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Abstract-The hypothesis that a dynamo once existed in the moon, and hence was the source of lunar 
paleomagnetism, is tested using a model for the global thermoremanent magnetization of spherical 
lithospheres. Various models of an ancient lunar dipole field are used which incorporate intensity 
variations and reversals, and which are consistent with lunar sample paleointensities. The calculated 
global remanent dipole moments are compared with the measured upper limit of 1019 G cm3 from 
spacecraft data. We find that non-reversing lunar dynamos which have simple exponential decay 
histories beginning at 4.6 b.y. ago are inconsistent with this limit, unless the moon has been thoroughly 
demagnetized to a depth of tens of kilometers by impacts or other processes. However, field models 
constrained to a 1 Oe maximum equatorial surface value during the first 700 m.y. of lunar history, 
and all models containing periodic field reversals, are allowed. An early lunar dynamo cannot be 
excluded by global scalar measurements unless the permanent lunar dipole moment is shown to be 
significantly less than 1013 G cm3 by future spacecraft measurements, which may be technologically 
impossible. Vector measurements of lunar magnetic anomalies over the whole moon offer the best 
hope of determining the source of the field which magnetized the lunar crust. 

INTRODUCTION 

The possible acquisiton of thermoremanence (TRM) in a lunar lithosphere which 
cooled in the presence of a hypothetical ancient lunar dipole field was studied by 
Srnka (1976a), using estimates of the global magnetic properties of the moon, the 
strength of the ancient field from lunar sample paleointensities, and a mathemat-
ical model for TRM acquisition in sequentially cooling spherical shells. Such a 
model demonstrates that, even considering Runcorn's magnetostatics theorems 
(Runcorn, 1975a,b), a nonzero magnetic permeability and a finite cooling rate in 
the lithosphere permit the acquisition of a sizeable global remanent magnetic 
dipole moment (Stephenson, 1976; Srnka, 1976b; Srnka and Mendenhall, 1979). 
In that early study, Srnka (1976a) assumed that the range of paleointensity esti-
mates did not reflect any systematic change in an ancient lunar field, but rather 
represented the total uncertainty in the measurements of the ancient field strength 
(due to differences in analytical techniques, sample characteristics, and interpre-
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tations) which was assumed to be roughly constant. On that basis it was con-
cluded that the uncertainties in all the parameters used in the global TRM model 
were so great that measurements of the permanent lunar dipole moment did not 
usefully constrain the various models of lunar evolution. 

A different approach is used in the present study. If representative values of 
average bulk susceptibility x and coefficient of TRM acquisition c for the lunar 
lithosphere are used in the calculations, and a lunar thermal model is used which 
gives the greatest present Curie isotherm depth (about 340 km for Fe), then time-
dependent field models can be tested by calculating their resultant global TRM 
dipole moments and comparing these with the measured upper limit of 1019 G 
cm3 for the moon (Russell et al., 1976). The field histories are chosen to be 
compatible with the paleointensity vs. age data of Stephenson et al. (1976) up to 
4.0 b.y. ago. However, since most of the lunar crust forms prior to this time, the 
final value of the calculated global TRM dipole moment is most sensitive to the 
behavior of the magnetizing field during the first 500-700 m.y. of lunar evolution. 
Three field envelopes were chosen to represent the range of possible field be-
havior at these early times: simple exponentials (EX) extrapolated from the avail-
able data at later times, and reaching very high field strengths (12 to 28 Oe surface 
equatorial value) at t = O; clipped exponentials (CEX) which have the same 
characteristics as the EX models after t = 700 m.y. but are held at a maximum 
surface equatorial value of 1 Oe during the first 700 m. y.; and power-rise/expo-
nential decay (PR/EX) models which grow in field strength proportional to tn at 
early times, and then decay in an expoential fashion after peaking at t = 700 m.y. 
Obviously, these models do not cover all possible histories for an early lunar 
dynamo. They are intended to span a range of scenarios from early core formation 
in a very active moon (EX) to later core formation and a slowly rising dynamo 
field (PR/EX). Unfortunately the terrestrial paleomagnetic record gives no in-
formation on the equivalent period in the earth's development, and dynamo the-
ory is not sufficiently advanced to be able to guide us in our choice of models. 
The results presented in this study are quite sensitive to the details of the field 
behavior before 4.0 b.y. ago, so that it is important to investigate several extreme 
cases in the hope of bracketing the real evolutionary track. In all cases, both 
non-reversing and periodically reversing dipole fields were studied. The ability 
to examine the effects of a reversing lunar dipole field on the acquisition of a 
global remanent dipole moment by the lunar lithosphere is very important, since 
a recent analysis of probable paleomagnetic pole positions on the moon suggest 
that if such a dipole field existed it must have undergone many reversals (Run-
corn, 1978a). 

THE MODEL 

The global remanent dipole moment MR of a spherical body which cools in the 
presence of its own dipole magnetic field can be derived in terms of a simple 
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Models of an early lunar dynamo 2345 

analytical expression (Srnka, 1976a; Srnka and Mendenhall, 1979). If the body 
has a paramagnetic interior throughout its evolution, and if the distribution of 
ferromagnetic material in the lithosphere is such that c and x are roughly constant, 
then this expression takes the form: 

M = -3cxP of [ ( 2Sn ) _ ~ 1 (Sk+1 + (c/x)Sk)vk] (l) 
R 3 + 2x n=l V n (3 + x)b 3 k=l (rk + dk)3rk3 

where PO is the dipole moment of the magnetizing field (from the dynamo) at 
t = 0, b is the lunar radius, S is the strength and polarity of the dynamo field 
relative to PO when the respective layer is cooling through its Curie temperature, 
and r, v and d are the radial position, volume, and thickness of one of the N 
layers. This thickness is defined by 

(2) 

where ( aT I ar)c is the average thermal gradient at the Curie temperature Tc in the 
layer, and a is a constant which models the spread of blocking temperatures in 
the material. We choose a = 5 x 10-2, assume free Fe is the magnetic carrier, 
and use the lunar thermal model of Hubbard and Minear (1975) for these calcu-
lations. The variations in the Fe Curie isotherm depth and the temperature gra-
dient at the Curie depth from this model are shown in Figs. 1 and 2 as functions 
of time. These parameters result in a lunar model with 113 magnetized layers, 
varying in thickness from 173 mat the surface to 14.6 km at 340 km depth. The 
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Fig. 1. Change of iron Curie isotherm depth with time in the Hubbard and Minear (1975) 
lunar thermal model. The resulting magnetic layers are very thin (ave. dn < 500 m) 
during the first 100 m.y., and are fairly thin (ave. dn < 3 km) during the first 500 m.y. 
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Fig. 2. Temperature gradient at the Curie depth as a function of time for the Hubbard 
and Minear (1975) lunar model. At t = 0, (d/dr)c = 225°C/km. The layer thicknesses 
refer to the magnetized shells in the mathematical model. 

parameter ranges for c and x are 8 x 10-4 < c < 5 x 10-3, 7.8 x 10-3 < x < 7.8 
x 10-2 for the upper 350 km of the moon based on the available data from lunar 
magnetometers and lunar sample studies (Srnka, 1976a). A new analysis by Dyal 
et al. (1979) shows that the whole-moon magnetic permeability may be as small 
as µ., = 1.001, in which case the minimum x value for the outer permeable zone 
of the moon is 1.9 x 10-3, roughly a factor of four smaller than the earlier estimate 
(Smka, 1976a). However, the most probable value of x = 4 x 10-2 is virtually 
unchanged by the new lower limit on µ.,, and the conclusions reached in these 
model studies are still valid. 

Although the Hubbard and Minear lunar evolution model does not contain 
early whole-moon melting as would be required to produce an iron core which 
could sustain dynamo action, its use in this study is justified in that it produces 
a cold, thick lithosphere and the greatest present Curie isotherm depth of the 
available models. A central dynamo is simply imposed on the model in order to 
produce the maximum MR. Thus the lunar crustal evolution used in these cal-
culations is not strictly self-consistent with the existence of an ancient molten 
lunar core. However, whole-moon melting models such as those studied by 
Toksoz and Johnston (1974) do not have substantially different Curie isotherm 
histories in the lithosphere, since the lunar surface temperature is essentially 
fixed by radiative losses. A comparison of this study with the Hubbard and 
Minear cold-moon model shows that both calculations predict a present Fe Curie 
depth in the moon between 300 and 400 km. The only likely consequence of using 
a hot-moon thermal model in these global TRM calculations would be to increase 
the number of layers in the model, since the thermal gradients in the lithosphere 
are steeper in such a case. No effect would be seen in calculations using non-
reversing dynamos, but a substantial decrease in the final MR values when re-
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Models of an early lunar dynamo 2347 

versing dynamo models are used could be anticipated. Such a result would have 
no effect on the conclusions of this study, as discussed below. 

RESULTS 

All of the source field models were constrained to fit a 1 Oe surface {equatorial) 
field value at 3.9 b.y. ago on the basis of paleomagnetic data (Stephenson et al., 
1976). The envelopes for the EX, CEX and PR/EX source field models are 
shown in Fig. 3, together with the paleointensity determinations. No error bars 
are indicated for these paleointensities, but an uncertainty of about a factor of 
three to five is probably realistic (Fuller, 1978). 

The field models follow the general form 

P(t) = Atn cos (21rt/T) exp (-th) 

for the source dipole moment P(t), where T is the reversal period and T is the 
decay constant for the envelope of the field magnitude for large times t. The 
values T = 209 and 283 m.y. were used for the decay constant on the basis of 
arguments presented by Runcorn (1978b). The three different envelopes used for 
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Fig. 3. Shapes of the non-reversing magnetic source field models, their dipole moments 
and resultant surface fields for the simple exponential (EX) clipped exponential (CEX) 
and power-rise/exponential decay (PR/EX) cases. The field decay constants T = 209, 
283 m.y. from Runcorn (1978b) and the paleointensity values for lunar samples from 
Stephenson et al. (1976) are indicated. 
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the field magnitude at early times are: simple exponential decay (EX), P(t = 0) 
= 9.5 x 1025 G cm3 for T = 283 m.y., 2.3 x 1026 G cm3 for T = 209 m.y.; clipped 
exponential (CEX), P(t) = 8 x 1024 G cm3, 0 < t < 700 m.y.; and power-law 
rise/exponential fall (PR/EX), n = 2.47 or 3.35, P(t = 0) = 0. Field reversals 
were modeled by assuming that the lunar dynamo would exhibit reversal periods 
between 105 and 108 yr, similar to those of the earth (Phillips, 1977). Non-re-
versing models are produced by setting T = 00• 

NON-REVERSING MODELS 

Parameter values c = 8 x 10-4, x = 7.8 x 10-3 were used in the remanence 
calculations in order to find the largest ancient source dipole which would give 
a present remanent moment value consistent with the observed upper limit of 
about 1019 G cm3 (Russell et al., 1976). The results of this calculation for the six 
non-reversing source fields of Fig. 3 are shown in Fig. 4. Note that all of the 
remanent moments are negative (i.e., anti-parallel to the magnetizing source di-
pole moment), and reach their maximum values before 3.0 x 109 yr ago. The 
decreases for later times are the effect of the finite cooling rate of the lunar 
lithosphere (Srnka, 1976b; Srnka and Mendenhall, 1979). It is clear that the non-
reversing simple exponential decay source field models give a present remanent 
dipole moment which is too large (by a factor of 5 to 8) to be consistent with an 
upper limit of 1019 G cm 3. If the minimum value of x = 1.9 x 10-3 derived from 
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Fig. 4. Calculated global remanent moments for the moon, using the source field models 
of Fig. 3. 
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the recent Dyal et al. (1979) work is used, this EX model result is still too large 
by a factor of 1.2-2. However, the power-law rise/exponential decay (PR/EX) 
and clipped exponential (CEX) models give final (i.e., present) remanent magnetic 
dipole moment values within the observed upper limit (PR/EX: 3-4 x 1018 G 
cm3 ; CEX: 6-7 x 1018 G cm3), and thus seem to be admissable as lunar dynamo 
models. But it must be remembered that very small c and x values were used to 
obtain the results shown in Fig. 4, and that each of the calculated final moment 
values can be increased by a factor of 62.5 simply by using the maximum values 
of c and x in the derived range as discussed by Srnka (1976a). Thus, final remanent 
magnetic dipole moments as large as 2 x 1020 G cm3 for the non-reversing 
PR/EX case are equally plausible on the basis of the available data. If we use 
the most probable value of x = 4 x 10-2 then the final moment values are 
PR/EX: 1.5-2.0 x 1019 G cm3, CEX: 3.0-4.2 x 1019 G cm3 which exceed the 
known upper limit. Whether any of these non-reversing cases are acceptable as 
histories of an early lunar dipole field is therefore largely a question of the correct 
values for the magnetic parameters of the lunar lithosphere. This uncertainty may 
be removed if further analysis of the Explorer 35, Apollo and Lunokhod mag-
netometer data reduces the uncertainty in the value of the magnetic permeability 
of the moon. 

Some of the histories for the lunar dipole field presented above would be more 
acceptable if a mechanism could be found to remove part of the (assumed) ther-
moremanence after it was acquired and so reduce the final remanent moment. 
One consideration is the role of shock in the demagnetization or possibly the 
remagnetization (Srnka, 1977) of planetary surfaces and its effect on the global 
remanent moment. Cisowski et al. (1975) have shown that impact-produced 
shock can demagnetize lunar materials if the impact occurs in the absence of a 
magnetic field, although shock levels of at least 10-20 kb are required. Major 
impacts in early lunar history would have produced such shocks in the lunar 
interior, and thus shock demagnetization of TRM may have occurred to consid-
erable depth. The reduction of the global remanent moment by this process can 
be estimated using Fig. 5, which shows the distribution of the total moment with 
depth for the simple exponential and rise-and-fall non-reversing source field 
models (T = 209 m.y.; n(PR/EX) = 3.35). The negative values shown are a result 
of the reversely-magnetized inner layers of this very thick lithosphere. In the EX 
case, demagnetization of the outer 32 km would remove 100% of the remanent 
moment, whereas less than 1% loss occurs for the PR/EX model for demagne-
tization as deep as 65 km. Removal of the outer 109 km of remanence in the EX 
model would seem to reverse the global remanent moment (to about -90% of the 
peak positive value), but this result must be used with caution. Since for all EX 
and CEX models the outer layers carry most of the remanence, early (t < 150 
m.y.) shock demagnetization would also remove the uniform fields which help to 
magnetize the interior layers. This is not the case for the PR/EX models, which 
do not develop any significant remanent moment for the first ~500 m.y. of lunar 
history (i.e., until the Curie isotherm has reached considerable depth). It is clear 
that the effects of shock demagnetization must be included self-consistently in 
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Fig. 5. Distribution of global remanent moment with lunar radius for two non-reversing 
source field models, using a field decay time constant -r = 209 m.y. 

the time-dependent calculation of TRM acquisition by the various layers if dy-
namo models with large fields near t = 0 are to be employed, but that such 
effects can be largely neglected if the source field peaks at times so late that the 
Curie isotherm is deeper than the zone of shock modification. 

REVERSING MODELS 

The character of the global remanent moment is quite different if the source field 
reverses periodically during the cooling history of the lithosphere. Figure 6 shows 
the results for a reversing source field of 10 m.y. period and a simple exponential 
decay envelope, time constant 283 m.y., and the usual c and x values. The final 
remanent moment is -1.66 x 10 17 G cm3, about 200 times smaller than the non-
reversing case with the same parameters (Fig. 4). Using the maximum values 
c = 5 x 10-3 and x = 7.8 x 10-2 increases the final value to -1 x 1019 G cm3, 

or to - 1. 1 x 1019 G cm3 for the T = 209 m.y. case. Even with T = 00 and a 1 Oe 
surface field of 10 m. y. reversal period, the final remanent moment is less than 
-2 x 1020 G cm3 • Clearly, the presence of field reversals would allow almost any 
model to be used for the ancient lunar dynamo if the only constraint is the current 
upper limit of ~10 19 G cm3 for the permanent lunar dipole moment. 

The smallest remanent moments are obtained using the PR/EX models, whose 
source fields peak at t = 700 m.y. Figure 7 shows a typical result. Note that the 
remanent moment changes sign as the source field and Curie isotherm depth 
evolve. The periodicities in the remanent moment are model dependent, and 
change with T, T and the specifics of the thermal model. There is much more 
structure in the time-dependent remanent moment than is indicated in the figure; 
for times later than 4.0 b.y. ago the data is displayed at 100 m.y. intervals for 
simplicity. Appropriate combinations of parameters (magnetic shell thickness, 
Curie depth/body radius, source field magnitude and sign, etc.) yield a zero net 
lithospheric remanent moment at various times. 
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Fig. 6. Evolution of the global lunar remanent moment with time, for a reversing source 
dipole field of 10 m.y. period and 283 m.y. simple exponential decay envelope. 

If the ancient lunar dynamo behaved in a manner similar to the geodynamo, 
reversal periods from say 104 yr to 108 could be expected. Whether these statistics 
from geomagnetism are appropriate for other planetary bodies is unknown, but 
in the absence of any guidance from the best dynamo theories this assumption 
is as good as any. It is also likely that no single frequency will have dominated 
the reversal statistics, so it is essential to determine the absolute magnitude of 
the ratio MR/P0 (where P0 is the peak value of the source dipole moment during 
the TRM acquisition, for example at 700 m.y. after lunar formation when the 
field peaks in the PR/EX models) as a function of the source field period T. This 
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I 
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Fig. 7. Change of lunar remanent moment with time for the power-rise/exponential 
decay reversing source field model. Note that the global remanent moment reverses 
sign as various layers acquire TRM. 
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calculation of fractional moment is shown in Fig. 8 for the EX and CEX models 
using two decay time constants T and the Fig. 7 c and x values. The results for 
T > 300 m.y. are virtually identical to those to the T = 209 m.y. curve. Note that 
for T T, the fine structure of the curve disappears, since in this case the dynamo 
model reduces to a non-oscillating source field. But when T > T the reversals in 
the source field strongly affect the final remanent moment value. The interpre-
tation of all of the fine structure in the IMR/P 0 I values is complex, although it is 
clear that much of the structure is a result of TRM acquisition in layers which 
cool in times comparable to the reversal period. Therefore each thermal model 
(and each TRM acquisition model) will produce a fractional moment curve with 
somewhat different fine structure. Altering the source field model also changes 
the final fractional moment values. For the same reversal period, the PR/EX 
fractional moment is about two orders of magnitude smaller than those obtained 
for the EX and CEX cases, and the fine structure maintains a higher frequency 
content to large values of T (Srnka and Mendenhall, 1979). These results verify 
the conclusion reached above that virtually any model for an ancient lunar dy-
namo which contains reversals of period 100 m.y. or shorter, and is consistent 
with the lunar paleointensity data, will give a present remanent dipole moment 
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Fig. 8. Calculated final fractional remanent dipole moment IMR/P 0 1 for the moon, using 
the EX and CEX models and various reversal periods T. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1979LPSC...10.2343S


1
9
7
9
L
P
S
C
.
.
.
1
0
.
2
3
4
3
S

Models of an early lunar dynamo 2353 

for the moon much less than the upper limit of 10 19 G cm3 set by Russell et al. 
(1976). 

The slope of a first order least squares fit to the IMR/P 0 1 function for the EX 
and CEX models with T > 5 x 105 yr is very weakly dependent on r, and has 
the value 0.76 (coefficient of determination r 2 = 0.89) for T = 209 m.y. on this 
log-log plot. This departs significantly from the T 112 dependence expected for a 
simple fluctuation process, and is a result of the nonlinear changes in lithosphere 
volume and field magnitude with time. 

DISCUSSION 

The calculations presented here indicate that if a core dynamo once existed in 
the moon, it is unlikely that it operated without reversals and decayed in a simple 
exponential manner from the formation time of the moon. If this had been the 
case, the moon should now possess a detectable global remanent magnetic dipole 
moment, unless the period of intense cratering has shock-demagnetized the whole 
lunar crust (or at least randomized the magnetizations) to a depth of tens of 
kilometers. It is more likely that a hypothetical lunar dynamo field would have 
risen from zero to a peak value at a time when all of the parameters influencing 
the dynamo were optimal, and then decayed away as its heat engine ran down. 
This is the situation modelled by the PR/EX calculations, which are seen to lead 
to final global TRM dipole moments for the moon of 1 x 1018 to 2 x 1020 G cm3 

if the field did not reverse. Although such a field history is suggested by the data 
(Russell et al., 1977; Lin et al., 1977), the calculated global moments are large 
enough for the non-reversing PR/EX (and CEX) cases to be within the limit of 
detectability in the lunar spacecraft data. The recent lunar paleomagnetic pole 
position study by Runcorn (1978a) shows that both field reversals and polar wan-
der must have occurred on the moon if the subsatellite magnetometer data is 
interpreted as supporting the hypothesis of an ancient lunar dipole field. This is 
certainly compatible with the present calculations, which show that all of the field 
envelopes (including the high-field EX cases) give negligible global remanent 
dipole moments if reversals are included in the calculations. As an example, a 
reversal frequency of 105 years in the PR/EX model and the minimum c and x 
values lead to a calculated present lunar moment of about 1 x 1013 G cm3• Thus, 
a spacecraft measurement giving an upper limit of say 2 x 1012 G cm3 (or an 
average surface field of less than 10-1 y) would be required to rule out the exis-
tence of such a lunar field. This is beyond present technological capabilities. As 
a consequence it is clear that a global, high resolution magnetic survey of the 
moon which would give the vector directions of large-scale magnetizations (Hood 
et al., 1978a,b), offers the best hope of determining the source of the ancient 
lunar magnetizing field. The growing evidence that impacts produce magnetiza-
tions (Srnka et al., 1979), the paleointensity value of 2500 y for the young (few 
m.y. old) glass sample 70019 from the Apollo 17 site (Sugiura et al., 1979), and 
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the need to invoke superheavy element radiogenic heating to power an ancient 
lunar dynamo (Runcorn, 1978b) all suggest that it may be unnecessary to invoke 
a lunar dynamo in order to solve the riddle of lunar magnetism. But unless the 
directions of magnetizations of various geologic units on the lunar surface are 
determined, it may be impossible to differentiate between an internal or external 
source field, and equally impossible to decide if early whole-moon melting and 
core formation has occurred. The implications of such an event for lunar science 
are profound, and every effort should be made to test that hypothesis. 
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