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On the global TRM of the lunar lithosphere 
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The Lunar Science Institute, 3303 NASA Road 1, Houston, Texas 77058 

Abstract-Acquisition of thermoremanent magnetization (TRM) in a lunar lithosphere which cooled in 
the presence of a hypothetical ancient lunar dipole field is studied using Runcorn's theorem and a range 
of lunar evolution models. Provided the low-field magnetic permeability of the lithosphere is roughly 
constant for temperatures below the Curie point, an exact analytical expression for the global 
permanent dipole moment MP can be derived. Generally MP c;r- 0 except in fortuitous cases, unlike the 
artificial situation of Runcorn's theorem where Mp = 0. Evaluation of Mp rests critically on the history 
of the magnetizing field, and is sensitive to the distribution of magnetic susceptibility and the efficiency 
of TRM acquisition in the moon. For a present Curie isotherm depth of less than 350 km, MP is nearly 
independent of the global cooling rate of the lithosphere. Using estimates for the magnetic properties 
of the moon and the ancient magnetizing field from lunar sample analyses and Apollo magnetometer 
data, this theory predicts 3 x 1015 ,;; Mp ,;; 3 x 1021 G-cm' if the ancient field was a non-oscillating lunar 
dipole, with a "best guess" of -1 x 1019 G-cm'. Although the range in MP values is compatible with the 
upper limit of -1019 G-cm' from the Apollo 15 and 16 subsatellite results, the uncertainties in the 
parameter ranges are presently so great that current estimates of the magnitude of MP do not tightly 
constrain models of lunar evolution. 

INTRODUCTION 

MAJOR ADVANCES HA VE recently been made in the theory of the global thermo-
remanent magnetization (TRM) of planetary bodies. Runcorn (1975a,b) has de-
veloped a theorem which shows that spherical bodies magnetized by fields of 
internal origin (in the strictest sense) have zero external remanent magnetic 
moments MP when the magnetizing fields are removed. That is, if the TRM 
everywhere in the body is given by m = c H where m is the magnetization, c is the 
coefficient of TRM, and H = - VU is the total magnetizing field, then for the 
volume V of the spherical magnetized region 

MP= fv mdv =0 

provided the potential U is composed only of functions of negative powers of the 
radius. But Srnka (1976) has shown that the consideration of finite cooling rates 
for such bodies results in external fields due to overlying magnetized layers, which 
produce a non-zero second-order moment, proportional to c 2 and aligned with the 
moment of the original magnetizing field source. In addition, Stephenson (1975, 
1976b) and Goldstein (1975) have pointed out that since the cooling material must 
have a relative magnetic permeability µ, > 1 at the instant of magnetization in 
order to acquire a TRM, another mathematically external source is present (the 
surface magnetic pole distribution). This "internal" demagnetizing field due to 
finite permeability effects produces an MP proportional to the product(µ, - 1) · c, 
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and oppositely directed (antiparallel) to the moment of the magnetizing source 
field. Therefore the finite cooling rate term and the finite µ, term compete in 
determining the strength and direction of MP, at this second-order level. In order 
to examine these important points in detail, a global TRM theory is developed 
below which is more general than the earlier models, in that it includes the 
direction and magnitude of a hypothetical source dipole field, the distribution of µ, 
and c and the cooling rate in the lithosphere, and models the low-field TRM 
characteristics of the material. The theory is then applied to the lunar case, and 
conclusions are drawn as to the implications of present and proposed measure-
ments of Mp for models of lunar evolution. Unlike the Stephenson (1976b) paper, 
the emphasis here is placed on the total range in the value of MP which is allowed 
by theory. 

THEORY OF TRM ACQUISITION IN A SPHERICAL SHELL IN THE 
FIELD OF AN INTERNAL DIPOLE 

Consider a spherical body situated in vacuum and divided into an outer region 
of thickness b - a and relative permeability µ,2, and a central region of radius a 
and permeability µ,1, as shown in Fig. 1. If there is no magnetization (m1 = m2 = 0 
throughout), and if µ, 1 and µ,2 are sufficiently small that (µ,1 + 2µ,2) · (µ,2 + 2) 

" z 

Jl1 

" X ---+----+-------,• 

Fig. 1. Source magnetic dipole centered in a layered permeable sphere, surrounded by 
vacuum. 
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On the global TRM of the lunar lithosphere 3359 

2(a/b )3 • (µ,1 - µ,2) · (µ,2 -1), then the magnetic potential U in region 1 due to a 
dipole source potential Uo = Po cos 0 /r2 centered at r = 0 is: 

U = Uo [l + 2(µ,1 - µ,2) (.!_) 3 + 2(2µ,1 + µ,2)(µ,2 - 1) (.!_) 3 ] (la) 1 µ,1 (µ,1 + 2µ,2) a (µ,1 + 2µ,2)(µ,2 + 2) b 

and in region 2: 
U2 = 3 Uo [l + 2(µ,2 - 1) (.!_) 3

] 

µ,1 + 2µ,2 µ,2 + 2 b (lb) 

whereas outside the body (region 3) the source field is simply altered by the factor 

(le) 

(Stephenson, 1976b, Eqs. (1)-(20)). When magnetization is added to the body, 
these potentials are considerably altered. In order to examine this effect, it is 
necessary to model the low-field magnetic properties of the material. 

Magnetic properties 
Stephenson (1976b) has argued that the global magnetic properties of a 

planetary lithosphere can be modeled by assuming that the lithosphere is a 
paramagnetic mineral matrix containing dispersed ferromagnetic inclusions, such 
as iron particles. That view is adopted here. Pearce et al. (1972) have shown that 
single domain iron particles in synthetic Apollo 11 lunar samples do not survive 
more than a few hours at temperatures above 700°C, and so it is assumed that the 
iron in the model lithosphere would be present as roughly equidimensional, 
multidomain grains. Such grains have an intrinsic permeability µ,g 1 so that the 
bulk relative µ, of the lithosphere is roughly µ, = 1 + / / K below the iron Curie 
temperature, where K is the demagnetizing factor for the iron particles and / is 
their volume fraction (Stephenson, 1976b). That is, provided the paramagnetic 
contribution µ,v of the matrix is negligible compared to µ,g, µ, is constant below 
770°C. At higher temperatures, µ, = µ,p and again is roughly constant up to the 
solidus for typical paramagnetic minerals (e.g., olivine, pyroxenes). This model 
behavior is shown in Fig. 2. Similar curves for actual terrestrial materials are given 
by Nagata (1961), in terms of the bulk relative magnetic susceptibility x = µ, - 1, 
although some structure is present below the Curie point. 

A corollary to this model for µ, changes is the temperature dependence of 
TRM acquisition by the material. It is assumed that all of the magnetization is 
acquired over a narrow temperature range aTc near the iron Curie temperature Tc, 
say 0.05 ~Cl~ 0.2. That is, all the blocking temperatures TB for the particles which 
acquire TRM are assumed to be nearly the same, falling in the range (1- a )Tc 
TB Tc, This behavior is depicted as a theoretical TRM demagnetization curve in 
Fig. 3. Although such a model is used here primarily for mathematical conveni-
ence, it does mimic the magnetic behavior of some lunar materials (Nagata et al., 
1974, 1975; Pearce et al., 1974; Collinson et al., 1973; Fuller, 1974). Such curves 
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Fig. 2. Model permeability change with temperature in the spherical lithosphere. The 
stepwise behavior is entirely due to permeability changes in multidomain, equidimen-

sional iron grains across the Curie temperature (Tc). 

z 
0 

N 
1-
IJ.J z 
c., 
<( 

200 400 600 800 
TEMPERATURE (°C) 

1000 

Fig. 3. Hypothetical thermoremanent magnetization (TRM) acquisition in the cooling 
lithosphere. The parameter a models the range in blocking temperatures TB in the 
material, and may change with depth. All of the remanence is assumed to be acquired in 

the temperature range (1 - a) Tc =s:; TB =s:; Tc. 
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On the global TRM of the lunar lithosphere 3361 

are highly sensitive to the grain size of any iron particles present, their nickel 
content, the chemistry and concentration of other magnetic phases present, the 
shock history of the material, and other effects all of which are important but 
unfortunately outside the scope of this study. 

If the lithosphere is initially at an elevated temperature T > Tc and then cools 
progressively inward in some total field H, regions where T :,,s (1- a )Tc will 
acquire an intensity mR of TRM proportional to and aligned with H, so that 
mR = cH. Evidence from terrestrial samples (Dunlop and Waddington, 1975) and 
lunar samples (Nagata et al., 1975) suggest that c = constant for IHI ::sS 10 Oe, and 
similarlyµ., is expected to be constant at low fields. Thus the cooling lithosphere is 
modeled as a sequence of n magnetized "layers," each of thickness dn given by 

(2) 

where (aT/ar)c is the thermal gradient at Tc in the layer (Smka, 1976). For the 
moon, dn increases from 1 km to 20 km as the lithosphere cools (Srnka, 1976). 
Thus the layers are much thinner than the lunar lithosphere, say dn /(b - a)= 1/20. 
Together with the assumptions on µ., and c, and Runcorn's magnetostatics 
theorem, this concept allows the progressive TRM of a whole spherical litho-
sphere to be studied in detail for the first time. 

Magnetizing potentials and TRM 
Figure 4 shows the model spherical lithosphere, divided into a total of N 

layers. At the beginning of the problem, the Curie isotherm is at the surface 
(r = ro = b) and the source dipole field has its initial strength. Assume that the 
region below the Curie isotherm is paramagnetic at all times, with a permeability 
/J,in• The lithosphere then cools at some arbitrary rate, and the Curie isotherm lies 
at r = rN = a at the time when the source field disappears. Cooling of the 
lithosphere may continue, but any TRM later acquired in the interior takes place 
only in the remanent fields of the overlying layers. 

From Eq. (lb), the magnetizing potential in layer 1 (r1 r ro) due to the 
centered source dipole potential Uo = Po cos 0 /r 2 (i.e., Ho= -V Uo) is: 

U _ 3 U o [ l 2 X 1 ( r ) 3
] 1- /J,in+2µ.,1 +µ,1+2 Ii (3) 

which is the sum of the source potential and the demagnetizing potential in the 
layer, where X1 = µ.,1 -1. As layer 1 cools below the temperature T1 = ((1-a)Tc)1, 
it acquires a TRM of 

where 
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----------- \ ,,.,. \ 

[ =b=r +d 0 I I 

r: = a N 

Fig. 4. Gradual magnetization of the cooling lithosphere. When the source dipole field 
disappears, the Curie isotherm (T = Tc) has rN = a. Each of the N "layers" has 
permeability 1,1,n, TRM coefficient Cn, and thickness dn. In all cases 1,1,n ll> 1,1,in of the 

paramagnetic interior (T >Tc). 

is the "effective magnetization." That is, the term in Ho gives no external 
remanent field (Runcorn, 1975a,b), but (mR)t produces a net field external to the 
body since the potential which produced it has an effectively external source 
(Stephenson, 1975, 1976a,b). 

In the second layer, the magnetizing potential is 

U2 ~ 3 Uo _ [s2 (1 + X2 (.!_)3
)- (c1S1 + x1S2). V1 3 • (.!_)3

] (4) 
P.,in + 2µ.,2 µ.,2 + 2 b 27r (r1 + d1) r1 

where v 1 is the volume of the first layer, S2 is the strength of the source dipole 
relative to Po at the time layer 2 acquires its TRM (S1 = 1 by definition), and ii,2 is 
the average permeability (µ.,1 + µ.,2)/2. This complicated expression is the sum of 
four potentials. 

(a) The dipole source potential, reduced in magnitude by the permeability 
structure. 

(b) The demagnetizing potential inside layer 2, proportional to x2lb 3, due to 
the source dipole. Note that this term does not depend on the volume of 
layer 2, but only on the outside radius b of the permeable region. 

(c) The spatially uniform potential proportional to c1v1S1, produced by the 
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On the global TRM of the lunar lithosphere 3363 

remanent magnetization (mR)1 of the layer above acquired when the source 
dipole had strength S 1 (Srnka, 1976). 

(d) The spatially uniform potential proportional to x1v1S2, induced by the 
action of the dipole source at strength S2 on the permeability of layer 1. 

Equation (4) is correct only to order x or c, whichever is larger. The 
demagnetizing field in layer 2 due to the applied uniform fields (c) and (d) above, 
which would produce' potentials proportional to C1X2 and X1X2, has been ignored 
since c <{ 1 and x <{ 1. 

·As layer 2 cools through T2 = ((1- a)Tc)2, it acquires a TRM given by 

where the effective magnetization in layer 2 is 

(mRH = 3c; _ [~1~1 + xd~;)v31 _ ( 2x2S)b 3] V(73Uo) 
µ,in+ µ,2 7T 71 + 1 71 µ,2 + 2 

Generalizing to the nth layer, Eqs. (4) and (5) become 

and 

where 

Un :::: 3 Uo _ [sn (1 + Xn (.!...)3
)- _1 (f (cksk + xkS:+~Vk)] 

µ,in+ 2µ,n µ,n + 2 b 27T k=O (7k + dk) 7k 

n 

µ,k 
- k=l µ,n =--

ll 

The total vector remanent moment MR for the lithosphere is then simply 

n=l 

(5) 

(6) 

(7) 

Now if the layers are thin as in the lunar case (Srnka, 1976), so that dn <{ 7n, 
then Vn = 41r7/dn and MR becomes 

MR = 127T - [i ((cd72)n . f (cdSh + <fd)kSk+l - 2(cxd72S)3n)] V(73Uo) (8) 
/J,in + 2µ,N n=l k=O 7k (~ + 2)b 

This expression is quite general, and in principle can be used to determine the 
global remanent dipole moment of any spherical lithosphere. However, note that 
while self-reversals of the source dipole can be accommodated by using negative 
Sn, polar wandering is not included in Eq. (8). This would require that the Sn be 
replaced by vectors like Sn = Sn'Yn where 'Yn is the unit vector associated with the 
direction of the source dipole when its strength was Sn. Vector calculus and vector 
sums would then replace the simple algebra of this analysis, beginning with Eq. 
(4). A calculation of this kind is in progress. 
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REMANENT DIPOLE MOMENT FOR A UNIFORM LITHOSPHERE 

Exact evaluation of Eq. (8) requires that all the en, dn, and Xn be known, as well 
as the history of the magnetizing field (the Sn) and the state of the interior (µ,m)- It 
is more realistic to make reasonable assumptions and approximations in order to 
at least set limits on MR, since all of the required data may never be available. 
Assume then that the source field was a non-oscillating dipole of constant strength 
Po, that the interior is paramagnetic with /Lin-::::. 1, and that c, µ, (and x) are 
constant. Then the magnitude of MR is 

I I - M _ 121rcxPo [( C) 2d dk 2 ( (a) 3
)] 

MR = R - 3 + 2x 1 + X f-::1 rn n . &o r/ - 3(3 + X) 1 - b (9) 

The double sum is a finite series of increasing terms, which must lie between the 
bounds 

a 2(b -a)(b-a -d)< 2 d . ~ 1 dk b 2(b -a)(b -a -d) 
2b 4 L.J rn n LJ 4 < 2 4 

n=l k=O rk ll 
(10) 

to first order in d /(b - a), where d is the average layer thickness, 
N 

N·d=Ldn=b-a (11) 
n=I 

Note that for instantaneous cooling, d = b - a and the thermal contribution of 
Eq. (10) is zero, as predicted by Runcorn (1975a,b) which is most easily estimated 
from thermal evolution models for the body (Srnka, 1976). However, assuming 
d b - a, the limits on MR can be computed in terms of the Curie isotherm depth 
De = b - a at the time the source dipole disappeared. This is shown in Figs. 5a 
(x = 10-3) and 5b (x = 10-2) for various values of c. Two important properties of 
MR are apparent. First, provided the lithosphere is characterized by c x, MR is 
negative as first discussed by Goldstein (1975) and Stephenson (1975), (i.e., 
antiparallel to the source dipole moment), and virtually independent of the finite 
cooling rate effect if De~ 0.15b (i.e., "thin" lithospheres). Secondly, for all 
"thick" magnetized lithospheres, say De 0.3b, the history of the TRM acquisi-
tion in the body is very important, and the cooling rate effect could give MR < 0, 
MR> 0, or in fortuitous cases, MR= 0 depending upon the details of the thermal 
history of the lithosphere. 

Remanent dipole moment of the interior 

An added complexity enters the problem if a large fraction of the body's 
interior cools after the source dipole disappears, so that De and the present Curie 
isotherm radius R are widely displaced. This situation has also been discussed by 
Stephenson (1976b) (but only considering instantaneous cooling). This would be 
the case if a primordial planetary dynamo magnetized an early di:ff erentiated 
crust, and the remainder of the magnetized interior gained a TRM in the remanent 
field of the overlying magnetized material. Neglecting the very small demagnetiz-
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ing field in this interior region a> r Re, the magnetizing potential from Eq. (6) is 
roughly 

(12) 

and for c, µ,, d, S constant, and /J,in = 1 for r < Re, then the remanent moment Min 

of this interior region from Eqs. (7)-(12) is 

!Mini== Min~ 41rcxPo. (De)(_!!:__) (l + _£) (l - (Re) 3
) 

3+2x a din X a (13) 

where din is the average layer thickness in the region a > r Re. Thus for a 
non-oscillating source dipole, the remanent dipole moment of the deep region is 
aligned with the ancient active dipole moment and antiparallel to the MR of the 
crust. The total remanent dipole moment of the body MP = MR + Min would then 
gradually decrease with time in these circumstances as the interior cooled and 
became magnetized by the global remanent field of the crust, after the source 
dipole had vanished. 

THE LUNAR REMANENT DIPOLE MOMENT 

Russell et al. (1974a,b, 1975a) have used magnetometer data from the Apollo 
15 and 16 lunar orbiting subsatellites to estimate the permanent dipole moment MP 
of the moon. Their results suggest that the permanent moment cannot exceed 
1019 G-cm3 (1016 A-m2), and may in fact be zero. Since the possible existence of an 
intrinsic lunar dipole magnetic field early in the moon's history gives important 
information on the origin of the moon (Runcorn et al., 1970; Runcorn and Urey, 
1973) it is crucial to determine whether the subsatellite limit on MP is consistent 
with the global TRM theory presented here in Eqs. (9), (10), and (13). This 
comparison requires estimates of the parameters. 

Parameter values 
Measurements of the bulk µ, and iron content of the moon are possible by 

observing the response of the moon to the magnetic field change in the lunar orbit 
across the neutral sheet in the earth's magnetic tail (Behannon, 1968). The present 
best estimate by Dyal et al. (1975), using the Apollo 15 and 16 surface magnetome-
ters and subsatellites, gives a whole-moon magnetic permeability µ,M of 1.012~:~, 
orabulkmagneticsusceptibility XM of 4 x 10-3 XM 2.3 x 10-2 where XM = µ,M -1. 
Combined with electromagnetic sounding results and estimates of the lunar 
electrical conductivity profile (Sonett and Duba, 1975), Dyal et al. (1975) set the 
present Curie isotherm depth b -Re at less than 200 km. However, revised lunar 
heat flow estimates (Langseth et al., 1976) and uncertainties in the chemical and 
mineralogical state of the interior could push the Curie depth to 350 km (Toksoz et 
al., 1973; Hubbard and Minear, 1975). Thus the Curie isotherm depth seems 
uncertain by say a factor of two, or 175 :,,s b - Re :,,s 350 km. The susceptibility of 

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

http://adsabs.harvard.edu/abs/1976LPSC....7.3357S


1
9
7
6
L
P
S
C
.
.
.
.
7
.
3
3
5
7
S

3366 

LLJ 
.J 
0 a.. -0 

t-z _...... 
LLJ a_O z, 
<t: a: 

LLJ .._, 
a:: g 
C t-
1.J.1 z 
N IJ.I -~ 
.J 0 

a:: 
0 z 
_...... 
(!) 
0 
_J .._,, 

L. J. SRNKA 

-4--------,--,----,---,---r---r---ir---, 

-5 

-6 

-7 

0 

-10 

-9 

-e 

-7 
.... 

-6 

-5 

I 
I 

I 

0.1 

............. ~-----

/ 

I 
I 
I 
I 

/ 
/ 

0.3 0.4 

------~ 

0.5 

0.1 0.2 0.3 0.4 0.5 

NORMALIZED CURIE DEPTH Dc/b 
Fig. 5. Remanent dipole moments MR = IMR I for a spherical lithosphere of average 
susceptibility x and TRM coefficient c as a function of Curie isotherm depth De = b - a, 
where b is the radius of the planet. Po is the moment of the centered, non-oscillating 
source magnetic dipole. Case (a) has x = 10-', case (b) has x = 10-2• The envelope for 
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NORMALIZED CURIE DEPTH Dc/b 
each c curve reflects the uncertainty in MR due to finite cooling rates in the lithosphere; 
hence MR may be parallel or antiparallel to the moment of the ancient source dipole (or 

zero) when De ;;;, 0.3. When De :os; 0.15, the cooling rate has negligible effect on MR. 
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the region above the Curie isotherm depth (b r Re) is (Stephenson, 1976b): 

where X;n = µ.,in - 1 x /10 since the region r < Re is only paramagnetic. Using 
b = 1738 km, the limits on XM and Re give 7.8 x 10-3 :::;;; x:::;;; 7.8 x 10-2 • That is, the 
magnetic susceptibility of the outer permeable region of the moon is uncertain to 
one order of magnitude. 

The coefficient of TRM acquisition c generally falls in the range 10-2 to 1 o-s for 
a variety of terrestrial igneous rock types, with the exact value dependent 
primarily on the grain and domain sizes of the magnetic carriers (Dunlop and 
Waddington, 1975), at least for low fields (H 10 Oe). Its value for lunar material 
can be estimated by comparing the magnetizations of the returned samples with 
the (controversial!) paleointensities for the same samples. For lunar basalts with 
0.1 wt.% native multidomain iron, IMR I= 2.5 x 10-2 A-m-1 (2.5 x 10-s G) (Nagata et 
al., 1975; Stephenson, 1976b) and chosing an "average" paleofield of 0.3 G 
(23.8 A-m-1), one finds c = 10-3 • Provided the lithosphere contains free iron in the 
multidomain state, the Dyal et al. (1975) estimate of 2.5:'.:g wt.% free iron results in 
a TRM coefficient range of 8 x 10-4 :::;;; c :::;;; 5 x 10-3 • Uncertainties in paleointensity 
determinations (Dunlop et al., 1975) and a spread in paleointensity values from 
0.021 G (Gose et al., 1973) to 1.3 G (Stephenson et al., 1975) widens this parameter 
range to 5 x 10-s :!aS c :!aS 2 x 10-2 , or roughly a factor of 400 in total range. 

Probably the greatest unknown in the equations is Po, the ancient lunar dipole 
magnetic moment. The paleofield range summarized by Stephenson et al. (1975) 
corresponds to 1.6 x 1023 :::;;; Po:::;;; 9.7 x 1024 G-cm3 (0.16-9.7 x 1021 A-m2) for a dipole 
oriented along the present lunar spin axis, spanning the time frame from 4.0 to 
3.2 b.y. ago. However, these paleointensities are the subject of much debate, as it 
is not yet possible to unequivocally determine that a given sample magnetization 
is a TRM. A number of other remanence mechanisms have been proposed 
(Wasilewski, 1974; Brecher, 1976) that do not require a global lunar magnetizing 
field. Particularly important are shock effects (Cisowski et al., 1973, 1975; 
Wasilewski, 1973; Fuller, 1974) due to hypervelocity meteoroid impacts. Comet-
ary impacts may also have produced the magnetization in the samples (Gold and 
Soter, 1976) and could explain the apparently random pattern of lunar magnetic 
anomalies observed by both the Apollo 15 and 16 subsatellite magnetometers 
(Sharp et al., 1973; Russell et al., 1974, 1975a,b) and the electron scattering 
experiment (Lin et al., 1975; McCoy et al., 1975). But as a working hypothesis, 
assume that an intrinsic lunar dynamo existed until 3.0 b.y. ago, exhibiting a global 
dipole field of total moment Po= 1023 to 1025 G-cm3, with an "average" value for 
the TRM acquisition theory of P O = 8 x 1023 G-cm3 ( equatorial surf ace field of 
10,000 'Y ). Recent results by Pearce et al. (1976) imply this value, which is about a 
factor of 3 smaller than suggested by Stephenson et al. (1975). 
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Remanent dipole moment for two thermal models 

Since the largest value of the ratio c Ix which can be produced from the 
parameter ranges above is 2 x 10-4/7.8 x 10-3 = 0.025, and the thickest magnetized 
lithosphere has b -Re/b = 350/1738 = 0.2, the finite cooling rate term in Eq. (9) is 
negligible in determining MR, as shown in Figs. 5a and 5b. Thus the total 
permanent moment MP = MR + Min from the sum of Eqs. (9) and (13) can be 
written: 

IMPI =MP= 41TcxPo [(b - a)d(l +.£) (l-(Re)3
) __ 2 (l-(a)3

)] (14) 
3 + 2x adin X a 3 + x b 

Further assume that the source dipole field died away at 3.0 b.y. ago (cf 
Stephenson et al., 1975), at which time a = (b + Re )/2, that is, the Curie isotherm 
was roughly at half of its present depth (Hubbard and Minear, 1975). Equation (14) 
then simplifies to: 

Mp:::: 41rcxP0 [ b - Re . (l + .£) (l - ( 2Re ) 3
)-_2 (l - (b + Re) 3

)] (15) 
3 + 2x 3(b + Re) X b + Re 3 + x 2b 

where din= 3d is an estimate for the Hubbard and Minear (1975) thermal 
evolution model (Srnka, 1976). For given values of c, x and Po, the largest 
numerical value of MP occurs for the deepest present Curie depth, and the 
negative term in Eq. (15) dominates unless c X· 

The total lunar permanent dipole moment, assuming a non-oscillating source 
dipole which ceased to operate 3.0 b.y. ago, can then be estimated using the 
parameter ranges earlier established for the two thermal extremes, remembering 
that x depends on the Re chosen: 

Case I-present Curie isotherm depth 175 km. 

3 x 1015 :::;;; MP ,::;;; 2 x 1020 G-cm3 

Case II-present Curie isotherm depth 350 km. 

4 x 1016 :::;;; MP ,::;;; 3 x 1021 G-cm3 

Lastly, one can use the average parameters b -Re = 263 km, x = 2.5 x 10-2 , 

c = 10-3 , and Po= 8 x 1023 G-cm3 as discussed above to give: 

(Mp )average = 1 X 1019 G-cm3 

which agrees with the Apollo 15 and 16 subsatellite limit (Russell et al., 1974a,b, 
1975a), and also with the recent study of Stephenson (1976b). That is, on the 
average no more than 3 x 10-4 of an ancient global lunar magnetic field could be 
present now due to a remanently magnetized lunar lithosphere. 

DISCUSSION 

One significant result of this analysis is that, using the lunar magnetic 
parameter ranges now available, a fairly complete spherically symmetric global 
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TRM theory gives a permanent lunar dipole moment value which is uncertain to 
about a factor of 105 • Provided rock magnetism theory and paleointensity 
techniques advance sufficiently to be able to accurately determine the evolution of 
any average global lunar field present over the period represented by the lunar 
samples now in the collection, the uncertainty in the theoretical value for MP from 
Eqs. (1)-(15) would be set by the possible range in magnetic susceptibility values 
for the lunar lithosphere (above the Curie isotherm). 

Secondly, it must be emphasized as Stephenson (1976a,b), Goldstein (1975) 
and Srnka (1976) have discussed, that the Runcorn (1975a,b) theorem on mag-
netostatics does not show that the global remanent magnetic dipole moment of a 
spherical body with TRM acquired in an internal field is exactly zero. Rather, the 
theorem only shows that there is no contribution to MP proportional to c or x- As 
illustrated by the theory presented here, terms proportional to xc, x2. c2, x 2c, and 
so on will be present in the expression for MP, except for improbable, fortuitous 
cases. That is, MP is generally non-zero. 

Note the spherically symmetric theory predicts a lower limit for the lunar MP 
of 3 x 1015 -4 x 1016 G-cm3 , which is comparable to the remanent dipole moment of 
the magnetic anomaly in the Aitken-Van de Graaff area on the lunar farside (Sharp 
et al., 1973; Russell et al., 1975b). Since the anomalies contribute to the measured 
lunar dipole moment, a complete magnetic survey is required to separate the 
anomaly moments from the possible contribution to MP due to a spherical 
magnetized lithosphere. 

Real planetary lithospheres depart slightly from the theoretical model pre-
sented here. Not only are lithospheres slightly non-spherical, but they also contain 
inhomogeneities which will generate external moments as the TRM is acquired. 
Runcorn (1975b) has estimated that for the lunar case, the ellipticity of the 
moon's lithosphere could account for as much as a 0.01 y (1 y = 10-9 T = 10-s G) 
global equatorial surface field, or a remanent dipole moment of say 1018 G-cm3 

(1015 A-m2), provided the lithosphere as a whole is in fact as magnetized as the most 
strongly magnetized returned samples. 

Finally, it is apparent that the present sub satellite limit on the lunar magnetic 
dipole moment does not tightly constrain magnetic or thermal models of lunar 
evolution. However, refined laboratory measurements and a global lunar magnetic 
survey would enable the TRM theory to distinguish between an early active lunar 
dynamo, primordial magnetization, and magnetic effects due to impacts. 
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