
T H E  R E S I D U A L  P E R M A N E N T  M A G N E T I C  

D I P O L E  M O M E N T  O F  T H E  M O O N  

A. S T E P H E N S O N  

Institute of  Lunar and Planetary Sciences, School o f  Physics, The University, 
Newcastle upon Tyne, England 

(Received 21 July, 1975) 

Abstract. The residual dipole moment of the outer spherical shell of the Moon, magnetized in the 
field of an internal dipole is calculated for the case when the permeability of the shell differs from 
unity. It is shown that, using an average value of surface magnetization from returned lunar crystalline 
rock samples and a global figure for the lunar permeability of 1.012, that a residual moment of the 
order of 1012 to 1016 Am 2 is expected. This value is some two or three orders of magnitude lower than 
the moment for a shell magnetized in an external uniform field and is of the same order as the upper 
limit of the residual moment detected by Russell et al. (1974). At present the magnetic data and the 
thermal state of the Moon are not known with sufficient accuracy to distinguish between a crust 
magnetized in an internal dipole field of constant polarity and a crust magnetized in the dipole field 
of a self-reversing core dynamo. Refined measurements of the relevant parameters together with the 
theory presented in this paper could enable these two possibilities to be distinguished. 

1. Introduction 

Studies of  the na tura l  remanence  of  re turned  lunar  samples have shown strong 

evidence for  an ancient  lunar  field which was present  when the rocks were fo rmed  some 

some 3.2 to 4.0 A E  ago. A l t h o u g h  such studies can indicate  the s t rength of  the field 

(from 5 to 130 #T, i.e. 0.05 to 1.3 G,  Stephenson et al., 1975), they cannot ,  in the ab-  

sence o f  or ien ta ted  samples  f rom different locat ions,  de termine  whether  the ancient  

field was of  in ternal  or  external  origin. I n fo rma t ion  abou t  the present  lunar  d ipole  

field has been ob ta ined  by Russell  et aI. (1974) f rom magnet ic  field observat ions  taken  

by the Apo l lo  15 subsatell i te,  and  their  analysis has shown tha t  the present  lunar  d ipole  

m o m e n t  is less than  1.3 × 10 is A m  2 (1.3 × 1018 G cruZ). They conclude that  since an 

ancient  lunar  d ipole  (whether  p roduced  by  an internal  core d y n a m o  or  by  a pr imeval  

pe rmanen t  magnet iza t ion)  would  have to have been s t ronger  than  1.5 × 1020 A m  2, 

the pe rmanen t ly  magnet ized  rocks  (which are responsible  for  the surface magnet ic  

fields) show no t race o f  any ancient  lunar  dipole  field. 

Runcorn  (1975), however,  has po in ted  out  that  if  the outer  shell of  the M o o n  became 

magnet ized  in the field of  an internal  dipole,  it would  not  give rise to an external  dipole  

field - p rov ided  tha t  the or iginal  d ipole  were removed  at a la ter  date. Moreover ,  in 

view of  the remanence  carr ied by lunar  rocks,  the negligible present  dipole  m o m e n t  is 

s t rong evidence for  an internal  origin o f  the ancient  field since, if  the outer  shell were 

magnet ized  in a un i fo rm external  field (e.g., paral le l  to  the ro ta t ion  axis), a present  

dipole  m o m e n t  greater  than  the upper  l imit  set by Russell  et al. (1974) would  be 
expected.  

The two majo r  theories for  an internal  origin of  the ancient  lunar  field are (a) lunar  
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dynamo, (b) primeval permanent magnetization. Primeval permanent magnetization 
has been suggested by Runcorn and Urey (1973), the Moon accreting 'cold' in the 
presence of an external field and, hence, acquiring a permanent magnetization which 
would persist after the external field had decayed. Surface rocks cooling in the dipole 
field produced by the uniformly magnetized interior would then acquire a thermore- 
manent magnetization, building up a magnetized crust which would remain after 
removal of the primeval magnetization of the interior by radioactive heating (see 
Figure 2). The magnetized shell now remaining would on this hypothesis be in- 
distinguishable from that which would result if the internal mechanism producing an 
axial dipole field were a nonreversing lunar dynamo which is now inactive. 

Palaeointensity measurements on returned lunar samples have, however, indicated 
equatorial surface lunar fields up to 130/~T (1.3 G) in strength (Stephenson et al., 1975) 
and to produce such a surface field, a uniformly permanently magnetized sphere 
would have to be magnetized to an intensity of 310 Am -1 (0.31 G). Lunar basalts 
which commonly contain about 0.1% free iron (Huffman et al., 1975) have a saturation 
magnetization of about 3 Am- a (3 x 10-3 G) (Pearce et al., 1973). If the iron carrying 
the primeval magnetization has similar characteristics to that found in lunar basalts 
then the iron content of the lunar interior (below the magnetized outer shell) would 
have to be about 10% by weight if saturated, and since fields of the order of hundreds 
of Gauss are required to produced saturation, either the initial field in which the Moon 
accreted must have been of this order or the iron concentration below the present 
day outer magnetized shell must exceed 10%. Both these possibilities seem unlikely 
so that permanent magnetization seems to be a less attractive alternative than the 
simpler idea of a lunar dynamo (Runcorn et al., 1970). 

It is the purpose of this paper to show that the measurement of the present residual 
dipole moment of the Moon provides the possibility of distinguishing between an 
outer shell magnetized in the field of an internal dipole of constant direction (non- 
reversing dynamo or primeval magnetization) and a reversing dipole field due to a 
self-reversing dynamo. The argument is based on the fact that Runcorn's result that 
the external field produced by a shell magnetized in an internal dipole field of con- 
stant polarity is zero, neglects permeability effects; this paper shows that if the per- 
meabilities between the inner and outer regions or the outer regions and free space 
are different, a residual external dipole moment should be observed. From values of 
the natural remanence of lunar samples and from the lunar global permeability deter- 
mined by Parkin et al. (1974) it is shown that this residual moment is, depending on 
the present thermal state of the Moon and the thickness of the magnetized shell, of the 
same order as the upper limit set by Russell et al. (1974). 

2. The Dipole Source and the Magnetization of the Shell 

The simplified model for representing a body which contains an internal dipole is 
shown in Figure 1. The body is of radius b and has an outer shell of permeability/~2° 
Inside the shell which has an inner radius as is a region of permeability #1, and a 
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Fig. 1. Initial model just before TRM is acqnired. Outer shell is of permeability ~t2, internal dipole 
is represented by a uniformly magnetized sphere of permeability ltl, radius aa and magnetization 

M*I per unit volume (M*I in absence of demagnetizing field). 

central sphere of radius aa within this region carries a permanent magnetization 
M * - H d [ ( l q / # o ) -  1] where M* is the magnetization per unit volume in the absence 
of the uniform internal demagnetizing field H a . 

The solution of the equations for determining the fields in the system may be 
evaluated from the theory for determining the externally observed moment of a 
magnet embedded in a sphere of permeable material. This solution was utilised in 
calculating the observed moment of a magnetized inclusion of high Curie point within 
a titanomagnetite particle of lower Curie point (Stephenson, 1975) and the same 
theory applies to the current problem, there being a factor ~ 103o in the volumes of 
the bodies concerned. 

The potentials within the four regions initially are: 

for O <<. r <<. aa: ~ = -  H a l r c o s O ,  (1) 
cos 0 3 t 

for a a < ~ r < ~ a s : c b = - - H l l r c o s O + a d H l ~  r2 , (2) 

cos 0 3 for as~<r~<b: ~ b = - H 2 ~ r c o s 0 + a s H z i  r2 , (3) 

cos 0 
for b ~< r: ~b = b3H'31 r2 (4) 

In these equations the terms proportional to r arise from uniform fields and those 
proportional to r -  2 come from dipole fields. By noting that ~b and B are continuous 
at the boundaries, the following six simultaneous equations are derived: 
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at r = aa: 

at r =  as: 

at r =  b: 

- = - -  + H ; , ,  

#oM~ + #I-Ia, = #1Hal + 2#xH;i ,  

- H ~ ,  + f~H;, = - H2, + H2i, 

glHI~ + 2lqf*H~, = #2H2i  + 2#2H~ i, 

- Hz ,  + crsn~, = H; , ,  

#2Hzi + 2o'sgzH~/= 2#3H~, , 

(5) 
(6) 

(7) 

(8) 
(9) 

(10) 

where as = 

where 

(as~b) 3 and f . =  (aa/as) 3. The solutions of these equations are 

Ha, = - #oM* {[#l(l  + 2f~) + 292(1 - f*)] (#2 + 2#3) 

+ 2a [#1(1 + 2L) - #2 (1 - f~)] (g2 - #3)}/3#~ D'i, (11) 

H,¢ = - 2#of*M* [(#~ - #2)(#2 + 2#3) + crs(2/~ + #2) 

(#2 - #3)]/3#1D',. (12) 

Hai #oM~'/3#1. (13) 

Hz, = - 2#of*~s M *  (#z - #a)/O',, (14) 

Hi ,  = # o f , M *  (#2 + 2#3)/D',, (15) 
t }g t 

H3i  = 3 # o f , O ' s ~ / 2 M  1 / D i ,  ( 1 6 )  

D' = (/q + 2#2) (#2 + 2#3) + 2°'s(gl - #2) (#2 - #3)" (17) 

Note that the ratio H 2 i / H ~ =  - -  2O ' s (#2  - -  # 3 ) / ( # 2  " [ -2#3)  and is independent of #~ and 
the radius aa of the central permanently magnetized region. 

The induced magnetization within the shell is z 2 H 2 .  where the susceptibility 
X2 = (#2 /#o) -  1 and the total field in the shell is 

0q~ 203 , 
H2t' = Or H2i COS 0 + ~ H21 COS0. (18) 

If this magnetization suddenly becomes frozen in, which would happen during the 
acquisition of thermo-remanent magnetization (TRM), then the resultant permanent 
TRM M* may be written as 

( M * = k  H2i+  rT Hi, cos0. (19) 

where k is a constant representing the efficiency of the TRM acquisition process. 
The surface magnetization M* at the magnetic pole (cos 0 = 1, r - b )  is thus from (14), 
(15), and (19), 

M *  = 6k#of,  ad~zM* /D' , . (20) 

4 3 * Putting m I = (xfizaaM 1 thus gives 

M *  = 9k#o#3ml/2~zbZD'~, (21) 
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M* is thus independent of the radius a n of  the internally permanently magnetized 

source region and is proportional  to the dipole moment  m s as defined above. 

3. The Residual Moment of the Shell 

I f  the original permanent magnetization of the source region is removed, leaving only 
the magnetized shell as in Figure 2, a similar approach may be used to calculate the 
residual moment  of  the system. The outer shell now carries permanent magnetization, 
is of permeability/~2 and surrounds an internal sphere of permeabi l i ty/~.  

/ 

/ 

Fig. 2. Magnetized shell of permeability/t2 surrounding an interior which is of permeability/tl and 
has lost its permanent dipole moment. 

The potentials within the system may thus be written, as before, 

For  O<.r<.a~:  4 ) = - H l r c o s O ,  

3 I For a, <. r <. b: d~ = - H2r cosO + a~H 2 -  

cos 0 
For b ~<r" q~ = b3H~3 r2 . 

(22) 

cos0 
,.2 , (23) 

(24) 

The four simultaneous equations derived by making B and q5 continuous at r = a and 

r = b then become 

//1 = ~q2 - / - / ; ,  (25) 

# ,HI  =/~eH2 + 2/z2H~ +/z0k(H2, + 2H;,),  (26) 

H2 - a,H~ = - H i ,  (27) 

/~ok(H2, + 2(rsH~i) + ~2H2 q- 2asl12H~ = 2/-t3H3, ~ (2 8) 
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The solutions of these equations in terms of the relative permeabilities #,,=/11//1o 
etc. are 

H1 = (_1 -- a,) M* {(/12, + 2#3,) z + 2a, (/12, -/13,)z}, (29) 
34s/13rDs 

H 2  = - -  {2/12r -- /13r (3/11r + 4,//2r "~ 41-/3r)} , (30)  
3/13rDs 

where 

Hi  _ M* {(/~2, + 2p3,) 2 + as (- /1~,  +/13, [3/11, - 4/12, + 2/13,3)}, 
3a~p 3,D , 

(31) 

, ( 1  - M *  
Ha - {/~1,P3, - p2},  (32) 

/13rDs 

D~ = (/11r + 2/12,) (/12, + 2/13r) "+" 2as (/11, --/12,) (/1Z, --/13,)" (33) 

The externally observed dipole moment m is related to the term H i by the equation 
m=4rcb3H~, since 

c3q~ 2b 3 2m cos 0 l 
H ( r ) =  Or r 3 H 3 c ° s 0 =  4rcr 3 , (34) 

and at cos0= 1, and r=b,  H=2H~,  i.e. the surface field at the magnetic pole is 2H~. 
Thus 

m = 4rcb3M* (1 - as) {~lr/13r - -  , / ' / 2 r }  • (35) 
/13rDs 

It can be seen from this equation that if/~2, = x/~-~3,  the residual moment is zero. 
It is interesting to note that this condition, with/z3, = 1, is precisely that required 

for the observed moment of a magnetized spherical inclusion of permeability /11, 
embedded in a sphere of permeability /12, to be a maximum (Stephenson, 1975). 

The condition/12, = ~/~,-~3, is also fulfilled if/11, =/12,---/13r = 1 and this corresponds to 
the result derived by Runcorn (1975). The implicit assumption of Runcorn that all 
relative permeabilities are unity can never be strictly correct however, because at the 
instant when TRM is acquired, the relative permeability of the shell must necessarily 
exceed unity. Even if the magnetization were then to become 'hard' when the shell 
cooled, i.e. relative permeability/12,= 1, it is easy to show from Equations (14), (15) 
and (25)-(28) that a small non-zero moment results. 

4. The Residual Lunar Moment 

The internal source producing the dipole moment in the above model is represented 
by a uniformly magnetized central sphere (Figure 1). The above model is thus a direct 
representation of the primeval magnetization origin of the ancient lunar field if 
aa = as. The model can also however be applied to the case of a lunar dynamo if it is 



THE RESIDUAL PERMANENT MAGNETIC DIPOLE MOMENT OF THE MOON "]3 

assumed that this produces a dipole moment m 1 which is related to the permanent 
4 3 * magnetization M* via the relation m 1 = (x)rcadM1, i.e. the dynamo or any other inter- 

nal source can be represented by a uniformly magnetized sphere of any radius a e 

provided of course that ad <~ a~ where a~ is the inner radius of the outer shell. 
To explain the magnetization process of the outer shell it is assumed that it consists 

of a matrix which is paramagnetic at all temperatures under consideration (e.g. 
olivine, pyroxene) but which contains a small quantity of iron particles which are 
uniformly distributed. This shell is originally above the iron Curie point (770°C) and 
is situated in the magnetic field produced by the internal central magnetic dipole. It 
then cools and acquires a TRM in the ambient field. 

It is further assumed that the iron particles within the outer shell are roughly 
equidimensional and are greater in size than a few hundred gmgstroms and are thus 
multidomain. This is a reasonable assumption since lunar basalts contain such grains 
and any smaller single domain particles would not be able to survive for long enough 
at the temperatures at which the basalts formed (Pearce et al., 1972). Since multidomain 
iron is of high intrinsic susceptibility Z, and since such particles have an apparent 
susceptibility per unit volume of Za=Zi/(1 +Nzi)  where N is the demagnetizing 
factor (~- for a sphere) then the apparent susceptibility is 1/N and is independent of 
any temperature variation of Z~ provided that the latter remains high. Since the sus- 
ceptibility of the paramagnetic constituents of lunar basalts below the iron Curie 
point (770 °C) is invariably smaller than the contribution from the iron particles of 
volume fraction F, then the permeability of the outer shell P2r = 1 + Z2 ------ 1 + FIN and 
can thus be regarded as being constant below 770 °C. 

The next simplifying assumption is that the blocking temperature T B for all iron 
particles is the same, so that when the shell cools through T B (where Tn<~ Tc) , the 
induced magnetization within the shell of permeability/~2 is frozen in; any further 
cooling below this temperature then causes a change in intensity of magnetization but 
not the direction. For a distribution of blocking temperatures, the direction of the 
local field at the lower temperatures would be modified by the macroscopic demag- 
netizing field produced by the permanent TRM acquired at the higher temperatures, 
but this effect in the case of the Moon is small enough to be neglected. 

After removal of the original central dipole by, for instance, radioactive heating in 
the case of primeval magnetization, or by cessation of dynamo activity due to the 
magnetic Reynolds number falling below its critical value, the only permanent mag- 
netization in the body would then be the TRM in the outer shell as in Figure 2. 
The boundary between the regions of permeability/~ and/~2 in Figure 2 is therefore 
taken to be the Curie point isotherm (770 °C), so that #2 refers to the permeability 
(i.e., dB/dH at H =  0) of the weakly ferromagnetic outer shell which carries the TRM, 
while/q is the permeability of the paramagnetic interior. Because of these permeability 
differences the residual moment (Equation (35)) will not be zero. It is also possible 
that the Curie point isotherm may lie at a radius a~, below the lower boundary of the 
outer magnetized shell (at as), and this refined model is illustrated in Figure 3. (This 
situation would apply for instance if the blocking temperature T B were below the 
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t 
Fig. 3. Refined model where base of magnetized outer crust (dashed line) and Curie point isotherm 
(solid line) do not necessarily coincide. Curie point isotherm is the boundary between regions of 

permeability fla and p2. 

Curie point or if the Curie point isotherm had retreated from the surface after the 
outer shell had become magnetized). Solution of the six simultaneous equations 
(similar to Equations (25)-(28)) which can be constructed for this situation leads to the 
following equation for the residual moment due to the outer shell: 

4nb3M*(1-a*) {( ~*.,t os m = ~, , ,3~-  __ ( / 2 1 r -  fl2r) (/22r -[- 21"/3r) 

- -  (/21r "~ 2/22r) (/22, -- / ta r )} ,  (36)  
where J 

Ot = (/21r q- 2/22r) (/22r + 2/23r) + 20",(/21r --/22r) (ff2r --/23,) (37) 
and 

Note that when a t=  as, this equation becomes identical to Equation (35). 

5. The Residual Moment and Lunar Permeability 

The intrinsic global lunar permeability fir has been obtained by Parkin et al. (1974) 
from a whole-Moon hysteresis curve constructed from Apollo 12 surface magneto- 
meter and Explorer 35 magnetometer data. The observed whole Moon susceptibility 
Z0 is given by the equation 

(#lr + 2#2r) (/2at - 1) + at (/21r -/2zr) (2#2, + 1) 
Zo = 3 (38) 

(P,r + 2Pzr) (Per + 2) + 2at(/21r- #=,) (#2r - 1) 
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in the present notation (see Stephenson, 1975; Equation (10)), and the average whole 
Moon permeability p, is obtained by set t ing/#= pl, =/~2~ to give 

]~r - -  1 
Zo = 3 - -  . 

/ * ,+2  

Parkin et  al. (1974) have determined /~r to be 1.012_+0.006 (95% confidence limits) 
and with the error expressed as the standard deviation, /~r= 1.012_+0.003. These 
results have recently been revised by Dyal et al. (1975) using data from Apollo 12, 
15, 16 and Explorer 35 magnetometers. They obtain a solid Moon permeability of 
1.012 after taking in to account the effect of a lunar ionosphere. Since Pr, Plr 
and ~f2r are close to unity it is possible to simplify Equations (36) and (38) which 
then become, with kta~= 1, 

M s  ( 1  - - - -  - -  1 )  ( 4 O )  

and 

Z0 ~ / #  - 1 ~ O't~ 1 -~- (1 - at )  Z2, (41) 

where ;(1 = / q r -  1 etc. 
Putting the ratio X:Z1/• 2 w e  get for m the expression 

where 

m ~-  - ~ b 3 M * Z o  K ,  (42) 

a~ 1 - x 

K = ( 1 ~ ) ~  as (43) 
/ l - x \ /  

lying between 0 and 1. The residual moment thus depends on the thickness of the 
magnetized region and on the depth of the Curie point isotherm. It is also seen from 
Equation (42) that the direction is negative, i.e. the sense of the residual moment is 
opposed to that of the original moment which was responsible for magnetizing the 
outer shell. It can also be shown that a lunar ionosphere 100 km thick, of permeability 
0.8 (Dyal et  al., 1975) does not significantly affect the expected residual moment. 

6. E v a l u a t i o n  o f  M *  

M* is the polar surface magnetization of the rock in the absence of macroscopic 
demagnetizing effects and since the iron particles carrying the remanence form a 
dilute assembly within the rock (~  0.1%), the overall susceptibility of the rock is low 
so that the demagnetizing field of a returned sample H a = N M  (where N is the de- 
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magnetizing factor) produces an induced moment NMz2 in opposition to M* which 
is small and can be neglected. Thus M*- ' -Ms,  where M~ is the magnetization of a 
polar rock sample. The magnitude of M~ may be estimated from two different sources. 
The first is from the natural remanence of the returned lunar samples, and the second 
is from an estimate of the strengths of lunar surface fields. 

To obtain the best estimate of the average crustal magnetization, an estimate has 
been made of the natural remanence of lunar basalts from the results of several in- 
vestigators. Results from breccias and other metamorphic rocks have been rejected 
as being unrepresentative of the outer shell material. To estimate the N RM is not 
straightforward because the samples are sometimes unstable and pick up secondary 
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Fig. 4. Histogram of NRM of basalts (see text). (1 Am 2 kg - l= 1 G cm 3 g-l). 

components in the Earth's field. From AF demagnetization data, the N RM is taken 
to be the initial measured value if the direction of magnetization remains constant up 
to peak fields of a few hundredths of a Tesla (few 100 G). In cases where directional 
data is not given, provided that the demagnetization curve is reasonably smooth, the 
N R M is taken to be the value of magnetization for a peak demagnetizing field of 
3-5 pT (30-50 G) which is typically the field at which secondary magnetizations are 
removed (Stephenson et al., 1975). Samples which are magnetically unstable or de- 
magnetize in a non-uniform manner have been rejected. Using this analysis, 22 
samples have been taken from the literature and a histogram of the estimated natural 
remanences is shown in Figure 4. The intensities appear to be roughly distributed 
log-normally and the arithmetic mean of the distribution gives the best estimate of the 
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average surface crustal magnetization. This is 8.3 x 10 . 6  Am z kg -1 (where 1 Am z 
k g - l = l  G cm 3 g-~) with a standard error of _ 2 . 4 x  10 .6 Am 2 kg -1. Taking an 
average density of 3.3 gm cm -3, the magnetization/unit volume is thus (27+8)x 
x 10 .3 Am -~ (27x 10 .6 G). Since, however, all the Apollo samples come from 
equatorial regions, the surface polar magnetization will be about twice this value 
(assuming that the magnetic and geographic poles coincide). This is calculated more 
exactly by multiplying each natural remanence value by the factor 2/(1 + 3 sin 2 0) 1/2 
where 0 is the latitude of the collection point and then averaging. This factor varies 
from 2.00 for Apollo 11 samples to 1.61 for Apollo 15 samples. The arithmetic mean 
of these corrected polar values is then the best estimate of the parameter M s and is 
(51_14)x 10 .3 Am -1 (51x 10 .6 G). 

The other way of estimating the intensity of magnetization is from the strengths of 
lunar surface fields. The field produced at the surface of a magnetized body of mag- 
netization M per unit volume may lie anywhere in the region 0 to M depending on the 
shape of the body. Surface field measurements from the Apollo 12, 14, 15, and 16 
sites have average values of 38, 70, 3, and 200 nT (lnT = 17) respectively (Dyal et al., 
1973) and thus giving each site equal weight gives a mean surface anomaly of 78 +43 
nT. Thus the minimum possible value of M is (62_+34)x 10 .3 Am -1 (62 x 10 . 6  G) 
which is of the same order as the average value for the natural remanence of 
(27+8) x 10 .3 Am -1 (27 x 10 .6 G) determined from the igneous rocks. A higher 
value from the anomalies might be expected because of the presence of breccias which, 
in general, are more strongly magnetized than the crystalline rocks used to estimate 
the surface magnetization of the outer shell. 

7. Evaluation of  the Parameter x 

The evaluation of the parameter x in Equation (43) requires a knowledge of the para- 
magnetic susceptibility of the region below the Curie point isotherm. This may be 
evaluated from the paramagnetic susceptibility of lunar basalts which from measure- 
ments of Pearce et al. (1973) give a mean value for 8 samples of (4.3 +0.4)x  l 0  - 7  m 3 

kg -1 (34+ 3 x 10 - 6  G c m  3 g - 1 0 e - 1 )  measured at room temperature. Since the above 
value is equivalent to a volume susceptibility of 1.41 x 10 .3 (1.12x 10-*G Oe -1) 
then the ratio x=)fi/)~o is 0.118 at room temperature. Above the Curie point, i.e. at 
temperatures >770°C the paramagnetic susceptibility will be a factor of more than 
3.5 smaller than 1.41 x 10 -3, i.e. <0 .4x  10 -3. It would therefore seem reasonable 
to take x as 1/30. The presence of a few percent of paramagnetic free iron would, 
however, change this value since 1% by volume of free iron, 100 ° above its Curie point 
has a susceptibility of about 0.2 x 10 -3. Thus a value of x between about ~o and ~0 
would be expected. Since the higher the x value, the lower is the function K, a 
minimum moment may be obtained by using the value x =  0.1. The function Kusing 
x=0.1 is plotted in Figure 5 as a function of the Curie point isotherm position 
specified by at/b for various values of the magnetized shell thickness specified by the 
parameter as/b. 
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Fig. 5. Plot of function K in Equation (4.3) as a function of normalised Curie point isotherm radius 
(adb) for various values of norrnalised magnetized shell radius (as~b) (lower boundary). 

See Figure 3. 

8. Evaluation of Residual Moment 

Taking M~=(51 + 14) × 10 - 3  A m  -1 and Zo =0.012___0.003 gives a residual moment  m 

f rom Equat ion (42) of  magnitude 

m = (9.0 + 3.3) K x 1015 A m  2 . (44) 

For  K =  1, the value is almost  an order of  magnitude higher than the upper  limit set 
by Russell et al. (1974) (1.3 × 1015 Am2). A lower limit to this calculated moment ,  

however, may  be obtained f rom the expression (m - 1.64a) K where cr is the standard 
deviation (3.3 × 1015) as above. This lower limit represents the level below which the 

moment  has a probabili ty of  0.05 of  lying. Representing rn~ as the lower limit of  the 
calculated moment  

m I = 3.6 K x 1015 Am 2. (45) 
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Figure 6 shows a plot of  Equations (44) and (45) as a function of the thermal state of  
the Moon on which the parameter Kdepends. The present upper limit of 1.3 x 101 s Am z 
is also indicated. (1 A m 2 =  103 G era3). 

8. Discussion 

From Figure 6 it can be seen that if the outer shell is magnetized in the field of an 
internal dipole of  constant direction, those thermal models which give a lower limit 
to the dipole moment  which exceeds the upper limit of  Russell et al. are ruled out. 
Thus, for example, if the thickness of  the magnetized shell is of  the order of 100 kin, 
the Curie point isotherm can not be located at the base of  the magnetized crust but 
must lie at least 150 km below this depth. Unfortunately, the data is not at present 
good enough to enable more far-reaching conclusions to be made at this stage. This 
analysis does, however, provide a constraint which has to be met between the present 
thermal state of  the Moon, the thickness of the magnetized shell, and the residual lunar 
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dipole moment, and improved data would make this constraint an important one. 
A lunar dipole moment less than 1014 Am 2 (10 iv G cm 3) for instance, would mean 
that the magnetized crust, if it were thicker than 35 km, could not have been mag- 
netized in the field of an internal dipole of constant direction since in this case the 
observed moment and the calculated moment would not be compatible no matter 
what the present thermal state of the Moon. In such a case the permanent magneti- 
zation hypothesis as suggested by Runcorn and Urey (1973) would find itself in severe 
difficulties, and a lunar self-reversing dynamo where different parts of the shell would 
be reversely magnetized and tend to cancel out would then be more likely. 

The model used for the preceding calculations is of necessity a simplified one. There 
are two major assumptions which are not likely to be fulfilled in practice: (a) the 
ancient field intensity may not have been constant (Stephenson et al., 1975), (b) the 
surface rocks would not be magnetized simultaneously. 

It is not easy to evaluate the perturbing effects of these two factors on the idealized 
model. The rock samples used to estimate M~ are of varying ages and therefore should 
give a reasonable estimate of the average magnetization for the lunar rocks even if the 
ancient field did vary with time. Provided that during each period when the field was 
of a given strength, magnetization of the crust was built up on a global rather than a 
local scale, the above idealized model is unlikely to be seriously in error since the 
rocks of different ages, which will have different average magnetizations (due to a 
changing internal dipole moment), can be regarded as forming interpenetrating shells 
whose average value of magnetization is given by the value calculated previously. 

If the ancient lunar field were produced by a self-reversing dynamo, the degree to 
which cancellation of the magnetization of the normal and reversed regions of the 
shell occurs, would be a crucial factor in determining the present lunar dipole moment. 
If, for example, the periods of normal and reversed polarity were unequal, or if the 
magnetization Of the shell was mainly acquired during periods of a particular polarity, 
then the residual moment would be less than that value given by Equation (44) but 
might still be appreciable. In such a case, the global moment might not be very much 
smaller than expected from Figure 6. Nevertheless the constraints imposed by this 
analysis might enable a self-reversing dynamo origin of the ancient lunar field to be 
distinguished from an internal source of constant polarity, such as a non-reversing 
dynamo or primeval permanent magnetization if improved knowledge of the various 
f~ctors involved is obtained. Alternatively if the source of the field were to be identified 

~5 
by other means, the above constraints could help to define the present thermal state 
o~f the Moon. 
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