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Absolute Paleointensities:
What can we really see?

Greig A. Paterson

1 Introduction

Obtaining reliable and accurate estimates of the
strength of the geomagnetic field through time has
been a paleomagnetic pursuit for over a century
(Folgerhaiter, 1899; Thellier, 1938; Coe, 1967;
Paterson et al., 2010b). In recent years paleointensity
efforts have grown considerably with over 40% of all
studies being published in the last ten years. Given the
longevity and recent increase of in paleointensity
studies, one would hope that we are now at the stage of
producing the data necessary to make clear and
reliable statements about long-term geomagnetic field
behaviour. Sadly, paleointensity studies are still
notoriously difficult and time consuming, with high
failure rates common. Despite this, the paleointensity
community remains positive, vibrant and innovative;
pushing forward the frontiers of methods, materials
and our understanding of the mechanisms involved in
producing both reliable and unreliable paleointensity
data. This range of innovation and enthusiasm must be
maintained if we are to answer the questions that we
have set out for ourselves and to provide the necessary
constraints required by others who seek to use
paleomagnetic data to better understand the
mechanisms governing the geodynamo. Following the
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most recent Beijing Earth and Planetary Interior
Symposium held here in July, now seems like an
appropriate time to ask what can we say about
paleomagnetic field behaviour using paleointensity
data.

2 The most
paleointensity database

recent

In this article I will refrain from giving an in-depth
history of paleointensity studies and the current
incarnations of experimental procedures and criteria, a
topic that is extensively covered elsewhere (Tauxe,
2010). The considerations | will make here are with
respect to what data are currently available in the most
recent version of the IAGA paleointensity database
(Biggin et al., 2009; Biggin, 2010).

Currently, PINTO08 contains 3765 data entries
covering the globe and with ages ranging from 41 ka
to 3.458 Ga; younger data are available through the
archeomagnetic database GEOMAGIA (Korhonen
etal., 2008). The design of the PINTO8 database is
such that each entry represents the average
paleointensity estimate from an individual cooling unit
obtained from n specimens. Strong biases exist in
PINTO8, with tendencies for entries to come from
datasets with small n (Figure 1) and the data are
spatially and temporally biased (Figures 2 and 3).

;
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Figure 1: Histogram of paleointensity data

entries from the PINTO08 database Biggin (2010).

Over 70% of the data entries have n < 4. An
additional 71 entries do not report n. The reduce
database (blue) is described in the text.

The most striking feature of the geographical
distribution of the data in Figure 2 is the heavy bias
toward the northern hemisphere with 84% of intensity
data coming from north of the Equator. Areas such as
Africa, the Middle East, Australia & Antarctica, and
South America are poorly represented in the global
distribution. The oceans contribute heavily to the
distribution with  44% of available data. Within each

region, there is a further bias to locations with well
exposed, easily sampled material. In the oceans, most
intensity measurements are restricted to islands with
accessible exposures. For example, of the data from
the Pacific region, 52% are from Hawaii, which makes
up more than 10% of the entire database. The spatial
coverage of the global paleointensity database is
therefore sparse.

(a)

(b

Figure 2: The geographic distribution of data in
the paleointensity database compiled by Biggin (2010).
(@) The hemispheric distribution indicates strong
northern hemisphere bias. (b) The geographical
distribution indicates a large concentration of data
from the Pacific and Atlantic Oceans, and Europe.
Biases exist within these region: The majority of the
data from the Pacific region are from Hawaii, which
further reduces the geographic distribution of data

The temporal resolution of the current global
paleointensity database is shown in Figure 3; the plot
is restricted to data from the Phanerozoic for clarity.
The temporal distribution is heavily biased to the
recent past and is sparse for time periods beyond 1
Ma. About 95% of the data are from the last 200 Myr,
with 60% from the last 1 Myr. Perrin and Schnepp
(2004) point out that at least a few thousand data
points per million years are required to average secular
variation. The only time period for which this is
possible is the period extending back to 100 ka (0.1
Ma) and this is likely to require the inclusion of an
archaeomagentic database, such as GEOMAGIA.
There is a general trend of decreasing data with age,
which can be attributed to three main factors: the
decreasing availability of exposures, the greater
likelihood of chemical alteration and thermoviscous
overprinting, and difficulty in dating older rock
specimens. Alongside these biases other issues
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concerning the reliability of the data exist, and in order
to undertake any meta-analysis of PINT08 we must
select data that can be deemed reliable.

2.1 Rejecting poorly constrained
estimates

Great debate exists over how we quantify and exclude
poor data from the database (Selkin and Tauxe, 2000);
Thomas and Biggin, 2003), with most studies using
unique sets of selection criteria. Variable acceptance of
different experimental methods, the use of checks for
non-ideal behaviour, and how much scatter of data
from one cooling unit is acceptable are some of the
issues still in debate. Typically, each study will use its
own criteria and thresholds for excluding data at both
the specimen and site levels. Recently, Paterson et al.
(2010a) undertook a theoretical study of the threshold
values of the within-site scatter (6B%) defined by the
ratio of the estimated standard deviation to the
estimated mean, expressed as a percentage value.
Although this type of criteria provides no guarentee of
accuracy, in one sense it can be viewed as an estimate
of the fidelity of a paleomagnetic recorder with poorer
recorders producing a larger scatter of results.
Paterson etal. illustrated that the uncertainty
associated with 6B% is large when n is small and that
thresholds values must be stricter than those typically
applied. Their proposed solution was a modified
criterion that accounts for small data sets and their
inherent uncertainty. Paterson etal. used a relaxed
maximum acceptable within-site scatter of less than
25% and applied it to the data in PINTO8. Applying
this criterion and specifying that n > 1, and that both n
and dB% are reported results in the “reduced”
database shown in Figures 1, 3, and 4. While applying
this stricter selection does not generally change the
long-term trends of paleointensity variations (Figures
4), it does significantly reduce the number of data
available (Figures 1 and 3): 56% of the data in the
database are excluded. Therefore, the current state of
affairs is that, using only a single, and somewhat
relaxed, selection criterion we have only 1556
paleointensity data points spanning over 3 Gyrs of the
Earth’s history. We must also note, however, that both
temporal and spatial bias still exit within this reduced
data set.

2.2 Can we say anything about
the paleomagnetic field?

Given the lack of available data, are there still features
of paleomagnetic field that we can still identify? If
we take the reduced database and consider only data
from studies that test for thermal alteration during the

experiment the remaining data can be used for a more
detailed analysis. Where database entries have also

recorded inclination we can determine the
paleolatitude of the sample site. A plot of
paleointensity against paleolatitude during the

Phanerozoic is shown in Figure 5a. The averaged data
(averaged in 5° latitude bins) have a latitudinal
dependence on field intensity that fits well with that
predicted from an axial dipole with a virtual dipole
moment (VDM) equivalent to the average over the

Phanerozoic (6.18 xlO22 Am2). The paleointensity
data confirm that the long-term paleomagnetic field is

dipolar in nature, at least over the last 520 Myr.
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Figure 3: Histogram of the temporal distribution of
data entries from PINTO8 (red) during the Phanerozoic
and from the reduced database (blue) during the same
period.

Another feature of the geomagnetic field is that
the intensity drops during magnetic polarity reversals.
This feature is clearly seen in sedimentary records of
relative paleointensity (Guyodo and Valet, 1999; Valet
et al., 2005; Roberts, 2008). These records are globally
distributed, the decrease in intensity is seen in both full
reversals and excursions (Roberts, 2008), and, in
addition, sedimentary relative paleointensities do not
suffer from many of the problems associated with
absolute estimates: The decrease of field strength
during reversals is a reliable feature of the
geomagnetic field. Histograms of VDM are shown in
Figure 5b for data with defined normal or reverse
polarity, and for data with transitional polarity. Like
sedimentary records, absolute paleointensities from
transitional polarities are lower than during periods of
stable polarity: The average transitional VDM is 3.51

xlO22 Am2, compared to the average stable polarity

VDM of 6.60 xlO22 Am2. The Kolmogorov-Smirnov
(KS) test confirms that the stable polarity and
transitional polarity data are from different
distributions at the 0.01 significance level (p << 0.01).
An interesting point to note is that, on average, reverse
polarity intensities are lower than normal polarity

intensities, mean VDMs of 5.99 and 6.84 x1022 Am?,

respectively. The KS test rejects the hypothesis that the
normal and reverse polarity data are from a common
distribution (p << 0.01). One may expect this
difference to be due a bias in the data during the
Cretaceous Normal Superchron (CNS), which makes
up about 20% of the normal polarity data. It is thought
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that during this 35 Myr period of stable
paleomagnetic polarity the field strength was higher
than average (Tarduno et al., 2001). However, if the
CNS data are excluded the difference remains, which
suggests that either another bias exists in the data or
that the paleomagnetic field is fundamentally different
during periods of normal or reverse polarity.
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Figure 4: Average VDM during the Phanerozoic
determined from the PINTO8 data set (red) and after
reduction (blue). Average VDMs are calculated for 5
Myr bins. Lines indicate consecutive bin averages.
Modified after Paterson et al. (2010a).

Despite the paucity of absolute paleointensity data,
key features of the paleomagnetic field can still be
identified. The time-averaged paleointensity data fit
well with the geocentric axial dipole hypothesis,
confirming what has been seen in directional
paleomagnetic data. Sedimentary records of relative
paleointensity data decreasing during periods of
transitional polarity agree well with the absolute
paleointensity data available. These two examples
should give paleointensity researchers encouragement
that their efforts are producing useful data that provide
insight into the paleomagnetic field. Yet it is clear that
questions remain unanswered, both with respect to the
fidelity of the data and to the features of the ancient
geomagnetic field.

3 Concluding remarks

Paleointensity studies are difficult, and at times a
frustrating endeavour. We have collected data for
decades, yet we still have so little to work with.
Paleomagnetists should not be disheartened by such a
stark realization of just how few data we have. If we
take a critical, and, importantly, a statistical view of
the data that we do have, consistent features of the
paleomagnetic field can be clearly identified. Low
field strength during polarity transitions and the
dipolar nature of the paleomagnetic field are just two
examples given here. Granted, much work needs to be
done to improve the number, the quality, and the
spatial-temporal resolution of the data, but pushing to
improve methods (Yamamoto etal., 2003; Yu etal.,
2004; Dekkers and Bohnel, 2006) and new materials
(Pick and Tauxe, 1993; Cottrell and Tarduno, 1999;
Ben-Yosef etal., 2008; Paterson etal., 2010b) will

allow us to achieve this goal and keep the
paleointensity community vibrant.
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Figure 5: (a) Paleointensity as a function of

paleolatitude during the Phanerozoic. Black dots are
the individual paleointensity estimates from PINTOS;
red circles are the averaged values using 5° latitudinal
bins, the error bars are the 95% confidence intervals;
the blue line is the predicted variation for an axial
dipole using the average VDM during the Phanerozoic.
The currently available data support the hypothesis
that the long-term average geomagnetic field is a
dipole. (b) Histogram of paleointensity estimates
according to recorded polarity. Transitional polarity
data tend to produce lower paleointensity estimates.
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1325 1) [F) PR SR 1 20 - At 1 — i B 1Y) i

PR I 3 B U o AR, B S ORI TR P
ZIN, BRLURCHR SR 2 2 U BT ERAR, 2R
PR A s SI 1) e AR R B ORI S ) v
FZRIHUR K

BRI G IR A 3 AT AR TT I 1 T3
—J5 i, FEEMRER, YE A2
SR R 8 LA T, R A R i ¢
S HILEE T M) K53 A (Korttm, 1969). A
b, K N TR R ZH B 1 S S T IR 3
Uh, XFPESCR, RS, i, AT ATk
B FJY AR BT o TSI TURIE B T 4l /N ik 2
KHUSS Lambert 5% B IERIME, At
WAL T K

H A 38 A BT X 22 OB 1) A e
e B, FaiI g s e N TR
REMEYE. 7B LA HOh FE Aok
F IR PR J2 A BRI . XTI 1
WAL 22 BRI 2R B0 B8 2 R 2 16
JEPE, JF R R R R EL g 1, H
L AT .

Kubelka-Munk ¥

Kubelka-Munk EEV&ARBE—ANHIFATH,
JERERN X N TRZH2 x b n) B [P R R
SRS 7 (K 13-1), [FBRA T HUE AR
o A TUZ MR R, FF Hnl 20 A TG R
ZMWRER dx ¥ 2. A28 x J7 M ANE x 77
[ (143 30 5 53l e SO 1A T 2 47 1) i
7N ER, BRI T Aldx, BEEUN T
Sldx, 1EWFEE 7 W2, Kbnr DA

AN

Y kst
dx

47

Y (kS TSI
dx

Forp K FIS 23l 2 R it (R W SORTHURT 2R
Kubelak (1948) #:7 T Ih2%xCHIAf XL
HE 2, 1EAiCiR T Wyszecki and Stiles
(1982) ISCH o d b3t (A A -
1-R,(a— bcothhSX)
B a—R, + bcothbSX

XL R AL T R RN Rg B =72 L1

R
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T RS EE, cothbSY 2 bSY TR 4],
YRR, al1+k/S, b=(a-1)""

Xa
Top
b
/
dX* l
X
o
J
|7 Y
Background of reflectance R,
7

B 13-1 &% EEaaH

S, R AT R R AT, M
T FRAIE 5 P I AN 2 s S R, i
SAER, RGTRBOTUU RACEE, XA
(4175
K _ (-R))’

—=——"—=F(RR
S 2R (Roc)

av

Hr, F (R WA Kubelka—Munk CK=ID R
ok #H remission REL.

EASE B , AT K1) S AR BT a2
K/ ST RREANE: A B S 2R E 1 RR 2. A
i, MEE[BIANBELT A F0 S LR E

A B AT S5, ouk T 55 [5]
PIERAYE, A BRI B RE T3 K.
SIS T AR K ORI KRN KL, I
HAEA MK T W6 &R 2088 3F 5 Ao
(Kortim, 1969). Ktk H4XFHARFR B IR &
SOl AT 2 AW RS (E RE SO —3 . %
Tk, Lk F (R ERERHTBE [1og
(1/R-) JH#P 2 SEBRBOE 1 I A FE bR . 1X
ANELEW L1 g N TR P osot
#EH7 (Sherman and Waite, 1985; Burns,
1993),

o Eak, HAE U REA R KR
B, A e s 5 20 A5 280 1) R R i o
A e R SE RSO G o IR R £
BRI KT BB A S HEL. B,
IO 22 500 i Bl 9 B i 8 i v . {HE
RORH O 25 7= AR AR ) Tl IR G010 5
IR AW 35 B 1 S ), IR 2 A O M4 /N ke
2k b KA B/ ME I 2 5. DRI, Riqt

7E 0. 1-1 w m Z [A] (R RURAE A i, S
U F BB DA gk R IS o Al
SRR BE 1 S A a1 T2 A 2 IX N AR 45
H, JF HAE S RAE AL ™ A2 — A ) £0 X 1) i
%

K0 R A R TR % [Tog (1/R.) ]
RN KRR T E 9%, X TRLE
WA, Bl 58, FoYENIRkiE
Bl DL S WROBE 22 20 ) AR A TE LR AR R o Wl &
B (KECE KD AR BORAR TG A 2B R
PRI R b, Gt b 2 A3 . 4R
M, SRR R ERRAT A G, IR
I BN GG WA it 2 TR () 22 S AR AE AR AE
SRR R, TR /N T R,
WS VAT 26 I 2 SR PR 9 /N T 3, Wt bl 2
HE5R . O TORAR R T R RURL, IR
B 5 AR AR T D o BRI 1) ki
(R38R T B0 I SO IR N 2) 40 Fresenl
T U i s AT D8 )
HARKBI LG ARSI i, KT
AU A RIS IR 3G I 350 T W i 3
K S B IMETS K E‘Jb&d\@ifﬁiz (XA
s FOR AR B BOR LD . T A%, 6
AJ DL B INERHIE R i AT 388 I

B WP A EEe, FRATTAT DL RO
PER™ ) 5™ A P ) MR RSO, H 2
BA Iz S e %= . SLhs b, R
<0.6 I, ZHES B Em . Kk, 2
BRI B B FERRERE S AT I &, PR 1%
A & TN ISR % i St P
HE T R W I B —— A o R O R 2K
] DLIE I R R RSO R R AT, N A
PRECTh AT LI A . TR RS R
Rg=0 [Py {50 5055 R A3 2 R 9 mT LA
330 S M4, AREIRATTCLEEHE Y
AR SRS X Ao e th e (R R 2ok 43 21 S
SY = icoth_lﬂ

b bR,

Hrpa fi o e RS 4148 E, R EA
AT EY @

K=o B R ARG N LA T2 2 T
JUsE: BT AR S AT, XA AR
RAEMN; BT RS R LA E 7 7%
W, RO R 1 s 3 R sk = W B
X XS B SURAI# . RIS, FIH A
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W RERGRARE S LA 1E remission BREIANIY]
JIVEIFATAT (Hapke, 1993).

B ABYIRIE

20 tH4 80 “FACH I, Bl 7 —14k
BT IR B SRR R 5 Ok A IO 1 2 A% 32k )
L, A, N TRTHL1) /& Hapke (1981, 1993)
@ B . Ok, R R EEIF
AL remission JyFE, T HORE B CHT S 1
R, wo XU T 6155 SRR A8 .
YER I AR CRBUN REE A B RE
BIHAED o X TR BT, B B AR AR
SRR W I8 BT A ORI 113 e B
o IXANHNS I EE T S NEE I A s O R
1, 3XAN 2 2] F R e G AE B 24 i
fe b R, SRR BRI, Wik, K
SRR T AR 1K)  Hapke W58 S5 A% 5y B gk4T
o T HL [ AR o R4S B I O R e g
SR X8 S RECE R YRR
SO (SERR b, KM e S R — R
X)), FEHE A —PME R . XPME AR
RPHRIA — IS T 2=0 [P, BHEEAS
(0] 43 g — AN 23 b 22 [a) R — A 78 3 Joer it
T ESC S R R RS 1 e B R IR 228 ) T X
MR BEAETR T R BURE & aT DLR IR A
SRS A A, TR E IS %
ANTT ISR, e iR =
FAWLWERL,  IF HA B ANAEAEAT A 58 5
Po DRI )RR 1% T A A 0 1) o 5 DA
NN z=0 1 FA1H ) b 22 1) A S RO =
E Y lrh, AR SE AR A ER R R R
BRI

1981 4F, Hapke $: 37 T 0k B CHUS 1 [
W, AR SER S, kR A A — AN L
S B2 1] 1) 90 28 R Fh i A ik e ks A T A
SRty o 0T I [ PO AR R AR R L VR B
2%, Hapke 257 T AN RSO0 BT S5
ZAE GHAN T A bR TR . 18RI R
Bk =L r

AR
(1+R)’

[ T3 R R M Z R X, A AR
FH Tk s AR W . T4 66

W=

(13 DN 8 0 8 ' 050 3 1 8% R S e AR
ITHE, BRIP4 TR Z A I 26, Tl
WA ELM, RHERFIEBRIE . Hapke £F 1993
SRR, BT R S S e XUHE T
PR Ay SI2 B H AN AT BB IA B 58 5 1 PAT IS BE
U o 0T H BRI S (ARl e
AT YGRS, DU N 2 BRI B
), WAy R

R*? (40053 i— 1) + R(4cosr‘ + 2)

w=

(14 2Rcosi)?
Horp 7 NS . Y =0 i, ARSI A
— _3R’+GR
(1+2R)?

A BIAA[9] B2 gl Thiz T4l vh ™
YIRS R B — L85 B b, ARFEN 5
TN BT PR 18

B AR 3 Hr
Duncan f£ 1940, 1949 “EHF9T BN, TR
E USRI R B TR S W& 4 A 4y
CHEE A 2 LR AN R B R RS .
R, JRAWE K-M R LS Ay

FRO="2r, ~Is ~Yas
“im M i?i

S
Hp Mhr M s EY), Ro2ZREPN R,
Coredloy 7 IR H, Ko St IR
ARBONHUR 25
A L10)H e =i, ARSI+ A
KRR, HIUHT 2R B b e 70 1) UK AR
= AN I A R TIPSR S F

| -
F(Ry) = EZCI.A,;

(10 [FIAEw] DLH T3/ 43 5 M sl 2 0
Yy K AEF0 S fH, KA1 S,o SR, A 5F
AN A RRAHERE (ST) B TIRA, EAbniE
RSO BE N 1T ORPEICI5], KRR ) K A
00, Xif, A[10]27%:
(1-Ry)* _ GK, + Gk, )
FE,S

st

F(R_\l) =

2Ry CpSy + Gy €S,

HIB
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WA ARSI C/C tfE AT [10]

2Ry Sp , Cu Sa
-Ry)Y K, G K,

E SR uE SNk PN P VA EVE]:
FATT LA So /K, IR BLL S, /K, [FIAEE o
N TR, WA S.=1, £35S, AT
HIAZLE . KR, W3], Fdl)
DI SRR KA S, A

T AL LU AR B IR 1K 7
T LU G K-M eR R BB . AR Hapke

(1981, ZH YKImAZEW, FIfE T
i
_ Z((}u}/pi(fi)

1-1-‘1\.1 —

Z (C,r' ’{p;d;')

Hop 1 Ron5 i AWy, CRRREDE, o,
SENYIEL, R RRRL AR, w e T
AN I3 IR PR IR S R

Befrs5iHHE

1993 4, Torrent Fll Barron fajBHAN4E T
3G e S = P . 1982 4, Wyszecki
M Stile &[4 T EJEME. A, K&
WEPRZR T, A LG IX 98 S5 vl T DL 2R
i FA IR I RS B .

fif B, BT 5 22 T2 501 —
g, MO BB AR, AR B AR T
DL =P R AR IR, — DB i
{H A — N i B RO 1 21 R 1 e o etk
ANHR & P2 A B (R M . Rk, AR 2E
AN M35 ARG 116 1 v LA Ak BT 1 1) — 8
s, B0 X v Z, Ak, CIE #E 1931 4F
ST T PTIR AR HE M SR, RO BEALDI 8¢ .
T PR I DGR G R T AU A R 1)
SN A IUEZ S ST AP 1 WV (B o v N
RICHKE Lo

BRI CAH X 1 7803 (0 B AR R o
=X (X2, =Y/ (M2 Y AE =473 ]
SE ST N B S PR I DX 3 R B sK
o —Rekit, FRATLRA T Hoh—Lniiy)
B2 B — I s a8, eI AR AR 2
N X, Y, Z VR CRHR IR, R RS
e R D . T IEEE S UL R HAd Bk R}
2FEAEH Munsell IR, &7 H#4r
[f)Munsell Eita 25 6] (Munsell Color, 1975).

[13]

XA RS AR b A2 AT AR I
BIRE, BRE . H—Mi kR E CIE
1976 (L¥akbx ) il (4 %% [A] ( Commission
Internationale de L’ Eclairage, 1978),
XM AR L AR (L), 20 RE-4¢

(+ax——a%), wE-W)E (+bx——b%),

Tk LH

15 IS B G T P ) 3 R AR AT I
I3 66 BEACE % mT LA s S 108 = (1) 98 S S
3 (BRUEkGO Sksedl. Har, WFFCHm
r T B2 6 G A AT ARG — Fh 2 B R A
Mﬁﬂ,ﬁﬁﬁﬂ%ﬁ7£%§¢ﬁﬁ%ﬁ
I A R R et 2 JRRETE B TH E
SPIRERAATACEY, A0 H AR B Rl
IS A, AR JE P17 FL L 2B A A
) TP A A . T T A
1) 6 25 A HA 2 W) T SR A3 A AE AN TR
FEA E AR Ay BR

AN ERA T — NSO ERAAR,
AL R REEET 1 Ak
N BRI — SR SR R Tl LR, —
LG22 TRORE St BOPR HEAE fih DA R 38 2 R 2% 1) i
o i A BRI AR M 50mm 2] 250mm A
S, WL s EU R DY 44 (PTRE) Y
FWIRA . BBk e b A ELAR 136 A
ity 1 G A9 A /D i B v o JEHSRUE, i 11 BT
TR S N TR B TR 5%,

Bk, K-M s oAt 2 =X 138 S 5 R 5
HB IR T E AR A B R
Mo SRAESE B, SO 2 A0 I R 2
K JL 4 FREAT . ltn, 7EF 13-2a
P R (PR 5 (1) -3k ) P I o R 4 1
N, S S R I 3 I R AT S
FEII IR GRS B — RN B fE Bk
1B — NI AE D, FE SR TNE R
[ra) 0B R 00 D' TR () At 2 TA) ) I f AN ik
107 o K43 7T FH AR 6 B AT 2 I o - 35k
) P S S R A, H I B AE ol 1 Y TR 1 il 2
TFRE SR HNEL AR 100, IF HAVERAT
ISCHEE 1) S5 S S 0 T R 4 (P 13-2b)
A B PREE e i, MR JEAE 45/0
o 0/45 (4 FRETH, FE 13-2 B
Y dife/0GE KRB 0 OB 0/diff
(0 J& R SO0 £ ERIBL, AR 2
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HECRS D' R WL ' AR T A R TR £k 45

+5° ffio FERITERAT, B SRR IR 8

D PR R T AT /D (AR o X LERS AR B 11

LA SO e B INAE A U AR L B U

I AR 2 T DX 4 ]
a

Integrating sphere

Source beam / \\

4

i

Detector

_________

Detector
B 2 Roysk ¥ a9 ST B 4= a) diff/0, b) 0/diff
AR RIIRE T E E

R

H AR A AN AE BEAR 95 s S 4, BRI Jse S
FRECH 1 58 R SR, R T8 s
M ) A EOFRFEE — MR, bR FE
I FR B0 G kR R 0 R E R T AS B 1
(Wyszecki and Sites, 1982).

ZAER, TS BE— EAE I — T bREE,
PRI A e 7 ] WL TR P 1) 250 s S R el
0.98. HHif, CTE WA\ At RN 2R DU G &4 A&
LI PRI RE . BRoE A ) AL P (AT 5 1
PR 5033 FIR FR BURY ARASHT: I 4 50] [ S Z 4K
6 380nm #] 750nm Y K Ju FH AN &
0.973-0. 988, 7E 750nm % 1500nm Y& K-t [H
WRT 0. 95, AE A CEETEARFEAE I I, B I
Bk AR IR BE 42 2g/cm3 (ASTM,  1973) o
TR AT R R AR g I A R
W R SR . AFEAA LR Z M
‘Spectralon’ ¥ /N il ) — 8 — S AE
400 | 1500nm [P0 H A B S R 2k ok
0.99, 7F 250 F| 2500nm [ KIGEPN, ok
T1-0.95, FFEHTLAELE.

— LA AR AR G S B,
b R A2 Mok RIR G . SR, TR,
T 5 RN 4 52 % e T B o DU A ATT ) Ol 2
i, PRI, SX LSk A o R P AR

SCEH, AR RN I, AR T T
A R R AR 2 B A I ) o

P e 2%

18 S OGN T - E )RS R
DR TR a3 O S N T TP B & k5 v 1]
ARG A L, SEG G2 4l 25 g
HI8 L6 5 i e B (R T AE DN - AT 45 2045 R4S

v, B4fle,

FERTEE LR, S A AR (A

SO, BURTR 2 S R U 210 B

K. MATHJL e g Sk s (FE 2
GESNUE IS igcty LTINS DI P U E K K G
FiAS B 4 R, Rk, g & ark FE
P BIE B AN R (<10 m) o KFFRE K
PR YA i G N Y e SR e
DR Ay s €040 At Ak s ok R v = A %) /N JORE iy
Mok B TIXANEESAN, K2 EIRATPT O
(P TR AL AN 2 B F S T AR

A P28 11 ok P2 i B ST 1 e 2 T G
i TR IR e S ) BE, — e
Wt o A AL (B 2R & 8 R Bk
), R PR MBS = ARSI R)Z,
Jr DA — M AN A FH PRl v R P Bk B L. il
FHES SR 6 A5 A T CUOR A b 1) G i AR
PEAS 2 — Sy se i g5 58, IF HATW Py a4
MU X . Barrén I Torrent (1986) fF
HHGHHFER I XT 0. bg IFE AT T 140 8Pt
P,

IR I B A I TR) R RIS g Jsd () A it ' T AR
HB& GNP

P it ) A ok A P 0 0 B JE R R R S
Wi R AR 4, Blana D ROk
J7 AR, BRI A 7 1) I I 25 5 3508% 1T
S, BN TE R e A, Bk, IR —
AR 2R 1 AT ] (G0 B B R
TR BRI ) o RO BRDUAR AR R AT
AT DA T L PR AR 3 — AN RT DL 2
KK Jy—J7 10, 77 ) A A R T4
T EL B IBCIRE 4 (X B 2efir i a] L
FEE KD, R, LB TAEPIRD S
#,

PR ) AR AR R S R 21, R
TR LG SO B AR AL T Av] 5 | Ak - S B €A AR £
() 33822 58 AR S8 H DN 2 A AN [R) 2K R X6
PR E BANTR], ) 3R R I\ — 2 &
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(1 7KK il 24 W v TR IR RE o bl T o
KO IR 25 Rk 3 i 22 1) SR ORI, Rk
TR AN [R) B 0 £ 5 (49 6 1 AT A 0 7K 4y
1%, Bedidi &% 1992 fFIBF5TR M, it L
BEE K mMBE N, 18 RGN kAR T ARk
(R4 . A, 5T 3R G AR AN
REAR 40 & AT TAH N 0 T - 3N e R R A4S
#,

FF i 28

IR R AR A T OR RS S AN [ B
I BROMPRPRAL 2 IOAE i H FE A B Ry
T 7 1k g ) B K e e R AR )
BRI I, A2 BRI R 25 it L R B AR O3
BR, USRS BN BT . BT I
S EARN T KM ER 1 e 22
(Kortum, 1969), Bt LA A HE5K 15 K 74 RE
WERABATT R AE R AR . R, X T E
Uiy 1, ME—E IS IR R A B RS R
TR AAE o Tl 25 3 L0 R A 75 B 40 U ¥ K
ARIFHAE S ZE 1IN FL IR EEA /N o Jl
SR 8 2 87 10mm AT 127 16mm (1% i 0 & A
B TENLE R &G . B Bk, /i
OB CREETH DI T AR, T Tk 2 E i 4
kKit, EANAMMREILTADFIT=XK.
Fernandez and Schulze (1987) [IHWF5TH,
JI A FH FRDARE ol 248 44X 44X 13mm [ HLI% B
8, LI 20X 8mm [F/NFL,  ZNFLBHIE RK
[5] JV2A wii A T 77 LA ot 3% A 4 5 HL {3
THEVE. XEETICE Ar i X $5 8 X Il A &
RN INLFNARTE AL i 28] LU 22 B W)
Ey Sy v 3 w7 S A i S S R B B
TR = SRR AR, ] U 4 NI SR 4T
PEZRTHI o

5485 20 19 29 66 B v ] AR = - 158
iR 2 T B 2R 2 I ) S R BT AN T 2
eI T . AR, IXPIOCEETE— Al
RV R B SO R A X R TR
SE T I R A B AE =R

R
R

® 60-70mm [{)ELHS BTk

® ZEFRHT (Spetralon [B4 B He Hil IR
FRAI)

® FRVERFRIUM K CER TE A E AR vk 5033 Bk

ECBUR VRIS D
®  NANFE N 2L VT O i 28 /N FL IR i 2
® 5. 2g WS 2mm T L IEECE N WAL b

¥

K2 S A TN 23 Y6 G BT IR R i
F), FH2EFR 964t . ARIEEIETF N5k
ERGAFAAR TR LB B BN R
TR RO, TR (
S SRR A B WSO D), U Y SRR 3
f o
YRS UG, ¥ — DS AR AR
i L, B — NS M . B %
PR AN BRI () B VR R R FE o SERE A it B
TEBB B RER B4R b, e/l
WO JE NN LR v 1 IR R BURY R I A 4y
i ds5) o F 261 R Bk Rk 2 ZR I HH 78 %
B (O2g/cm3) FEEE (O3mm), FEHFET,
Wt KRR THE, X2 R T KR b
FHAZ A RE R o KA i BTN s Z AT 22 1%
HIE P58 A BR R A (P RO ) ot

TOSRARPE I 3E L, FH 30 5 B AR
FEREAEAE A 1 o B 2g 3384 0 FH B Bt i
WEEE 3 4rh, BEEZR/NT 2mm. 2RJE, HU 200
F| 500mg [PPATHE CRARE ST 42
LIRS, WFEE 8 B 10 0%, HEIFEA
BT B R RRL,  IF H 4k SR B B B
AR A 1k o KA B A R AR TRONFE i 48 |
AL X TR R AU K, /MY SR 3mm.
D TGN I SRR S

BRAESRAF S w s [ A B a1, A5 DUDAR 5 K
ZH R, TR 2nm Y
NG, HEFAPKIE 0. 5-1nm. IXFEXS
FREB XA AT WA 4> (380-750) [l &
TAREMS 10-20 434, n] Wi 2140 X I & 75 FE
i 20-30 40k

ER

U SRAE IR PR A DA A S UAERE N
R A BT IR R B R IR R A T K A A
AP TGRSR YA I ), Al P i) )
KRIAN ] B G R UL B AT B, X LEhRAE &
TR E AT BT AE

W B PRAUE AT 3538 ot Py (10 2 T80 EL TR
A FEORFFASUE
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S 6 I Z B 53 A
BoR s
BRI S BV VT NI, FT L
A6 IR AR HOH DA B 45 P 2 B S 1 4
LU R s sEAT it 47 ASC TSP RS &
R 2 M FH (A 2 L 55 M f D 2% B
P BT RSP 2

B E BT

RO ()R] WOGES 23, G 6 07 R2 A
36 LA B 3 28 8018 g T BAAS 31 = A
Wyszecki F1 Stiles £F 1982 £ H T A |a] Ha
BRI (B G R . b2, XS TAERRE A
TIERIR,  TTERAE DGR v 3w e fit 15 A
AV SR I . V2 A Is Rt T
M X, Y, Z {5 %] Munsell FI1 CIE 1976 (L*a*b)
5 2 8 W) 4 . M Gretagmacbeth &
Munsell B sk m] DL 20 SE B _F iR 48 1)
AR GO G O G 43 B <R - R S
www. gretagmacbeth. com/index/products/product

[verified 26 Mar.

s color—standards. htm

20071),

MR R 77 3 AT

FRYERTILNTTIA4H, wT LR R 5L,
BT K-M R (1 K SRAd T 30 4 A 5 1
WOERE . Y IRATIRAFIN I I ARFE T AR
(PR ST FR A, nTRL A (13) ki K.
FATAT LLE IR R E (logl/R.) B3 K-M
BEE[i.e., F(R.)= (1-R.) 2/2R.I4E Ky sy
WG 8 AR R A o BUARIX B B 7 V- T
DL 3 R, (HE 5 — PR B
P

WO ZRE K, B K-M i m DUA v
HOK A

e(\)= Z h. exp

i=1

4111(”)[ WHH, T
[15]

EH O (A) Pl N 2K (EEE
FHEORAC): Ay ALK FWHH SRS 7
B 1/2 i PE T e B, A7 B R 58 i . Scheinost
SELE 1999 SFERIF Marquardt (H25FE) g
ZePE[A])H (SAS Institute, 1988) W T-if

A FPA T IOBCRE . Sunshine 2878 1990
SERILT — P ok R 1) vy SO ABE 28 L 28 5 A6 FH 1)
e TR TR B3 T S R R A VA RO A 1)
ARG o

7E

H\

5

(1-R’/2R
w
T
-

0||I||||I||||l||||I||
400 500 600 700

2nd derivative of (1-R)%/2R (x103)

400 500 600 700

Wavelength (nm)

B 13-3 B A TrRe LA SA BT F R e ®
Fet, EEH K-M HZFAE, TEN K-M B9 K5
¥AB., LAFTRRPRGBRKFTE-_NFHAFETTHE
EIRAB. Y REAE R AME 415nm 4 A= KAB 445nm 4L 1)
IR Y, R ME 535nm Fe ik KA 580nm X J4] %
WEENE. CANTTAR TR A A e T i A

cmmﬂmwﬁT1%4$E”\ﬁ&wﬁ%
T OCESEG R XM, OB TRER
WS - %WL%%—%E P SO,
HABRMCRFAE B INE XN 5t B, Ronk—
%%V%%Ffﬂﬂﬁmw%%ﬁ,j%%

RSP AR D) OSCRRIE . SRS
PRu] LU 2 R AN [T R40 ( - BB e e A Rk
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exp [—.fn’] = eXp

[16]

bk R VR AR i R BRI B B 47
KB WA R EE—DEAR, &R
IEBISTREGW I Z 0 R, A0
Bkl s AT (B 7 ANERD
I R A IE AR X, 1S FRATT
00 M\ 2R 1T R RT3 e o i 223X AN 1 S
3B G i BB R DX AN 1 5t

FH T AR HME B4 23 FR RO, DR T 20
—UOREE A . AESEERT, XS REAT AN
(R E 27 e e v TR A 1% o3 AT o e FH IR B
KEAR - RECH B 8. miiripas i
— B AL S B KA I 2 1A R T 3RS
e KA RN /ME . PAAFR K B KA AN e /ME
TR PR 2 S Rt TR A s e 1 B o ANSEASE
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Abstract

How the magnetic fields of terrestrial planets
(Mercury, Venus, Earth, Mars) are generated
and evolved is of interest to Earth and Planetary
scientists. In order to understand these two
fundamental questions, many research efforts
have been made to study both geochemical and
geophysical aspects of these geologically
differentiated planets, from their formation to
the present day. Among the broad spectrum of
these research topics, the origin of the magnetic
field and the timing of dynamo onset as well as
how the field intensity of these planets relates
to the composition and states of their
iron-dominated cores have been heavily
investigated in recent decades.

Key words: terrestrial planets, magnetic field,
core

A consensus has been achieved over many
years that the heterogeneity of the Earth’s core,
composed of a liquid outer layer and a solid
inner sphere, plays a central role in producing
the magnetic field. Also, the physical and
chemical condition of the Earth’s deep interior
is of importance to the planet’s magnetic field.
Scientists have long studied the convective
state of lower mantle and the influence of core
mantle boundary (CMB) conditions using
numerical modeling integrating seismic data
(Glatzmaier and Olson, 2005; Coe and
Glatzmaier, 2006) and experimental simulation
(Kageyama and Sato, 1997) to understand
magnetic field generation maintained by the
fluid motion in the liquid outer core on our own
planet. Detailed studies have critical
implications essential to understand the interior

structures, bulk compositions and dynamic
histories of our own planet (Olson et al., 2008).

Mercury

Currently, besides the Earth, other terrestrial
planets possess similar internally-generated
magnetic fields, such as Mercury, whose
magnetic intensity is revealed to be one or two
orders of magnitude weaker than that of the
current Earth (~0.5 to 5 uT) on the basis of
several spacecraft flyby observations (Mariner
10, MESSENGER; Korth et al., 2004,
Anderson et al., 2008; Purucker et al., 2009).
Scientists have suggested that the field of
Mercury may also be dominated by an
axial-dipole, yet its core conditions could differ
markedly from that of the Earth (Aharonson et
al., 2004). Though its dynamo driving
mechanisms remain enigmatic and the intensity
measured by spacecraft could not be perfectly
incorporated into numerical models applicable
to the Earth (Stanley et al., 2005), there are a
few hypotheses that have been proposed
recently. Researchers from University of Illinois
at Urbana-Champaign suggested that a storm of
falling iron particles (Figure 1, iron precipitates)
circulating as liquid in Mercury’s partially
molten core may be responsible for the origin of
this planet’s anomalously faint magnetic field
(Chen et al., 2008). Dharmaraj et al., 2009 and
Vilim et al., 2009 have incorporated this
experimental result into the latest models of
simulating Mercurian dynamo and found that as
long as this “snow zone” is placed mid way
from the surface to the core mantle boundary,
numerical simulations are consistent with the
weak observed magnetic field. However, this
experimental method has serious shortcomings
that can significantly affect the result: the
sphere is approximately 6 orders of magnitude
smaller than Mercury, and many of the features
being modeled cannot be assumed to scale
linearly with size (e.g., Ekman value which
reflects the ratio of Coriolis to buoyant forces
and Hartmann number calculated as the ratio of
Lorentz to viscous forces). Thus, this
experimental method can shed light on some
aspects of core fluid flow of Mercury, but the
usefulness is temporarily limited.
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Double-snow state

Ganymede-like state

Figure 1. Schematic illustrations of the likely
states of Mercury’s core at the present time
with different levels of sulfur concentration
(Chen et al, 2008).

Mars

Numerical and experimental simulation
Unlike Mercury, which currently has a
magnetic field, Mars has been missing its
magnetic field for at least several billion years
(Acuna et al., 1999). There are quite a few
hypotheses  concerning  this  spectacular
phenomenon (Stevenson, 2001; Elkins-Tanton
et al., 2005; Stanley et al., 2008). One of the
most popular models was proposed by
researchers from ETH Zurich, suggesting that
the inner core of Mars may still be molten, and
cannot form an outwardly crystallizing
iron-rich inner core, as does Earth. This could
possibly explain why the magnetic field does
not exist (Stewart et al., 2007). Others (Nimmo,
2008) implied that Mars was collided with a
giant asteroid, and its mantle beneath the
northern hemisphere as well as part of the core
is significantly depleted after being rejected to
the outer space (Figure 2). As a consequence of
this severe impact event, the dynamo of the
Mars ceased to operate. Subsequently, intense
solar wind was able to erode the atmosphere of
the planet completely in the absence of
protection from its magnetic field. The most
recent hypothesis is made by Buffett, 2009
claiming that the high thermal conductivity of
liquid iron results in a substantial fraction of
heat loss from the core, and therefore slows
down the cooling of overlying mantle due to
convection. This leads to the result that little of
the heat flow through the core contributes
directly to the generation of magnetic field.
Also, Buffett stated that the low ratio of
viscosity of liquid iron to its magnetic
diffusivity could lead to a barrier to generation

of the magnetic field simply because the
magnetic diffusion overwhelms the effects of
magnetic induction.
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Figure 2: Snapshots of results from typical
axially symmetric simulation using Zeus
hydrocode to display Martian core-mantle
equilibration after impact over time (Nimmo,
2008).

Paleomagnetism

Other than numerical and experimental
simulation, Earth and Planetary scientists are
also interested in integrating paleomagnetic
records as surface expression of the dynamo
evolution across all time scales into current
radioactive  isotope model as  further
observational constraints to study the core
behavior of these planets (Weiss et al., 2002;
Antretter et al.,, 2003). Documentation of
remanence  magnetization  from  distant
geological record on the red planet can offer
tantalizing views of the ancient field extending
back to roughly 4 billion years ago (Bouvier et
al., 2009). This approach is necessary prior to
initiating a comparative study of the dynamo
behavior  between terrestrial planets to
understand a variety of physical and chemical
mechanisms within the cores.

The discovery of martian crustal magnetic
anomaly in 1999 (Figure 3 Acuna, 1999)
opened up a window for all martian scientists,
especially paleomagnetists and rock magnetists.
Several studies have been done since then
striving to understand the origin of the Southern
Highland  Magnetic Anomaly (SHMA).
Mapping, and interpretation tools described
with an unprecedented level of temporal and
spatial accuracy are continually developed and

improved to make this possible. For instance,
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INSAR (Interferometric Synthetic Aperture
Radar), a remote sensing technique that uses
radar satellite images as radar satellites shoot
constantly beams of radar waves towards the
Mars and record them after they bounced back
off the surface (Richards, 2007).

An ancient, but transient, global dynamo
magnetic field (about a few to a few hundred
million years of Mars history) was then
assumed to be a very plausible candidate for
generating these anomalies (Dunlop et al.,
2000). Antretter et al.,2003 have integrated
rock magnetism, geochronology, as well as
petrology, to interpret the paleomagnetic
signals from martian meteorites (e.g., SNC
meteorites, ALH84001) in order to constrain
the ancient dynamo behavior of this planet
(Weiss et al., 2002; Antretter et al. 2003). They
suggested that the ancient field intensity back to
4.0 Ga is probably one order of magnitude
weaker than the present geomagnetic field by
normalizing the intensity of Natural Remanence
of Magnetization (NRM) to the Saturation
Isothermal Remanence of Magnetization
(SIRM), which may not be strong enough to
generate high-intensity Martian magnetic
anomalies. This result contradicts to the former
statement by Dunlop, 2000. Gilder et al., 2008
believes that these crustal anomalies are
irrelevant to the dynamo field and they are
simply indicative of high deformation of rocks
containing magnetic minerals (e.g.,
titanomagnetite) whose magnetizations are
permanently elevated when subjected to either
ultra-high static stress or ultra-high dynamic
stress (>6 Gpa).

Figure 3: Mapping of Mars magnetic crustal
anomalies as detected by the Mars Global
Surveyor (Acuna et al., 1999)

However, acquisition of reliable paleomagnetic

data is not always successful due to the lack of
appropriate samples, as many of which have
experienced a variety of terrestrial alterations
(e.g., thermal heating, aqueous alteration and
metamorphism) in addition to collision after
landing on the Earth (Rochette et al., 2006;
Gattaccea et al., 2008), these samples are not
suited for paleomagnetic analysis. Furthermore,
the Martian core is believed to have formed
faster than the core of the Earth (Williams and
Nimmo, 2004). The sparsity of proper
geological records that can offer insight into the
earliest history of Mars (4.5-4.0 Ga) hinders
exploration of the timing of dynamo initiation
(Schubert et al., 2000) and the onset of core
formation. In addition to that, the core age of
Mars calculated by Re-Os and Hf-W systematic
remains highly controversial (Williams and
Nimmo, 2004), neither cosmochemical nor
geophysical arguments have so far constrained
the timing of dynamo initiation and the onset of
core formation.

CONCLUSIONS

Research in magnetic field study of Mercury
and Mars is expanding at an astonishing pace
on a variety of fronts, only very few of which
are described in this article. Scientists are
adopting tools from complementary disciplines
(e.g. Material Science, Astronomy, Geodesy) as
they explore the effects from micro-scale
mineral structures on magnetic behavior to
macro-scale magnetic field behavior of these
two terrestrial planets. Although several NASA
explorations have already opened the door to
this exciting area, the studies of magnetic field
on Mars and Mercury remain in the period of
infancy.

I am hoping that this short article conveys some
of the excitement in the area of magnetic field
studies on two relatively familiar planets and
demonstrates the complexity of this research
topic. Possibly in future, we are able to reach a
higher level of understanding the fundamental
principle and mechanism behind magnetic field
of terrestrial planets.
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chain of magnetite magnetosomes
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