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Introduction: Recent paleomagnetic studies of lu-

nar rocks have established  that the Moon had a dyna-

mo magnetic field between at least 4.2 Ga and 3.56 Ga 

[1-4].  However, a central and as yet unrealized goal of 

extraterrestrial paleomagnetism has been to accurately 

measure the intensities of this dynamo field, which 

would help to constrain the core size, and the power 

requirements and generation mechanism of the lunar 

dynamo. 

Records of these fields are provided by natural 

remanent magnetization (NRM) in the form of ther-

moremanence (TRM) acquired during cooling [5]. 

TRM is best characterized using stepwise thermal de-

magnetization and remagnetization methods because 

they reproduce the natural process of progressive 

magnetization by thermal unblocking and blocking [6].   

A major limitation to this methodology has been 

that lunar rocks formed in environments that are orders 

of magnitude more reducing than at the Earth’s sur-

face. As a result, heating such rocks in the Earth’s at-

mosphere induces oxidation reactions that alter the 

magnetic carriers, demagnetizing them via recrystalli-

zation rather thermal unblocking and also permanently 

changing their magnetic properties. 

 

 
Fig. 1: Thermal demagnetization of lunar basalt ana-

logs in air (open diamonds) and an oxygen fugacity-

controlled atmosphere. Shown is the direction and in-

tensity of magnetization normalized to the total TRM 

throughout the demagnetization. Insets show equal 

area plots of the magnetization direction, with closed 

and open symbols representing lower and upper hemi-

spheres, respectively. 

Previous attempts to prevent alteration of magnetic 

carriers – by heating the rocks in vacuum or in mix-

tures of inert and reducing gases – have failed due to 

methodological flaws (e.g. [7-10]). 

Oxygen fugacity-controlled thermal demagneti-

zation:  We designed a controlled-atmosphere thermal 

demagnetization apparatus that prevents oxidation of 

metal-bearing rocks. Mixtures of H2 and CO2 are used 

to set the oxygen fugacity 1 log unit (bars) below the 

iron-wüstite buffer [11-12], appropriate for lunar bas-

alts [13]. The system was calibrated by exploring the 

stability of fragments of pure iron in different gas mix-

tures. Tests were then conducted on mare basalt ana-

logs [14]: thermal demagnetizations and a Thellier-

Thellier paleointensity experiment showed that altera-

tion is successfully prevented by the gas mixture (Fig. 

1). 

Thermal demagnetization of mare basalts:  

Apollo 11 mare basalts 10017, 10020 and 10049 have 

been shown to contain a record of the lunar dynamo 

carried by kamacite grains [2,4]. We conducted ther-

mal demagnetization in controlled atmosphere on these 

samples, expecting to observe demagnetization close 

to the Curie temperature (780°C). However, the mag-

netization became directionally unstable at 150-250°C 

and rapidly decayed in intensity. Acquisition and de-

magnetization of anhysteretic remanent magnetization 

(ARM) before and after each heating step shows that 

the coercivity spectrum is not modified by heating, 

which confirms that controlled atmosphere prevents 

alteration. Therefore, the loss of magnetization at low 

temperature is not caused by alteration of the magnetic 

carriers. Partial thermoremanent magnetization 

(pTRM) experiments show a peak in pTRM acquisi-

tion at ~300°C. AF demagnetization of the pTRM 

shows that the magnetization acquired is of very high 

coercivity (median destructive field (MDF) >85 mT; 

Fig. 2). This peak was also observed in previous stud-

ies (e.g., [10]), which proposed that it is related to an 

interaction between troilite and kamacite due to their 

intergrowth structure. Although perfectly crystalline 

stoiochiometric troilite is antiferromagnetic [15], it has 

been proposed that a defect magnetization can be ac-

quired. 

To test this hypothesis, we conducted thermal de-

magnetization and pTRM experiments on samples of 

troilite from Del Norte County, CA [16], using the 
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same gas mixtures as for the lunar rocks. We found 

that the troilite samples have a low-coercivity natural 

remanent magnetization (NRM) blocked below 50 mT, 

possibly carried by inclusions of magnetite or pyrrho-

tite [16], and that they acquire a very high-coercivity 

pTRM (MDF = 85 mT; Fig. 2) similar to that of mare 

basalts when cooling in field from temperatures in the 

range of 300-500°C. Thermal demagnetization of satu-

ration isothermal remanent magnetization (SIRM) 

shows that the magnetization is blocked below 

~500°C. Alternating field (AF) demagnetization before 

and after heating shows that alteration occurred: the 

SIRM acquired after heating is ~35 times the initial 

SIRM, and it is magnetically harder, with MDF in-

creasing from ~25 mT to ~45 mT (Fig. 2). This could 

be due to breakdown of troilite, with formation of iron 

(and possibly also ferromagnetic pyrrhotite), which 

was observed by some authors when heating lunar 

rocks in controlled atmosphere [17] and in vacuum 

[18]. 

 

 
Fig. 2: AF demagnetization of lunar basalt and troilite. 

 

Conclusion:  Troilite seems to be unstable in the 

oxygen fugacity-controlled gas mixtures. It may be 

possible to prevent alteration of troilite by controlling 

for both oxygen and sulfur fugacity using mixtures of 

H2, CO2, and SO2 [19]. Alternatively, mare basalts 

may not be the most appropriate rocks to obtain relia-

ble lunar paleointensities. Coarse-grained crustal 

rocks, whose magnetization is carried by kamacite 

inclusions in silicate crystals and do not contain 

troilite, may be better candidates as simple oxygen 

fugacity control may be sufficient to prevent alteration. 

However, these rocks tend to have older ages than 

mare basalts, and would only provide paleointensity 

estimates for the early lunar dynamo. 
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