 10° 10¢°
M/M,

Chen & Kipping, 2017, ApJ, 834, 17



For conser valion gfr rass consider o, I
shell o€ width o r, mess ol = a.aa’a{g";.'fr v
pf!“lf‘f rmass lalarior to 7 5!

adm~ 4‘?7!"1(3(’) d

o 2 0
A

and the Fotel rﬂ-éﬁ ’s
A= 4‘11—( rzlgfr-Jn{r

Mﬁwﬂhzm (S ﬂt-c ‘m{tncr be‘fwi'fn grnu:'l:/ and
pr‘c"#ﬂf 7‘1"_}' 4{##(‘;—1;“‘; ‘ﬂ..e F"ﬂ/ﬂrl"ﬂ‘ns":}é between 'l‘ﬁr‘f‘ﬂ'l‘"'llwl"t,
pressiuce, and dl-ﬂ-i‘fr?{;f.

TLG C,‘!d.n.a-e in /)rer.rmf 0./}7 across \-uf/ﬁ-m dfr s
AP = —g pcr) dr where g = Gro

%E?.—__Gmpfr‘} e
v r*

E?G'-énﬁfn.r?: n-ﬁndﬁ'i‘-"an :‘Mﬂf){ P"O wf:.aln r '-‘Je FH- cmsl‘...q'{
dﬂﬂfﬂ{?’ 4 the Prerrune qf He c;f_-—t‘ef ’s J;ﬁ-—t aéf-‘
L RCAAT

¢ @nR*t



¥ in Mass

Egum**’on of &uﬁ
'w'e neaJ lLa Cons ,'Je-r ﬂte F‘-e.ns' n(ﬂm\[ar:u/f na P-ftuftra
fuaclion of '}tm,o-:mﬁ.q and pressure. The gqualgn o shale s
& A Rxpression fhet relafes préssuce, densfy, +£m,o¢f‘-'}"-""€; and
c.owﬂﬂﬂf*'1!fﬂﬂ : P= P(P, T:rf)
For ﬂfﬂﬂﬁp‘fﬂﬂ' at Pres‘suu: below ~SOba, we Can

ure ‘fﬁ-e !-th-{ dq,.r fﬂt-v', l:u‘f' -.1( fhc’fr ‘ﬁa—.f.urr}u.-cr MJF!MW
th:s .efy.d(fﬂﬂ IS ne# n.a(e?uaf'f. Over f"""“hlf‘ ﬂ”’f“’ff-f the
ﬂ!?utlt;aﬂ afaga"-:ze can usudfy be e?q,orax;mdi:d/ l’])f a pry'fm)pa:
- L I+hea I po = polytropic Consfanf
P Kpo{o n:::f:,fi"rc{;f: Sl oldw
When P-0, YA, X0 . For high pressare, Pou= % aad Pop,

TRAPPIST-b |2 Cayman Unterborn
TRAPPIST-¢ : ,

TRAPPIST-d
TRAPPIST-2
TRAPPIST-f
TRAPPIST-g

Carbonate
Dominated

Increasing Manthe Diamond Incrasing Diamand
Diamond
Diamond Domnated — ‘Domnated
Mantle,/ %'} Mantle w/o'Core
/_w/ Core * i
O B D\ e
Increasing  Decreasing b o Sikicate  C It

Core Size Core Size, n Manthe  in Mantle

'.

Y o —_—

-+

Core w/' ¢S Core /j'No Core
Si-Miy rim K W Excess
y o y y -0
rEnsyatite !
Mantlﬂ-'

1 - Earth-lkej Carth-Tike 0
Wt% HZO Mg+25I+F amr:':ag.[é‘orc w/ Core 1 w/o Core

Si Rim



Grqv;'}-! Ffﬂ_(_i'- Eﬂ-ﬂ‘lcﬂfn.f fn'ér.r-ul{alun on The fn‘ltﬂfﬂtf' Je.as.«'?"?t
54‘#«:*}“& u.nJ Caa In-e c(aiiarﬂ,'ndcf 57 frnc‘:‘;nj arﬁh\ts a{‘xpmcrxﬂ,

TA-'J‘ ‘5 "Dll,lﬂ(ffufar(y r‘aa!.:orfa..uf faz menfﬂ!;-hj ths mumnf u?(

1.nﬂr‘}r‘ﬂ. 'Ul( ',H'*-e (ﬂfﬂ.-rhe* anf_, 7%}"5 ‘s d';{x-(:u!{ "an VQ'AH.S" JHF
+e .H;.g sfav f‘qfq.f;nn N{E.

S owrces ond losses of raternal heal jnefude - ﬂra.uf,'q.fmn«f

(”""95“}!(?/ &fff.'t:a.éii y 5;&.«?{ ffqu}f al a Sowurce of nnoa..'a__? J‘Lttf).z
r'-ud(;q n.cf.«'-.r‘é d’ecay (-"*‘tfﬂf Seourceg For ;/-E‘rfes{n'af‘ f-pfﬂ-ufs), Ly
'l'-'Jn..r Q,,n.J ﬂ‘m.’(‘ Ldn.'f (J.':s‘ -}‘Da-{-'en a‘Fn-n Jlﬂd’ﬂ.t-ﬂd{e{#c}n'{ currenf).

Free-fall acceleration of Earth

Inner Quter Lower Upder Space

12 Core Core Mantle Mantle
10 ~
/ — PREM
8 / / Linear density
— Constant densit

iV
/
5 /

!

acceleration in m/s?

2 4 6 8 10 12 14
radius in 1000 km



AEF.’{CI-)(;G-"I ';o Eﬂﬂﬂfﬂ'ﬂ ';J"
s:‘jh'{‘m—v'{ “(oc:u.r iIF on eS{H—L[a'JJ!rh" Q r"qL.u.;f rase— fl.é‘.tr
| = fﬂ‘; O ‘."L ‘Fpr Eh:ﬂ fqn']t{" Tlﬂl::r £ - éf tvp;'tﬁn fa f‘:l-' ﬁrﬂ:

Mg"'“(

Fﬂ'r M2 Fos fDOM, (GeZMﬁJ ﬂq.a rq.af;';' b ~ore Or legs
| !23- = {13 Eg duﬂ {'0 r'n"!ff'a:ﬂ#' CW'Orifffaq qu_.} OCCfurg ﬂ.‘*

l’"uJJ\ quwit.«rr
ﬂJ M E rf!‘tf'enf‘!‘p ){;FF ker‘fr.r ﬂ'r{tuh et 2 "{‘unn{i" éf

Mﬂ 26?(——“-’ 1-S< ZF (g
re.

p,a 1-+3+3r39(h) gt Ee cis

&

Weics £ Mﬂ..fc?f, '2&‘”“{‘, Af'j: ’7@3} L. 8.

Mﬂ-ssﬂs B oadis ace often apwbid stk Cdla{otfa'}:«bﬂll(Mﬂchs
US'FAJ 4""""'""‘?‘ J-‘lﬂf‘-f"‘f, w‘-eu three V‘-f’;ﬁé/ff Sum foa c,gagf‘uf

”ﬂ‘llt ‘f'ﬁo"; n/Ken e:"Hu.r ﬁup road;us or ﬁhe regsy @re unanaw.n‘
YUDL!{! {.'fﬁ‘nj /'3(4 de.u;-.i(y ay =« t{}fd IJQMMKQJ’.



4.0

3.5}

0.

flux(F/Fg)

T(K)

KD

K-30 g
KF?.'..Tf‘.Z. .'?‘ ..... 6] 3470 b K2-101
------------ .' WASP 47d E
K-79 ,K_%’ _____ K eéos R i :

K—11 d

K—20 c

40

3 4
m (Mg)

4 06081 15 2

5678910

Zeng et al.,

15 20

30

2019, PNAS, 116, 9723



M=3.36M, R=1.42R,, p0=1122GPa (3.512P,), p1=469GPa (p1/p0=0.4179), p2=1GPa (p2/p1=0.001173)
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