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Figure 1 The evolution of the potential temperature (7,,) of Earth’s
mantle based on petrologic and theoretical methods. Ur is the Urey
number, which refers to the ratio of the rate of heat generation to the rate

of surface cooling of Earth with a current value of ca. 0.34. Modfied
after Refs. [8,10]
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Figure 2 Schematic diagrams of typical global tectonic regimes of the terrestrial bodies in the Solar System (not in the actual spatial scale). (a) The
magma-ocean tectonics; (b) the stagnant-lid and plume tectonics; (c) the plate tectonics; (d) the heat-pipe tectonics

2286



P A

L LT T S SRR AT AT DX 24 o) el R A 3
AP BN Z e — AR, AR TS 2K
AR AN 1 45 T30/ AFRTTE, X — B ] R i
MR BT, 35 46~30fLAE AR IR, 2 d7 HBk DT s
FYRT =532 —), BT s p i B s, AT B4 i
b I R AR A RRE A A BEIELUE IR, A A B (R
FEARB) T REXME ARSI o, Bk & B IR AL 1E 1Y
A RErERNT PR, AR R A RO R T
ARG 1 AT AR A i, HT BRI

(1) FHFF . HhERAE R ) 3 R R
FHCTE e H &R iR G — ORI . -1 53 5 ik
BT R AR ERIZIIN . AN ERALE T E &)
NRE, A DA A MRk 28 v IR T TS AR B K
PRV AR, AL S R P R - R R
HHME S FERRERH WA RS SR Z A oy DR iR DA
KO O R i 5 1 0 28 78 R B0 Al 4 % I
AN LR SN, Py AE 2Rk R I & Az R 2L A A6
FUR XL, TP TR B 5 e 0 2 e e i, P SRR
PR 555 14 7 2 R 2 (R ST A MR T 8 IRk W /m
)P4 MR R SO A Bk T AR S, T R E
X — I A AR R 2 a1 (B12(a). BT
SR M T T SR (AN SR H BR 75 20 16 S B UE 315 1) 1 ARk
KaEEHEge, BHRixTHER AR RS H . 255807
SRR # AR B, JOHEX T A K AR E T [A] S
AR 5 2] BRORHC 78 10 J5 4 b 7e 55 G g )
AR, R T A R b ek v A B 5 e LB R
Py IRFFIEAE Y OIS

(2) 15 a2 . BT Y A AR T B B AT
SR S IR B, b R AR Y S R 2 DR B 7
S FEORERAR, B2 —INIPES AR, 58 e
PS5 HTF 5 g X, Berst, Pt (\Gl o g
LKL e, A AL AR PR R 5 55 2
Fo i (stagnant-lid regime, [K[2(b)), JEEAKFHR N
KELEEM AR HE H Bk AR S5 AR 1 1A
2 R AR R R, AT R,
BT 2 Tz AR T s BR 19 0 s A R A S
O R MR T REANRE 52 A2 15 Tk — M AR, (H
LA Ay A A R X (R R A0 1) = A 3 AR o

(3) HUMSATAIE . HuhE X i 2 B A Bk NP 25
JERKIYIR . R, IR # SR,
2 X Y 2 2 L R 1] 285 s P 11 SR e, LA BN ) 32
VR F M N AE I (R R AR ) L -8 B A MR

B INEALL K AR AS (nER 4w L HbiE2410F1660 km A
AT A AORSE A1 AH AR RN B R AL 25 S I R 3y
FRE 2 NI T, DRI S 2 38 b TR B <A
I M S 1 A £ S Ry 5 R (/IR PR B/ D R4 1 N P
5 & BB R IE2(b)). X RIHERT S, AR
AR JE AN A B i R R A =y, A ) 2l (o
Xy BTG BR, T v R R 5 e A A oI A
So-8 Y 23 S A EE R R R IR s e TE AL, AN, BEER IR
Hb5E B KRS Ak Rl i & PR DOAE FH R b e (% S5 10,
PE— 202 P oo B Al R o 5. ALk, e ER Lk
BB, a2 s A T RE 32 5 T IS RAR NI R
JR-REE TR, I A RA A T T JE S0 H R Ry b A
RPN b, SRS R RN 7 A
K, TTREFT Y T ORS)HuEK P9 e PR A3 AL 3 1
IV MRS 5 B i A 6 TR b X
TS R R, M BRI B fh e 2 0 AN e
NATTXS S A A 3 AR i %) e A 25 . R 5 0 5,
AR 0 A 08 39 ] s i) b Bk v 00 1 B S5 KA ) AT
AR,

(4) PERIEE. KRT—RLIN R, S IR
s ZU A N A E AT S BORRBKOILPER, 51 E R
PR AEIZ88 R 8 (G e s - -5 [ -HT3R ), F P LR
T PR P AL R T, A O R4 i A R Sy
P TED O K 2(d)). TR 5 R TE N AR
B AR S BRAR B (AL 45 T BB A7 AR B A AR
FAE T AFAEAR I, ELSEBROLIN & B A A4 1 B
PUGHR (~2.5 W/m®) A T 3 PR 1 R e 1 368 = ],
AR 3 1] BE 2 M ER ) — B A T 3 2 Rl
P R AR A S AT (113). AN, U VA 1 i 4
AR F AR T HH LI 285 SR (Can 37 BR A9 2K 1L 3 sl Al
1R (A M F AR IR S0 A 78 0 SCRE, (RN H R AR FrEE
BBl S 250 REAS 18 TR 30 R AR LA 2 b A
GBS F R B B

3 S HTHERT eI o S

SR A, RO 7t M Bk Y
Ir SRR ). R ERAT R A A IE R A
o [ R AR R T R A -0 A L D
Yy G 2 B IR O B R s Ao D5 TR DG B A .

B, HERE DT g K I 7e-18 o el 7, IR E
BRI Bl Te A BEBR TR h oS ok, -
gyl ARSI R T I IR, i, 4% 441

2287



M % h & 202345685 %68k £18H

Bl 3 ORKFH AR M R J2 2 1 A B AR (L AR
kYT 2% 7 22474

Figure 3 Sketch showing the typical rates of surface cooling (shown
as the heat fluxes) of the terrestrial bodies with different tectonic regimes
in the Solar System[z’z’m’}Hl]
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The Hadean Eon, an clusive “dark age” of the Earth, is the earliest period in Earth’s history spanning less than 600 Ma,
during which Earth’s magma ocean may have formed and solidified, the primordial core, mantle, crust and atmosphere may
have formed, laying the groundwork for the Earth’s subsequent evolution. Among others, the thermal evolution might have
massive impact on Hadean Earth’s evolution but remains poorly understood. This is even more true since there are intricate
interactions among the secular cooling, evolution of tectonic regimes and crust-mantle differentiations of the early Earth.
The types of the tectonics on a global scale (e.g., the plate tectonics and stagnant-lid tectonics), which essentially involve
ways of Earth’s cooling and dominate the vigor of interplays between the rigid lithosphere and mantle convection, are
strongly temperature-dependent. On the other hand, the tectonic regimes in turn have large impacts on the Earth’s heat
output, since the former could determine the mechanisms of heat transfer (i.e., conduction, convection or radiation)
between Earth’s surface and the interior, and the resultant cooling rates of these mechanisms could differ by orders of
magnitudes. Similarly, the degree of differentiation of Earth’s interior directly relates to its temperature for a given
composition and pressure, while the formation of the continents enriches the incompatible elements (esp. the radioactive
heat production elements U, Th and K), and lower the heat input in the mantle. Consequently, only if the cooling history of
the early stage of Earth is well constrained will the nature of Hadean tectonic regimes and ways of differentiation of the hot
early mantle be revealed.

Nevertheless, our understanding of Hadean Earth’s thermal evolution has been sluggish due to the scarcity of geological
records of Earth itself. A remedy is to extrapolate the thermal evolution trend of the Hadean mantle from the available data
of younger igneous rocks (with ages <3.5 Ga) by means of petrological geothermometers, the results of which show the
presence of a counterintuitively cool early state in Earth’s interior before ~3.5 Ga. Furthermore, the conventional
theoretical approaches based on the stagnant-lid regime tend to exaggerate the cooling rate of early Earth’s and yield an
unrealistically high temperature during the Hadean (i.e., the so-called “thermal catastrophe”). It is likely that we have been
misled either by the over-extrapolated results of thermal evolution or by the problematic theoretical estimations based on
the improper scaling laws among the geotherm, the rigor of mantle convection and the convective cooling rate.

The issues could be overcome by acquiring the ancient geological records or by observing the ongoing geological
activities on other terrestrial bodies (i.e., the rocky bodies such as terrestrial planets, dwarf planets, moons, and asteroids) in
the Solar System. The well-preserved records accessible on these terrestrial bodies, such as the presence of 4.4 Ga-old
anorthosite of the Moon that is suggestive possibly of its formation in a terrestrial magma ocean common in the early solar
system, or the violent volcanism that indicates the prevalence of the heat-pipe tectonics on Jupiter’s moon lo, could provide
crucial clues for the composition, heat budget and tectonics during Earth’s “dark age”, and boost our understanding of its
early history. The method is feasible since there are clear similarities among Earth and these terrestrial bodies in their
primitive compositions, internal structures, and significant generalities in their thermo-tectonic-chemical evolutions at least
at certain stages in their geological history.

In this paper, several key questions and their progresses in the thermal evolution, internal differentiation and tectonics of
the early Earth are reviewed, with the remaining issues and the potential directions of breakthroughs in the future being
discussed.

Hadean Earth, thermal evolution, chemical differentiation, tectonic regime, comparative planetology
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