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While definitive data are lacking, it seems most likely 
that the rare, but relatively strong HFT moonquakes are true - 
tectonic quakes which apparently occur at relatively shallow 
depths ((300 km and perhaps <I00 km) iq5the moon I 2 The 
largest recorded HFT released about 10 ergs of energy (3). 
From the data given by Nakamura (1) on 761 recorded HFTts, the 
smallest observed HFT released about 10 ergs of energy. 

We have presented the results of a thermal study of an in- 
itially totally molten moon elsewhere (4) a study which is 
applicable to a moon of fission origin (51 or to an accreted 
moon which totally melted shortly after formation (6). In this 
study we also presented a model for the tectonic response of 
such a moon to the thermoelastic stresses generated as the moon 
cools. We show here that the energy, shallow depth of occurence 
and the relative rarity of the HFT moonquakes can be readily ex- 
plained in terms of the described tectonic response of the moon 
to the calculated thermoelastic stresses. 

Followine: the discussions of fault dynamics by Anderson (7) 
and Sibson (8 , faulting occurs when the tangential stress 
across a shear plane is equal to - or greater than the restrai- 
ning force, i.e. 

(Q1-u3)sin29 >/ 2C+f((61+Q3)-(6,-V3)cos20) 
whered and 6 are the greatest and least principal stresses, 
respectively ($sitive when compressional, negative when ten- 
sional), C is a constant related to the strength of the rock, 
f is the coefficient of friction and @is the angle between the 
principal stress vector and the shear plane. Q1-Qj is minimum 
when 

8= 0.5arctan (l/f). (2) 

For terrestrial faults, f lies between .75 and 1.4. In our 
discussion, wg use a conservative value of .75 for f and hence 
eis about 26 . 

Since the stress computations used are made for a homogen-.-. 
eous moon experiencing only thermoelastic stresses, we need to 
consider only the dynamics of thrust faulting in a compressional 
environment and normal faulting in a tensional environment. 

Considering first thrust faults: in this casef13 is the 
lithostatic load (i.e.d -pgz, wherepis the density, g is the 
acceleration of gravity,3Ad z the depth to the fault plane) 
and d is the compressional tangential stress (d ). Using this 
value $or 0 and the above mentioned values of f, J3 and 8 , 
equation (11 reduces to 

bt 3 4pgz+kc. (3) 
Here 4C is the crushing strength of rocks (7). Mizutani et al. 
(9) have shown that under lunar conditions (vacuum and no water) 
the average crushing strength of basalt is over 4 kb. However, 
cracks and hence fault planes are open in the breccia zone (to 
depths of 20 km) and are closed at greater depths. Therefore, 
4C in equation (3) can be considered to be zero in the outer 
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10 to 20 km of the moon. Assuming that at depths greater than 
20 km the fractures are not only closed but also annealed, then 
4C in equation (3) is about 4 kb (ne lecting pressure effects 
which increase the crushing strength for the moon below the 
breccia zone. 

7 
In the case of normal faulting,c is the lithostatic load 

and b3 is the tensional (negative) tanglntial stress, i. e. Qt. 
Using these values, equation (1) reduces to 

6,) c-pgz/4 (4) 
where C is the tensile strength of the rock and probably is 
about 200 bars for lunar materials (4). Given this value for C, 
equation (4) indicates that at depths below 76 km (where 
pgz=200 bars) no tensional stresses or negative tensional stres- 
ses are needed70 produce normal faulting, i,e. the equation is 
invalid and as suggested by Anderson (7) this may be due to the 
fact that purely tensile fracturing has been neglected in the 
theory. Lacking a better model, it seems reasonable to assume 
that normal faulting can occur only if the tensional stress is 
greater than tensile strength of the rock at all depths in the 
moon. Thus, equation (4) reduces to 

dt 200 bars ( 5 )  
for normal faultin . 

We show in (4 7 that, at present, creep processes reduce 
the thermoelastic stress faster than they can build up at 
depths greater than about 140 km. Hence faulting and therefore 
HFTts (unless they are not caused by faulting) can not occur at 
depths greater than 140 km at present. Further, the thermo- 
elastic stresses in this 140 km thick zone are compressional 
in the outer 90 km of the moon and tensional below 90 km depth; 
thus there are potentially two different types of HFT focal 
mechanisms. 

Considering first the zone between 90 km and 140 km which 
is under tension and therefore which should undergo normal 
faulting as described by e . (5). According to the stress rate 

iven iyFig. 6 of 4), the stress rates increase from 
6. 

? c?ze' fo 4x10- bars/year from the top to the bottom of this 
zone. Hence the 200 bars stfjess limi8 needed to produce normal 
faulting is reached in 5x10 to 2x10 years at the bottom and 
near the top of the zone, respectively. Thus, tensional HFTs 
can occur in essentially the entire 50 km width of this zone 
but they should be infrequent. 

As stated above, the outer 90 km of the moon, i.e. the 
entire crust and the first 20 km of the mantle are presently 
experiencing compressional stresses. However, the accumulated 
stress in this re ion has reached or surpassed the thrust limit 
defined by eq. (37  only in the outer 10 km of the moon, i.e. 
thrust faulting due to thermoelastic stresses can occur at 
present only to a depth of 10 in the moon (see Fig. 7 of (4)). 
Also, on the basis of the stress rate curve in Fig. 6 of(&) the 
accumulation times needed to produce faulting in the outer 
10 km of the crust range from 10 years at 1 km depth to 'TO 
years at 10 km depth - compressional HFTs should be as infre- 
quent as the tensional ones. 
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However the characteristics of the HFT1s signals are 
interpreted to indicate that these moonquakes most probably 
originate below the seismic scattering zone, i.e. the breccia 
zone (10,ll). If the breccia zone produces strong seismic scat- 
tering throughout its 20 km depth, then HFTs can not originate 
in the outer 10 km of the moon as allowed by the stress calcu- 
lations. In this case HFT moonquakes are all tensional and 
occur only between 30 and 140 km depths. However, Goins (12) 
shows that the inversion of travel time data for the 8 best 
observed HFTs has the smallest variance when the HFT events are 
assumed to be at the surface (with a 50 km uncertainty). Thus, 
there is evidence to support the possibility that at least some 
of these moonquakes do occur within 7 0  km of the surface. We 
suggest that, if Goins' conclusion is valid, the seismic scat- 
tering zone is essentially limited to the upper part of the 
breccia zone and compressional HFT activity occurs below the 
scattering region in a zone a few km thick at about 10 km depth. 

Finally, based on the above discussions, our model su - f gests that tensional HFTs occur between depths of 90 and 1 0 km 
when the stresses reach the 200 bar normal fault limit and 
compressional HM7s occur at about 10 km depth when the stresses 
reach about 2 kb (Fig. 7 of (4)). Using equation (18) and (19) 
from Binder and Lange (4) and these 200 bar and 2 kb stress 
limits, the amounts of patential egergy releasgd by HFTg and 
the two zones are 1.8~10 ergs cm and 2.7~10 ergs cm re- 
spectively. Assumiqe a 1% TYergy conversion factor, the fIFT 
energy range of 10 

to 103 ciF 3 e accounted for in focal zones with volumes of 60 mjto x10 m in the tensional zone 
in the upper m a n %  and 0.4m -to 4x10~ m3 in the compressional 
zone in the outer crust. Such dimensions are quite modest and 
do not present any difficulties for the proposed model. 
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