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The Microwave Palaeointensity System at the University of Liverpool has developed, over 30 years, into the current third generation version; a combined 14 GHz microwave resonant cavity and superconducting quantum interference device magnetometer integrated microwave system. The use of microwave energy minimises the bulk temperatures required to demagnetise and remagnetise palaeomagnetic material, thereby limiting the significant problem of thermo-chemical alteration of magnetic minerals. Here we review the microwave palaeointensity approach, including its development, technical details, modern usage and results. We have carried out a comprehensive analysis of 20 palaeointensity studies, published between 2008 and 2022, where data collected using the microwave system may be compared with various other methods at the site level. An assessment of microwave results revealed no statistical bias compared to thermal, and known field data. We also present results from a new controlled experiment which tests the ability of the microwave to accurately recover weak, ancient palaeointensities when strongly overprinted. We conclude that the microwave system can be used for the primary method of determining accurate absolute palaeointensities or as part of a multi-method approach, and is well suited to a wide range of material from archaeomagnetic samples to ancient rocks.
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1 INTRODUCTION
The Earth’s magnetic field and its dynamic behaviour gives an insight in to the deep Earth and its evolution. Obtaining records of past geomagnetic field behaviour and deciphering patterns and characteristics on the whole range of timescales has been a challenge for palaeomagnetists for decades. Numerical dynamo and geomagnetic field models are becoming more sophisticated (e.g., Aubert, 2019; Panovska et al., 2021), but are limited by real data which provide inputs to the latter and tests for the former. A far larger data set exists for the directional variations of the geomagnetic field compared to variations in palaeointensity. This is due in part to additional complications in obtaining the latter. The usefulness of full vector data has produced a drive in palaeointensity research over the last few decades and an emphasis on the robustness of the measurements (Bono et al., 2022).
Absolute palaeomagnetic field strength (palaeointensity) is generally determined by comparing a natural thermal remanent magnetisation (NRM) with a laboratory induced thermal remanent magnetisation (TRMLAB; e.g., Dunlop, 2011). To impart a TRMLAB, the sample must be heated then cooled in a known magnetic field through the blocking temperature of the remanence-bearing magnetic minerals. Unfortunately, the experimental procedure is greatly complicated by thermo-chemical alteration, which often occurs during the heating process, changing the remanence-carrying properties of a sample and invalidating any results. This is a substantial problem to overcome, particularly for ancient rocks, which tend to have much lower success rates whilst simultaneously being less abundant. It is, therefore, a fundamental requirement of any palaeointensity method to be able to detect or, preferably, limit the amount of alteration that occurs during an experiment. If a portion of remanence is affected by alteration, it should be identified and either excluded from any analysis or corrected for.
The most commonly employed method by far is the Thellier method (Thellier, 1938; Thellier and Thellier, 1959) referred to explicitly as the thermal Thellier method here. It consists of a series of stepwise heating and cooling steps so that the total remanence is split into a series of partial thermal remanent magnetisations (pTRMs). Various protocols have been developed, (e.g., Aitken, Coe and IZZI (Coe, 1967; Aitken et al., 1988; Tauxe and Staudigel, 2004), which are distinct in the order and type of in-field and zero-field steps. Common checks that are incorporated include pTRM checks and pTRM tail checks to determine if the remanence carriers are stable (resisting alteration) and behaving in an ideal manner during an experiment. These are time consuming experiments and are limited by alteration caused by repeated high-temperature steps. All protocols only allow the portion of the remanence remaining after removal of any overprint and before alteration occurs to be used in the palaeointensity determination.
Minimising the alteration that can occur during the palaeointensity experiment is highly desirable in all palaeointensity experiments; efforts to achieve this include using a single, full heating (Shaw method) or limited heatings (multi-specimen methods) rather than multiple repeated heatings to high temperature. Nevertheless, this does not eliminate the problem since a sample must still be heated to high temperature, and such methods introduce their own unique complications. It is sometimes possible to select materials less prone to alteration, e.g., single plagioclase crystals (Tarduno et al., 2006), or glassy flow tops (Cromwell et al., 2018); however, this approach is limited to a tiny proportion of suitable rocks.
The Microwave Palaeointensity System (MWS) was developed with the aim of substantially reducing alteration by substituting conventional heating with the application of high-frequency microwaves. Each application of microwave power takes seconds rather than tens of minutes; in addition, the energy should, in theory, be applied directly to the magnetic grains rather than the sample matrix, limiting the heating of the bulk sample. Due to the different mechanisms involved, we make a distinction between a thermal remanent magnetisation (TRM) and a thermal (microwave) remanent magnetisation (TMRM).
It has been 30 years since the first publication from the Liverpool group on the use of microwaves in palaeomagnetism (Walton et al., 1992). Since then, three systems have been developed and operated at Liverpool. The first of these operated at 8.2 GHz while the latter two (nicknamed Betty and Tristan) operated at ∼14 GHz. Only Tristan remains operational. There have been at least 80 papers published and 16 PhD theses that contained a significant component of microwave methodology development or results (Supplementary Table S1). The types of studies that have used the microwave method for palaeointensity vary from theoretical and technical, methodological comparisons, and palaeointensity research on a wide range of material (Figure 1).
[image: Figure 1]FIGURE 1 | Summary of microwave demagnetisation, palaeointensity and theoretical research to 2022. (A) Number of papers published per year. (B) Breakdown of all published papers related to MWS by the type of study. (C) Breakdown of demagnetisation and palaeointensity research papers according to the MWS system used.
Here we review the development of the MWS, the methodologies used and discuss how the microwave method has progressed to its present status as a relatively mature palaeointensity method. We discuss microwave experimental procedures and perform a detailed comparison of modern microwave palaeointensity data with that of multiple other methods. We carried out a series of microwave palaeointensity experiments performed on samples that had first been given laboratory thermoremanences. This enables us to explore the effects of applying very different laboratory fields and to test the capability of the microwave system to produce robust results from ancient rocks recording a weak field but with their remanence partially overprinted by a much stronger field.
2 THE MICROWAVE SYSTEM
2.1 Background
The first known use of microwaves in palaeomagnetism was by Hale et al. (1978) where eddy current heating of metallic iron grains was used to demagnetise lunar samples. In the field of palaeointensity, however, the aim has been to excite the magnetic grains directly using the magnetic component of the microwave field. The direct input of energy into the magnetic system bypasses the need to raise the temperature of the whole sample. This is in contrast to the traditional heating process, which indirectly demagnetises via lattice vibrations (phonons), heating the whole sample in the process. The bulk temperature reached by the sample should then be substantially lower than that required for an equivalent conventional thermal (de)magnetisation (Suttie et al., 2010). Furthermore, the direct excitation of the ferromagnetic particles is substantially faster than warming the entire sample from the outside leading to substantially shorter heating times in microwave experiments.
The practicalities of designing and building suitable equipment, and the mechanisms involved when exposing a palaeomagnetic sample to high frequency microwaves, are complex. The Liverpool team, initially John Shaw, John Share, and Derek Walton developed the MWS through a combination of experimental and theoretical investigations. The very first experiments performed by the Liverpool team sought to excite the magnetic system at ∼2.8 GHz (Walton et al., 1992). It was thought that more efficient demagnetisation could be achieved by using higher frequencies. This led to the first generation MWS using an 8.2 GHz klystron valve to generate microwaves, and this was combined with a homemade SQUID magnetometer (Shaw et al., 1996). The desire for still higher frequency microwaves, led to the development of “Betty” (e.g., Böhnel et al., 2003); 14 GHz was chosen for practical reasons as this frequency is used in satellite communication systems with readily available hardware. The use of higher frequencies increased the problem of dielectric heating of the matrix, however, and this is discussed below (Section 2.3). The current third generation MWS has developed into an integrated combined 14 GHz microwave resonant cavity and SQUID magnetometer named “Tristan”, completed in August 2006. From January 2007, both 14 GHz systems (Betty and Tristan) were operational with Tristan soon taking over, and in 2016, Betty was decommissioned. Tristan also has the potential (via optical alignment) for using oriented samples though this area of research has not yet been fully exploited.
In parallel, and in collaboration with the Liverpool group, the use of microwaves in palaeomagnetism was also being explored at Centro de Geociencias, Juriquilla, UNAM in Mexico. The Juriquilla MWS was built using similar components compared to the Liverpool MWS including a Tristan Tech DRM-300 rock magnetometer. The set-up additionally allows a high-speed precision pyrometer to measure the sample temperature in real time. The Juriquilla system is controlled by a MATLAB program which constructs an Arai plot as the experiment progresses, and displays all parameters (forward and reflected power, integrated power, temperature) during the experiment. This allows for adjustment of the time of microwave exposure to reach the programmed integrated power or temperature.
The Juriquilla system was used for studying the interaction of microwave radiation with synthetic and natural samples (Walton et al., 2004). Due to frequent technical problems with the DRM-300 magnetometer (mainly due to leaks of the closed helium system), it could be used only intermittently for palaeointensity studies, and published data are limited to those of Larrea et al. (2019). Results of many test experiments to verify the correct working and develop the MATLAB control software have not been published so far.
2.2 System design
The MWS consists of the microwave component (microwave generation, amplification and transport via waveguide to a tuned resonant cylindrical cavity) and a superconducting quantum interference device (SQUID) magnetometer. The current system comprises a model DRM-300 small bore SQUID magnetometer measurement system produced by Tristan Technologies. It is a 3-axis magnetometer with detection coils wound in a Helmholtz-like configuration; three separate detection coil sets configured to simultaneously measure the three orthogonal components (Bx, By, Bz) of the induced field generated. The cryogenic hardware maintains the required ∼4 K using liquified helium gas.
The microwave cavity is designed to resonate in the TE011 mode (H and E field directions; Figure 2); the sample is placed in the centre, which is the node of minimum electric but maximum magnetic energy (Suttie et al., 2010). The cavity is coupled to the waveguide by a small slot in the side of the cavity. The maximum power of 90 W (in practise this rarely exceeds 40 W) at 14.2 GHz is generated by a solid-state amplifier (Microwave Amplifiers Ltd., UK) which is less susceptible to damage by reflected power than conventional travelling wave tube amplifiers.
[image: Figure 2]FIGURE 2 | (A) Image of the microwave system. (B) Microwave cavity cross section showing the electric and magnetic fields in TE011 mode, waveguide slot, sample/holder position and magnetometer direction, adapted from AGU poster; Shaw et al., 1996.
The MWS, which is under computer control, is designed for use on an individual palaeomagnetic sample that is moved between the resonant cavity for microwave exposure, and the magnetometer for remanence measurement. Helmholz coils surround the microwave cavity to allow a magnetising field (user specified direction and intensity up to 100 μT) to be applied, thus allowing both demagnetisation and remagnetisation of a sample’s remanence.
Relative permeability is much smaller than the relative permittivity in common minerals, and the electric field is everywhere tangential to the cylindrical cavity in TE011 mode (Chen et al., 2004; Suttie et al., 2010). A homogenous cylinder can therefore be inserted along the axis of the cavity with minimal perturbation of the fields. Small cylindrical samples (∼5 mm x 5 mm) are used as a compromise between minimising the field perturbation whilst ensuring a strong enough remanence to be measured by the magnetometer. If, however, there are regions of differing dielectric constant within the cylindrical sample, then it is not possible to simultaneously satisfy the conditions of constant electric field tangential to interfaces and constant displacement current normal to them. Thus, sample heterogeneity and porosity increase the perturbation to fields within the neighbourhood of the sample, with increased propensity for dielectric heating through a build-up of charge.
The empty cavity is constructed and tuned for a specific resonant frequency (14 GHz). This, however, will change with the introduction of a sample based on its material, shape, position, and temperature. The resonant frequency, which effects the efficiency of the demagnetisation, is therefore determined experimentally for every sample by performing a frequency sweep (Figure 3A) at the beginning of each experiment using very low power (∼0.5 W). The system is kept in resonance by computer control; the amount of reflected power returning in the waveguide is monitored and minimised (Figure 3B), allowing as much microwave energy to be absorbed as possible (within the system limitations). The total energy applied to a sample (and the system) is the integrated microwave power and exposure time (W.s).
[image: Figure 3]FIGURE 3 | (A) Example of a frequency sweep. (B) System monitoring the resonance during the time of applied power.
2.3 Absorption of microwaves by rocks
Magnetite can absorb energy at microwave frequencies by a process similar to that used in ferromagnetic resonance (FMR), where the total magnetic moment precesses around an applied static field. During MW demagnetisation, no static field is applied but the high frequency magnetic field can still cause precession of the electron spins around their equilibrium directions. If the electron magnetic moments precess in unison, the excitation is called a uniform mode. As energy is absorbed, it is possible under specific conditions, for the uniform mode to break down into higher order excitations, known as magnons, or spin waves, which are collective oscillations in the relative orientations of spins on a lattice (Kittel, 2005).
As a microwave resonant cavity is excited, the electric and magnetic fields within it increase until total power losses are equal to the incident power. The proportion of power absorbed by the sample compared to that lost by conduction in the cavity walls depends on how effectively the sample absorbs microwaves. For this reason, the microwave method is only suitable for materials that absorb microwaves strongly; otherwise, the fields may reach levels high enough to cause dielectric breakdown, whereby electrical currents flow through an electrical insulating material.
There are two main mechanisms by which the microwave electric field can couple to non-magnetic materials and allow energy to subsequently be lost to the system. Dielectric heating tends to dominate in electrically insulating material such as a rock matrix, and conductive (eddy current) heating dominate in good electrical conductors. The dominant process depends on the material, temperature, microwave frequency, and how the microwaves are applied (Chen et al., 2004); however, the conductivities associated with magnetite, for example, are too low to produce eddy currents.
The dielectric loss alone for a typical basalt sample in the centre of the cavity far outweighs the small conduction losses in the walls of the cavity (see Appendix A), effectively damping the fields within the cavity, so that the sample absorbs almost all of the incident power. It is important to note that because of this, an even higher loss sample cannot absorb any more energy for a given incident power. For example, Walton et al. (2004) showed a pure magnetite sample and a basalt sample show similarity in their heating profiles but mistakenly interpreted this as evidence for ferromagnetic resonant absorption. Much of their subsequent speculation regarding the resonant excitation of spin-wave modes is founded upon this interpretation. In fact, there is no strong evidence either for any kind of resonance, or for the particular mode through which the magnetic grains absorb energy.
Increasing frequency from 8.2 GHz to 14 GHz has meant more efficient demagnetisation due to increased dielectric heating (increasing frequency increases dielectric loss) and also due to a more efficient system (improved cavity, waveguide coupling, etc.). Differences of opinion regarding the importance of dielectric losses are evidenced in the reply and response to Biggin et al. (2007), (Shaw and Biggin, 2008; Walton and Boehnel, 2008). We have shown that dielectric loss in the sample can explain the demagnetisation; however, the extent to which the magnetic component of the microwave field contributes to the demagnetisation process by normal mode is unknown because the magnetic absorption is difficult to calculate.
Dielectric heating of the non-magnetic matrix via the electric part of the field is sought to be minimised. Suttie et al. (2010) directly demonstrated that it is possible to demagnetise a thin disc (5mm x 0.8 mm) of basalt using either the electric or magnetic part of the microwave field. When coupled to the electric part of the field, the entire basalt sample needed to be heated to its Curie temperature to be completely demagnetised. In this situation, the MWS is acting as a thermal demagnetiser (albeit a very rapid and efficient one). When coupled to the magnetic part of the microwave field, however, complete demagnetisation occurred for a lower bulk sample temperature as desired, although this was in a different cavity mode (TE112 rather than TE011).
2.4 Melt spots
Occasionally, melt spots can sometimes be observed on samples indicating the occurrence of very high temperatures locally in the sample implying strong concentration of the thermal energy. Although the cavity mode is selected to minimise dielectric heating, the electric field around the perimeter of the sample increases with the magnetic flux passing through it. Porosity and heterogeneity of the sample perturb the electric field and, if the sample is a poor microwave absorber that does not damp the fields in the cavity, the electric field can reach high values at the corners of samples (consistent with where melt spots are observed to occur).
Focused dielectric heating leads to steep thermal gradients within the sample and locally to very sharp heating and cooling rates. Samples that are poor absorbers will tend to be affected because they are exposed to larger fields. Results from samples that show severe melt spots are discarded on the basis of catastrophic thermal alteration; but other samples that do not show visual signs of heating may also be prone to these heterogeneous thermal effects. In an empty cavity at 80 W, the electric field reaches about 1.5 kV/mm, and will be about half of that at the edge of a lossless, low permittivity sample. The dielectric strength decreases with temperature and factors like porosity will increase the field locally. The high dielectric constant of the quartz holder also increases the electric field. This may explain why melt spots frequently appear on parts of samples adjacent to the holder.
3 EXPERIMENTAL PROCEDURE AND ANALYSIS
Microwave experiments are carried out in their entirety one specimen at a time which has the advantage that subsequent experiments performed on sister specimens can be improved iteratively. The applied field can be made closer to the suggested ancient field, and the levels of the demagnetisation steps and pTMRM checks can be tailored for a particular remanence’s unblocking behaviour.
The MWS has typically been used to carry out Thellier-type experiments. Contemporary Thellier-style palaeointensity techniques require precise reheating to the same temperature to compare de (re)magnetisation steps and to carry out pTMRM checks. Earlier systems could not reproduce the power absorption precisely enough to accurately repeat steps. It was therefore necessary to use the perpendicular Thellier method (Kono, 1974; Hill and Shaw, 2007) which requires only one microwave application at each de (re)magnetisation step. Unfortunately, this prevented pTMRM checks and hindered the detection of non-ideal effects such as alteration and multi-domain behaviour. The modern MWS achieves the required accuracy by maintaining the reflected power at a minimum (remaining in resonance). This normally allows for precise repeated power absorption to the same level and enables the use of all experimental protocols used in thermal Thellier experiments.
The sensitivity of the system is initially set to the strength of magnetisation in a given specimen, followed by a ‘frequency sweep’ to determine the optimal resonant frequency for that specimen. The resonant frequency, and therefore amount of energy absorbed, can be changed during and between individual microwave treatments. Intra-treatment changes are likely due to the sample losing water or alteration of the specimen during the experiment. This is dealt with by a dynamic algorithm that seeks to modify the frequency to minimise the reflected power through the microwave application. However, these changes can still affect the power integral or energy absorbed. A pTMRM step (and each step pair) should reproduce the same power integral (analogous to temperature) as the step being repeated. If the pTMRM integral is lower, it can be rejected and reapplied with higher power and/or time to achieve the same integral. If a pTMRM check integral is higher than its counterpart then it must be rejected, have its effects removed entirely with a similar demagnetisation treatment, and then redone with a lower power and/or time to achieve the correct integral. It may also be necessary to perform periodic re-sweeps of the frequency during the experiment, typically after each pTMRM check.
While sample movement between the measurement and treatment stages occurs automatically, the experiments are otherwise user-controlled and can be modified in real time. The field to be applied during remagnetisation steps is typically selected based on the sample’s magnetisation after the first demagnetisation step. A common strategy in Thellier experiments is to apply the field at an angle between 45° and 90° to the NRM so as to achieve a trade-off between making pTMRM tails visible while not exaggerating their effects (Biggin, 2006; Yu and Tauxe, 2006).
During microwave demagnetisation, both the applied microwave power and the application time can be increased to raise the absorbed power integral and achieve (de)magnetisation. Generally speaking, time is held constant at 5 s until the power has reached 40 W and then the time is increased to a maximum of 20 s. This frequently has the effect of reducing NRM to <10% of its initial value although this scales with Curie temperature and microwave demagnetisation is particularly ineffective for hematite-bearing samples.
Cooling rates influence the efficiency of the acquisition of TMRMs as for thermal experiments; this is a particular consideration for small, single domain particles (McClelland Brown, 1984; Ferk et al., 2010; Biggin et al., 2013). Poletti et al. (2013) determined microwave cooling rate corrections experimentally for 27 brick fragments and compared the results with Triaxe and Thellier archeointensities given by Hartmann et al. (2010). They experimentally corrected the microwave results for the influence of cooling rate differences, reducing discrepancies between the previous and new results from 25% to 8%. Their results indicate similar cooling-rate effects between microwave and thermal procedures despite the different ways in which the energy is transferred into the spin system.
Ideally, palaeointensity estimates from different parts of a rock unit with different rock magnetic properties will contribute to the final result (Biggin and Paterson, 2014). Nevertheless, rocks are heterogeneous at all scales and therefore, unlike in palaeodirectional studies where independently orientated specimens are key, palaeointensity estimates are not required to follow a hierarchical averaging approach. In microwave palaeointensity studies, several sub-specimens (5 mm diameter) are typically drilled from a standard one-inch or half-inch specimen, and each can be classed as a stand-alone result.
4 COMPARISON OF MICROWAVE DATA WITH OTHER METHODS
Earlier microwave data primarily used the perpendicular method, which prevented pTMRM checks from being included, and hindered the detection of non-ideal effects such as alteration and multi-domain behaviour. A thorough comparison was undertaken by Biggin (2010) on 13 paired microwave and thermal Thellier studies. Systematic differences between the results were ascribed to the enhancement of non-ideal effects associated with vortex-state and multi-domain grains in thermal experiments; many of the higher thermal estimates also tended to be associated with the low-temperature portions of concave-up Arai diagrams. The single-treatment perpendicular microwave method without pTMRM checks also produced results that were biased low due to undetected alteration. For bias associated with the microwave, the type of protocol used and its ability to detect non-ideal behaviour was judged to be the most significant factor, rather than the demagnetisation mechanism itself. This conclusion was validated by Grappone et al. (2020) who further studied the SOH-1 Hawaiian lavas included in the same comparison study of Biggin (2010). A change in microwave protocol produced a mean result (29.5 ± 9.2 μT) which sat between the original thermal Thellier results (33.5 μT; Teanby et al., 2002) and the MW-Perpendicular results (25.1 μT; Gratton et al., 2005), which were shown to be biased high and low respectively. The study emphasised the need for both pTMRM checks and detection of non-SD behaviour. This was similarly demonstrated by the 1960 Hawaiian flow, which originally produced microwave-perpendicular results of 33.9 μT (Hill and Shaw, 2000) compared to the IGRF value of 36.2 μT. A later restudy obtained 36.8 ± 3.4 μT using the IZZI+ protocol (Grappone et al., 2019) and concluded that undetected alteration was biasing the original results.
A number of recent multi-method studies combined the microwave Thellier technique with other palaeointensity methods. These have included various thermal Thellier protocols (Coe, 1967; Aitken et al., 1988; Tauxe and Staudigel, 2004), Shaw (Shaw, 1974; Tsunakawa and Shaw, 1994; Lloyd et al., 2021a), multi-specimen (Dekkers and Böhnel, 2006; Fabian and Leonhardt, 2010), the calibrated pseudo-Thellier technique (de Groot et al., 2013; Paterson et al., 2016) and Wilson (1962) methods. This multi-method approach is now widely considered best practice, and is adopted based on the rationale that if the results from multiple, independent, palaeointensity methods agree, then the forthcoming palaeointensities are better established.
Here we compare palaeointensity results from 20 recent multi-method or paired studies (Table 1) that were not included in the comparison of Biggin (2010); these are omitted from our comparison because many of the microwave results were obtained on the old system using protocols that do not incorporate pTMRM checks. Direct comparisons are made for 116 separate sites between microwave palaeointensity results and those of other established methods as described above (Supplementary Table S2). Several sites include results from more than two methods. The included data comes from a wide variety of rock types and ages; we distinguish between younger material, which ranges from 200 years to 470 kyrs (all except one study are younger than 13 kyrs), and ancient material which ranges from 110 Myrs to 1.1 Gyrs (Figure 4). Most of the included studies employ the IZZI protocol in thermal and microwave Thellier methods (Tauxe and Staudigel, 2004; Yu and Tauxe, 2005); other protocols include (modified) Coe (Coe, 1967) and Aitken (Aitken et al., 1988); almost all experiments include pTMRM checks and many include pTMRM tail checks (Table 1).
TABLE 1 | Details of the studies used in this latest comparison of palaeointensity data which compared microwave data to that from other methods at site level. Age, refers to the age of the rocks in the study; MW and TH (Microwave and Thellier) Protocols are those used in the comparison study and are summarised accordingly; +, includes pTRM check; ++, includes pTRM check and pTRM tail check; Perp, Perpendicular protocol (field applied perpendicular to the NRM; QP, Quasi-perpendicular protocol (Field applied at an angle >45⁰ and < 90⁰ to the NRM); Coe, Thellier Coe method; IZZI, Thellier IZZI method; Mod Coe, modified Thellier Coe method; Ait, Thellier Aitken method.
[image: Table 1][image: Figure 4]FIGURE 4 | Comparisons of microwave palaeointensity data with other methods. A solid unit line and dashed lines (±10%) are shown. (A) All data. (B) A magnified version of the weak-field section of (A). (C) All paired data where n ≥ 3. (D) Microwave data compared to International Geomagnetic Reference Field (IGRF). The key is valid for Figs (A–C); TT, thermal Thellier (blue triangle); PsT, pseudo-Thellier; MSp, multi-specimen; SH, Shaw; Wil, Wilson.
Comparisons of thermal Thellier and microwave results appear evenly distributed about the unit slope (Figure 4A) and a Wilcoxon Signed-Rank Test demonstrates that there is no statistical difference between the two sets of results. Multi-specimen results tend to be slightly lower than Microwave results from the same site (Figure 4A), this is in line with earlier observations of multi-specimen results producing lower palaeointensities than the known palaeofield (Monster et al., 2015). Why this occurs is still enigmatic, but it is hypothesized that it is due to using only one, often relatively low, temperature for the multi-specimen experiment, potentially emphasizing the effects of viscous processes. The microwave and calibrated pseudo-Thellier results are indistinguishable within error for palaeofields >40 μT (Figure 4A). For lower palaeofields, the calibrated pseudo-Thellier results are higher than the Microwave results (except for one data point). This may relate to the non-zero y-axis intercept in the calibration of pseudo-Thellier results (de Groot et al., 2013).
Many of the data have been produced from measurements of ancient rocks. These are intrinsically less ideal recorders than, for example, fresh lavas. The relative scatter between methods is high compared to the weak-field values being recorded (Figure 4B); however, no significant bias is observed, and the absolute scatter is equivalent to that of the younger material (Figure 4A).
Much of the scatter about the unit slope may be due to many of the sites having an n of 1 for either of the compared method data. If we only use sites with n of 3 or greater for both compared paired data, while much of the data are removed, there is an improved relation observed (Figure 4C). When taken as a whole, however, the comparison data indicate that there is no substantial tendency for microwave results, which are achieved across a wide range of grain sizes, to be biased. This is likely a result of appropriate checks for alteration now being incorporated in the protocol.
One of the studies in our comparison employed the microwave technique on two recent lavas (1949 and 1971 AD) from La Palma (Monster et al., 2015). Most of the results obtained for sites in these flows produce the known palaeofield (IGRF) within error (Figure 4D), with only two outliers where the microwave results are too low. These two outliers are unexplained, and may be due to processes affecting the NRM of the sample (e.g., viscous processes), unsuitability for the microwave method, or miss-interpretations of the microwave results. Figure 4D also includes the updated results for two sections of the 1960 Hawaiian lava flow (Grappone et al., 2019).
This historical data represents explicit “ground-truthing” of the microwave method in a more rigorous manner than comparing its estimates with those produced from other methods but where the true result is unknown. In a similar vein, synthetic experiments may be performed, for example, on samples containing a laboratory-imparted TRM that mimics an ancient NRM. Thermal Thellier and microwave (8.2 GHz MWS) palaeomagnetic experiments were performed on lavas from Hawaii and Australia that contained laboratory induced “synthetic” NRMs (Hill et al., 2002). The experiments, which were conducted on the same samples, established the general equivalence of TRM and TMRM and the validity of the microwave palaeointensity technique. The results also demonstrated reduced alteration during microwave experiments compared to their thermal counterparts but showed that microwave demagnetisation was occasionally unable to isolate a pTRM as cleanly as thermal demagnetisation.
5 CASE STUDY: THE APPLICATION OF MICROWAVE PALAEOINTENSITY ANALYSIS ON ANALOGUES OF ANCIENT ROCKS RECORDING A WEAK PALAEOINTENSITY
Here we present new microwave data obtained to investigate how ancient rocks that gained their original remanence in a weak field may behave during palaeointensity experiments. This is motivated by a number of recent studies indicating that the geomagnetic field may have been substantially (up to an order of magnitude) weaker than the more recent field for sustained intervals in the Jurassic (Tauxe et al., 2013; Sprain et al., 2016), Devonian (Shcherbakova et al., 2017; Hawkins et al., 2021), Ediacaran (Meert et al., 2016; Thallner et al., 2021a; Thallner et al., 2021b) and Palaeoproterozoic (Biggin et al., 2015). A significant challenge for these studies is to derive reliable estimates of the palaeointensity from rocks that acquired their primary magnetisation during such time but were subsequently exposed to a considerably stronger field. Such exposure may produce strong secondary magnetisations removed mainly in the lower portion of their unblocking spectrum. The disparity in magnetising fields could potentially produce concave-up Arai plots during Thellier-type palaeointensity experiments. Analyses performed on such samples thus carry an associated risk of their results being erroneously rejected on the grounds of being biased by multidomain effects and/or instability of thermoremanence (Kosterov and Prévot, 1998; Shaar and Tauxe, 2015; Smirnov et al., 2017). We designed a laboratory experiment to assess the veracity of MWS studies to reliably recover the correct, lower intensities stored in such samples. These were given a full TRM in a low field and were subsequently stored at elevated temperatures in a stronger field for 2 weeks to simulate the effect of a long term viscous magnetisation in these samples.
Standard microwave specimens were extracted from a total of 11 conventional palaeomagnetic core and cubic samples sourced from archived collections including baked bricks from a Roman-age archaeological site (N12-8, 12-13 and N20-1, 20-11), Devonian-aged mafic lavas (WB3-5, 3–6 and KH7 and 8), and a variety of Mesoproterozoic intrusive rocks (H25, MP3, PA5, TN125, MR22, ZD12). All samples were first heated to 700°C in air and cooled in a field of 8 µT to impart a weak TRM. Rock magnetic analyses performed on specimens before and after this pre-treatment demonstrated that the majority of samples contained Ti-poor titanomagnetite with hysteresis properties that fell into the central region of a Day (Day et al., 1977) plot (Figure 5). The process of pre-treating the samples is likely to have further stabilised them against alteration and reduced their effective grain size.
[image: Figure 5]FIGURE 5 | Rock magnetic results from samples before and after the 700°C pre-treatment. (A–C) Thermomagnetic analysis performed in air (heating in red, cooling in blue). (D) Summary of hysteresis properties of all measured samples.
IZZI microwave experiments were performed using the Tristan MWS on single specimens spanning the full range of lithologies. In all experiments, pTMRM checks were made after each alternate microwave step and the lab field of 8 µT was applied nearly perpendicular to the synthetic NRM. Results from this first wave of experiments were mostly (though not universally) high quality and are presented in the upper part of Table 2 with example Arai plots given in the left column of Figure 6. Every experiment produced a palaeointensity measurement within 4 µT of the expected result and, although fewer than half of the results were accurate to within 10% (attesting to the absolute limits of working with low field intensities), the mean after no selection criteria were applied (7.2 ± 1.6 µT) was within both 10% and one standard deviation of the expected result.
TABLE 2 | Palaeointensity results from all IZZI microwave experiments performed on samples containing a laboratory TRM acquired in a field of 8 μT. TVRM indicates whether the samples were also subject to a two-week long heating at 200°C in air and an applied field of 80 μT. [image: image], field applied in the palaeointensity experiment subsequent to both treatments; PI, palaeointensity alongside the deviation from the expected value (8 μT). N, the number of points selected from the Arai plot; β, relative standard error of the slope; FRAC is the vector-normalised fraction of the NRM used for the palaeointensity (Shaar and Tauxe, 2013); g and q, gap and quality factors respectively (Coe et al., 1978); [image: image], curvature parameter (Paterson, 2011) applied only to the selected interval (Paterson et al., 2015); DRAT, maximum difference ratio of pTMRM checks (Selkin and Tauxe, 2000) and CDRAT is the cumulative sum of these (Kissel and Laj, 2004); δCK, maximum pTRM check discrepancy normalised by the total TRM (Leonhardt et al., 2004); dpal, measure of cumulative alteration defined by Leonhardt et al. (2004); α, angular distance between the anchored and free-floating best-fit directions of the selected components; [image: image], maximum angular deviation of the former component. The last three columns denote whether the estimate in question satisfies three published sets of acceptance criteria (see Table 2 of Paterson et al., 2015 for definitions). Headings underlined indicate the parameters which are checked for MC-CRIT.C1 and underlined values are those which fail. *This result was excluded from subsequent analysis on account of being an extreme outlier.
[image: Table 2][image: Figure 6]FIGURE 6 | Representative Arai plots from four sets of sister specimens, each from different lithologies and subject to different pre-treatments and IZZI microwave experiments. Filled points on the Arai plots were selected and used to obtain the palaeointensity (PI) estimate given. Unfilled points on the Zijderveld plots represent the vertical component in sample coordinates. Both the full TRM and overprinting TVRM were applied parallel close to the z-axis of the specimens.
To simulate the effect of a prolonged exposure of a natural sample to a stronger ambient field prior to measurement, an additional 19 microwave specimens (again spanning the full range of lithologies) were placed into a home-built cooling rate oven and held at 200 °C for 14 days in a field of 80 (eighty) µT directed subparallel to the synthetic NRM, prior to cooling in the same field. These thermal conditions were chosen on the basis that such a treatment is predicted to have a thermoviscous remagnetising effect on assemblages of single domain magnetite particles equivalent to more than several billions of years of exposure at ambient temperatures (Pullaiah et al., 1975). Furthermore, the order of magnitude increase in field strength should represent an extreme of the VRM acquisition conditions encountered in nature.
The majority (11 from 19) of these partially remagnetised specimens were subject to precisely the same microwave palaeointensity experiment as the first batch. The remainder of sister samples had the experiment performed in a field of 40 µT to investigate the effects of choosing a lab field several times larger than the original palaeointensity.
The results indicate that, as expected, the thermoviscous remagnetisation had a deleterious effect on the microwave palaeointensity results (central and right-hand columns of Figure 6 and lower part of Table 2) such that three of the 19 experiments failed completely and, in one sample (MP3-2C2), the synthetic NRM was entirely overprinted so that the palaeointensity estimated was close to that used in the remagnetisation treatment. As an extreme outlier with an obvious explanation, we exclude this final result from further analysis.
The Arai plots of the remaining samples all exhibit some degree of concave-up two-slope behaviour suggesting that this is an expectation for ancient rocks that acquired a primary TRM in a field considerably weaker than the more recent field. Nevertheless, the high-power segments of these Arai plots were still able to record a reasonably accurate palaeointensity in the majority of cases (e.g., 9 of the 15 specimens yielded a measurement within 2 µT of the expected value). The mean palaeointensity estimate from the high-power segments was 9.5 ± 3.6 µT (N = 15) but this was biased to high values by those estimates produced using the inappropriately high lab-field of 40 µT (Table 3). Taking only those results produced with a lab-field of 8 µT produces a mean palaeointensity from the overprinted samples of 8.2 ± 2.8 µT (N = 8); if these are combined with the results from the non-remagnetised samples also treated in a field of 8 μT, this mean becomes 7.6 ± 2.2 µT (N = 19). The contrast between these highly accurate means and that produced by the 40 µT experiments (10.9 ± 4.0 µT, N = 7) highlights the benefit of choosing a lab-field that is approximately equal to the palaeointensity. For this reason, it is standard practise in microwave measurement campaigns to perform palaeointensity experiments such that the lab-field gradually iterates towards the final obtained palaeointensity. We did not explore the effect of varying the direction of the applied external field, which may cause slight differences in the palaeointensity estimates (e.g., Biggin, 2006). Difficulties in separating the two components, particularly in using a parallel external field, may also introduce a slight bias. We point out, however, that any changes to the field direction used for the overprint would make it easier to detect and therefore likely improve the results.
TABLE 3 | Summary of palaeointensity results under different criteria indicating the number of estimates (N), the mean palaeointensity (PI), the estimated standard deviation (SD) and the size of the standard deviation relative to the mean (σ/μ).
[image: Table 3]A further useful application of the dataset reported here is to test the efficacy and efficiency of different selection criteria applied to commonly measured Thellier-type palaeointensity parameters (see Table 2 of Paterson et al. (2014) for a complete description of these). The three MC-CRIT sets of criteria developed by (Paterson et al., 2015) were tested here (Tables 2, 3). All three succeeded in excluding the most deviatory estimates (with the exception of the fully remagnetised outlier) but also failed in the sense that a good proportion of the data they excluded was highly accurate. The most efficient performing criteria set overall was MC-CRIT.C1 and the worst, by far was MC-CRIT.B1 which only passed three estimates, none of which were the most accurate. Since samples recording weaker palaeointensity results will naturally tend to produce less ideal Arai plots because of noise and overprinting issues, care must be taken to ensure that over-zealous use of selection criteria do not lead to a systematic bias towards strong palaeointensity estimates in future studies.
To summarise, the Tristan MWS is quite capable of producing accurate palaeointensity estimates from samples carrying a primary TRM acquired in a weak field even when their magnetisations have been partially reset in a much stronger field. The accuracy and precision of the final result may be improved by selecting a laboratory field (in a Thellier-type experiment) that is close to the obtained palaeointensity. An MWS is especially suitable for this because samples are measured individually, and the applied field can be optimised for the next sample. As expected, we obtained concave-up Arai plots, and show that these may be inevitable in studies performed on otherwise perfectly reliable recorders of ancient but weak palaeointensities. Such estimates should only be rejected when checks specifically undertaken to detect non-ideal behaviour justify it, e.g., in cases where pTMRM (tail) checks fail, IZZI experiments produce zig-zags, or excessive curvature is indicated in the k’ parameter.
6 DISCUSSION AND CONCLUSION
Over the past 30 years at least 78 papers have reported on MWS results and/or its technical development (Figure 1A) with the majority of microwave palaeointensity data gathered on the Betty and Tristan systems (Figure 1C). In thirty percent of these studies, the MWS was used as the primary method to obtain palaeointensities but, over recent years, the main use of the microwave technique is as part of a multi-method palaeointensity approach (34% of the publications to date). The remainder of the publications had a more methodological focus whose main aim was to present or assess new palaeointensity or microwave techniques (Figure 1B). This includes comparisons of various protocols on the MWS (e.g., Grappone et al., 2020).
The MWS has provided reliable estimates from a variety of different palaeomagnetic records, ranging from archeomagnetic samples such as pottery and kilns, to both intrusive and extrusive volcanic rocks with widely different ages, from historical lava flows to Precambrian dykes. This study includes the most comprehensive comparison of microwave data and multiple palaeointensity techniques; we show that there is no significant systematic difference between results and that standalone microwave results are accurate when compared to the International Geomagnetic Reference Field (IGRF). A case study further demonstrates the MWS ability to recover weak remanences that are then strongly overprinted.
Microwave magnetic coupling maintains a lower sample temperature compared to equivalent thermal methods, and limits the heating application to seconds which may reduce thermo-chemical alteration. Other advantages of the MWS are not due to the microwave component per se, but the ability to apply a steady field in any direction and to carry out experiments one sample at a time. This allows the experiment to be fully tailored to the individual sample and results can be analysed whilst the experiment is progressing. The versatility of the MWS in tailoring the palaeointensity experiment while measuring, and the possibilities to optimize parameters for subsequent samples (or to decide whether sister specimens are worth further investment) makes the MWS a powerful and time-efficient tool to produce palaeointensities even from the most challenging recorders.
More fundamental research is needed to determine exactly how the samples perturb the fields within the cavity and to further isolate both the dielectric and magnetic coupling (it is experimentally impossible to ensure that only the magnetic part of the field couples with the sample). Additionally, the optimum frequency for the microwaves remains unclear; balancing the size and shape of the cavity, the sample, and the frequency is currently based on practise. The ideal conditions are close, by some degree, to being achieved by the current MWS, although further optimisation could reduce the amount of heat generated during microwave experiments, and hence suppress adverse thermal effects more efficiently.
The modern MWS is computer controlled to keep the reflected power minimised, reproducing the microwave energy absorbed by the system and maintaining the system resonance. This enables all contemporary thermal Thellier protocols to be utilised; the IZZI-protocol (Tauxe and Staudigel, 2004), with pTRM-checks is currently favoured. The use of modern protocols has improved the accuracy and all but eliminated any systematic biases that were apparent in earlier studies (as outlined in Section 4). Future modifications can be made with respect to the experiment monitoring. Although the MWS enables the user to monitor and adjust the progress of an experiment, more advanced software would allow an instant and progressive visualisation of the demagnetisation, ‘live’ Arai plots, and potentially fully-automated experiments.
In summary, since the start of its development 30 years ago in Liverpool, MWS has proved its capability to provide reliable estimates of the palaeofields intensity, including from non-ideal samples that are prone to alteration. It is paramount to tailor palaeointensity experiments according to sample behaviour and the MWS provides the opportunity to optimise an experiment during measuring and make improvements for subsequent samples. Used as either the main palaeointensity technique, or as part of a multi-method approach, results obtained using the MWS are accurate and unbiased, and contribute to our understanding of the behaviour of the Earth’s magnetic field and the processes governing the dynamics in the Earth’s deep interior.
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APPENDIX A: ABSORPTION CALCULATIONS
It is possible to calculate the magnitude of the fields in the empty cavity by considering the power dissipated in the cavity walls by conduction (Pc). To do this we integrate the magnetic field (H) components across the surface of the cavity. The power loss in a conducting sheet (s) is found by a surface integral
[image: image]
where H is always tangential to the surface and RS is the surface resistivity. In a TE011 cavity we integrate Hz around the circumference and Hφ over the two endplates, where [image: image] are the usual cylindrical co-ordinates.
To calculate the conductive power loss in the wall, we take for brass at 14 GHz RS=0.0466Ω, l (cavity length)=2 cm,a (cavity radius)=1.5cm, and J0(q)=-0.40, is a Bessel function, where q is the first zero of [image: image] = 3.832:
[image: image]
[image: image]
[image: image]
Similarly, the power absorbed at the two end plates can be calculated
[image: image]
[image: image]
The integral can be solved by substituting [image: image] then using the identity
[image: image]
whence
[image: image]
We find [image: image]
[image: image]
These formulae give the power in Watts absorbed over the cavity for a given field in A/m at the centre of the cavity.
Imagine a sample of radius R, (<1/5 the length of the cavity), the axial variation of the electric field can be ignored. Assuming that the presence of the sample does not significantly disturb the fields within the cavity and that the radius of the sample is less than 1/5 that of the cavity we can write, as [image: image] for small x
[image: image]
[image: image]
We can use this to compare the dielectric loss in a sample with the conductive loss in the brass walls of the cavity.
[image: image]
[image: image]
where V is the volume of the sample.For a basalt disc 2 mm thick of radius 2.5mm, with a typical ε’’ of 4x10−12 F/m this gives a dielectric loss of
[image: image]
over an order of magnitude greater than the conductive wall losses. Even samples with relatively low dielectric loss will contribute as much to the damping of the cavity as the losses in the walls. As a sample of basalt already absorbs almost all the incident energy, replacing it with pure magnetite should not make a difference to the heating profile, as observed by Walton et al. (2004).
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