
SPINEL CATACLASITES AS SAMPLES OF THE LOWER CRUST OF 
THE MOON. Claude Herzberg and J.A. Wood, Center for Astro- 
physics, 60 Garden Street, Cambridge, Massachusetts 02138 

Highland breccias 15445, 73263, and 73215 contain, among other things, 
clasts of spinel cataclasite (containing olivine, plagioclase, spinel, and 
high-A1 orthopyroxene). Several lines of evidence have led various workers to 
believe that the crystalline precursors of these spinel cataclasites had a 
high-pressure origin (1,2,3,4). The strongest evidence so far has come from 
experiments on forsterite-cordierite stability relations in the system MgO- 
A1203-SiO2-H20 ( 5 ) .  Recent theoretical (6), experimental (7), and calorimet- 
ric (8) work has now enabled the T-P stability relations to be reassessed in 
the H20-free system. 

Figure 1 was calculated thermochemically for the following three 
reactions in the system Mg0-A1203-SiO2: 

Mg2A14Si5018 + 3Mg2Si04 = 2MgA12Sio6 + 3Mg2Si2O6 (ii) 

5Mg2Si04 + Mg2A14Si5018 = 5Mg2Si2O6 + 2MgA1204 (iii) 

Reactions (i) and (ii) are divariant 
and determine the change in the 
A1203 content of orthopyroxene with T 
and P. Reaction (iii) is univariant 

1200 and determines the limiting condi- 
tions of stability of cordierite with 
forsterite. In the system CaO-MgO- 
A1203-SiO2 anorthite is an extra 
phase and does not participate in the w 1000 

Fig. 1. Curve A defines stability 
relations in the system CaO-MgO- 
~ 1 ~ 0 ~ - S i 0 ~ ;  spinel is stable to 
the right of it, cordierite to the C 800 
left (reaction iii). [Numbers on 
straight lines refer to the mole 
pct. A1203 in the M1 site of ortho- 
pyroxene.] Curve B takes into 
account FeO in the natural system, 600 

and assumes olivine is Fogo. 
Curves C and D allow for the effect 01 + plag +sp+Al-en 

of Cr2O3 on the spinel: Cr/Cr+Al 
in the spinel is taken to be 0.1 
(C) and 0.2 (Dl , and again olivine 1 2 3 4 5  
is Fogo. 
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Si02  Fig. 2. Above: portion of the Ca0-Mg0-A1203- 
Si02 tetrahedron at one bar pressure (15). 
The hatched vertical plane is the thermal di- 
vide referred to in the abstract. Below: a 
portion of the unhatched plane shown in the 
tetrahedron; projected through forsterite. 

Solidus pyroxene compositions are 
\ shown. Dots indicate range of 
t 

C 0 pyroxene compositions. PP = 
piercing point of tie line with the 
plane. 
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.::.. . . . . . . . . -F= . parameters corrections were were taken made for from entropy (8,9,10) ; 

d l  en contributions due to (Mg,Al) dis- 
order in spinel (11) and (A1,Si) 

disorder in cordierite (12). It is emphasized that an error of f1 cal mole-' 
0 ~ 1  in the entropy change can shift the location of reaction (iii) by f1 kbar. 

A f1 kcal mole-' uncertainty in the enthalpy change of reaction (iii) can re- 
sult in an error of f0.75 kbar. Making the assumption of ideal solid solutions 
at high Mg/Mg+Fe and Al/Al+Cr, and using calculated partition coefficients of 
Fe and Mg, shifts in the T-P location of reaction (iii) with composition were 
calculated as shown in Fig. 1. The cordierite-free cataclasite clasts in 
73263 and 15445 lie somewhere to the right of the reaction (iii) curve; only 
lower limits can be placed on their pressures of equilibration. The A1203 con- 
tent or orthopyroxene in these clasts can be used to estimate temperatures of 
equilibration, since the alumina isopleths shown (which were corrected for FeO, 
Cr203, Ti02, etc.) are virtually independent of pressure. The lower limits of 
pressure shown in Fig. 1 allow for the effects of FeO and Cr2O3 in the system, 
which shift the reaction (iii) curve to the left. Spinel nonideality will 
tend to increase the minimum pressures estimated for cordierite-free spinel 
cataclasites by %0.2 to 1 kbar, depending 
on the Fe content. Since this tends to 
cancel an estimated -1 kbar error genera- 
ted from thermodynamic uncertainties above, 
the minimum pressures shown in Fig. 1 for 
73263 and 15445 are thought to be real- 
istic. These pressures correspond to the 

Fig. 3. Forsterite projection into the 
plane CaSi03-MgSiO3-Al203 in the system 
Ca0-Mg0-A1203-Si02 at Q5 kbars. 

d I e n  

0 Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



Lower Lunar Crust 

Herzberg, C. , ,  

deepest stratigraphic levels of the lunar crust. The cordierite-bearing spinel 
cataclasite in 72435 (13; low Mg/Mg+Fe) lies on the univariant curve. Because 
complete analyses were not given (13), T was estimated from (14). P was calcu- 
lated using estimates of the appropriate activity coefficient of spinel. 

Some aspects of the igneous history of the precursors of these rocks can 
be deduced by considering Fig. 2 (15) and Fig. 3 (estimated from various 
sources). The tie lines shown are located at the solidus, and demonstrate that 
the spinel cataclasite precursors were the products of crystallization from li- 
quids that were unusually depleted in normative wollaston.ite. At 1 bar (Fig. 
2) cordierite is a liquidus phase, and the plane forsterite-anorthite-silica 
constitutes a thermal divide which. separates liquids crystallizing diopside 
from those that crystallize cordierite. Liquids on one side of the plane are 
committed to remain on that side during partial melting or crystallization pro- 
cesses. Therefore, the spinel cataclasite precursors cannot be genetically 
linked to diopside-bearing highland or basaltic assemblages by any igneous pro- 
cess at low pressures. At higher pressures (between 1 bar and 5 kbars; Fig. 3 )  
the thermal divide disappears and cordierite is no longer a liquidus phase. 

Cordierite is rare on the moon because (a) wollastonite-depleted whole 
rock compositions are very rare (although this may be a sampling problem), and 
(b) the lunar crust must have been cool enough by the time of the terminal 
cataclysm to place the selenothermal gradient within the spinel field of Fig. 
1. Estimates of the selenothermal gradient during this time (16) confirm (b) 
even if the thermochemical uncertainties associated with locating reaction (iii) 
are quite substantial. 
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