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First I will demonstrate a magnetic field and an electric field. They are quite 

distinct. At power frequencies, the two fields are essentially independent and can 

be treated separately. 
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When the Earth was formed 4.5 billion years ago magnetic fields were already 

present, and had been since the Big Bang some 9 billion years earlier.  

 

2 billion years ago aquatic magnetotactic bacteria evolved which contain a chain 

of magnetite particles enabling them to swim along the Earth’s magnetic field 

lines to find food.  

 

Over 90 million years ago the avian magnetic compass developed, enabling 

pigeons to detect magnetic field changes around 0.02 muT, 20 nT, or even lower.  

 

Some 6 million years ago, man evolved, some of whom appear sensitive to solar 

storm fluctuations in the geomagnetic field of around 0.1 muT or 100 nT.  
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When the Earth was formed 4.5 billion years ago magnetic fields were already 

present, and had been since the Big Bang some 9 billion years earlier.  

 

2 billion years ago aquatic magnetotactic bacteria evolved which contain a chain 

of magnetite particles enabling them to swim along the Earth’s magnetic field 

lines to find food.  

 

Over 90 million years ago the avian magnetic compass developed, enabling 

pigeons to detect magnetic field changes around 0.02 muT, 20 nT, or even lower.  

 

Some 6 million years ago, man evolved, some of whom appear sensitive to solar 

storm fluctuations in the geomagnetic field of around 0.1 muT or 100 nT.  

 

So, by the time the Dublin electric light company was established in 1880 and, 

soon after, an experimental public light was erected outside the  

offices of the Freeman’s Journal in Prince’s St. Dublin, it was already the case 

that wide sections of the animal kingdom had evolved to detect and exploit 

magnetic fields at levels below those associated with this new invention, and with 

hindsight, a hint that there might be adverse health effects in humans. 

  

Notes only: 

The species whose magnetic compass has been analyzed so far are not at all 

closely related. Chickens belong to an ancient line of birds, the Galloanseres, 

that separated from the remaining modern birds, the Neoaves, more than 90 

million years ago in the beginning of the Late Creataceous Finding the same type 

of magnetic compass in species of all three groups suggests that this compass 
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So, start by taking as quick look at Geomagnetic storms 

 

Superimposed on the Earth’s static magnetic field of 49.1 muT in Dublin, are 

small fluctuations caused by storms of charged particles emitted by the Sun 

 

They are categorised by their K-value, their maximum variation over a three hour 

period. 

 

The storms of interest are those around 100 nT, there being about 4.6 such 

events per year. 

 

Acute health effects include: increase in depressive illnesses, melatonin 

disruption, heart rate variability, blood pressure changes. 

 

However, only 10-15% of the population seem affected 

 

Much of this research was carried out as part of the US and Russian Space 

Programme 
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Here is a short list of some of the studies of health effects resulting from 

geomagnetic storms, the first two are reviews 



9 

So, let’s now look at power frequency magnetic fields. In 2002 these were 

classified by The International Agency for Research on Cancer (IARC) as a Class 

2B Possible carcinogen – similar to coffee: drinking 3-8 cups of coffee per day in 

pregnancy can lead to a 2-3 fold increase in childhood leukaemia risk in offspring.  

 

The average exposure to power frequency magnetic fields in the home is only 

0.05 microtesla (muT) or 50 nanotesla (nT). However, close to certain appliances, 

levels can be tens of muT. Under powerlines MFs can be several muT or evens 

tens of muT 

 

Crucially a doubling of childhood Leukaemia risk is associated with average 

exposure of 0.3/0.4 muT. Further analyses of international epidemiological 

studies indicate a 30% increase in childhood leukaemia risk associated with 

average magnetic field exposures above 0.2 muT (Zhao et al 2013. Leukaemia 

Research In press – online early). 
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Here is what various review bodies have said about Magnetic Field and adverse 

health effects 

 

IARC 2002 must have had a bad day because their own listing of studies shows 

strong evidence of association (See O’Carroll & Henshaw 2008 and also Kheifets 

et al 2008). In fact the MF link with adult leukaemia is, if anything, even stronger 

than the link with childhood leukaemia 

 

Representative results from 33 independent adult leukemia studies tabled by 

IARC yielded 23.5 positives 

(p ≈ 0.01) and 9 significant-positives (p<10−7). From 43 representative results 

from 

CDHS, there were 32 positive (p<0.001) and 14 significant-positives (p<10−12). 

There were 

no significant-negative results in either list. Results for adult brain cancer gave a 

similar, but 

less clear message.  
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By any accepted definition, there is an established association between magnetic 

fields from the electricity supply and adult leukaemia and brain cancer 
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These surveys were carried out in three estates with very similar private housing, 

away from major roads or sources of industrial pollution. While this is not a 

professional survey, the findings closely mirror those published in the peer-

reviewed literature. 
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The literature includes four studies showing increased leukaemia risk up to 600 

metres from powerlines which is well beyond the range of the AC fields, although 

well within range of corona ion emission. The findings could be explained by two 

possible models: that corona ions attach to particles of air pollution making them 

more likely to be retained in the lung when inhaled, and that corona ion 

disturbance of the natural electric field of the Earth results in melatonin and 

circadian rhythm disruption. 
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There is a key difference between the initial detector which senses magnetic 

fields, and the subsequent biological response. For example, the ear senses 

music, but the brain decides whether it likes it or not. 
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Magnetic sensitivity is widespread  throughout the animal kingdom, and these are 

some of the animals which possess biogenic magnetite or other iron-mineral 

particles used for navigation 

 

Notes: 

Jogler C, Schűler D. 2009. Genomics, Genetics, and Cell Biology of 

Magnetosome Formation. Annual. Review of Microbiology 63:501–21. 

 

Lohmann: magnetic sensitivity is phylogenetically widespread; it exists in all 

major groups of vertebrate animals, as well as in some molluscs, crustaceans 

and insects. The list includes groups such as flies, chickens and mole rats, none 

of which migrate. 
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Single domain permanent magnets, particles >50 nm where the whole particle 

physically rotates in an MF 

 

And 

  

Superparamagnetic particles which remains stationary but the MF vector 

quantum flips 

 

Flessner et al 2007 Goethe-Universität, Frankfurt 

Treiber et al 2012 1Institute of Molecular Pathology, Dr Bohr-Gasse, 1030 

Vienna, Austria 

 

Eder & Michael Winklhofer Ludwig-Maximilians-University Munich 

 

Notes: 

Heyers D, Zapka M, Hoffmeister M, Wild JM, Mouritsen H. 2010. Magnetic field 

changes activate the trigeminal brainstem complex in a migratory bird. 

Proceedings of the National Academy of Sciences USA 107:9394-9399.  

 

BUT: Zapka M, Heyers D, Hein CM, Engels S, Schneider N-L, Hans J, Weiler S, 

Dreyer D, Kishkinev D, Wild JM, Mouritsen H. 2009. Visual but not trigeminal 

mediation of magnetic compass information in a migratory bird. Nature 461:1274-

1278. doi:10.1038/nature08528 
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Notes: 

 

Binhi 2008 IJRB 84:569-579 

 

In horse spleen ferritin, up to 30% of the core exhibits magnetite/maghemite 

structure (Brem et al 2006) 

 

See also, magnetite in the brain of Alzheimer’s patients and human heart, liver 

and spleen  

(Dobson 2001, Brem et al. 2006, Collingwood et al. 2008), (Grass-Schultheiss et 

al. 1997). 

 

Vanderstraeten J. Gillis P. 2010. Theoretical Evaluation of Magnetoreception of 

Power-Frequency Fields. Bioelectromagnetics 31:371-379 

 

Joseph L. Kirschvink 1996. Microwave Absorption by Magnetite: A Possible 

Mechanism for Coupling Nonthermal Levels of Radiation to Biological Systems. 

Bioelectromagnetics 17:187-194 (1996) 

 

Allen et al. 2000. Low-frequency low-¢eld magnetic susceptibility of ferritin and 

Hemosiderin Biochimica et Biophysica Acta 1500;186-196 
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A full explanation of the RPM may be found in slides at the end of this talk. 
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These species all have a light-dependent compass with evidence that it is based 

on the RPM. Notice that in some cases, this is in addition to magnetite. Notice 

also the involvement of the pineal gland in some species 

 

From Lohmann 2010: Figure 1 | Animal magnetism. Diverse species have 

magnetic compasses, including (clockwise from 

top left) the European robin, the loggerhead sea turtle, the brown bat, the 

Caribbean spiny lobster and 

the red-spotted newt. A few, including turtles, lobsters and newts, also have 

magnetic maps. 
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Ritz et al 2000 proposed that the avian compass was based on cryptochrome 

molecules in the eye and that as an experimental test, this might be interferred 

with by application of an approprite RF field 

 

RP lifetimes up to 20 ms – five orders of magnitude higher than 1 mS required 

have been observed: Liedvogel et al. 2007, Chemical magnetoreception: bird 

cryptochrome 1a is excited by blue light and forms long-lived radical-pairs” PLos 

One 2(10): e1106; and  

 

Cry1a located in UV/V-cones in robins and chickens, in ordered bands along the 

membrane discs (Niessner et al. 2011 PLoS ONE 6(5): e20091) 

 

FAD = flavin-adenine dinucleotide 
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FAD = flavin-adenine dinucleotide 
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This and the next slide: 

 

The findings of Ritz et al 2000 have now been repeated in robins and also in chickens, zebra finches and 
American cockroaches  

 

The table is very busy but I just want to point out the very low level of RF fields that disturb the compass and 
at frequencies corresponding to the Larmor precessional frequency of the free electron 

 

 

Ritz T, Thalau P, Phillips JB, Wiltschko R, Wiltschko W. 2004. Resonance effects indicate a radical-pair 
mechanism for avian magnetic compass. Nature 429:177-180.  

 

Thalau P, Ritz T, Stapput K, Wiltschko R, Wiltschko W. 2005. Magnetic compass orientation of migratory 
birds in the presence of a 1.315 MHz oscillating field. Naturwissenschaften 92:86–90. (DOI 10.1007/s00114-
004-0595-8) 

 

Ritz T, Wiltschko R, Hore PJ, Rodgers CT, Stapput K, Thalau P, Timmel CR, Wiltschko W. 2009. Magnetic 
compass of birds is based on a molecule with optimal directional sensitivity. Biophysical Journal 96, 3451–
3457. (doi:10. 1016/j.bpj.2008.11.072) 

 

Stapput K, Thalau P, Wiltschko R, Wiltschko W. 2008. Orientation of Birds in Total Darkness. Current 
Biology 18:602–606. (DOI 10.1016/j.cub.2008.03.046) 

 

Wiltschko W, Freire R, Munro U, Ritz T, Rogers L, Thalau P, Wiltschko R. 2007c. The magnetic compass of 
domestic chickens, Gallus gallus. The Journal of Experimental Biology 210, 2300-2310. 

 

Keary N, Ruploh T, Voss J, Thalau P, Wiltschko R, Wiltschko W, Bischof H-J 2009. Oscillating magnetic 
field disrupts magnetic orientation in Zebra finches, Taeniopygia guttata. Frontiers in Zoology 2009, 6:25. 

 

Vácha M, Půžová T,and Markéta Kvíčalová M. 2009. Radio frequency magnetic fields disrupt 
magnetoreception in American cockroach. The Journal of Experimental Biology 212;3473-3477. 

 

Begall S, Cerveny J, Neef J, Vojtech O, Burda H, 2008. Magnetic alignment in grazing and resting cattle and 
deer. Proceedings of the National Academy of Sciences of the USA 105:3451-13455. 

 

Burda H, Begall S, Cerveny J, Neef J, Nemec P. 2009.  Extremely low-frequency electromagnetic fields 
disrupt magnetic alignment of ruminants. Proceedings of the National Academy of Sciences of the USA 
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I point also to the findings of Begall et al 2008 and Burda et al 2009 

 

The ICNIRP Exposure Limit is: 

 

0.92 muT at 1 MHz 

0.092 muT between 10 – 400 MHZ 

0.2 muT at 2 GHz 

 

Note that RF disruption of the animal compass occurs at levels below the ICNIRP limit 

 

Ritz T, Wiltschko R, Hore PJ, Rodgers CT, Stapput K, Thalau P, Timmel CR, Wiltschko W. 2009. 
Magnetic compass of birds is based on a molecule with optimal directional sensitivity. Biophysical 
Journal 96, 3451–3457. (doi:10. 1016/j.bpj.2008.11.072) 

 

Stapput K, Thalau P, Wiltschko R, Wiltschko W. 2008. Orientation of Birds in Total Darkness. 
Current Biology 18:602–606. (DOI 10.1016/j.cub.2008.03.046) 

 

Wiltschko W, Freire R, Munro U, Ritz T, Rogers L, Thalau P, Wiltschko R. 2007c. The magnetic 
compass of domestic chickens, Gallus gallus. The Journal of Experimental Biology 210, 2300-
2310. 

 

Keary N, Ruploh T, Voss J, Thalau P, Wiltschko R, Wiltschko W, Bischof H-J 2009. Oscillating 
magnetic field disrupts magnetic orientation in Zebra finches, Taeniopygia guttata. Frontiers in 
Zoology 2009, 6:25. 

 

Vácha M, Půžová T,and Markéta Kvíčalová M. 2009. Radio frequency magnetic fields disrupt 
magnetoreception in American cockroach. The Journal of Experimental Biology 212;3473-3477. 

 

Begall S, Cerveny J, Neef J, Vojtech O, Burda H, 2008. Magnetic alignment in grazing and resting 
cattle and deer. Proceedings of the National Academy of Sciences of the USA 105:3451-13455. 
CHECK !!!!! 

 

Burda H, Begall S, Cerveny J, Neef J, Nemec P. 2009.  Extremely low-frequency electromagnetic 
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The adverse health effects associated with ELF MF exposure could all potentially 

be explained by circadian rhythm disruption 

 

Melatonin is a broad-spectrum, ubiquitously-acting antioxidant and anti-cancer 

agent. Which also reduces growth of human myeloid leukemia cells and whose 

disruption by light-at-night is associated with increased cancer risk. 
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Yoshii, Ahmad, Helfrich-Forster 2009 Cryptochrome mediates light-dependent 

magnetosensitivity of Drosophila’s circadian clock. PLoS Biol 7(4): e1000086. 

doi:10.1371/journal.pbio.1000086 

 

 

So what about magnetic field effects on melatonin, pineal cells, cryptochromes 

and circadian rhythms? 

 

Melatonin disruption in humans is really seen in populations exposed to “real” 

fields – down to 0.2 muT 

 

Similarly in animals, effects are seen in “real” fields, both in the laboratory and 

outdoors 

 

There’s a small but detailed literature – that MFs interfere with the action 
of pineal cells in synthesising melatonin. 

 

The human light-detection threshold is sensitive to MF exposure 

 

But most importantly, cryptochrome, expressed by the CRY genes controls 
the mammalian circadian clock and acts as the magnetic 
compass in animals. 
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Last slide 
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A selected extract from the 2012 Bioinitiative report 
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Magnetite can readily transduce a 0.4 muT 50 Hz field 

See: Vanderstraeten J. Gillis P. 2010. Theoretical Evaluation of Magnetoreception 

of Power-Frequency Fields. Bioelectromagnetics 31:371-379 

 

 



54 

Now a common question that physicists ask is how can a field of 0.4 muT (at ELF 

frequency) make any difference alongside the existing DC field from the Earth? 

 

The results of these studies show that turtles and pigeons respond changing 

magnetic fields and are not disturbed by a static (DC) field.  
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Here I talk through the significance that cryptochromes control circadian rhyth 

Yoshii T, Ahmad M, Helfrich-Fo¨ rster C (2009) Cryptochrome mediates light-

dependent magnetosensitivity of Drosophila’s circadian clock. PLoS Biol 7(4): 

e1000086. 

doi:10.1371/journal.pbio.1000086 

 

FAD = flavin-adenine dinucleotide 
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The adverse health effects associated with ELF MF exposure could all potentially 

be explained by circadian rhythm disruption 

 

Melatonin is a broad-spectrum, ubiquitously-acting antioxidant and anti-cancer 

agent. Which also reduces growth of human myeloid leukemia cells and whose 

disruption by light-at-night is associated with increased cancer risk. 

 

Richard G. Stevens 2012 Hypothesis: Does electric light stimulate cancer 

development in children? 

Cancer Epidemiology  Biomarkers & Prevention, doi:10.1158/1055-9965.EPI-12-

0015  
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As an introduction to the RPM this slide goes back to basics 

 

On the left we see the familiar Zeeman effect. If you put an electron in a static 

magnetic field, it will align its spin vector either up or down with respect to the 

field direction.  

 

This energy difference between these states may be represented by a photon of 

energy hnu where h is Planck’s Constant and nu is the photon frequency. A 

spectroscopic transition can be induced between these energy states by applying 

radiation at the correct frequency. At 50 muT, nu = 1.4 MHZ.  

 

I am showing this to point out that the energy difference is ~10^-7 of the thermal 

energy kT.  i.e. the phenomenon is not only well below kT, but is has nothing to 

do with classical energies, rather we are talking about the quantum-mechanical 

interaction of the magnetic field with the electron spin. 

 

On the right is the classical physics model of this, taken from NMR & MRI, that 

the electron is precessing about the magnetic field at frequency nu, 1.4 MHz, the 

so-called Larmor frequency. I will be using this model in a moment. 
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Here I talk through how RP mixing occurs, using the precession model 
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Continued: 

 

The field vector, B has two components: (i) due to high-abundance magnetic 

nuclei e.g. 1H 14N, and (ii) due to the Earth’s field. 

 

For a compass, maximum sensitivity occurs when the Earth’s field has little 

influence on precession on radical 1, but is the only influence on radical 2 

 

The precession is governed by hyperfine interaction with the proton in the 

nucleus, consisting of an isotropic S-wave, or S-orbital interaction, and an 

anisotropic dipole interaction. 
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I’ve slipped this slide in here to point out models of the actual RP pathways in 

cryptochrome 

 

FAD = flavin-adenine dinucleotide 
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Low fields open up new S-T mixing pathways increasing thee rate of S-T 

conversion 

 

Examples of RPM in chemical systems: 

 

Scaiano et al 1997: Photoreduction of benzophenone by 1,4-cyclohexadiene; 

Mohtat et al 1998: Radical pair derived from hydrogen abstraction of triplet 

benzophenone; 

Streiner & Ulrich 1989: Table 6 (Molecular crystals): e.g. Naphthalene, 1,4-

dibromonaphthalen, anthracene; Table 5: e.g.s of photochemical reactions in the 

gas phase  

Brocklehurst & McLauchlan 1996: benzaldehyde (PhCHO, Ph = C6H5 ) in 

tetrachloromethane; RPs created from UV irradiation of the condensed ring 

aromatic hydrocarbon pyrene (Py) in solution with 1,3-dicyanobenzene (DCB) 

Vink & Woodward (2004): Radical recombination reaction occurring after the 

photodecomposition of 2-hydroxy-4¢-(2-hydroxyethoxy)-2-methylpropiophenone 

(R-HP) 

Woodward et al 2002: Pyrene with isomers of dicyanobenzene 

 

References: 

 

Steiner UE, Ulrich T. 1989, Magnetic field effects in chemical reactions and 

related phenomena. Chemical Reviews, 89:51-147. 


