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125 JAl 45 IF BT G5 1 125 S| AT B2 ) b, <l i
Gtk At A Bl 27 Ais Hor, s ig 3 B A
Br= 11 7 4F B AN [R] B 1) RUBE 19 28 A R AIE ( Thebault et
al. , 2015; Finlay et al., 2016; Biggin et al.,
2012; Bono et al. , 2019), A S ESEEETE S
A7 TR BRI % 3700 3% L A TR 2 A M R N
PR BT 5 AR w3 W P AR L DA e MR 3
SRS B 1) = A E R, B ER
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B 7l ML RE S A R LA o X R 37 28 Ak Y
FEAUA B T B 2 1% 7 1) S R T A ML L o Xk
AR 3K 00 09 3 Ak 2 O e AT R Y i A Ay B
i) J& 78 (Tarduno et al. , 2010, 2020; Biggin et al. ,
2015),
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AR, T8 —-Mir, KER%K
William Gilbert F 1600 8 4 t i 7k A fifi 16" i 1. »
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B AN BE i T b 1% 37 i I 8] 1) 25 A LA R e 7 37 0 A2 A5
EERRRAE . T EL MR P R Y U R B TR R B R 4
Bo A LA 25°C/km (4 M iR RS BEH S, #E 400 km DA
T bR S A 2 R A DX I A i BE AR AE 1000 °C A
b XA R e R R AR ok e R
PG . P, M BR N EE S FT RE B K ARG AL . B 2855
TRy R N ER L W AR S B R AR £
H ™ Wi Z W22 T Joseph Larmor i 7 4
)] B 4ERE 0 & LB (Larmor, 1919) , 1% 4
KSR Sk By W A A i HILARE B (Elsasser, 1956
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TE . BUEBAUES R R % BB AT DL OR ) oW
T SR S (TR VB g R 1 a7/ L 770 S 1 R AR F N
e b8 37 A% M 1 43 5% (Glatzmaier et al. , 1995),

T 3 3R Ak 10T, R N R T L AR B

[ N W AR . A AL AL T 58 A R A
FL A TR0 W IS FR A W B R] RE B R . R A%
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HLRE % WL T4 (Nimmo, 2015) (& 2a). 58 &%
118 1t A% V2 00 ok AR v R TR ) R R LA R S 445 il 1)
W AT Aok AR b BT RS ) EE ) BB (Badro et
al. s 2016) Jy 44 M i & ra WL AR SR 4L T = 21 3
JIRUR o A BT VAL A R A AL T R R 2 1Y) B T
PR RA R A B EE R TR L XA AR AL
S [E] ) M #E & B P is &% (O Rourke et al. ,
2017) . PR, oA R B B ) LAy 37 U T b A
Z FRA IR (Ziegler et al. . 2013), FEH H#Z A
L E S N IR 5 (Huguet et al. , 2018) (&
2b) o TE W BRI AN IE B R b S A A S
BRSO T BN AS M X IR B TR
SETF IR T 3K Bl i A5 AN A s BV A A2kt
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T T ) TS AR B ) S RE AR 6 4E 4 L Ok A LAY iB
e AEFR A AR . A RS N B WA KK
FEURE 1 3 K, Ak 2 X0 3t LU 3ROGT I8 7E 2 57 Hb 1 2 L AL
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TE o A T MK 5 25 N B o] i T 46 T8 80 A il
(Biggin et al. , 2015; Bono et al. , 2019), XfF [#
A WNAZ I B2 15 5 | R A W ALas AR AR R A2 4k
SN EH AR AU 2B . H 2, 1 RE 2= iF 5% 3R W] b
RN IMEZ AR IR R E R, B ZMAFEER
JE % s A% b AMZ 5% 45 3 B (Song Xiaodong et al.
1996) . J35b b BRAMZ A 4 50 X5 BRI BRAA L 15 P 4%
D)3 B H AR 5 Y 45 1o S M T LA AR N R R B A
5 (Wang Tao et al. , 2015), HuBR PN 1 N #4544
L& SR & T — WA IE 5 g, A
By —PEAEAS ) b oAl k2 sk RO AR (Trving et al.
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Uity )1 D0 2 b R 37 W g AR ARG A B AR M R A T R
B MR AR (8 B M W b B B AR AE 2 —
FEA AT BT T I8 O MR 3 M R e SR . B
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Fig. 1 Geomagnetic field model, geomagnetic field consists of a dipole field (a) and non-dipole fields (b)
(a) — B ARG 5 v B AR T3 5 sk e % b i 11 579 £ 5 (b) —JEARAR 735 h 19 AR 735
Ce) 3l 52 ST i) 31 249 912 2 A1) 30 il 160 5 4% 73 (GAD) (41 Meert. 2009 £ 30

(a)—The dipole of modern geomagnetic field is inclined with respect to the spin axis of the Earth at 11.5°; (b)—an example of non-dipole

field—quadrupole field; (c¢)—the time-averaged geomagnetic field is termed as a geocentric axial dipole (GAD) (modified after Meert, 2009)

2 M A AL X A BB 5
Fig. 2 The Earth’s core evolution and its impacts on geodynamo
Ca)— H BR AL B M A A A TE L2 A% 5 (b) — B 25 IR IR TE I I B Wi A K
(o) — B AR BR 1 30 A% i B 245 I AZ AT S AMZ A B . (B Tarduno et al. . 2006 520

(a)—In early Earth, the core was completely melt; (b)—the birth and growth of the inner core;

(c¢)—the present-day Earth displaying a solid inner core and a liquid outer core (modified after Tarduno et al. , 2006)

# % Bernard Brunhes 78—+t 42 9] X 2 15 A
DT M N /N Tl S [ (0 4 1 e - < ]
(Brunhes. 1906) . At 7 & 84 4 i 2 T 19 % L
AR % 7 1] 5 B A U R O 1) OE 4 A 22 R Y
180°, TN M B S B M e A= 1 BBt o T 2R b i 37
PERA T R N2 B A 4 BRYEFFAE . Mercanton
(1926) %>R F R L At BRAS [R] M DXRE i 1) vy % A
GEMESE T M SO A A kR AR . BlS 25 B X
FE G TR TR R R 2 R AR DA € T = A
A DOk Hb G S AS [A) A% 1 Y 4E # (Cox et al.
1963; McDougall et al. , 1963; Cox, 1969), ZJ5
Xof TR DO oty b 000 s FE — 20t % A M £
56 Fp 5] 1 I ) 95 FE 40 e 2= )L+ A 7 4F (Foster et
al. , 1970) ., Bl ¥V B 5 0 450 19 0 I S IR -
KA 0t L b R 3 W R R 0 AE AR R T2 160
T4 (Heirtzler et al., 1968; Kent et al. , 1986;
Cande et al. . 1995), B Z M VET T H AR &2
SR e R BT L BRI A R 3 W )

HRg 3 b %l e o il s g g AR . AR
i B 52 I AR 3 4 P 52 i DB B B 3R A5 4 3 1
Wty o 2 B R Bk (= & 4 b 1 3 W R Y A,
Kent et al. , 1999) .1 H., fli Je b )5 £ s,
FRAT O] 5E 1 b AR 1 A, A A5 TR R

Hb 1% 7 W RV AR B SR BB AL A 2R A o B AR A
AN (] B[] B AR AN [a] o AH 7 9 S 181 S0 ) P 357 i FR
WA, Bl % 5 A 74 Dok 3 K2 5% 4
~5W/ETE B BRI R 1 E AR
£ 60~50Ma 2 [a] (B FE W R R0 1.5 W/ H T
AP B RASRAEI 2 60 JT4E (I8 3) . M 160 H
T34 DASK MR A M 7 9 B IR OR B SR B R B =
TS 28« — Tl A 380 B A 0 %) I S0 8] 4 e R
B (B 3) 5 75 — PR ARER A Ay B — B P I 3L B A
R R e s G 0 (181 3) . Hirp, 120 ~84Ma 2
L5105 = S o o I T S S B SR = ]
(Cretaceous Normal Superchron, CNS), 7£ CNS
P RS i BT LR B AR PE B (Tarduno et
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Fig. 3 Synthesized sketch of the evolution in geomagnetic reversal frequency since

the end of the Precambrian (after Gallet et al. , 2019)

al. , 1990, 1992; Gilder et al. , 2003) ,{H AT 3L 3
— Bk WA AR 2 2 B T E B AL 8 R
(Opdyke et al. , 1996), %8 =Fhgt &4 T LR W Fp
R i B 28 2 ) ) TR H RS (I 3) . iR B AEE
T 160 A FEM A A ek Pl E I T TP A LS 1
b 1% 75 W R A A AR AR B35 M A -rh R AR E Y
SR M I -Kiaman i i @ 9 . - B8 B 20 55 0 1
Bz M W-Moyero #8 # 7 ] (Gallet et al., 1996;
Pavlov et al. , 2005) (| 3), ZERT#EER L U HEH
BRI A 10T HE A0 AT RE A5 3 2 (Coe et al.
20063 Gallet et al. , 2012; Driscoll et al. , 2016),
T3 A0 AR AR T R L 4l i A IR 20 b R
TR 18] % 430 3 S % i 9 1) 8] (Bazhenov et al.
2016; Gallet et al. , 2019) , HAB|F 4R H i {2 42
Fie 38 2 3 iy (1 3D

W 181 A58 L 7 W M 4B 2 ) LA L R 2
P[] ot Al A P A A PR (B e R R ER . AR
(RS e EININET g & SRR A =R D T =yl
R0 R TR R A . DR X LR 37 78 A 1 i SR A
XSS AR DTRG0 2 v, w] AR 1 2 Y
BT AR W B4 W A A N T 2 AR R O
TZUURR R Ak TR A e 5y P AR A I 1) . AR
TV TURR W R 3t )2 BIF 5 P 46 45 252 1) [) K 24
S 4000 ~ 5000 4F ( Niitsuma, 1971; Opdyke,

1972) , N [R) 25 B DX 1 DU AR W 30 5% S o 1 1 31
FREEI [A] 2 2000 ~ 12000 4F . - 2 455 2L I} 8] 29 O
7000 4F(Clement, 2004) . k1l HABIC 3¢ 1l
R B MG R G S A i Sl k. (R, K
Ly iR 10 S A D A HE T T %o KL I e e A
AT A TR A 2% 0 4 il i Ar/* Ar, U-Pb Il 4F
) 2 bR S AP 80 2 T AR ) AR AR R S I ], 7 ok
LS A 1 e, DX 0o, 5 R A 48 1 0 o U )= B
T, AR FAR B 2 iy A S A R AR E 1Y
S 2 U O B R A A I e e R 2 i I R . T
T A0k B P R A1) 2 7 8 I T] 2 4000~ 6000 4 (Cox
et al. , 1967; Kristjansson, 1985), H A7} 3% F VY
PRI X Steens Mt K25 15. 5Ma %5 45 Ui 1) iy 3t 7%
WEE A IR 1 2 4 1) 3 A8 R PR, K2y 67/ K (Coe
et al. , 1989; Coe et al. , 1995), I3 R &,
— R BB B B A R 2y 1A H R T 58
A X HE TS A2 B RS 5 IR S BE . — 7 T
Tl A PR ML B M 3 U8 T MRS M 8. Tt B
AR M AR AL R TS MZ R B R A T AR K
AL A AP LA ROE . 55 Ah s MG 35 U5 T A
A I8 " 2 J5 , BEBA R B N 2 K T
SRR AR AL (Merrill, 2010), A 0] fiE Steens Mt 45
U ) R 25 RS2 B T G AR R 5 R (Merrill et
al., 1999) . B {H AL 45 R 10 7 B M 48 5% 45 252 1 [l
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Z 4 2000~ 7000 4F, (HHL AT £FLE IR 22000 4 Z A
(Coe et al. , 2000),

AR A1 b 1 A L AILARE Y b A% b B R T 5 S
T 70 180 i o b 1 7 ) 4B P 0 30 5 A 3 B A U A
UL R I A A AT O AU 2R 27 i i 6 Y
D7 22 XoF 1l A% B R IAL 7 2E B, 2 — 25 5 e 3 DA
W B L R 1Y 23 ) g3 A, DL K b 1 3 ) e R
(Glatzmaier et al. , 1995), JU H 2 78 b i JFE 56 %) 7
FHAEM AN BRI B B R R AR BT 1)
W # H7 (Large Low Shear Velocity Provinces,
LILSVPs)”(Lekic et al. , 2012; McNamara, 2019)
(I 4 Hobh 5 23 X i A% O 1) A 5 77 1 B 50
Wi (Tarduno et al. , 2015), {HX}F I 3% 5 0 fa] 52
Wi % L BLAT S H R AL T ) A IR R B B
(Gubbins et al. , 2011), 5 &b, Hil %F it A< 5 DL &
52 A HRAL) 35 ARF i A FH X 88 0T 3L ) BIE 2l s ] X b 1
Yt ¥ W 1 ) 5% R 45 7 AR 52 (Glatzmaier et
al. , 1999; Courtillot et al. , 2007; Biggin et al. ,
2012; Hounslow et al., 2018), #i #l #f %
(Hollerbach et al. , 1993) 7~ , #0437 18] 55 5t & 4
TOME S I AHE N AL WG 3 AN G 3 Z 1) 8 52 I
WAL A . T RN C B LR K/
IR - B R A8 Hb T 3 1 480 6 A 38 R 0 IR, DA
I 2 A 75 H BR N A2 R 0 B 22 L R 3 1Y
EE S N v = K VSR SN STV
14 AT € 20 1 ol b 4 R R A R

3 MRk YR AL

T LR 7 98 3 7 A — 5 T AT LR AE 3 BR R 1
T, R A2 8 3 ORI A o R A
(Merrill et al., 1990; Zhu Rixiang et al. , 1998,
1999, 2002; Biggin et al. , 2012; Tarduno et al. ,
2020) 5 53 —J7 0 AE S O3 it 35K 14 e s b 1% 37 5 88
PR AL B G AR B B A A o s R A2 A T
S B 1 2R 2 B G 0 A AL A W AL SR S
e b BR 1% ‘B BR 5% 45 (Seki et al. , 2001 ; Carslaw et
al. » 2002; Wei Yong et al. , 2014),

LR S 5 E GINAR v 5 ) HBE M A 13K
FHRARAT . R RBCE T A KA S R E#E Y H,
Y A R v 2 IR AR T AL B0 s LR R
ff 3% 145 T #F # TRM, ( Thermal Remanent
Magnetization, TRM) . Z&{Rl#h , A] 75 55 45 % O 1 %
Y Hy ik KOsCa B i A8 i) R TRM . ik
B T 5 A8 TR 1% 5 HC B Ak 1 3 1) O A9 56 RS

2L AR YE TRM, . He. TRM, 5l H, . Bl %)
HroR B (Tauxe, 2010), SEPR#ERVED , B T 5000 0 2
PP AR SRR L B 2 OO AR T RE 2 SR B
SR B AR B L BT AR AR A S 0 g R P o A
Z P06 (Paterson et al. , 2014), XU A5 »
TURWIAE 1 37 vh AR I 5 v i M 0 ) R T
LG S 05 AR B i GRS T U R R G DRM
(Depositional Remanent Magnetization, DRM),
HHET, & T U0 A DRM 1y s HL A BCA 1R KO
) TRM JRAEAT i W i IA I . DRM B 3 A Y
5t LRG0 A O L3 TR Y TR RETERT )
KLEESEA K. B, 5 26 DRM & 1 i w 2 4
A —Ak, S BR TR W vh ®E VR0 & 5 R B
M o P T A 28] by L 0 37 i J3E 8 R X A2 A BIVARDGS oty o
fE (Tauxe, 1993), UUFLHL)Z A XT o 5% B2 7T L4
735 oy b 1% 37 5 T i 22 )23 67 /R BE CERE T) ) 174 A X6F
A MR R A KORCE e )Z T AR R A 2 R
R I AR AR NS s R il 2 B R T KR R A
F18) 248 Xof oty iR BE T AR A R S R A SR B SR
HY T R 3 T A R T S A Y R
8 23 (8] o3 A B 3 B2 15 TR 73 . R N BE 46 )
AL L U i M R 7 R R T R T AR 2 b X
55 (R 3 R W L) » 78 T B e 403 32 ot IXC i (% g 4 %
8 o L JRE 7S DAV 26 3£ 10 g 6 42 41X 8% 3 1 it 7
o T H S QSR G il el (A% 3 PR 1) b
Y 2 % 8 R 7 98 2 A P A . Tauxe et al.
(2007) 43 #r T Z il 1Y i 5 3 K dh , 4% B 10° 45 JE 1)
B P ) oy i A - X A B i R B 45 P A AR AR
(K 5a) . RAEIZER B AR b X7l 58 2 L
B (B T 37 10 R A R R XY SR L
A T3 1 B FE AR (H R BV R T RS 1Y
R B B 2 B RS KR . Tauxe (20100 540
T AR R A R EOR O B T 0 R Y S (]
IR o S5 RN R A B R RE A A Al
a3 (P 5b) o JUH IR TE w26 B2 L IXC L G5 2 ]
LR A (A% 3 Y i B AR AT . PR O T 5 R 4
187 IF R] 53 99 23 0 3ty 303 A SR AR A BR L o 9 i 2
S5 R A BE UE AR AR AR b 3 5 T S 1Y S JA) )
Ao M0 HL S A 26 52 [ B P ol 5 3 a0 1 i AR
AR T oly 1 37 A B 5t 2 7 Bl A ) 1B) 22 AR AY
I S 6 LR 7 5 E ) 22 18] 23 AT R AE 221 18 i B 2 X
A B[] B P DA T3] e A7 R A5 oty i 3 540 4
4 B 1Y JEAT A0 o 53— 7 TS A0 2R i 5 R M X
i 7 i T 5 L 391 R A A A 1 3 1 R AR (8T 5D
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DN AT B 45 715 Ml Bk P 08 4 & AL AL Ry s AR AL . [N D 3t
ERAE A % M R e ML as B bR T 5 USSR I
BB SRZ AN 305 8 S N R DL KR L BROR

P4 32 J2 AT B AR A AL — B8 7 19 R BTG BT 1 gl 7 A7
(Large Low Shear Velocity Provinces, LLSVPs)”, B 4~
LLSVPs 435l o0 T 4E Y A1 K T3 2 T 19 F e

Fig. 4

Map showing LLSVP consistency between shear-
wave tomography models and the two LLSVPs below Africa
and the Pacific

R A 2 SR AT AR AR () 1000~ 2800km I BE (1 Xt 1 4%
€ LA R H: o B AR AT L5 R — B B R A B (4 Lekic
et al. , 2012)

The map is a result of a cluster analysis by comparing the lower-
than-average anomalies in 5 models for the depth range of 1000~
2800 km depth. Color is defined by the number of models that agree
in that particular region, as indicated by the numbered boxes (after

Lekic et al. , 2012)

=24
w

JIREWA K. 8 IS R . T8 i LUE %% Bl o h
O s LA AZ RNy BAR Y U 1) 8 A (I8 Se) o BT 1a) [5]
FEA B WS HIMZ 7 A S AL A BRI 3l T U0 1 [B AR
PN 1R B2 AIMZ D 7 A X6 9L (Busse, 1983) . H L, AT
RE DS oy 26 8 b DX 5 1 ol M R S i B . A X —
AR S AE T DN iy 45 B by IX A5 T 22 A & (19 7y

G S Y 5 BE LB I R 2R A . HETUA & A
AT FE R 28 MG 7 i D S (1] 6) . X MBS R |
71N » T € i A0 v b 1 7 50 B R AR B R ELEAR |
PR s AL S iR T 55 . Dy Ab s i i 20 1y
il S AR DA R iy i ~ 35 AZ AR Tl 1R 0% i
TR (& 6a) (Bono et al. , 2019), fzif, A
R Jacks Hill 2845 7Y iy 5 B2 4 R . ~ 42
ACAF W S0 HT B 0% ot M 3% 9 % B 98 (Tarduno
et al., 2020), X SEELHE L AR D, B4 s 1 22 Ak
BHANA R g R Le 55 LR M % O &P AE
TR H B BRIE J8C LK 1 2 R 43 i [] R A7 7E
48 7 MU BR P38 AL s SR AR TG HO R I 4ERE . B
A DA Y o i s E AR T g 4 160 Ma L
S (Tauxe et al. ,» 2007) (& 6b), XLbgE R G R H
ENELNE IR R 27 L P R A i N iR 7 O A &
2030 1) LA K iy 5 T i thE 300 1) 3 % 37 5 5, G5
WAL T B A 1 3 1) i B . T A 2 20 W - L
AL S 110~120 Ma H 18] $th % 37 %5 0 o HC 9 3 0

SO 5 AT
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Fig. 5 Spatial features of paleointensities
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(a)—Changes in paleointensity averaged in 10° latitudinal bins with latitudes (from Tauxe et al. , 2007) ; The red curve represents the dipole

moment of 6. 3X 1022 Am?; (b)—changes in paleointensity averaged in 15° latitudinal bins with latitudes, including data from the Antarctic

(from Tauxe, 2010); The red curve represents the dipole moment of 8. 0X10%2 Am?; (¢)—outer core convections. The outer core outside of

the tangential cylinder exhibits column flow and the outer core within the tangential cylinder displays three dimensional convection (after

Lawrence et al. , 2009; Tauxe, 2010)
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(a)—Changes in paleointensity since ~3500 Ma. The paleointensity data show a gradual decline from ~3500 Ma to the late Neoproterozoic
and then an overall increase afterwards in the Phanerozoic (from Bono et al. , 2019); (b)——changes in paleointensity since ~160 Ma (after
Tauxe et al. , 2007). Blue circles represent data from submarine basalts; red diamonds indicate paleointensity data from single crystals; and

triangles indicate other paleointensity meeting the selection criteria
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Abstract

The Earth’ s magnetic field is produced by convection of the molten outer core and has been in
existence for at least 3.5 billion years. The origin and evolution of the geomagnetic field has been one of
the scientific frontiers in earth science because it is crucial for the habitability of the Earth and also
provides an important means of probing the connections between different spheres of the Earth system.
This paper is focussed on the record of the deep-time geomagnetic field documented in rocks, and reviews
the recent advances and grand challenges in the following: the origin and persistence of the geomagnetic
field, magnetic field reversal, and paleointensity. In addition, we show the exciting opportunities in the
interdisciplinary research of paleomagnetism and geology on elucidating changes in paleo-geomagnetic field
and their impacts on biological evolution in light of the emergence of the novel paleomagnetic measurement
techniques, application of analogue geodynamo modeling experiments, and super-computing facilities in
numerical modeling, as well as rapid advances in biogeomagnetism. Research on the paleo-geomagnetic
field changes will contribute to not only better understanding of the origin and evolution of the Earth’s

magnetic field, but also the evolution of early stage of Earth's history and even other planetary bodies.

Key words: geomagnetic field; geodynamo; polarity reversal; paleointensity; paleomagnetism;

magnetostratigraphy



