
How rocks acquire and retain a natural magnetic 
remanence	

There are many mechanisms by which a rock can acquire a natural remanent 
magnetisation (NRM):	

	
Thermoremanent Magnetisation (TRM)	

Cooling of a rock from above the Curie temperature in the presence of an external field	

	
Viscous Remanent Magnetisation (VRM)	

Slow acquisition of magnetisation over time due to the presence of an external field below the Curie temperature	
	

Chemical Remanent Magnetisation (CRM)	
Growth of a magnetic phase in the presence of an external field	

	

Detrital Remanent Magnetisation (DRM)	
Physical rotation of magnetic particles in an external field as they settle out of a fluid (e.g. water or air)	

	

Shock-Induced Remanent Magnetisation (SRM)	
Magnetisation induced by application of a mechanical force in an external field, e.g. via meteorite impact	



Energy Barrier	
KV	

Thermoremanent Magnetisation (TRM)	

M
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An elongated SD particle has two stable 
magnetic states separated by an energy 

barrier of height KV.	
	

Taking account of thermal energy, the 
particle will hop across the energy barrier 

with a relaxation time:	

where τ0 ~ 10-9 s	
	

If KV < 25kBT, the magnetisation state will 
fluctuate on a laboratory time scale (1-100 

s). The system is then said to be 
superparamagnetic.	

	
If KV > 60 kBT, the magnetisation will be 

stable over geological time scales (billions 
of years).	



Superparamagnetism	



Recall from lecture 2 that the magnetisation of a 
collection of superparamagnetic particles is given 

by the Langevin function:	

For small applied fields (e.g. the Earth’s field), L(x) 
= x/3, yielding a linear dependence of M vs H.	

	
However, superparamagnetic particles do not 

carry a remanence: once the field is removed, the 
magnetisation will decay to zero according to:	
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Superparamagnetism	



Blocking temperature and blocking volume	
Remanence is only retained when τ becomes sufficiently large with respect to the observation 

time (i.e. geological time for NRM).	

The relaxation time can be increased either by lowering the temperature, or increasing the 
volume of the particle. 	

A particle is said to become 
‘blocked’ when its relaxation time 

becomes greater than the 
observation time. This occurs 

when the temperature is lowered 
through a characteristic blocking 
temperature (TB) or when the 

particles volume exceeds a 
characteristic blocking volume 

(VB).	

Recall from lecture 2 that the magnetisation of a 
collection of superparamagnetic particles is given 

by the Langevin function:

M

Ms
= coth(x)� 1

x
= L(x)

For small applied fields (e.g. the Earth’s field), L(x) 
= x/3, yielding a linear dependence of M vs H.

However, superparamagnetic particles do not 
carry a remanence: once the field is removed, the 

magnetisation will decay to zero according to:
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M(t) = M(0) exp
�
�t

�

⇥
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Blocking temperature and blocking volume
Remanence is only retained when τ becomes sufficiently large with respect to the observation 

time (i.e. geological time for NRM).

� = �0 exp
�

KV

kBT

⇥

The relaxation time can be increased either by lowering the temperature, or increasing the 
volume of the particle. CHAPTER 5. HOW ROCKS GET AND STAY MAGNETIZED
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Figure 5.4: Variation of relaxation time versus temperature for a 25 nm width cube of magnetite.

Thus, the equilibrium magnetization of superparamagnetic grains is not fully aligned, but only
slightly aligned, and the degree of alignment is a linear function of the applied field for low fields
like the Earth’s. The magnetization approaches saturation at higher fields (from ∼ 0.2 T to several
tesla, depending on the details of the source of anisotropy energy).

Recalling the energy difference between the two easy axes of a magnetic particle in the presence
of a magnetic field (Equation 5.4), we can estimate the fraction of saturation for an equilibrium
magnetization at a given temperature. Applying the Boltzmann distribution law to the theory
of thermal remanence, we take ∆E from Equation 5.4 to be 2mB cos θ, and the two states to be
the two directions along the easy axis, one maximally parallel to and the other antiparallel to the
applied field. The total number of particles N equals the sum of those aligned maximally parallel
n+ and those aligned maximally antiparallel n−. So from the Boltzmann distribution we have

n+

n−
= e2mB cos θ/kT .

The magnetization of such a population, with the moments fully aligned is at saturation, or Ms.
The magnetization at a given temperature M(T ) would be the net moment or n+ − n−. So it
follows that:

M(T )
Ms

=
n+ − n−
n+ + n−

,

With a little work this can be twisted into

1 − exp [−2mB cos θ/kT ]
1 + exp [−2mB cos θ/kT ]

which in turn can be boiled down to:
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A particle is said to become 
‘blocked’ when its relaxation time 

becomes greater than the 
observation time. This occurs when 

the temperature is lowered 
through a characteristic blocking 
temperature (TB) or when the 

particles volume exceeds a 
characteristic blocking volume 

(VB).
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Blocking temperature and blocking volume	
Remanence is only acquired when τ becomes sufficiently large with respect to the observation 

time (i.e. geological time for NRM).	

The relaxation time can be increased either by lowering the temperature, or increasing the 
volume of the particle. 	

Susceptibility

The volume susceptibility of a material is defined as the magnetic moment per 
unit volume per unit field (i.e. the initial slope of the magnetisation versus field 

curve):

M

Nv
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µ0vm2
sH

3kBT
� =
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Blocking temperature and blocking volume
Remanence is only acquired when τ becomes sufficiently large with respect to the observation 

time (i.e. geological time for NRM).
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The relaxation time can be increased either by lowering the temperature, or increasing the 
volume of the particle. 

A particle is said to become 
‘blocked’ when its relaxation time 

becomes greater than the 
observation time. This occurs when 

the temperature is lowered 
through a characteristic blocking 
temperature (TB) or when the 

particles volume exceeds a 
characteristic blocking volume 

(VB).
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High Temperature (T = 1)
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A particle is said to become 
‘blocked’ when its relaxation time 

becomes greater than the 
observation time. This occurs 

when the temperature is lowered 
through a characteristic blocking 
temperature (TB) or when the 

particles volume exceeds a 
characteristic blocking volume 

(VB).	



High Temperature (T = 1)	



Intermediate Temperature (T = 0.2)	



Low Temperature (T = 0.025)	



TRM in cooling 
lava	



pTRM and the laws of reciprocity, 
independence, and additivity	

For a given grain, blocking occurs very sharply at TB. In a rock, however, there is a 
distribution of grain volumes and coercivities, leading to an wide spectrum of blocking 

temperatures. Remanence acquired on cooling between temperatures T2 and T1 is 
carried entirely by grains with blocking temperature T1 < TB < T2. This is referred to as a 

partial TRM or pTRM. This concept leads to the three corner stones of 
paleomagnetism:	

	
Law of independence !

A pTRM acquired over a given temperature interval is independent in direction and 
intensity from a pTRM acquired over a non-overlapping temperature interval. 	

!
Law of additivity:	

The sum of individual pTRMs acquired between successive temperature steps is the same 
as that acquired when cooling over the entire interval.	

	
Law of reciprocity:	

A pTRM acquired between T1 and T2 is demagnetised by heating through the same 
temperature interval in zero field.	



Additivity	
The total TRM is 

equal to the sum of 
pTRMs acquired 
over individual 

temperture 
intervals.	
	

Heating to 400°C in 
zero field would 

remove all 
remanence acquired 

below 400°C but 
leave the 

remanence acquired 
above 400°C 
untouched.	

Additivity

10.2. PALEOINTENSITY WITH THERMAL REMANENCE

ancient constants of linearity are the same (i.e., αlab = αanc). Simply measuring the NRM and
giving the sample a total TRM leaves no way of verifying this assumption. Alteration of the sample
during heating could change the capacity to acquire TRM and give erroneous results with no way
of assessing their validity.
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Figure 10.2: Laws of independence and additivity. pTRMs acquired by cooling between two tem-
perature steps are independent from one another and sum together to form the total TRM.

There are several ways of checking the ability of the sample to acquire TRM in paleointensity
experiments. In the following we will discuss the so-called “Thellier-Thellier” and “Shaw” methods.
Other approaches attempt to prevent the alteration from occuring, for example by using microwaves
to heat just the magnetic phases, leaving the rest of the sample cool. Finally, some methods attempt
to normalize the remanence with IRM and avoid heating altogether. We will briefly describe each
of these in turn, beginning with the Thellier-Thellier approach.

10.2.1 Thellier-Thellier type experiments

In order to detect and eliminate data after the onset of alteration, Thellier and Thellier (1959)
suggested heating samples up in stages, progressively replacing the NRM with pTRMs in the hope
of establishing the ratio MNRM/Mlab prior to the onset of alteration. The so-called “Thellier-
Thellier” approach is particularly powerful when lower temperature pTRM steps are repeated, to
verify directly that the ability to acquire a pTRM has not changed.

The step-wise approach relies on the assumption that partial thermal remanences (pTRMs)
acquired by cooling between any two temperature steps (e.g., 500◦ and 400◦C in Figure 10.2) are
independent of those acquired between any other two temperature steps. This assumption is called
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The total TRM is 
equal to the sum of 

pTRMs acquired 
over individual 

temperture 
intervals.

Heating to 400°C in 
zero field would 

remove all 
remanence acquired 

below 400°C but 
leave the 

remanence acquired 
above 400°C 
untouched.
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Paleointensity determination
In the weak field of the Earth, the magnitude of the TRM or pTRM acquired over any 

temperature interval is linearly proportional to the strength of the field:

MNRM = �Hearth

Mlab = �Hlab

Hence the intensity of the ancient field that magnetised a given rock can be determined 
by comparing the magnitude of NRM with that obtained by the same rock in a known 

laboratory field:

Hearth =
MNRM

Mlab
Hlab
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Paleointensity determination	
In the weak field of the Earth, the magnitude of the TRM or pTRM acquired over any 

temperature interval is linearly proportional to the strength of the field:	

Hence the intensity of the ancient field that magnetised a given rock can be determined 
by comparing the magnitude of NRM with that obtained by the same rock in a known 

laboratory field:	



Paleointensity determination	

Thellier-Thellier method of paleointensity determination:	
	

1) Heat sample in zero field to a given peak temperature, hence removing the natural pTRM acquired 
over this interval.	

	
2) Heat sample to the same temperature and cool in a known laboratory field. This replaces the natural 

pTRM with a laboratory pTRM.	
	

3) Repeat the process with increasing peak temperatures up to the Curie temperature.	
	

4) Plot the NRM remaining versus laboratory pTRM acquired (an Arai plot). The slope is equal to -
Hearth/Hlab	

Paleointensity determination

CHAPTER 10. PALEOINTENSITY

the “Law of independence” of pTRMs. The approach also assumes that the total TRM is the sum
of all the independent pTRMs (see Figure 10.2), an assumption called the “Law of additivity”.
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Figure 10.3: Illustration of the Thellier-Thellier method for determining absolute paleointensity.
a) thermal demagnetization of NRM shown as filled circles and the laboratory acquired pTRM
shown as open symbols, and b) Plot of NRM component remaining versus pTRM acquired for each
temperature step.

There are several possible ways to progressively replace the NRM with a pTRM in the labora-
tory. In the original Thellier-Thellier method, the sample is heated to some temperature (T1) and
cooled in the laboratory field Blab. After measurement of the combined remanence (what is left of
the natural remanence plus the new laboratory pTRM) is:

Mfirst = MNRM + MpTRM .

Then the sample is heated a second time and cooled upside down (in field −Blab). The second
remanence is therefore:

Msecond = MNRM − MpTRM .

Simple vector subtraction allows the determination of the NRM remaining at each temperature
step and the pTRM gained (see Figure 10.3a). These are usually plotted against each other in
what is usually called an “Arai plot” (Nagata et al. 1961) as in Figure 10.3b. This method
implicitly assumes that a magnetization acquired by cooling from a given termperature isentirely
removed by re-heating to the same temperature (i.e., Tb = Tub. This condition is known as the Law
of Reciprocity.

As magnetic shielding improved, several more sophisticated approaches were developed. In the
most popular paleointensity technique (usually attributed to Coe, 1967), we substitute cooling in
zero field for the first heating step allowing the direct measurement of the NRM remaining at each
step. The two equations now are:

Mfirst = MNRM ,

and
Msecond = MNRM + MpTRM .
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Thellier-Thellier method of paleointensity determination:

1) Heat sample in zero field to a given peak temperature, hence removing the natural pTRM acquired 
over this interval.

2) Heat sample to the same temperature and cool in a known laboratory field. This replaces the natural 
pTRM with a laboratory pTRM.

3) Repeat the process with increasing peak temperatures up to the Curie temperature.

4) Plot the NRM remaining versus laboratory pTRM acquired (an Arai plot). The slope is equal to -Hearth/
Hlab
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Paleointensity determination is based entirely on the laws of independence, 
additivity, and reciprocity. These laws are only strictly obeyed by non-interacting 

single-domain particles.

Samples must be carefully chosen for such studies, they are very time consuming, 
and the failure rate is high (mainly due to the problem of chemical alteration of the 

sample during repeated heating). Accounting for PSD and MD behaviour and the 
presence of interactions is an active area of research. The use of microwave heating 
is becoming more popular as a way of reducing the problem of chemical alteration 

(microwaves heat only the magnetic grains by exciting spin waves).

For very delicate samples (e.g. meteorites) a number of non-heating methods are 
being developed.
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Paleointensity determination is based entirely on the laws of independence, 
additivity, and reciprocity. These laws are only strictly obeyed by non-interacting 

single-domain particles.	
	

Samples must be carefully chosen for such studies, they are very time consuming, 
and the failure rate is high (mainly due to the problem of chemical alteration of the 
sample during repeated heating). Accounting for PSD and MD behaviour and the 

presence of interactions is an active area of research. The use of microwave 
heating is becoming more popular as a way of reducing the problem of chemical 

alteration (microwaves heat only the magnetic grains by exciting spin waves).	
	

For very delicate samples (e.g. meteorites) a number of non-heating methods are 
being developed.	



Thermoviscous remagnetisation	
The blocking temperature occurs when the relaxation time is equal to the 

observation time:	

(from lecture 4)	

Rearranging:	

where:	
2D function 
of tobs and TB	

Constant 
determined 

by VHK	



Blocking contours	

A contour plot of the function TBln(tobs/τ0)/β2 defines the relationship between 
blocking temperature and observation time for grains with a given value of VHK. 

This allows us to use blocking temperatures measured in the laboratory to predict 
the behaviour of particles on a geological time scale (and vice versa).	



Example: Determining the survival potential for primary NRM 
in rocks exposed to thermal metamorphism	

Metamorphic facies	
Reheating 

temperature (°C)	

Minimum blocking 
temperature of 
primary NRM	

Zeolite	 150-200	 340	

Prehnite/Pumpellyite	 250-300	 415	

Greenschist	 400-450	 500	

Amphibolite	 550	 565	

Granulite	 700	
No surviving 
primary NRM	

Assuming heating occurs for 1 million 
years (tobs = 3 x 1013 seconds), all grains 

with blocking temperatures less than 
the reheating temperature will have 

been remagnetised during 
metamorphism. Using the contour plot 
we can calculate the temperature that 
we need to heat the sample to in the 

laboratory (tobs = 100 seconds) in order 
to remove the metamorphic overprint, 
leaving only the primary NRM (i.e. the 
NRM of the original rock before the 

metamorphism).	



Blocking contours	

A contour plot of the function TBln(tobs/τ0)/β2 defines the relationship between 
blocking temperature and observation time for grains with a given value of VHK. 

This allows us to use blocking temperatures measured in the laboratory to predict 
the behaviour of particles on a geological time scale (and vice versa).	


