
地磁気を感じるバクテリア 

(松永, 1988) 

理学部附属植物園の池の泥か
ら採取された走磁性細菌 

水滴 空気 

1.  走磁性細菌 
・種類、生育環境 
・マグネトソーム（magnetosome） 
　‥体内の磁性鉱物微粒子 

2.  走磁性細菌起源のマグネタイトの磁気特性 
‥生物起源マグネタイトの磁気的な同定 

3. トピックス 
・生物起源マグネタイトによる磁気特性の 
　変動と気候変動との関連 
・火星隕石の炭酸塩球状物中のマグネタイト 
　微粒子の起源 
・“面白い”挙動をする走磁性細菌

Blakemore (1975) ‘Magnetotactic Bacteria’ 
surface sediments collected from salt marshes 
of Cape Cod, Massachusetts 
surface layers of sedimentary cores collected 
from a depth of 15 m in Buzzards Bay. 
暗室内での観察で走磁性（magnetotaxis）を確認 

走磁性細菌の発見 

0.5μm 

地磁気を感知する生物 
ハト（頭蓋骨と脳外膜との間） 
ミツバチ（腹部） 
アカネズミ（前頭部） 
　‥太陽光＋地磁気 
サケ（前耳骨付近） 
イルカ（左脳脳外膜） 

塩湖 

(Schüler, 1999) 

走磁性細菌 
桿菌 rod-shaped 

らせん菌 spirilla 

0.5μm 

桿菌 
vibrios 
curved rod-shaped 

球菌 
coccoid 

走磁性細菌内のマグネタイト微粒子‥鎖状をなす（magnetosome） 
Cubo-octahedral 
立方体状の八面体 
Octahedral prism 

Elongated prismatic 角柱状 
Elongated hexagonal 六角柱状 

0.1μm 

鎖状: {111} 面を接する 
（磁化容易軸 [111]） 

Bullet-shaped 弾丸状 
Tear drop 涙状 

(Lins et al., 2006)

(Schüler, 1999)

＊無機的にも生成 

＊生物起源の特徴 

マグネタイト 
・特異な形状 
・微粒子、サイズ限定 
　SD-SP（単磁区-超常磁性） 
　　0.02～0.12μm 
　　　（Devouard et al., 1998） 



地球磁場：地心双極子磁場�

走磁性細菌 
　マグネタイト生成細菌（Fe3O4）[BOM] 
微好気性‥酸化還元境界（OATZ）に生息 
　cf. 嫌気性環境 
　マグネタイト生成細菌の生息[BIM] 
　グレイガイト生成細菌（Fe3S4）[BOM] 
　 
磁性鉱物を方位磁針として用い、 
北半球では地磁気的な北に（north-seeking) 
南半球では地磁気的な南に（south-seeking） 
に行くことで、より深部（水中or堆積物中）の最適環
境へ移動する。 
 

走磁性細菌：生息環境 

水底泥土表面から深さ2cmの範囲に約90%が生息。
水深が50cmまでは深くなるほど個体数が増える。
汎世界的に海、河川、湖沼などの泥土中に生存。 

（松永,1986） 
 

[4] Rock-magnetic techniques are increasingly utilized for
paleoclimatic and paleoceanographic studies [e.g., Verosub
and Roberts, 1995; Evans and Heller, 2003; Watkins et al.,
2007; Suganuma et al., 2009], although applications to
sediments in the Southern Ocean is still underrepresented
[Mazaud et al., 2007, 2010; Venuti et al., 2011]. Recent
development of environmental magnetism has made it pos-
sible to evaluate contribution of biogenic magnetites in
magnetic mineral assemblages of sediments [Egli, 2004a,
2004b; Yamazaki, 2008, 2009; Egli et al., 2010; Roberts
et al., 2011; Yamazaki, 2012]; this makes use of the char-
acteristics of biogenic magnetites, that is, narrow coercivity
distribution and very small magnetostatic interaction, which
comes from the occurrence of biogenic magnetites within a
narrow single-domain (SD) size range as chains. These
characteristics can be detected from first order reversal
curve (FORC) diagrams, component analyses of remanent
magnetization acquisition/demagnetization, and the ratio of
anhysteretic remanent magnetization (ARM) susceptibility
to saturation IRM (kARM/SIRM).
[5] We have conducted an environmental magnetic study

of a sediment core taken from the south Indian Ocean. We
present that the magnetic mineral assemblage in the core are
dominated by biogenic magnetites, and propose a possibility
that productivity of magnetotactic bacteria driven by iron
fertilization mainly controls magnetic mineral concentration
variations in the Southern Ocean.

2. Material and Age Control

[6] Core MR03K04-PC5 (!6.7 m in length) was obtained
from the northern flank of the Southeast Indian Ridge at
41"33.07′S, 90"24.39′E (Figure 1) using a piston corer
during the cruise MR03-K04 Leg 6 of R/V Mirai in 2004.
The site is within the subantarctic zone between the Sub-
tropical Convergence and Polar Front [Orsi et al., 1995].
The water depth of the coring site is 2913 m, which is above
the present carbonate compensation depth (CCD) there. The
core is dominated by foraminifer-bearing nannofossil ooze.
Foraminifera and nannofossils are abundant and well pre-
served throughout the core. The core was physically dis-
turbed moderately during coring near the top of the core and

between about 4.0 and 4.5 m in depth; the latter was due to
deformed core liner. The occurrence of the Fe-redox
boundary at a depth of 4.3 m is recognized visually as a
brown-to-gray sediment color change, which is documented
clearly in color reflectance variations measured onboard at
2 cm intervals on split core surfaces through transparent
polyethylene wrap using a photospectrometer (Minolta
CM-2002) (Figure 2a). The location of the Fe-redox
boundary is supported also by low-temperature magnetic
properties, which is presented later.
[7] Discrete samples for rock-magnetic and isotopic mea-

surements were taken onboard from the split core surface
using plastic cubes (7 cm3). The samples were collected
continuously with gaps between samples being minimized.
The samples were tightly sealed to prevent dehydration and
were kept refrigerated.
[8] Oxygen-isotope ratios (d18O) were measured on

planktonic foraminifera Globigerina (250–355 mm in test
size) at about 4.6 cm intervals except for the top 1 m of the
core, where the measurements were carried out at about
2.3 cm intervals, using a mass spectrometer IsoPrime. The
d18O variations can be correlated to the standard SPECMAP
stack [Imbrie et al., 1984] (Figure 3). The bottom of the core
reached to the Marine Isotope Stage (MIS) 12, approxi-
mately 450 ka. The average sedimentation rate throughout
the core is 15.1 m/Myr. The sedimentation rates during
glacial periods are somewhat relatively higher than inter-
glacials in general (Figure 3). The sedimentation rate
appears to increase upcore, but this might have been caused
by oversampling of a piston corer [Skinner and McCave,
2003; Széréméta et al., 2004; Yamazaki and Kanamatsu,
2007].

3. Methods

3.1. Magnetic Susceptibility
[9] Magnetic susceptibility and its anisotropy were first

measured on all discrete samples using a KappaBridge
KLY-3S susceptometer. Anisotropy of magnetic suscepti-
bility (AMS) is represented by a symmetrical second-rank
tensor, which is described by a triaxial ellipsoid with the
principal eigenvectors, kmax > kint > kmin, corresponding to
the maximum, intermediate, and minimum susceptibility
axes, respectively. The mean susceptibility (k) is defined as
the mean of kmax, kint, and kmin. Degree of anisotropy Pj
and the shape parameter q were calculated from the mag-
nitude of the three eigenvectors; see Tarling and Hrouda
[1993, Table 1.1] for the definition of these parameters. A
foliated ellipsoid with q < 0.67 and kmin direction lying
within 25" of the vertical are empirically considered to be
indicative of primary sedimentary fabric [Tarling and
Hrouda, 1993].

3.2. S and kARM/SIRM Ratios
[10] ARM with a peak alternating field of 80 mT and a

direct-current (DC) bias field of 0.1 mT was imparted and
measured using a cryogenic magnetometer system (2G
Enterprises model 760R) of the Geological Survey of Japan,
AIST. ARM susceptibility (kARM) was calculated by nor-
malizing ARM intensity with the strength of the DC field.
Next, an IRM was imparted to the samples in a 2.5 T
inducing field using a pulse magnetizer (2G Enterprises

Figure 1. Location of core MR03K04-PC5. SC: Subtropical
Convergence, PF: Polar Front (simplified after Orsi et al.
[1995]), SEIR: Southeast Indian Ridge, KP: Kerguelen
Plateau, CP: Crozet Plateau.
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Figure 4
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Figure 5. (a–c) Examples of high-resolution FORC diagrams (left) and corresponding IRM component
analyses (right). For IRM component analyses, squares represent data points that define the gradient of the
IRM acquisition curves, which can be described by the sum (black curve) of two dominant components,
low-coercivity (L1, blue curve) and middle-coercivity (M, green) components, two other components,
very-low-coercivity (VL, brown) and high-coercivity (H, orange) components, and occasionally another
low-coercivity component with conspicuously narrow dispersion (L2, red).

Figure 4. (a) Dust flux of EPICA Dome C ice core [Lambert et al., 2008] and (b–g) temporal variations of magnetic prop-
erties. (b) Magnetic susceptibility of core MR03K04-PC5 (black) and the subtropical South Atlantic susceptibility (SUSAS)
stack [Schmieder et al., 2000] (orange). (c) The ratio of ARM susceptibility (kARM) to SIRM. (d) SIRM (black), IRM carried
by the biogenic soft (BS) and biogenic hard (BH) components (red), and IRM carried by the middle-coercivity (M) compo-
nent (blue), derived from IRM component analyses. (e) S-0.1T (black) and the proportion of M component (blue, inverted
axis) from IRM component analyses. (f) The proportion of the BH component (black) and the proportion of crystals with
anisotropic morphologies among biogenic magnetites on TEM images (red square). (g) Degree of magnetic susceptibility
anisotropy. The Fe-redox boundary occurs at !250 ka. Periods of even Marine Isotope Stage (MIS) numbers are shaded.
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of data beyond the maximum gradient point of the last com-
ponent improves the fit; however, even at 90 per cent saturation,
DP is overestimated in the final model. We therefore recom-
mend that, in the case of curves where the maximum gradient
point of the highest-coercivity phase has not been passed
during acquisition, an interactive fitting procedure, for example
Kruiver et al. (2001), should be utilized in preference to the EM
algorithm.
Although we have tested the fitting procedure on both

saturated and non-saturated modelled data, both of these
investigations assumed a noise-free environment. The quality
of any fit will degrade as the relative magnitude of any con-
taminating noise increases. Therefore, when dealing with real
samples, more caution is required in the interpretation of fits
obtained from noisy data sets.

MEASURED DATA ( SATURATED )

A small suite of 20 samples from the ODP609 core (Ruddiman
et al. 1989) was selected to provide examples of saturated IRM
acquisition curves. The samples were taken from a section of
the core spanning the climate transition from marine isotope
stage 55 (warm) to stage 54 (cold) at y1.6 Ma. In all cases the
samples reached saturation before application of the maximum
field of 1 T (Figs 3a and b). A number of the obtained IRM
gradient curves were extremely noisy at low field values, and it
was therefore necessary to smooth the data sets with a cubic
spline before they were fitted. Each curve was modelled with
two components, a decision made after the majority of the
preliminary models returned two-component fits based on the
criteria of Kruiver et al. (2001). Fig. 3(c) shows a fit for one of

Figure 3. (a) IRM acquisition plots for the 20 samples selected fromMarine Oxygen Isotope Stage (MIS) 55 to the transitional zone ofMIS54 in ODP
core 609. (b) IRM gradient plots for the investigated samples (the gradient curves are often fairly ‘noisy’ because the measurement error is visualized
better in this way of representation). (c) Two-component EM solution for a bulk IRM distribution: component 1 (2) light (dark) shading. (d) (e), and
(f) Comparison of the distribution parameters for the fitted components with the proxy climate index provided by the magnetic susceptibility record.

62 D. Heslop et al.

# 2002 RAS, GJI 148, 58–64

IRM獲得曲線の 
成分分析 

Yamazaki and Ikehara (2012)"
“Origin of magnetic mineral concentration variation"
in the Southern Ocean”

● 生物起源マグネタイトの寄与の変動と気候変動 
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prismatic

● 火星隕石 ALH84001 
Carbonate globules

black rims: magnetite-rich 

Fe-Ca-Mg-Mn"
 carbonate

Mg carbonate

Extracted magnetite"
dashed arrows: irregular, cuboidal, tear-drop, rounded whiskers"
solid arrows: elongated prisms

Keprta et al. (2000, 2002) 
火星隕石 ALH84001 
Keprta et al. (2000, 2002) 

走磁性細菌起源マグネタイトとの比較 
prismatic magnetiteについて、 
1.  single-domain size and  
restricted anisotropic W/L ratios. 

2.  chemical purity ‒ pure Fe3O4 
3.  crystallographic perfection. 
4.  alignment in chain  
5.  an unusual morphology consistent 
with a hexaoctahedral geometry. 

6.  elongation along the [111] axis. 

＊~27%のmagnetite grainは生物起源 


