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Rae-gyung Ha and Yongjae Yu, 2015, Magnetism of (Cr,Fe,Ti)-rich Spinels from the Martian Meteorites.
Journal of the Geological Society of Korea. v. 51, no. 3, p. 273-280

ABSTRACT: At present, SNC (Shergotty, Nakhla, Chassigny) meteorites are the only available material from Mars.
Natural remanent magnetization and room-temperature saturation isothermal remanent magnetization (RT-SIRM)
were determined for 8§ meteoric chips and 4 mineral extracts. In addition, temperature dependence of RT-SIRM
at <300 K and analysis of magnetic hysteresis were carried out to characterize magnetic properties of (Cr,Fe, Ti)-rich
spinels. RT-SIRM cooling and warming curves are irreversible with high RT-SIRM memory of 94%. RT-SIRM
increased slightly during cooling, but remanence decreased monotonically during warming. Unlike other
remanence candidates such as magnetite, hematite, pyrrhotite, or titanomagnetite, (Cr,Fe, Ti)-rich spinels lack any
significant remanence jumps during cooling-warming of SIRM. It can be proposed that the absence of remanence
jumps during cooling-warming of SIRM might be used as a diagnosis for the presence of (Cr,Fe,Ti)-rich spinels
in rocks.

Key words: Spinel, Mars, SNC, Magnetic properties, Low-temperature

(Rae-gyung Ha and Yongjae Yu, Department of Geological Sciences, Chungnam National University, Daejeon
305-764, Republic of Korea)

LMEZ

S (KE, Mars) 9] B HEA]E(mean radius), &
=R E(equatorial radius), =A[REAlE{polar radius)
2 Z}+7} 3390 km, 3396 km, 3376 km & |- 1t
2]2(6371 km), HEHEA2(6378 km), 2|4k 2
(6357 km)ol) THshA 53% 2=zo]c}. shAe] T}
37| (sidereal rotation period)+= 24A|7F 378 22

22 Ao AAF71eE ui-- FAksot 12]a 3t
A o] H-2 FAZ-g(aeolian process) i} G-52Hg-
(fluvial process)?] &2-& 7H5la It} Alckrh
H| & A o] X gk A FA]of| B-E7HES &
I} o] Absteta o] EA7F WA, IS ¢IFe
n|2 AR = FEE Qoh

| gF--=ro] HEARSE Viking 1 lander7} 1976
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Table 1. Composition of oxides based on electron microscope analysis.

wt. % Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

SiO, 0.67 0.52 0.72 0.63 0.61 0.38
TiO, 18.90 16.39 17.92 16.25 20.29 18.14
ALO; 5.07 4.96 5.40 5.12 4.92 7.46
FeO + Fe,03 49.86 50.24 50.55 48.71 46.59 49.95
MnO 0.07 0.02 0.01 0.03 0.04 0.01
MgO 3.81 5.56 4.78 5.43 3.54 4.76
CaO 0.02 0.07 0.02 0.06 0.00 0.00
Na,O 0.00 0.00 0.00 0.00 0.00 0.00
K,O 0.02 0.00 0.00 0.01 0.00 0.00
P05 0.56 0.48 0.46 0.44 0.00 0.00
Cr,03 20.15 20.84 21.87 22.80 20.70 23.10
NiO 0.05 0.05 0.03 0.08 0.00 0.02
Total 99.18 99.13 101.76 99.56 96.69 103.82

7t M= o] F Aoz dFS 3% 10
A7 &) SHIHAML-E 3 O] X T} R 3] T3t
gHAel AmE AlFstaL ok A5 15 3
oA ol FEHARE AT 23, 39 A
Zh -2 W 409 A 5ol FA= A Ao
% QAHHE 47512 202 S Rogers and
Christensen, 2003; Rogers et al., 2005). 4 X2+
o) BEEAL B 0 kmE AT 2| BEEA
Bo oF 2.5-3u)| 715 A th(Turcott et al., 2002).
3Hd 9] FRt = 4340 d Aol YA E dde=
AL A2 BHioh, @4 A2 FSE o
o2 Gtk Zuber et al., 2000). ¥ A2
ERb = g 40 d Ao FHE Ay o= ofe
AZtE Hish, @A A& HE dHe=s
F oIt Zuber, 2001).

g e v ARel o} FSelE A 54
ol QlsEshle] B JRe 713 gl 5
AL FH(ES) N Y 718 Ak, 2ol
3] %59 Ao sfgsi, s e A8
oJu]gitt. o™ Spdof et FEA A 42 YA}
Aoz gote 2 WEEE 39 H2 A wiwol
o 3Mdo] 98 ol HA Hol= o= Y E
ol EAshe 217 1-10 nm =2719] v AE=
(npOx, nanophase ferric oxides) W&Eo|tHFergason
et al., 2006). 3HJ 2] Eo]| ZA5H= npOx 2] Aut A

Z7} BuH]E 7|&£ 9 2 A FH 4 (hematite, a-Fe,O3)
o|H, 3} o] Bk A}H 4 (magnetite, Fe;O4) T} 3+
HAFS1}E (Fe-bearing oxide) = g3ttty aj4]
Hok A= 2003 fH-¢-F=0] 'TARFOMEGA/
Mars ExpressEARA €] Z4] ol &J5hd, 31 9] &
EFolA A-A, AN, A EEY S4S E
o= dUEAH ET(thermal emission spectrum)
o] &= AcH(Bibring et al., 2005). =3+ 2003 ]
FEg5ato] WAE = 7o) SR\ BRI (Mars
Exploration Rovers) Spirita Opportunity = 9]
A% EPoIH HAH, 4P, AR o
S AEATEY RS BSaTHhtp:/ /www.
nasa.gov,/mission_pages/mars/main/index.html).
0| 5952 Mars Global Surveyor (MGS) 3
Ao HAE 33 S SR} A (three-di-
mensional flux vector magnetometer)E ©]-8-5},
SRR AMYFE FE=E AASHITHPurucker
et al., 2000; Schubert et al., 2000). 5Y 1%=2] Z}-7]
o] (magnetic anomalies) 22 <Akt H|WSH
23 51 A Ee| Hrhalshe AR Hhat
319] 154 o]} o 2 AXtEthLanglais et al., 2004).
Teht e Aok Tl v 71ge) 2l
AZ3A) o7l S0 ArAsks AH o2 1A
Al BA TA AEE A BLFARIE sS4 -
o} o= 3 9| ohdo] A|4-o] Rt T A7t
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Table 2. Mass, natural remanent magnetization (NRM), and saturation isothermal remanent magnetization (SIRM) of
eight bulk chips and four mineral separates.

Bulk chips Mineral separates
Chips Mass ;\I Rl\g -4S IRNz[ Separates Mass zS IRNz[
(mg) (107" Am“/kg) (10™ Am“/kg) (mg) (10° Am“/kg)

a 2098 6.24 8.65 A 28.6 1.25

b 1943 5.82 9.89 B 24.8 1.30

¢ 1566 9.96 16.0 C 22.1 1.53

d 1208 18.5 16.1 D 20.9 1.49

e 1170 19.4 13.7 m' 1.39+0.14
f 1152 5.56 14.5 m’ 1.39

g 1043 8.92 10.1

h 950 12.7 14.9 m': arithmetic mean
m' 10.9+5.53 13.0£2.97 m’: geometric mean
m’ 9.75 12.6

S0, QUL TATHE AAS| HE ANTE el A7} olleke ofo] W AT 2B WS
2| 72] 43| H AT (mid-ocean ridge basalt) 2 29d-E F-G3H= 7)Y 49 ABEA
o A5 e FEE YR S AR A & AlEshe dE] AR 7)Y E Rl 53] AR
AR SR Ateb s HE 2 39 Ao st 7F FEEE =9 AA7I7|E ol&sfot st &
EANTE BAS B A ABE ST Ao] Bol 2B e HRRAT 3t B4
3} AT A== A (Cisowski, 1986; Kirschvink 274 7hs B2 E g 1o 1 9olE Fith
et al., 1997; Weiss et al., 2000).

EZ 3 A7E 98l e gAkddel ik 2. A 8
ol ARSEIZATE, @Al 4] 3 9] X3kl Tt
7P Bt RS AlFste 222 34 7199 a8 Aol AREE A2 A o] @Rl s
SHolt). shg71Rle) $He A UAR S YSH Shergottite A2 344 719 e4 0= 7)E
3701¢] ¢k#}Ql SNC(Shergotty, Nakhla, Chassigny) 9] AFoN FIFAEHET AT IS EF5h= A
2t A=Y 2T 34 (pyroxenite)o] F7IE2 H o2 ®B31H Sayh al Uhaymiro|tH(Yu and Gee,
FEIL QUeh SNC el 23he 7]29] 3hat JEo]  2005). = 71EC=2 2-5 mme| 27]% 422t
Viking lander2 8¢ 2|3 SAE 344 di7] A& tH(bulk meteorite chips) 87§} Ee|FEA]H
I} YRR R, SNC7} A A F=E ATtz 3 (mineral extracts) 470E | FetEH O ZRE 7|5
At 20149 71Eo 2 HI7ER] 132700 3 RISITHRE 1, 2). E2PF=A18s FE317] 8 7t
719 4o] TEETE AA7EA] SNCo|A W B 2 F 719 A4 279 HS IRAPT o) A ofafist
H AAYFES A4 (Weiss et al,, 2002; Antretter AT TR FHEES £ ARl 24 =
et al., 2003), EJEEXE Y (titanomagnetite, Fes Ti.Oy; 3, 8HA| FEE Hol= BEFEY FEA|H(mineral
Bezaeva et al., 2007), A5+24(pyrrhotite, Fe;Ss; extracts)& AA| A0 Slof| A AHIRTE AEHE
Rochette et al., 2001), 2 ZH Eletgh-5-21] 3 (Cr-Fe- IEAH 47]= 3 ¥ o] o)z} o=k 500 ym AF =<1
Ti-bearing spinel; Yu and Gee, 2005) 3 4F5F-°] g Aot}
t}. o7kt ZEHEHERAT I AIEAH L 22 U 7]9 BEAIH 7hE Al Al HE A2
A A, gERAE A, A4 H|F Adoe=z 21-& $J3l EPMA (Electron probe micro-analyzer)
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AR A (R JXABB00R) o] ARE-= ATt
(2H la). Z FEAHER F A, F 6XH A
Ao A2} SeE AT AEEA ARESE 18
7t i3 842 (background countings)o] & ZF 2|
HZ 287120 kVol|A A|AEQth Feol EPMA &
MAE FeOol thaf At Tk, HE FeO 9}
Fe)0;90] 3o &2 #7|3F4thE 1).

EEPEEA O AR AR 2 FA ol 2
A8 AR5 71712= S50l 7181, wl= Y|
aeojsh AAATRS B AR AT
9] MPMS (Qunatum Designs MPMS2 Cryogenic
Susceptometer)E 0|23ttt A2 ELEA|
o A7 SAH7] A= RS 71ee
210° Am’ slH= <] st 74417k 7Rsalot o
<t @A v, 4, F=Y LR ek A4
ARt Z2dEAlEe] it L e Aep5A 0] 7t
3.

T 8709 =zt 4719 ER1gEAl el i)
$4 AARERARS  natural remanent magnetization,
NRM)E 27431ich ol Te] 5t fA7 o] 4
BEE 23 AA A2EsRA3Kroom temperature-
saturation isothermal remanent magnetization,
RT-SIRM)E A4 Al 7ch A2 ok aalste] Be)
2 ojuliz 7hal A ARe) Wil e

100 ¢ 10
: (b)
I SIRM (mineral extracts) NRM (bulk chips)
i o
3 =Y o =
X 10 o © =l -~
~\ E ] X
E o ® ~
< S
L) a
=) >
X 0g© 3
S ot ° g Jo1 ®
S SIRM (bulk chips) =
01 il =) 0,01
10 100 1000 10000
Mass ( X107 kg)

Fig. 1. (a) Individual bulk meteorite chips (blue colors)
and mineral extracts (green colors). Ruler scale is in mm.
(b) Natural remanent magnetization (NRM) and satu-
ration isothermal remanent magnetization (SIRM) of
bulk chips and SIRM of mineral extracts with respect to
mass in milligrams.
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o2 T AE7t EEsH= AY iAo, A
23RS Alm YW AR E EF R B
v Gof| v gt

A A2EFFARE 300 K 78 10K &
EFIA W, ol esigon, 5K Aoz
ARAske] MBS 2S4S o
HA1717] Heted AN ATBAL A TR 7
%=9] 9F 0.5%¢1 250 nT o]3t= FA] {A3FH 1,
gnke £ SS90 FHA WA L Sl
ZAE8-L2 45K/ minZ A|ost3ch

A 2ABEAS S S79% EedEAIH | tis) i
2 Z}7]o|F A (magnetic hysteresis loops) <
S8t A7|o|gIZ A +1.0T #E -1.0 T 714]
0.01 T Z+A2.2 BHi#7]|7]38]4A|7Hsignal average
time) 125 285t S48t SA204 &4
He AolgFAL Z3ER| doeng, o)
3 430] Kosterov (2002)7} AIAIGE BERA &
g3l et. o8 EY|Z E3IR}ISHMs, saturation
magnetization), Z3FHFASHMr, saturation re-
manent magnetization), &x}7]3(Bc, magnetic
coercivity) & AXBIATE A7lolg A= HER
SRS} ol A ABHe DA 02 A (back-field
measurements)A| 7|8 ZHF3F2}7]8 (Ber, magnetic

remanent coercivity) S S48ttt
3.4 1t

87] =7} H(950-2098 mg)<| AFAZ-FAR=
1.09+0.55 x 10° Am’/kg (1% 1b, LE& Z A}g)
o|n] A& E ARSI 1.30+0.30 x 10° Am*/kg
olth1d 1b, Y& & AME). HeFEAIH(20.9-28.6
mg) 4708] AHARFARSH= 77181 =] # it
A A E7to|11, AL ESFAISH= 1.39+0.14 x
10% Am’/kg o1 1b, 9% & AMS). £4 %2
AH Apshe A H o2 vl Yste] Asghe] =
ZHtezt WAL Hdf 48 P=oln], AAFARSH
£ 71Eo R Aste] A te] V|t oF
10% Zfch(F# 2). ¥HH EgEAHES Aexs}
ARAshs Aid oz FYste] Aleke] AbeBdt
I} 715hg o] YAFTHE 1). whebA 0|59 A
NAE BeFEAH 712 HSHAE & A
AHgste] A 225 S8E A=kt



P71 2MoM 22lE 2

300 K ¥ 150 K 7}2] &] A2 32 312k Aksk= oF
2% F7HAIE Holthrt o] % 150 K £E 10 K
oM 1% B gl (™ 2, }AFE 7|12 19,
22 2 A1), 2810 K Yzt o] % g mtA o
A A2 EFTABL JES] st Aol U
Bt 29 2, IR 7|5 19, LEZE 5 AHS).

2= WH3le] mE ABEALS 7|est] st
(74 3) EutH o= AREE= HRAR| (=223t
FAE} ZepApsh) e A7 || (=273 /%
2}718)) 2] A7 Day plot (Day et al., 1977)0]
ZAJSHATH I 4). YR8 2 2 Day plot 4
S AFABE 2% oA Y AHFES] YA
L -SAIgE ARsE g o of) B FEE A ARt
(Dunlop, 2002). A& o2 &A= r} oFsl 35
HeehhrAnd o] 23 E4S A A Y 72t
3] 52 AP gl 21 vl wshs A2 FE7t
ATt LEju A0 A 253 2hFASHH| e R}
HH| & 7|02 A ol|A 53 2haAtstu| et 3
A718H] 9] W3} Fif2 FH 5k HS 23}
o] =8 FE U] 27|79 (magnetic domains) 2] A
& $3} e E-§o| 7Hssttt AHE 9] 7,
t2}7] 5 3Hmore single-domain-like)= 272}
3ie] 9] F7ket A7 HH| 9 FAaE Yu]siH, o

Z}7] 7+ 8H(more multidomain-like)2}= Qi =
10 - - 105
8- <
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Fig. 2. Cooling-warming of room-temperature saturation
isothermal remanent magnetization (RT-SIRM) of min-
eral extracts during zero-field cooling from 300 K to 10
K and zero-field warming back to 300 K and its
derivatives. RT-SIRM was produced in a field of 2 T.
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= Yujo]t}t. AR SHmore multidomain-like)=
T 78 (M,/ M=0.50, Bur/B=1.25)} tha}7] -]
(M:/M=0.02, B./B=5.00)9] =3tdE AZsI=
Tyg N|Zos i wRAsIsh PA)
2u)7} Z71sRe A poltt.

4. E 9|
QA71919] YA B0l LHF= A FAEA ®
o] AR sjSaE, Hojw o5 YA EH
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Fig. 3. Temperature dependence of saturation magnetization
(M), saturation remanent magnetization (M;), magnetic
coercivity (Bc), and magnetic remanent coercivity (B).
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HEth 535 A HEHERAnd-2 HFH )
Cefo|HRE AL ol277kA] I &=t
-9 cheFskRIRt el H o2 I 2 - gy
Yo A5 EA] A A E ot y] flEth AR
IZHE A9 671 EA-E(end-members)
7he-Hl A AL A9t 57 B4dH8-E(chromite,

FeCr,Oy; hercynite, FeAl,Os; magnesiochromite,

mor

|

MgCrO,; magnesioferrite, MgFe;Oy; magnetite,
Fe;Oy; spinel, MgALLO,) 9] 238t &4 A= A<
ARg golch AAH 2B HEIGTfATY
o A5 BEAEA A 02 Yok ol 4
SRS Fo] 184, HEAEA,
AgA0] w]a) oS- Wafel7] Tl chFrancombe,
1957; Robbins et al., 1971). o] AF-=2 A5

Table 3. Variation of saturation remanent magnetization
(M;), magnetic coercivity (B.), and remanent magnetic
coercivity (B.) with saturation magnetization (Mj).

Magnetic properties o (My)"
Saturation remanent magnetization (M;) n=2.33+0.30
Magnetic coercivity (B.) n=290+0.20

Remanent magnetic coercivity (B,r) n=1.84+0.14

05

w 03

M./ M

02

01

BCI’ / BC

Fig. 4. Temperature dependence of magnetic hysteresis
displayed on Day (1977) plot. Results match well with the
single-domain (SD) and multdiomain (MD) mixing curves
(grey colors) and contribution of superparamagnetic (SP)
fractions (Dunlop, 2002).

FEM

Feamde Faois ReRES AT 39 o
T A29] s o] g gAY 4 vl gick.

A2 2557213517 & (RT-SIRM memory) 3
WZH300 K 5 10 K7H)Z-7FE (10 K g 300
K7HA)) Ag $of| 54 H AL x3FAEe} 271
AL FALSLO] HER A o= =], a9 ¥
of AMgH EEFEAIHE 94%9 A2xe7At
71 eE HAZEH (Y 2). ol Wheth$e] &}
Ao} 7 BHE 0 £ ALTNRAT]
71z o|thOzdemir et al., 2002). E3] &= #H3}
o] A2 Z3RhRAEE W7t BE 2E1olA
A9 10° K' Yol2 §AHH, B4 2=T7to)A]
A2ZoR Aot A% FEo] Ms AAEHA|
ORETH(E 2, o A T, 9% 2 ALY, whe
N ARl ALSE HelREA| o] AL Eatassh
7} B4 LE710)A] TSR 2R (Verwey, 1939),
A A (Morin, 1950), EJ&AE 4] (Moskowitz et al.,
1998), A5+ 4 (Rochette ef al., 1990)2 A3 g
o4 e BeH o2 20 At

ZaAs), ZIRRAE, A7), HRYA71
& 2% ews} 27hg) mhet Asgs Feel 7
4 e BATHIH 3). B8] 100 K olste] A&
o ME AR (superparamagnetic)o] A5t
w3}, PR, ARGR|Ho] 57} Fts
o AtHoR o Zageh 1 3). BAHos
ApgEre] ABEA ATONE LERis] e
ZoERASL 719, AARIATEH HIE 2
H3}ol| whE Z3IA}5L0] ik (power law) = FH
qhe}. qhoF wgkao] 2|7 +1 ol A EE
9] AsREAJo] A oA (crystalline anisotorpy)
oL} zpsterA] o|vHA] (magnetoelastic anisotropy)
o] &J3f] X[ttt a4 st} (Fletcher and O'Reilly,
1974; Moskowitz, 1993). 2 A g oA dojZA =}
BE EUZ AXFE 2g<0] B2 (power) & A
sh ofefl Eof ATH(E 3). EFEAIHY 27
3l A, IFFA G JA 7L+ oo 2
AATE B2 (3F 3), AHIEZ S ARSI o] FEjold
A(shape anisotorpy)oll ]3] ety FtEch
(Klapel and Shive, 1974; Moskowitz et al., 1993).

2 FEAIH-2 280 K 2§ 220 K 71| 2=7}
st A o AR Sk P
718u|7} ZHadhe ARl GA7 |+ 233t ARk
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9] &&= Yt e 27t Hash FRApstH] et
FA |Gt BE Zoke 2 A
o L I00K ofef Welslol il o

2h 2l AR )7} 2k A el B
7)1+ 738} 7 gko] Al UehdtH1H 4). A0l A4
3e £x7} 2asiel 283 B ik
IAFZATF2T ) AA27t 55787 (Isometric
cubic)ollA] 7 A (tetragonal) & AA AP A
(orthorhombic) 2 A3}5H= 2tk AR W3 R E
2 QltH(Francombe, 1957).

Aol HE AFHAT FH A7) ol g4
ol Al Eagt B FEAl A TEE A2 AFHEA A
Solch, RelEAIHe) AL S A7 B
Sl AAE ABEA77| 2= FH 0| 37]-‘;3}
o, WA el ALaAL b v,
3 ABARRHANLE EPHE YBL 74
she ARl tiet A4S ASEA A7 U 24
Aaao] AEIA S7tEolof Bt B9 28,
A, "o ot A BES o83 AAA

SRV AU RS EEAE A

e Agolek
ININ;

o] =H2 2013dE AR (u|hdzats) ol A
Yoz IFATAE] YL wol +PH At
(NRF-2013R1A2A1A01004418) 3Ltk el el A
S 8l 41 8719 AR IR a3 wiaed, A
| ARG A ALY TES EFH YT
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