
1. Introduction
Ancient magnetic field intensity (paleointensity) information is key to understanding a wide range of key prob-
lems in the Earth and Planetary sciences, including timing of habitability of the early Earth (Tarduno et al., 2015), 
nucleation of the Earth’s Inner Core (Biggin et al., 2015) and the differentiation of planetesimals (Carporzen 
et  al.,  2011). The gold-standard protocols for determining paleointensity estimates are based on the Thelli-
er-Thellier-Coe (TTC) approach (Coe, 1967; Thellier & Thellier, 1959) and its many modifications, for example, 
the IZZI protocol (Tauxe & Staudigel, 2004). These protocols are based around the simple idea of replicating the 
process of remanence acquisition of a rock in nature in the laboratory. That is, when an igneous or metamorphic 
rock cools in a weak Earth-like magnetic field it acquires a thermoremanence (TRM), which can be easily repli-
cated in the laboratory in a known field. For small magnetic fields, TRM intensities display a linear relationship 
with magnetic field intensity, therefore, simply comparing the ancient TRM and laboratory TRM intensity yields 
the paleointensity. Rocks can chemically alter during heating in the laboratory, so the protocols rely on a series 
of heating steps and chemical alteration checks, however, the basic concept is as outlined. However, there lies a 
fundamental problem with this approach. Néel (1949) showed that for magnetically non-interacting assemblages 
of the smallest magnetic uniform particles, termed single domain (SD), TRM intensity is a function of cooling 
rate; the slower the cooling time, the higher the TRM intensity. In nature, it is common for extrusive rocks to take 
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years to cool, and for intrusive rocks up to millions of years. Laboratory cooling times are limited, and typical 
cooling times are an hour.

Over the years much effort has gone into providing a cooling-rate correction for TTC protocols with differing 
conclusions. Experimental studies have found that synthetic SD samples display an increase in TRM intensity 
with cooling time (e.g., Biggin et al., 2013; McClelland-Brown, 1984), but for larger multidomain (MD) grains a 
range of responses have been found from either no relation (Ferk et al., 2014), a slight increase in TRM intensity 
with cooling time (Biggin et al., 2013) or the opposite trend, a decrease (McClelland-Brown, 1984; Yu, 2011). 
Biggin et  al.  (2013) also considered a sample with exsolution lamellae, which they suggested approximated 
an interacting SD system; this sample displayed a small increase in TRM intensity with cooling time. Analyti-
cal and numerical studies for non-interacting SD assemblages (Dodson & McClelland-Brown, 1980; Halgedahl 
et al., 1980; Muxworthy et al., 2011; Shcherbakov et al., 2021) yield a TRM intensity increase with cooling time 
in agreement with Néel (1949), but a slight decrease for weakly interacting SD systems (Muxworthy et al., 2011). 
There are currently no models for larger crystals.

To accommodate cooling rate in paleointensity studies, the standard approach has been to identify a rock sample’s 
mineral assemblage as SD, and then to simply apply a blanket decrease to all the paleointensity estimates (e.g., 
Bono et al., 2019); sometimes the cooling rate is determined through relaxation geospeedometry (e.g., Leonhardt 
et al., 2006). Muxworthy et al. (2013) and Biggin et al. (2013) used a slightly different approach, using a Prei-
sach model (Preisach, 1935) developed previously (Muxworthy & Heslop, 2011). In the approach of Muxworthy 
et al. (2013) and Biggin et al. (2013), a first-order reversal curve (FORC) (Roberts et al., 2000) is measured to 
generate a unique Preisach distribution for a given location/site. The Preisach model is then used to simulate 
the TRM acquisition behavior of the measured Preisach distribution as a function of differing cooling rate; a 
Newtonian cooling model is used. This allows for a direct determination of the effect of cooling at any given 
temperature, which is then used to correct each temperature step in a TTC paleointensity measurement, that is, a 
unique cooling-rate correction is applied to each temperature step in an Arai plot based on the measured FORC 
distribution of a sister sample from the same sampling locality. The cooling-rate-corrected Arai plot data are then 
re-analyzed at the Arai plot level. Using this approach, Muxworthy et al. (2013) considered cooling times of up to 
1 million years for the Modipe gabbro (∼2.8 Ga), Botswana. The uncorrected average paleointensity yielded an 
estimate of 38 μT with a 95% confidence interval of 36–40 μT (19 samples), and a 1 Myr cooling-rate corrected 
estimate of 42 μT with a 95% confidence interval of 39–45 μT (19 samples).

The cooling-rate correction based on the Preisach model of Muxworthy and Heslop (2011) and utilized in Mux-
worthy et al. (2013) and Biggin et al. (2013), is actually very quick to run and a simple addition to a TTC study; 
however, the Preisach model itself is a non-trivial process to implement. The purpose of this short study is to 
describe a new and updated publicly available version of this Preisach program available for general use: Thell-
ierCoolPy. For ease-of-use the program is provided in an interactive python notebook (ipynb), which can be run 
in, for example, Jupyter or Colab. In this study, we will briefly outline the theory, demonstrate how to use the 
program and provide some examples of use.

2. Preisach Model for the Cooling-Rate Correction
The Preisach model used here is based on the model described in Muxworthy and Heslop (2011), which is itself 
based on Stancu and Spinu (1998). The Preisach model assumes an assemblage of weakly interacting, uniaxial 
SD particles. The model has recently been updated (Baker et  al.,  2021). This update has primarily involved 
re-writing the program in Python, with one exception: As the program simulates the temperature cooling through 
discrete steps it is necessary to calculate an effective time based on cooling rate. Muxworthy and Heslop (2011) 
used an effective time derived numerically by Borcia et al. (2002); however, the current version uses an effective 
time derived by Berndt and Muxworthy (2017). The Berndt and Muxworthy (2017) derivation is similar to that 
of Dodson and McClelland-Brown (1980), and yields effective times one to two orders of magnitude less than 
Borcia et al. (2002), however, as the effective time is within a logarithmic function (Muxworthy & Heslop, 2011), 
this difference is not very large.

The measured input FORC diagram is converted to a Preisach distribution (Muxworthy & Heslop, 2011), and 
populated with a large number (100–500k) hysterons, which are randomly oriented (Stoner & Wohlfarth, 1948) 
(SW) particles, whose anisotropy is controlled by their shape. The Preisach space is split into four regions 
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separated by the thermal critical barriers (Figure 1a): (1) the remanence region, (2) the positive field-blocked 
region, (3) the negative field-blocked region, and (4) the superparamagnetic region (Muxworthy & Heslop, 2011; 
Stancu & Spinu, 1998). The location of a hysteron in Preisach space determines if the hysteron carries a magnetic 
remanence or not. The positions of the thermal critical curves depend upon a hysteron’s properties, temperature 
and the applied field, and are unique for each hysteron.

To simulate TRM acquisition for different cooling times/rates, we model how the thermal critical barriers and 
hysteron positions evolve with time as the temperature decreases from above the Curie temperature. If the hys-
terons pass into region 1 (Figure 1b) they block. They are assigned a percentage alignment based on the standard 
Boltzmann statistics equation for TRM acquisition (Dunlop & Özdemir, 1997; Néel, 1949), and contribute to the 
net remanent magnetization.

The implementation of the cooling-rate correction is straightforward. Using the measured FORC diagram as 
input into the Preisach model, TRM acquisition is simulated for the times of interest, that is, the cooling time 
in nature (seconds to millions of years) and the cooling time in the laboratory (∼1 hr). This produces two TRM 
acquisition curves (Figure 2a), from which the cumulative blocking spectra are determined (Figure 2b). The ratio 
of the two cumulative blocking spectra is determined, to calculate the cooling-rate correction parameter (cr(T)) 
as a function of temperature (T), which is dependent on the total cooling time (Figure 2c). cr(T) is smoothed with 
a seven-point running average.

Figure 1. Schematic of thermally activated Preisach diagrams. In panel (a) the highlighted regions are: (1) the remanence region (light gray), (2) the positive field-
blocked region (white, lower section), (3) the negative field-blocked region (white, upper section) and (4) the superparamagnetic region (dark gray). In panels (b and 
c) the temperature decreases: the Preisach distribution expands and the thermal critical curves contract and the assemblage acquires a remanent magnetization as the 
Preisach distribution crosses the curves into the remanence region. In panel (b) there is a positive applied field ha, which shifts the barriers, decreasing region 3. In 
panel (c) the applied field is removed, that is, this is a thermoremanent magnetization.

Figure 2. Example of how the cooling-rate correction is determined: (a) simulation of two thermoremanent magnetization acquisition curves for natural (1 month) and 
laboratory (1 hr) cooling times, (b) construction of cumulative blocking spectra, and (c) determination of the cooling-rate correction (cr(T)) as a function of temperature. 
These curves have been calculated assuming a Curie temperature of 580°C.
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The cooling-rate correction is applied to each infield step magnetization (𝐴𝐴 𝐌𝐌0
1(𝑇𝑇 ) ) of the Arai plot data, to generate 

a new intensity for each infield step, that is, 𝐴𝐴 𝐌𝐌1
1(𝑇𝑇 ) . For each temperature, 𝐴𝐴 𝐌𝐌1

1(𝑇𝑇 ) is determined using

𝐌𝐌1
1(𝑇𝑇 ) = 𝑐𝑐𝑟𝑟(𝑇𝑇 )𝐌𝐌0

1(𝑇𝑇 ) + (1 − 𝑐𝑐𝑟𝑟(𝑇𝑇 ))𝐌𝐌0
0(𝑇𝑇 ) (1)

where 𝐴𝐴 𝐌𝐌0
0(𝑇𝑇 ) is the out-of-field demagnetization-step remanence at the same temperature as 𝐴𝐴 𝐌𝐌0

1(𝑇𝑇 ) . The infield 
steps include partial-TRM (pTRM) checks. The new data are recombined to generate an Arai plot data file, which 
can be analyzed in a program of the user’s choice.

The temperature response of each hysteron depends on its Curie temperature. There are two ways this temperature 
variation can be included: (a) as an experimentally measured saturation magnetization (MS) versus temperature 
(T ) curve (MS-T curve), as was done by Biggin et al. (2013), or if this is not possible and (b) MS is assumed to 
vary as the Brillouin function on cooling (Dunlop & Özdemir, 1997), for a specified Curie temperature; measured 
or assumed.

3. Parícutin Lavas: An Example of Cooling Rate Corrections
To demonstrate the use of ThellierCoolPy, we have analyzed a previously studied, historical paleointensity data 
set of 21 basaltic lavas from the 1943 eruption of Parícutin in Mexico (Muxworthy et al., 2011). Studying ex-
trusive rocks means that the cooling time is relatively short, that is, ≤1 year; however, it allows us to consider 
historical samples where the field is known (∼45 μT).

To use ThellierCoolPy, we need a FORC measurement for each site (lava unit). Generally only one FORC dia-
gram is needed per site as the variation in FORC distributions from a single site tends to be small; however, if 
desired users could re-run ThellierCoolPy with different FORC inputs. We demonstrate this point below. In ad-
dition to the FORC data and TTC data, the other desired input parameter is the Curie temperature or MS-T curve.

To run ThellierCoolPy simply enter the file location for the raw FORC data, a smoothing factor for FORC pro-
cessing, the Curie temperature or MS-T data file location, estimated total cooling time and the folder with the TTC 
data in ThellierTool format (Leonhardt et al., 2004). ThellierCoolPy processes the raw FORC data and produces a 
FORC diagram which can be saved, and a folder with the cooling-rate adjusted Thellier data. The FORC data are 
processed using the standard approach of Roberts et al. (2000). All Princeton Measurements Corporation FORC 
data formats from 2003 to 2021 are compatible. There is limited plotting functionality for the processed FORC 
diagram; ThellierCoolPy is not intended as a processing package for publishing FORC diagrams. The value of 
the smoothing factor (SF) chosen in ThellierCoolPy is not critical to the calculation of cR(T ), as the effect of SF 
is removed from the distribution by extrapolating the data to SF = 0 as detailed in (Muxworthy & Heslop, 2011). 
Running FORC processing in Python is relatively slow compared to other available languages, however, it has the 
advantage of being very common and will run on different architectures without needing compilation.

For the extrusive Parícutin samples, to demonstrate ThellierCoolPy, a natural cooling time of 1 month was cho-
sen, and the laboratory cooling time was ∼1 hr. Initially we consider four configurations: C1—no cooling-rate 
correction, that is, the raw data, C2—1 month cooling-time correction using the P2PX FORC diagram (Fig-
ure 3a) and assuming a Curie temperature of 580°C, C3—1 month cooling-time correction using the P2PX FORC 
diagram (Figure 3a) and a measured MS-T curve (Figure 3c), and C4—1 month cooling time correction using the 
P1NX FORC diagram (Figure 3b) and a measured MS-T curve (Figure 3c). The FORC data were measured as 
part of (Muxworthy et al., 2011), and the MS-T data were measured for this study using a Princeton Corporation 
vibrating sample magnetometer fitted with a furnace (heating in He) at Imperial College London. We measured 
MS-T curves for several Parícutin samples, all of which were near identical and reversible.

The data were processed for the four configurations. Arai plots for sample P2N are shown for configurations 
C1 and C3 in Figures 4a and 4b respectively, and a summary of the data for the four configurations shown in 
Figure 5. The Arai data were processed using paleointensity.org (Béguin et al., 2020) using the modified Thell-
ierTool selection criteria “B” defined by Paterson et al. (2014). From the paleointensity estimates that passed 
the criteria, the resultant paleointensity estimates were then selected by taking the maximum quality factor, in 
an identical manner to Leonhardt et al. (2004). The data for the uncorrected paleointensity data were previously 
published in Muxworthy et al. (2011), however, we reprocess them here as the ThellierTool criteria have been 
modified slightly by Paterson et al. (2014) since then.

http://paleointensity.org
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Figure 3. Experimental data used for Parícutin samples used in this study: (a) FORC diagram for P2PX (SF = 2), (b) FORC diagram for P1NX (SF = 2), and (c) MS-T 
data for sample P2PX. The MS-T was measured in a field of 100 mT.

Figure 4. Arai plots for sample P2N from Parícutin: (a) uncorrected data, that is, no cooling rate correction (configuration C1), (b) 1 month cooling rate correction using 
the P2PX FORC diagram and a measured MS-T curve (Figure 3c) (configuration C3), (c) 1 million year cooling rate correction using the P2PX FORC diagram and a 
measured MS-T curve (Figure 3c), and (d) normalized pTRM acquisition curves for the uncorrected data and 1 million year cooling-rate-corrected data. Arai data processed 
in paleointensity.org (Béguin et al., 2020), using the modified ThellierTool selection criteria “B” defined by Paterson et al. (2014) and maximizing for the quality factor.
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Generally the modifications to the Arai plot data are very subtle, for example, 
compare Figures 4a and 4b, and it is often hard to see the differences without 
detailed comparison with the original unprocessed data; inspection of the 
ASCII files can quickly confirm that the data has been adjusted (Figures 4 
and 5). Analyzing the modified data yields slightly different paleointensity 
estimates. For brevity we display the results of the processed data in Figure 5, 
and not the complete paleointensity statistics for all the samples for each con-
figuration. The effect of applying the cooling rate correction is generally to 
shift the data to lower paleointensities (Figure 5). The uncorrected data (C1) 
have an arithmetic mean of 46.5 ± 7.4 μT; we are quoting a higher number of 
significant figures than usual to highlight the effect of the cooling rate cor-
rection. C2 has a slightly higher arithmetic mean of 46.6 ± 7.1 μT compared 
to C1, whilst C3 and C4 are lower at 45.6 ± 7.1 μT and 45.3 ± 7.1 μT re-
spectively. The MS-T curve (Figure 3c) used in C3 and C4 varies significantly 
from that of ideal magnetite with a Curie temperature of 580°C (Pauthenet & 
Bochirol, 1951), demonstrating the importance of using MS-T data. In con-
trast, the difference between C3 and C4 is relatively minor; suggesting that 
if FORC diagrams are similar throughout a section, the application of the 
correction is far more important than the choice of FORC diagram. Clearly, 
if the FORC diagrams vary considerably, this may not be the case.

The Parícutin samples are from a recent extrusive flow, where the cooling 
time is likely to be of the order of 1 month, however, for demonstration of 
ThellierCoolPy we consider longer cooling times up to 1 million years (Fig-
ure 6). When a cooling time of 1 million years is applied the Arai plots start to 
become visibly different to the uncorrected data (cf., Figures 4a and 4c). The 
uncorrected and cooling-rate-corrected pTRM acquisition curves are shown 
in Figure 4d, where it is seen that the cooling-rate correction increases pTRM 
acquisition at higher temperatures.

The average paleointensity decreases steadily as a function of cooling time 
(Figure 6). The cooling-rate corrected data in Figure 6 indicates that a cool-
ing time of ∼1 year, rather than one month as initially postulated, might be a 
more accurate estimate of the cooling time for the Parícutin samples, howev-
er, given the standard deviation, that is, ∼7 μT, we are reluctant to draw this 
conclusion. The trend is not as smooth of those of other studies, for exam-
ple, the single domain (“SD”) and pseudo-single domain (“PSD”) prediction 
curves of Biggin et al. (2013) (Figure 6), as these are a direct multiplication 
of the final paleointensity estimate, where as ThellierCoolPy allows for each 
individual Arai plot to be recalculated, which results in a little scatter. It is 
clear that the trend is less steep than the phenomenological predictions of 
Biggin et al. (2013) for their “SD” case and “PSD” case. For the Parícutin 
input data, a ∼7% correction is predicted for a 1 million year cooling time, 
whereas Biggin et  al.  (2013) predicts between a ∼71% (“SD”) and ∼21% 
(“PSD”) reduction. Of course every data set will have its own trend depend-
ent on its magnetic distribution measured by the FORC distribution.

4. Conclusions
We have developed a simple software tool for applying cooling-rate correc-
tions to TTC paleointensity data, that uses FORC data measured on a sister 
sample as input into a Preisach model for interacting SW particles. The Pre-
isach model produces a tailored cooling-rate correction for each temperature 
in a TTC paleointensity data set. The cooling-rate correction is applied to 
the unprocessed TTC data, allowing for re-processing of the cooling-rate 

Figure 5. Histograms of the paleointensity estimates for the Parícutin samples 
for the four configurations: C1—no cooling-rate correction, that is, the raw 
data, C2—1 month cooling-time correction using the P2PX FORC diagram 
(Figure 3a) and assuming a Curie temperature of 580°C, C3—1 month 
cooling-time correction using the P2PX FORC diagram (Figure 3a) and a 
measured MS-T curve (Figure 3c), and C4—1 month cooling time correction 
using the P1NX FORC diagram (Figure 3b) and a measured MS-T curve 
(Figure 3c). There are 21 samples in each histogram.

Figure 6. Arithmetic mean paleointensity estimates for the suite of Parícutin 
samples. The cooling-rate-corrected data are processed using the P2PX FORC 
diagram and a measured MS-T curve (Figure 3) as a function of time from the 
uncorrected data (∼1 hr cooling time) up to 1 million years. The paleointensity 
percentage relative to the uncorrected data are shown on the right-hand 
vertical axis. The standard deviations of the paleointensity estimates are not 
shown as they are large at ∼7 μT. The known field (∼45 � T) is shown as 
a band. The empirically derived single domain (“SD”) and pseudo-single 
domain (“PSD”) predictions of Biggin et al. (2013) are shown, adjusted for 
1 hr cooling time.
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corrected TTC data on a program of the user’s choosing. This differs from previous approach to cooling rate 
corrections, which simply multiply final paleointensity estimates by a factor derived from analysis of other rocks 
samples, that is, the correction applied is independent of the rocks under analysis. To use the tool, the user must 
measure a FORC diagram in addition to the raw Thellier data, and provide an estimate of the cooling time. There 
is the option to add MS-T curve data, however, a simple Curie temperature can be used instead.

The response of a suite of historical lavas from the 1943 eruption of Parícutin, Mexico, are used to demonstrate 
the procedure. It is shown that a 1 month cooling-time correction reduces the average paleointensity estimate by 
∼2%, and by ∼7% for 1 million years. This cooling rate effect is significantly less than many of the other esti-
mates in the literature (e.g., Biggin et al., 2013; Halgedahl & Fuller, 1980; Shcherbakov et al., 2021) for non-in-
teracting SD behavior, and more comparable to cooling rate correction estimates for larger PSD grains (e.g., 
Ferk et al., 2014; McClelland-Brown, 1984; Yu, 2011); PSD grains are thought to dominate many paleomagnetic 
signals (Nagy et al., 2019). The Preisach approach used in this study, models the measured magnetic response as 
a distribution of interacting SD particles, whose behavior better reflects the response of natural magnetic systems 
than non-interacting SD models.

Data Availability Statement
ThellierCoolPy is available for download from Zendo (https://zenodo.org/badge/latestdoi/393922794, https://
doi.org/10.5281/zenodo.5716001) which links to Github where any updates will be placed (https://github.com/
adrianmuxworthy/ThellierCoolPy). The repository includes instructions and the Parícutin data files used in this 
study.

References
Baker, E. B., Muxworthy, A. R., & Heslop, D. (2021). Using Preisach theory to model chemical remanent magnetizations and evaluate the impact 

on paleointensity determination. Journal of Geophysical Research. submitted.
Béguin, A., Paterson, G. A., Biggin, A. J., & de Groot, L. V. (2020). Paleointensity. org: An online, open source, application for the interpretation 

of paleointensity data. Geochemistry, Geophysics, Geosystems, 21(5), e2019GC008791. https://doi.org/10.1029/2019gc008791
Berndt, T., & Muxworthy, A. R. (2017). Dating icelandic glacial floods using a new viscous remanent magnetization protocol. Geology, 45(4), 

339–342. https://doi.org/10.1130/G38600.1
Biggin, A. J., Badejo, S., Hodgson, E., Muxworthy, A. R., Shaw, J., & Dekkers, M. J. (2013). The effect of cooling rate on the intensity of ther-

moremanent magnetization (TRM) acquired by assemblages of pseudo-single domain, multidomain and interacting single-domain grains. 
Geophysical Journal International, 193(3), 1239–1249. https://doi.org/10.1093/gji/ggt078

Biggin, A. J., Piispa, E. J., Pesonen, L. J., Holme, R., Paterson, G. A., Veikkolainen, T., & Tauxe, L. (2015). Palaeomagnetic field intensity vari-
ations suggest mesoproterozoic inner-core nucleation. Nature, 526(7572), 245–248. https://doi.org/10.1038/nature15523

Bono, R. K., Tarduno, J. A., Nimmo, F., & Cottrell, R. D. (2019). Young inner core inferred from Ediacaran ultra-low geomagnetic field intensity. 
Nature Geoscience, 12(2), 143–147. https://doi.org/10.1038/s41561-018-0288-0

Borcia, I. D., Spinu, L., & Stancu, A. (2002). A Preisach-Néel model with thermally variable variance. IEEE Transactions on Magnetics, 38(5), 
2415–2417. https://doi.org/10.1109/TMAG.2002.803611

Carporzen, L., Weiss, B. P., Elkins-Tanton, L. T., Shuster, D. L., Ebel, D., & Gattacceca, J. (2011). Magnetic evidence for a partially differen-
tiated carbonaceous chondrite parent body. Proceedings of the National Academy of Sciences, 108(16), 6386–6389. https://doi.org/10.1073/
pnas.1017165108

Coe, R. S. (1967). The determination of paleointensities of the Earth’s magnetic field with emphasis on mechanisms which could cause non-ideal 
behavior in Thellier’s method. Journal of Geomagnetism and Geoelectricity, 19, 157–179. https://doi.org/10.5636/jgg.19.157

Dodson, M. H., & McClelland-Brown, E. (1980). Magnetic blocking temperatures of single-domain grains during slow cooling. Journal of Geo-
physical Research, 85(B5), 2625–2637. https://doi.org/10.1029/JB085iB05p02625

Dunlop, D. J., & Özdemir, O. (1997). Rock magnetism: Fundamentals and frontiers. Cambridge University Press.
Ferk, A., Leonhardt, R., Hess, K.-U., Koch, S., Egli, R., Krása, D., & Dingwell, D. B. (2014). Influence of cooling rate on thermoremanence of 

magnetite grains: Identifying the role of different magnetic domain states. Journal of Geophysical Research, 119(3), 1599–1606. https://doi.
org/10.1002/2013JB010845

Halgedahl, S. L., Day, R., & Fuller, M. (1980). The effect of cooling rate on the intensity of weak-field TRM in single-domain magnetite. Journal 
of Geophysical Research, 85(B7), 3690–3698. https://doi.org/10.1029/JB085iB07p03690

Halgedahl, S. L., & Fuller, M. (1980). Magnetic domain observations of nucleation processes in fine particles of intermediate titanomagnetite. 
Nature, 288, 70–72. https://doi.org/10.1029/JB085iB07p03690

Leonhardt, R., Heunemann, C., & Krasa, D. (2004). Analyzing absolute paleointensity determinations: Acceptance criteria and the software 
ThellierTool4.0. Geochemistry, Geophysics, Geosystems, 5. https://doi.org/10.1029/2004gc000807

Leonhardt, R., Matzka, J., Nichols, A. R. L., & Dingwell, D. B. (2006). Cooling rate correction of paleointensity determination for volcanic 
glasses by relaxation geospeedometry. Earth and Planetary Science Letters, 243(1–2), 282–292. https://doi.org/10.1016/j.epsl.2005.12.038

McClelland-Brown, E. (1984). Experiments on TRM intensity dependence on cooling rate. Geophysical Research Letters, 11(3), 205–208. 
https://doi.org/10.1029/GL011i003p00205

Muxworthy, A. R., Evans, M. E., Scourfield, S. J., & King, J. G. (2013). Paleointensity results from the late-Archaean Modipe Gabbro of Botswa-
na. Geochemistry, Geophysics, Geosystems, 14(7), 2198–2205. https://doi.org/10.1002/ggge.20142

Acknowledgments
A. R. Muxworthy acknowledges support 
from NERC grants NE/S001018/1 and 
NE/V001388/1. E. B. Baker is sponsored 
by a STFC PhD scholarship.

https://zenodo.org/badge/latestdoi/393922794
https://doi.org/10.5281/zenodo.5716001
https://doi.org/10.5281/zenodo.5716001
https://github.com/adrianmuxworthy/ThellierCoolPy
https://github.com/adrianmuxworthy/ThellierCoolPy
https://doi.org/10.1029/2019gc008791
https://doi.org/10.1130/G38600.1
https://doi.org/10.1093/gji/ggt078
https://doi.org/10.1038/nature15523
https://doi.org/10.1038/s41561-018-0288-0
https://doi.org/10.1109/TMAG.2002.803611
https://doi.org/10.1073/pnas.1017165108
https://doi.org/10.1073/pnas.1017165108
https://doi.org/10.5636/jgg.19.157
https://doi.org/10.1029/JB085iB05p02625
https://doi.org/10.1002/2013JB010845
https://doi.org/10.1002/2013JB010845
https://doi.org/10.1029/JB085iB07p03690
https://doi.org/10.1029/JB085iB07p03690
https://doi.org/10.1029/2004gc000807
https://doi.org/10.1016/j.epsl.2005.12.038
https://doi.org/10.1029/GL011i003p00205
https://doi.org/10.1002/ggge.20142


Geochemistry, Geophysics, Geosystems

MUXWORTHY AND BAKER

10.1029/2021GC010145

8 of 8

Muxworthy, A. R., & Heslop, D. (2011). A Preisach method for estimating absolute paleofield intensity under the constraint of using only 
isothermal measurements: 1. Theoretical framework. Journal of Geophysical Research, 116, B04102. https://doi.org/10.1029/2010JB007843

Muxworthy, A. R., Heslop, D., Paterson, G. A., & Michalk, D. (2011). A Preisach method for estimating absolute paleofield intensity under 
the constraint of using only isothermal measurements: 2. Experimental testing. Journal of Geophysical Research, 116, B04103. https://doi.
org/10.1029/2010JB007844

Nagy, L., Williams, W., Tauxe, L., Muxworthy, A. R., & Ferreira, I. (2019). Thermomagnetic recording fidelity of nanometer-sized iron and 
implications for planetary magnetism. Proceedings of the National Academy of Sciences, 116(6), 1984–1991. https://doi.org/10.1073/
pnas.1810797116

Néel, L. (1949). Théorie du traînage magnétique des ferromagnétique en grains fins avec applications aux terres cuites. Annales Geophysicae, 
5, 99–136.

Paterson, G. A., Tauxe, L., Biggin, A. J., Shaar, R., & Jonestrask, L. C. (2014). On improving the selection of thellier-type paleointensity data. 
Geochemistry, Geophysics, Geosystems, 15(4), 1180–1192. https://doi.org/10.1002/2013gc005135

Pauthenet, R., & Bochirol, L. (1951). Aimantation spontanée des ferrites. Journal de Physique et le Radium, 12, 249–251. https://doi.org/10.1051/
jphysrad:01951001203024900

Preisach, F. (1935). Über die magnetische Nachwirkung. Zeitschrift für Physik, 94, 277–302. https://doi.org/10.1007/BF01349418
Roberts, A. P., Pike, C., & Verosub, K. L. (2000). First-order reversal curve diagrams: A new tool for characterizing the magnetic properties of 

natural samples. Journal of Geophysical Research, 105, 28461–28475. https://doi.org/10.1029/2000JB900326
Shcherbakov, V. P., Lhuillier, F., & Sycheva, N. K. (2021). Exact analytical solutions for kinetic equations describing thermochemical rema-

nence acquisition for single-domain grains: Implications for absolute paleointensity determinations. Journal of Geophysical Research, 126(5), 
e2020JB021536. https://doi.org/10.1029/2020JB021536

Stancu, A., & Spinu, L. (1998). Temperature- and time-dependent Preisach model for a Stoner-Wohlfarth particle system. IEEE Transactions on 
Magnetics, 34(6), 3867–3875. https://doi.org/10.1109/20.728296

Stoner, E. C., & Wohlfarth, E. P. (1948). A mechanism of magnetic hysteresis in heterogeneous alloys. Philosophical Transactions of the Royal 
Society of London, 240, 599–642. https://doi.org/10.1109/TMAG.1991.1183750

Tarduno, J. A., Cottrell, R. D., Davis, W. J., Nimmo, F., & Bono, R. K. (2015). A Hadean to Paleoarchean geodynamo recorded by single zircon 
crystals. Science, 349(6247), 521–524. https://doi.org/10.1126/science.aaa9114

Tauxe, L., & Staudigel, H. (2004). Strength of the geomagnetic field in the cretaceous normal superchron: New data from submarine basaltic glass 
of the troodos ophiolite. Geochemistry, Geophysics, Geosystems, 5, Q02H06. https://doi.org/10.1029/2003GC000635

Thellier, E., & Thellier, O. (1959). Sur l’intensité du champ magnétique terrestre dans le passé historique et geologique. Annales Geophysicae, 
15, 285–376.

Yu, Y. (2011). Importance of cooling rate dependence of thermoremanence in paleointensity determination. Journal of Geophysical Research, 
116. https://doi.org/10.1029/2011jb008388

https://doi.org/10.1029/2010JB007843
https://doi.org/10.1029/2010JB007844
https://doi.org/10.1029/2010JB007844
https://doi.org/10.1073/pnas.1810797116
https://doi.org/10.1073/pnas.1810797116
https://doi.org/10.1002/2013gc005135
https://doi.org/10.1051/jphysrad:01951001203024900
https://doi.org/10.1051/jphysrad:01951001203024900
https://doi.org/10.1007/BF01349418
https://doi.org/10.1029/2000JB900326
https://doi.org/10.1029/2020JB021536
https://doi.org/10.1109/20.728296
https://doi.org/10.1109/TMAG.1991.1183750
https://doi.org/10.1126/science.aaa9114
https://doi.org/10.1029/2003GC000635
https://doi.org/10.1029/2011jb008388

	ThellierCoolPy: A Cooling-Rate Correction Tool for Paleointensity Data
	Abstract
	Plain Language Summary
	1. Introduction
	2. Preisach Model for the Cooling-Rate Correction
	3. Parícutin Lavas: An Example of Cooling Rate Corrections
	4. Conclusions
	Data Availability Statement
	References


