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• Aus der Magnetisierungsrichtung (D0, I0) kann die 
Lage des Pols relativ zum Ort, wo die Proben 
entnommen wurden, berechnet werden.

• Aus der Inklination I lässt sich die Polentfernung p
berechnen.
Der Pol liegt auf einem Kreis mit Radius p um die 
Probenlokalität.

• Aus der Deklination D definiert man eine Richtung 
entlang einem Grosskreis. Der paläomagnetische 
Pol liegt dort, wo der Grosskreis den Kleinkreis 
schneidet.

Scheinbare Pollage
VGP = Virtual Geomagnetic Pole
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Bestimmung der scheinbaren 
paläomagnetischen Pollage 
(virtual geomagnetic pole, 
VGP)

 tan I  =  2 tan λ

p = Polentfernung 

 tan p  =  2 / tan I

Geographischer Pol

Kreis mit
Radius p
auf Kugel-
oberfläche

Proben-
lokalität

(lS,fS)

VGP
(lP,fP)

p

b

fP

fS

lS lP

D

Greenwich
Meridian
f = 0

Scheinbare Pollage
VGP = Virtual Geomagnetic Pole
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• Gesteine unterschiedlichen Alters auf demselben 
Kontinent liefern unterschiedliche VGP: verbindet man 
diese, entsteht eine scheinbare Polwanderungskurve 
(APWP).

• Jeder Kontinent hat eine eigene APWP: Dies wider-
spiegelt die Bewegung des Kontinents relativ zum Pol.

• Die Kontinente werden auf der zugehörigen Platte 
bewegt. Relativbewegungen der Platten zueinander 
geben unterschiedliche APWP-Kurven.

• Dies ermöglicht die Rekonstruktion früherer 
Plattenbewegungen durch die Zusammenlegung der 
APWP-Kurven („Kontinentaldrift“).

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path
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1. Junge VGP für Europa gruppieren sich um die 
Rotationsachse. Permische VGP für Europa liegen nahe des 
Äquators >>> entweder lag die Rotationsachse im Perm beim 
heutigen Äquator, oder Europa hat sich relativ zur 
Rotationsachse bewegt.

2. Paläomagnetische Daten aus Europa und Nordamerika 
geben deutlich verschiedene APWP-Kurven: Bewegungen 
der Kontinente relativ zur Rotationsachse  (da es nur eine 
Rotationsachse gibt, können nicht zwei unterschiedliche und 
gleichzeitige Verschiebungen der Drehachse stattgefunden 
haben).
>>>  Zusammenlegung der APWP-Kurven ergibt Position 
Europas und Nordamerikas im Perm.

Beispiele:

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path
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Beispiel 1: Europäische Pollagen

Pliozän und Pleistozän
Perm

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path
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Apparent Polar Wander Path

Zeitgemittelter PolwanderungswegReferenzpole mit dl and df

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path
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Beipsiel 2: Scheinbare 
Polwanderungskurven 
Europas und 
Nordamerikas

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path
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Beipsiel 2: Scheinbare Polwanderungskurven Europas und 
Nordamerikas

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path

After rotating Europe by 38°
clockwise about the Euler 
pole at 88.5°N 27.7°E
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• Vor-kretassische paläomagnetische Daten aus 
Afrika, Südamerika, Indien, Australien und der 
Antarktis sind nur kompatibel zueinander, wenn 
diese Kontinente (d.h. Platten) zusammengelegt 
werden >>> Superkontinent Gondwana.

• Paläomagnetische Euler’sche Pole (PEP Modelle):
die paläomagnetischen Pole liegen entlang einem 
APWP, der einem Kleinkreis folgt welcher auch um 
den Euler’schen Pol zentriert ist.

Beispiel 3 & 4:

Scheinbare Polwanderungskurven
APWP = Apparent Polar Wander Path
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Mitteldevon 375 Ma Spätkarbon 300 Ma Frühperm 250 Ma

Frühjura 175 Ma mittlere Kreide             100 Ma Mitteltertiär 25 Ma

Paläomagnetismus und 
Plattentektonik
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Scheinbare Polwanderungskurve: Euler’sche Rotation (PEP)

Cox & Hart (1986)

Paläomagnetismus und 
Plattentektonik
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Scheinbare Polwanderungskurve: Euler’sche Rotation (PEP)

Paläomagnetismus und 
Plattentektonik
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• Deklinationsabweichung vom Referenzwert  >>> 
tektonische Rotation.

• Inklinationsabweichung vom Referenzwert  >>> 
Breitenänderung infolge tektonischer Verschiebung.

Untersucht man den Paläomagnetismus innerhalb eines 
Kontinentes, so erhält man wertvolle Informationen zur 
Tektonik. Dazu benötigt man eine APWP-Kurve, um 
Referenzrichtungen (bzw. Referenzpole) zu berechnen.

Paläomagnetismus und 
Plattentektonik
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Europa und der Mittelmeerraum:
• In Zentraleuropa nördlich der Alpen sowie in Frankreich 

westlich der Alpen findet man konsistente Deklinationen nach 
± Nordosten, unabhängig vom Alter (die entsprechenden 
Inklinationen sind unterschiedlich wegen des APWPs).

• Südlich der Alpen, in Italien und Sardinien-Korsika, 
beobachtet man Deklinationen nach Nordwesten.

• Interpretation: Rotation der italienischen Halbinsel im 
Gegenuhrzeigersinn relativ zu Europa. Die italienischen 
paläomagnetischen Daten haben eine afrikanische Herkunft. 
Die italienische Halbinsel ist ein Sporn der afrikanischen 
Platte (Adria).

Beispiel:

Paläomagnetismus und 
Plattentektonik
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Permo
-Trias
Deklination

Kreide 
(Cretaceous)
Deklination

Referenzrichtunge:
A: Afrika, E:Europa

50°N

49°N

48°N

5°E 10°E 15°E 20°E

Paläomagnetismus und 
Plattentektonik
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• Beobachtungen an radiometrisch datierten Laven sowie an 
Tiefseesedimenten zeigen, dass eine Umkehrung der Polarität 
ungefähr 3‘500 – 5‘000 Jahre dauert (Transition).

• Die Polarität bleibt dann für längere Zeit konstant.

• Polaritätsintervalle:
Chrons ( ≈ 100‘000 – 10‘000‘000 Jahre)

werden unterbrochen durch:
Subchrons ( ≈ 10‘000 – 100‘000 Jahre)

• Gelegentlich wandert der magnetische Pol in intermediären Breiten 
(50°S ≤ l ≤ 50°N). Solch ein Ereignis wird Exkursion genannt 
(Dauer 5‘000 – 10‘000 Jahre).

Transitionen

Subchron
Chron

Geomagnetische Polarität
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Steens Mountain (Oregon), Miozän Polumkehrung
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Judith Edelman
Album: Clear Glass Jar (2009)
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It's the buzz when I'm full
Of your sweet magnetic pull
It's the tug that I crave
It's how opposites behave
Is electricity all there is to you and me?
In the field, in the field
Where the static is revealed
If the north isn't true
Will I lose my way to you?
Is electricity all there is to you and me?

Chorus:
What's gonna happen when the magnetism fades?
Will we burn up one bright day?
Will the aurora borealis give us one last show?
You can't leave love to science when you go.
In the deep molten heart
Where these strange attractions start
If we are passionate
Will this rock remember it?
Is electricity all there is to you and me?
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• Polaritätsuntersuchungen in radiometrisch 
datierten Gesteinen liefern die Polaritätsgeschichte
zu jedem Zeitpunkt der letzten 5 Mio Jahre.

• Bestätigung der gleichen Polaritätsabfolge in 
Tiefseesedimenten (unterschiedlicher 
Magnetisierungsmechanismus, pDRM statt TRM) 
schliesst aus, dass es sich um ein mineralogisches 
Phänomen handelt.

Magnetische Zeitskala
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Polaritätsinterpretation VGP Breite
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Magnetische Zeitskala

normal Polarität

umgekehrt Polarität
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0
Alter (Ma) Alter (Ma)

reversed

Lowrie, 1997

Gradual refinement of time scale
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More excursions in the Brunhes

Global events
(Langereis et al, 1997)

Events seen in 4
Atlantic marine cores 
(Lund et al, 1998)
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• Durch das SFS wird am konstruktiven Rand einer 
Platte die Polarität des Feldes in der Magnetisierung 
der ozeanischen Kruste registriert.

• Magnetisierungskontraste zwischen Krustenblöcken 
liefern starke magnetische Anomalien, die beidseits 
des ozeanischen Rückens symmetrisch zueinander 
sind.

• Hypothese von Vine & Matthews (1963): ozeanische 
Anomalien >>> Polaritätsabfolge des Erdmagnetfelds.

• Liefert die Polaritätsabfolge der letzten 180 Mio Jahre
aus ozeanischen magnetischen Anomalien.

Seafloor-spreading:

Magnetische Zeitskala
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• Sea floor spreading und die magnetische Zeitskala

Distance (km)
W E400 200 0 200 400

gamma

10 8 6 4 2 0 2 4 6 8 10

Observed profile

Model profile
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5
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Oceanic Crust

SedimentsWater

Age (MA)
Depth (km)
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Lowrie, 1997

Magnetische Zeitskala
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Seafloor-spreading

Magnetische Zeitskala
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• Sedimente die im Meer abgelagert wurden und heute auf 
Kontinenten liegen, werden alle 50 – 100 cm nach stratigraphischer 
Höhe beprobt und paläomagnetisch untersucht.

• Beispiel: Gubbio, Scaglia Rossa Kalkstein >>> Position der K-T-
Grenze in 29R (65 Ma). Santon – Campan bei 33R-34-Grenze (83 
Ma).

• Identifizierung und Datierung von oberkretassischen Anomalien in 3 
Ozeanen.

• Herstellung einer magnetischen Zeitskala für die letzten 150 Mio 
Jahre (seit dem mittleren Jura).

• Datierung des Ozeanbodens.

• Genaue Bewegungen der Platten können rekonstruiert werden, 
Konsequenzen auf Kontinente abgeschätzt.

Magnetostratigraphie:

Magnetische Zeitskala
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• Alvarez (2009) writes``In a classic case of scientific serendipity
(=glücklicher Zufall), Lowrie and Alvarez stumbled onto the 
polarity record of the Scaglia, while focusing upon tectonic 
palaeomagnetism…. 

• It thus became clear that two high- resolution magnetic tape 
recorders are operating in the Earth, one in the ocean crust and the 
other in pelagic limestones. The oceanic recorder is running as 
much as 6000 times faster than the limestone recorder but the same 
characteristic fingerprint pattern of long and short normal and 
reversed polarity zones has been captured by both recorders – in 
several hundred kilometres of ocean crust and in 150 m of pelagic 
limestones

233
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Magnetische Zeitskala

Sedimente die im Meer 
abgelagert wurden und heute auf 
Kontinenten liegen, werden alle 
50 – 100 cm nach 
stratigraphischer Höhe beprobt 
und paläomagnetisch untersucht.

Lowrie & Alvarez (1981) -correlate 
Gubbio limestone sequences in Italy 
with marine magnetic anomalies and 
refine timing
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Magnetische Zeitskala
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VGP Breite
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Magnetische Zeitskala

Gubbio, Scaglia Rossa Kalkstein 
>>> Position der K-T-Grenze in 
29R (65 Ma). Santan – Campan 
bei 33R-34-Grenze (83 Ma).

Gubbio limestone 200m thick. 
Many palaeontological 
studies define stage 
boundaries >>> often supply 
absolute ages for ocean 
magnetic anomalies. Much 
intercalibration possible.
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Stratigraphische Position (von unten, m)

Gubbio
Sektion, Italien

Nord-
pazifischer
Ozean (40°N)

Nord-
indischer
Ozean (81°E)

Süd-
atlantischer
Ozean (38°S)

Magnetische Zeitskala

Identifizierung und Datierung von oberkretassischen Anomalien in 3 Ozeanen.
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Halb-
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ratePolarität der ozeanischen Kruste
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Magnetische Zeitskala

Datierung des Ozeanbodens.
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aktiver
Rücken

Neogän
(C2-C6)

Paleogän
(C6-C29)

Spät- &
Mittelkreide
(C29-C34-M0)

Frühkreide bis
Mitteljura
(C29-C34-M0)

Plattentektonik

Genaue Bewegungen der Platten können rekonstruiert werden
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Plattentektonik

Konsequenzen auf Kontinente abgeschätzt.
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~ 40 kyr.

100 & 
400
(110) 
kyr.

25.7 
kyr.

Präzession + Exzentrizität = ~21 kyr.

Milankovitch-Zykeln
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Milankovitch-Zykeln

Berger 1977, Celestial Mech., 15, 53-74.
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Magnetische Zeitskala

Northern Greece Southern Romania Southwest Greece

Lignite (coal) seams 
alternate with detrital muds 
- suggests temperate rain 
forest alternating with semi-
arid steppe (Artemesia)>>> 
glacial/interglacial cycles
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Stable isotopes of oxygen: a proxy for 
temperature but now considered an almost 

direct measurement

• Stable isotopes:  do not decay over time.  Ex, O16 and O18.
• O18 is produced from O16 through the bombardment of O16

by ultraviolet radiation in the uppermost atmosphere.
• Anything that incorporates oxygen into its chemical 

structure will do so with some ratio of O18:O16.   We can 
measure the ratios of these isotopes in the lab
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O18/O16 fractionation

H2O is evaporated from 
sea water. The oxygen in 
the H2O is enriched in the 
lighter O16.
This H2O condenses
in clouds,falling on land 
as precipitation.  Thus,
H2O that is part of the
terrestrial water cycle is
enriched in the light O16
isotope and sea water is
enriched in the heavier 
O18 isotope
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Glacial ice is therefore
made up primarily of
water with the light O16
isotope.  This leaves the
oceans enriched in the
heavier O18, or “more
positive.”
During glacial periods,
more O16 is trapped in
glacial ice and the 
oceans become even 
more enriched in O18.
During interglacial 
periods, O16 melts out 
of ice and the oceans
become less O18 rich, or
“more negative” in O18
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• Birds

• Sea Turtles, Newts

• Rainbow trout

• Spiny Lobster

• Zambian mole rats
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Superparamagnetic 
magnetite in upper 
beak
Hanzlik et al 2000

LETTER
doi:10.1038/nature11046

Clusters of iron-richcells in theupperbeakof pigeons
are macrophages not magnetosensitive neurons
Christoph Daniel Treiber1, Marion Claudia Salzer1, Johannes Riegler2, Nathaniel Edelman1, Cristina Sugar1, Martin Breuss1,
Paul Pichler1, Herve Cadiou3, Martin Saunders4, Mark Lythgoe2, Jeremy Shaw4 & David Anthony Keays1

Understanding the molecular and cellular mechanisms that mediate
magnetosensation in vertebrates is a formidable scientificproblem1,2.
One hypothesis is that magnetic information is transduced into
neuronal impulses by using a magnetite-based magnetoreceptor3,4.
Previous studies claim to have identified a magnetic sense system in
the pigeon, common to avian species, which consists of magnetite-
containing trigeminal afferents located at six specific loci in the
rostral subepidermis of the beak5–8. These studies have been widely
accepted in the field and heavily relied upon by both behavioural
biologists and physicists9–11. Here we show that clusters of iron-rich
cells in the rostro-medial upperbeakof the pigeonColumbia livia are
macrophages, not magnetosensitive neurons. Our systematic
characterization of the pigeon upper beak identified iron-rich cells
in the stratum laxum of the subepidermis, the basal region of the
respiratory epitheliumand the apexof feather follicles.Using a three-
dimensional blueprint of the pigeon beak created by magnetic res-
onance imaging and computed tomography,wemapped the location
of iron-rich cells, revealingunexpectedvariation in their distribution
and number—an observation that is inconsistent with a role inmag-
netic sensation. Ultrastructure analysis of these cells, which are not
unique to the beak, showed that their subcellular architecture
includes ferritin-like granules, siderosomes, haemosiderin and
filopodia, characteristics of iron-rich macrophages. Our conclusion
that these cells aremacrophages andnotmagnetosensitiveneurons is
supported by immunohistological studies showing co-localization
with the antigen-presentingmoleculemajor histocompatibility com-
plex class II. Our work necessitates a renewed search for the true
magnetite-dependent magnetoreceptor in birds.
Each year millions of birds complete lengthy journeys guided by the

Earth’s magnetic field. Current evidence indicates that the detection of
magnetic fields ismediated by an inclination-sensitive light-dependent
compass that resides in the retina12,13, and an intensity-sensitive
apparatus that is believed to provide information about the magnetic
map, is associated with the trigeminal nerve, and is thought to rely on
biogenic magnetite (Fe3O4)14. The trigeminal nerve was first impli-
cated in magnetoreception in the bobolink Dolichonyx oryzivorus,
and was suggested to be sensitive to small alterations in magnetic
stimuli15. Subsequent studies revealed that the ophthalmic branch is
required for pigeons to perform an intensity-based conditioning task3,
and that neurons in the trigeminal brainstem complex of European
robins are activated when the birds are subjected to non-uniform
magnetic fields16. These data have led to the proposition that the
sensory cells responsible for magnetite-based magnetoreception lie
in the upper beak of birds3,17. Previous studies5,7 have claimed that
clusters of iron-containing neurons in six specific bilateral locations
in the rostral dermis of the upper beak of pigeons constitute amagnetic
sense system7. It has been contended that this system consists of
unmyelinated dendrites that contain superparamagnetic spherules
surrounded by iron platelets that are composed of magnetite and

maghemite, and that the system is a common sensory apparatus in
birds5–7. These assertions have formed the basis for a host of beha-
vioural studies and theoretical calculations that aim to advance the
magnetite theory of magnetoreception9,10,18–20.
To investigate this putative magnetic sense system, we undertook a

systematic analysis of the prevalence and distribution of all iron-rich
cells in the upper beak of the pigeon. We perfused adult pigeons
(Nuremberg cohort, n5 12), and sectioned the upper beak from the
caudal respiratory concha to the tip of the beak in the coronal plane
(Fig. 1a, b).We stained serial sections (10mm) with Prussian blue (PB)
to label ferric iron, and nuclear fast red (NFR) to identify nuclei,
followed by counting of all PB-positive cells. We consistently observed
PB-positive cells in three specific regions: (1) in the stratum laxum of
the dorsal and/or ventral subepidermis; (2) in the buds of feather
follicles; and (3) in the basal region of the respiratory epithelium
(Fig. 1c–e).We confirmed this pattern of staining in a larger collection
of pigeons originating from seven different lofts (n5 172). PB-positive
cells in all three regions were characterized by the presence of multiple
darkblue spherules (0.25–5.0mminsize) and/or by lightblue cytoplasmic
staining with a notable nucleus (Fig. 1g–k and Supplementary Figs 1–3).
Subepidermal PB-positive cells in caudal and medial regions were pre-
dominantly found in the dorsal subepidermis (Fig. 1c), whereas those
PB-positive cells located rostrallywere found in the ventral subepidermis
lining the inner roof of the beak (Fig. 1f and Supplementary Fig. 1). PB-
positive cells in the feather follicle clustered in the apical region of the
bud (Fig. 1d and Supplementary Fig. 2), and those in the respiratory
epithelium were predominantly found within the lateral edges of the
concha (Fig. 1e and Supplementary Fig. 3).
As it is believed that iron-rich cells in the upper pigeon beak are

limited to six discrete bilateral anatomical loci5, we mapped the distri-
bution of PB-positive cells along the rostro-caudal axis of the beak. To
do this accurately we first created a three-dimensional topographic
map of the pigeon beak by undertaking high-resolution magnetic
resonance imaging (MRI) coupled with micro-computed tomography
(micro-CT) scanning, identifying four specific anatomical landmarks
(SupplementaryMovies 1, 2 and Supplementary Figs 4, 5). After stain-
ing serial sections, we counted PB-positive cells and used our land-
marks to map the distribution of cells along the rostro-caudal axis
(n5 12).We found that PB-positive cells in the respiratory epithelium
and feather follicles were restricted to caudal regions, whereas those in
the subepidermal region were found in clusters along the length of the
beak with no apparent bilateralization (Fig. 2a–c and Supplemen-
tary Figs 6, 7 and Supplementary Table 1). We found no significant
differences in the total number of PB-positive cells between sexes
(respiratory epithelium (P. 0.5), subepidermis (P. 0.1), feather
follicle (P. 0.1)) (Supplementary Fig. 8), but observed an extremely
large variation in the number and distribution of PB-positive cells
when comparing birds of the same age and sex. For instance, pigeon
200 had ,200 PB-positive cells in the subepidermis, whereas pigeon

1Institute of Molecular Pathology, Dr Bohr-Gasse, 1030 Vienna, Austria. 2Centre for Advanced Biomedical Imaging (CABI), Department of Medicine and Institute of Child Health, University College London
(UCL), London WC1E 6DD, UK. 3Université de Strasbourg, Institut des Neurosciences Cellulaires et Intégratives (INCI), CNRS UPR 3212, F-67084 Strasbourg, France. 4Centre for Microscopy,
Characterisation and Analysis, The University of Western Australia, Crawley 6009, Australia.
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Spiny 
Lobster
Boles & Lohmann (2003)

First invertebrate
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Animal Navigation - References

Walker et al Nature 390 371-376 (1997) Show 
magnetoreceptors are in nose of rainbow trout
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Loggerhead turtles use magnetic field for navigation

Boles & Lohmann Nature 421 60-63 (2003) Spiny 
lobsters

MagR protein as magnetoreceptor in fruit flies –
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(2015)



258

Related stories

NATURE | NEWS

The mystery of the magnetic cows
Researchers disagree over replication of study showing that cows line up with Earth's magnetic field.

11 November 2011

In 2008, the world’s media was captivated by a study apparently showing that cows like to align themselves with
magnetic fields. But attempts to replicate this finding have left two groups of researchers at loggerheads,
highlighting the problems faced by scientists working to replicate unusual findings based on new methods of data
analysis.

Magneto-reception has been detected in animals from turtles to birds. Three years ago, Hynek Burda, a zoologist
at the University of Duisburg-Essen, Germany, and his colleagues added cattle to the magnetic family with a paper
in Proceedings of the National Academy of Sciences. The team used data from Google Earth to show that
domestic cattle seem to prefer to align their bodies along Earth’s magnetic field lines1, and showed a similar
phenomenon in field observations of deer.

A follow-up study by Burda and his colleagues showed no such
alignment near electric power lines, which might be expected to
disrupt magneto-sensing in cattle2.

Cow conundrum

Earlier this year, a group of Czech researchers reported their
failed attempt to replicate the finding using different Google Earth
images3. The Czech team wrote in the Journal of Comparative
Physiology A: “Two independent groups participated in our study
and came to the same conclusion that in contradiction to the
recent findings of other researchers, no alignment of the animals
and of their herds along geomagnetic field lines could be found.”

“When in 2008 the authors started to announce their surprising
findings in [the] mass media, we got the impression that this is not the way science should be made and we took a
closer look. We found out that it is not as fantastic as it was presented,” says Lukas Jelinek, a researcher in the
electromagnetic-field department at the Czech Technical University in Prague and one of the authors of the
replication attempt.

In response, Burda and his colleagues reanalysed the replication attempt by Jelinek and his colleagues4. Burda
says that half of the Jelinek team's data should be excluded because some of the pastures are on slopes or near
high-voltage power lines, for example, or because the images are too poor to make out cattle, or appear to contain
hay bales or sheep instead. “One half of their data is just noise,” says Burda.

In addition, Burda's group looked at herds as a whole, whereas Jelinek’s team

Daniel Cressey

E. ELISSEEVA/GLOWIMAGES.COM

Cattle seem to align with magnetic field lines,
but researchers are in disagreement over the
finding.

Print

The mystery of the magnetic cows : Nature News & Comment http://www.nature.com/news/the-mystery-of-the-magnetic-co...
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n the cells of fruit flies, Chinese scientists 
say that they have found a biological 
compass needle: a rod-shaped complex 

of proteins that can align with Earth’s weak 

whose constituent 
proteins exist in related forms in other species, 

could explain a long-
standing puzzle: how animals such as birds 

http://doi.org/89v; 2015). 
“It’s an extraordinary paper,” says Peter Hore, 

a biochemist at the University of Oxford, UK. 
But Xie’s team has not shown that the complex 
actually behaves as a biocompass inside liv-
ing cells, nor explained exactly how it senses 
magnetism. “It’s either a very important paper 
or totally wrong. I strongly suspect the latter,” 
says David Keays, a neuroscientist who studies 

that magnetite plays no part in pigeon 
magnetoreception. 

Xie says that he has found a protein in fruit 
flies that both binds to iron and interacts with 
Cry. Known as CG8198, it binds iron and 
sulfur atoms and is involved in fruit-fly circa-
dian rhythms. Together with Cry, it forms a 
nanoscale ‘needle’: a rod-like core of CG8198 
polymers with an outer layer of Cry proteins 
that twists around the core. 

Using an electron microscope, Xie’s team 
saw assemblies of these rods orienting them-
selves in a weak magnetic field in the same way 
as compass needles. Xie gave CG8198 the new 
name of MagR, for magnetic receptor.

The discovery offers scientists the prospect 
of using magnetic fields to control cells. Over 
the past decade, scientists have comman-
deered the light-sensing capacity of some 
proteins to manipulate neurons, usually by 
inserting a fibre-optic cable directly into the 
brain — a tool called optogenetics. But mag-
netosensing proteins have the advantage that 
they could be manipulated by magnetic fields 
outside the brain.

Zhang Sheng-jia, a neuroscientist at Tsin-
ghua University in Beijing, claims to have 
already demonstrated this ‘magnetogenetic’ 
capability. In September, he provided a 

surprise preview of Xie’s work when he pub-
lished a paper reporting use of the biocompass 
to manipulate neurons in worms (X. Long et al. 
Sci. Bull. http://doi.org/883; 2015). Xie and 
others complained that Zhang’s early publi-
cation violated a collaboration agreement 
between the two researchers — the details of 
which are disputed — and asked for it to be 

retracted. In October, 
Zhang was fired from 
his university, a deci-
sion that he is contest-
ing (see Nature http://
doi.org/882; 2015).

Xie says that in April, he submitted a Chinese 
patent application that includes the use of 
magnetogenetics and the protein’s magnetic 
capacity to manipulate large molecules. He is 
also starting to look at the structure of MagR 
proteins in other animals, including humans. 
Variants in the human version of MagR might 
even relate to differences in people’s sense of 
direction, he suggests. 

SCEPTICAL VOICES 
Other scientists are not convinced that the 
biological needles function like compasses 
in living organisms. Xie’s team has shown 
that MagR and Cry are produced in the same 

cells in pigeon retinas — the birds’ proposed 
magnetoreception centre — but MagR and Cry 
are found in many cells, says Keays. “With such 
a small amount of iron, one has to ask whether 
in vivo, at physiological temperatures, MagR is 
capable of possessing magnetic properties at all,” 
he says. “If MagR is the real magnetoreceptor, 
I’ll eat my hat.” 

Xie  hopes that others will strengthen his case 
with further experiments, such as inactivating 
the gene for MagR in certain fruit-fly tissues to 
see whether it affects the animals’ sense of direc-
tion. He published without doing this work, he 
says, because he just wanted to report the find-
ings, which he has been working on for six years.

The lack of an exact mechanism for how the 
protein complex senses magnetism, or how 
any signal it sends might be processed by the 
brain, gives some researchers pause. MagR’s 
biocompass activity might simply be the result 
of experimental contamination, says Michael 
Winklhofer, a magnetism specialist and Earth 
scientist at Ludwig Maximilian University of 
Munich in Germany. He is planning experi-
ments to follow up on Xie’s team’s findings. If 
it holds up, says Winklhofer, then the discovery 
of MagR “appears to be a major step forward 
towards unravelling the molecular basis of 
magnetoreception”. ■

B Y  E L I Z A B E T H  G I B N E Y

There is a lot riding on the LISA Pathfinder 
mission, an ambitious effort to test 
whether intricate technology designed 

to detect ripples in space-time can be deployed 
in space. 

Scheduled to launch on 2 December, the 
spacecraft is a long-awaited test-drive for 
a future € 1-billion (US$1.1-billion) space  
observatory planned by the European Space 
Agency (ESA). The follow-up mission would 
track the largest objects in the Universe, includ-
ing mergers between supermassive black holes 
and collisions between galaxies, by the space-
time ripples that they create. 

First predicted by Albert Einstein almost 
exactly 100 years ago as part of his general  
theory of relativity (see nature.com/

relativity100), such gravitational waves have 
never been observed directly — let alone used 
to study the cosmos. There are already Earth-
based observatories hunting these waves, but 
a space-based one would search for waves at 
the opposite end of the spectrum (see Nature 
525, 301–302; 2015). “It’s like having a radio  
telescope as well as an optical one,” says Karsten 
Danzmann, director of the Max Planck Institute 
for Gravitational Physics in Hanover, Germany, 
and co-principal investigator for the Pathfinder 
mission. “The part of the Universe you see is 
completely different.” 

The final space-based observatory will try to 
spot the stretching and compressing of space 
by bouncing laser beams between three masses 
floating in freefall, each separated from the 
others by some 5 million kilometres. Because 
the masses would be protected from all other 

external forces, only a gravitational wave should 
disrupt the synchrony of their falling motion — 
a disturbance that would affect laser frequency. 

The LISA Pathfinder (named after the 
Laser Interferometer Space Antenna, the 
concept behind the gravitational-wave obser-
vatory) is a smaller-scale test of this ultimate 
plan. With a pricetag of € 400 million, it uses 
just two masses — each a 2-kilogram cube 
of gold and platinum — separated by a mere  
38 centimetres, which allows them to fit inside 
the same spacecraft. 

Unlike that of the observatory that it is 
designed to test-drive, this set-up is not sen-
sitive enough to detect gravitational waves — 
instead, its purpose is to show that the masses 
can be completely isolated, and that any devia-
tions in their relative motion can be measured 
with picometre accuracy. “We’re missing out 

P H Y S I C S

Space test for long-awaited 
gravitational-wave detector
Europe’s LISA Pathfinder spacecraft has two metal cubes at its heart, which it will attempt 
to isolate from every force except for gravity.

“If MagR is the 
real magneto-
receptor, I’ll 
eat my hat.”
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Planet Earth Jupiter Saturn Uranus Neptune

Radius, km 6,378 71,400>      60,300 25,600 24,800

Spin period, hrs 24 9.9 10,7 17.2 16

Magnetic Moment/MEarth 1 20,000 600 50 25

Mean equatorial field, Gauss 0.31 4.28 0.22 0.23 0.14

Dipole tilt and sense +11.3° -9.6° 0° -59° -47°

Table in Lowrie (first Edition)  is somewhat out of date. 

Planetary magnetic fields
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Mars

Implies magnetisations 10-100 times stronger than on Earth
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Mercury Messenger – the first ever spacecraft to orbit Mercury
Carries a vector magnetometer to better characterise the B field

On  March 17th 2011 Messenger successfully entered orbit
The orbit was very elliptical – lowest altitude is ~ 200km
Ended April 30 2015
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2710 NESS ET AL.: MAGNETIC FIELD OF MERCURY, 1 

VIEW FROM SUN 

MAGNETOPAUSE Z SE 
MAGNETOSPHERE 

, --*MAGNETOSHEA.TH j [ •'•'• Ill -• • • +2 

QUIET" • • 

42 SEC B AVERAGES 

BOW SHOCK OBS. 
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M'-'• --7xlO 
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/ ß \ . 
SHOCK 

MR 

To SUN 
XSE 

MARINER IO MERCURY • ENCOUNTER 
2 9 MARCH 1974 

Fig. 2. Observed 42-s average magnetic field vectors superimposed on trajectory of •arincr 10 in X-Z (top) and X-Y 
(bottom) planes during transit of Hermcan magnetosphere. The actual magnetopause crossings arc identified, along with 
the detached bow shock observations. The boundaries represent a best graphical fit obtained by scaling the case of the solar 
wind interaction with the earth for M = 7 X 10 -• of the earth's magnetic moment; R•,• = 2439 kin. 

geomagnetic tail and embedded neutral sheet is due to a sec- 
ond system of electrical currents whose magnetic field can be 
described as having an origin associated with the tail of the 
magnetosphere. 

Note that these external fields have a rather specific direc- 
tional characteristic. Below the plane of the equator and the 
neutral sheet, which are assumed to be coincident in this 
figure, the component parallel to the sun-earth line is always 
directed in an antisolar sense, while above that plane it points 
sunward. However, the field component parallel to the dipole 
axis depends upon the observer's position relative to the boun- 
dary of the Chapman-Ferraro cavity and to the magnetic tail 
neutral sheet but is never observed to reverse polarity. 

From studies of the earth's magnetosphere it is known that 
in the immediate vicinity of the neutral sheet a region of 
significantly weakened magnetic field strength is always 
measured coincident with the change of the sign of the compo- 
nent parallel to the earth-sun line. 

The magnetic field observations by Mariner l0 show a 
rather good correspondence to the earth's magnetosphere if an 
appropriate scaling of sizes is taken into account. If the stagna- 
tion point of solar wind flow is inferred to be at 1.6 R•ter (Mer- 

3. There it is seen that the planet Mercury occupies a very large 
fraction of the volume of the magnetosphere. Thus, even when 
measurements are performed relatively close to the surface of 
the planet, the total field includes a substantial part due to the 
external sources. This is quite unlike the situation for near 
earth orbiting spacecraft. 

It is this fact, coupled with a very limited data set available 
in a restricted volume of the magnetosphere sampled by 
Mariner 10, which limits the ability to analyze the data 
properly in terms of an intrinsic internal planetary magnetic 
field. While quantitative models describing the magnetic field 
in the terrestrial magnetosphere exist, their results are gen- 
erally sensitive to the choice of parameter values employed 
when they are in close proximity to either the magnetopause 
or the neutral sheet. Away from these regions, that is, in the 
well-developed geomagnetic tail or within 8 Rs, the models are 
moderately successful in describing the asymmetry of the 
radiation belts, the polar cap regions, and associated 
phenomena. 

It is not necessary that we attempt to determine a magnetic 
field representation valid throughout the entire Hermean 
magnetosphere in order to estimate the intrinsi c planetary 

cury radii), then the scaling yields the results shown in Figure field. What is needed is to represent the magnetic field' 

Mariner 10 flyby in 1974 showed the magnetic  field to be weak,
(about 350nT at the equator, on the surface)
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Solar and planetary magnetic fields

• Sunspots detected from 28 BC onwards (seen with 
naked eye!)

•Associated with intense magnetic fields

• Systematic observations made by Galileo 
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Our Sun
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Planetary missions

Recent: Mars Global Surveyor 1997-2006

In orbit: Mercury Messenger, departed 2004, arrived 
in orbit March 2011, ended 2015

Juno mission to Saturn, launched 2011, arrived 
2016, completed 18 orbits 

Planned: Bepi-Colombo, to Mercury left 2018, 
arrives 2025



273

ETH Sternwarte 1859-1864, built by Wolf
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Figure 1. (a) 50-year moving average of the number of annual naked-eye sunspots during the last 22 
centuries from Vaquero et al. (2002). (b) A comparison between 50-year moving averages of annual naked-
eye sunspots and Group Sunspot Numbers. 
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Magnetic fields of stars

Stars other than our Sun also are found to have magnetic fields
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Detection of magnetic fields on stars

Tools to detect fields: Zeeman splitting
See http://www.ast.obs-mip.fr/article.php3?id_article=457
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the many faces of dynamo

 detect Zeeman signatures & map large-scale field
M★ : from 0.1 to 1.5 M⊙  -  Prot : from 0.4 to 30 d

> (i) magnetic energy, (ii) fractional energy of poloidal component & 
(iii) degree of axisymmetry of poloidal component 

explore M★ vs Prot diagram

 magnetic energy of large-scale field = symbol size

fractional energy of poloidal component = symbol color
 poloidal - mixed - toroidal 

axisymmetry of poloidal component = symbol shape
(� axisymmetric - ★ non-axisymmetric)
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Tau Boo – first star (other than Sun) to have a magnetic cycle:
fields flip sign every 1.1 years. 
Also is known to have an orbiting exoplanet Tau Boo b 
(5.9 Jupiter masses) see 
http://www.openexoplanetcatalogue.com/system.html?id=tau%20Boo%20A%20b

Even magnetic cycles have been found
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Exoplanets

Me


