
BelgiW 1, 57 (1961)1 expressed doubts about 
homologies proposed by Patterson, but Mills's 
(1) functional studies essentially support the 
cusp homologies proposed by Patterson. In 
our paper we have adopted Patterson's cusp 
nomenclature. 

5. G. G. Simpson, Ai-t. J. Sci. 10, 451 (1925). 

6. , Mein. Yale Peabody Mus. 3, (1929). 
7. A Catalogue of the Mesozoic Main- 

malia iin the Geological Department of the 
British Museum (W. Clowes, London, 1928). 
Simpson placed Tinodon (on the basis 
of lower teeth and jaws only) in the 
Spalacotheriidae together with the British 
genera Spalacotherium and Peralestes. He 
considered Eur'lamnbda (on the basis of a 
crushed right maxilla with a single molar) to 
be a symmetrodont incertae sedis. He dis- 
cussed the possibilities that Eurylambda may 
represent either an upper of Amphidon or of 
Tinodon, but he concluded that, in view of 
the doubtful character of the evidence, it was 
best to place it in a separate genus. Simpson 
figured the crown view of Tinodon (6) as 
having the three main molar cusps arranged 
in a symmetrical triangle; furthermore, he 
stated in The Catalogue of the Mesozoic 
Mammalia that Tinodon had molars more 
symmetrical than the British Spalacotherium. 
On the basis of the comparable asymmetry of 
the crowns of Spalacothleritisn and Peralestes, 

he concluded that they were probably upper 
and lower teeth of the same animal. 

8. Patterson (4) divided the symmetrodonts into 
two distinct groups. One group, the "acute- 
angled" symmetrodonts, includes Spalacothe- 
roides, Spalacotherium and Peralestes. In 
these genera the three cusps of the trigon 
and trigonid form an angle of less than 
90?. The second group includes forms with 
more open triangles, that is, Eurylambda, 
Tinodon, and Manchurodon. He considers the 
second group as more specialized than the 
acute-angled symmetrodonts and that mem- 
bers of this group tend toward the develop- 
ment of mesiodistal shear (for example, the 
triconodonts). 

9. B. Patterson, Fieldiana Zool. 37, 689 (1955). 
10. W. A. Clemens, Palaeontology 6, 55 (1963). 
11. B. Bohlin, Bull. Geol. Inst. Univ. Upsala 31, 

363 (1945), [as quoted by Patterson (4) in 
this regard]. 

12. G. G. Simpson, Palaeobiologica 5, 127 (1933), 
stated that jaw movements in symmetrodonts 
were strictly orthal, but Patterson (4, 9) cited 
oblique, parallel wear striations in Spalaco- 
theroides as evidence of ectental movement 
during jaw closure. We have observed similar 
features in Tinodon lepidus (U.S.N.M. 2131) 
and agree with Patterson's interpretation. 
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Equilibration Temperatures of Iron 

and Magnesium in Chondritic Meteorites 

Abstract. The distribution coefficients for Fe++ and Mg"+ were calculated from 
new microprobe analyses of coexisting olivine, orthopyroxene, and calcic py- 
roxene in chondritic meteorites. Interpretation of the data shows that (i) the 
equilibration temperatures were of the order of 8500C, and (ii) the olivine- 
orthopyroxene partition does not reflect ideal behavior. This equilibration temz- 
perature is much lower than previous estimates. 

One of the major problems in mete- 
oritics is determination of the tempera- 
tures represented by the partition of 
Fe++ and Mg++ among coexisting olivine, 
orthopyroxene, and calcic pyroxene in 
chondritic meteorites that have uniform 
silicate -compositions. Previous studies 
of this problem (1, 2), which dealt only 
with the data on the partition of Fe++ 
and. Mg++ between coexisting olivine 
and orthopyroxene, have arrived at 
temperatures of >900'C (1) and 

1250'C (2). On the basis of these 
temperatures some authors (3) have 
concluded that the Fe++-Mg++ partition 
results from equilibrium crystallization 
of olivine and orthopyroxene at or near 
the liquidus, and have discounted the 
influence of metamorphism on the com- 
positions of the silicates in chondrites. 
On the basis of evidence discussed be- 
low, one may now argue that the tem- 
peratures previously deduced are too 
high by as much as 4000C. 

The use of the compositions of co- 
existing olivine and orthopyroxene for 
geothermometry depends upon the par- 
titioning of Fe++ and Mg++ between 
these phases according to the reaction 

IMg2SiO4 + FeSiO3 = WFe2SiO4 + MgSiO3 
ol ivine O-pyroxene ol ivin6 O-pyroxene 
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The equilibrium constant for this re- 
action may be written 

[ ([(FOL . OPX )/(,YOL . ,OPX)] X 

where XA denotes the mole fraction of 
element A in mineral a, and y' denotes 
the activity coefficient of element A in 
mineral a; K1 is dependent on P and T, 
and yA is dependent on P, T, and the 
composition of the mineral phase. In 
the special case where both mineral 
species are ideal solid solutions (y= 

1), 

K1 = Kd1 = (X.L X?PX)/(X.L * XPX) 
(lb) 

where Kd, is the distribution coefficient 
determined from the compositions of 
the coexisting phases and assumed 
ideality. 

A similar set of equations can be 
written for the mineral pair ortho- 
pyroxene-calcic pyroxene: 

MgCaSi2O6 + FeSiO3 = FeCaSi2O6 + MgSiO3 
c-pyroxene O-pyroxene c-pyroxene o-pyroxene 

(2) 

K2 = [( Ca-PX . OPX)/( 7Ca-PX * .yOPX)] X 

(XFeX. XOMGx)/(Xmca XFOPx)] (2a) 

and, on the assumption of ideality, 

K2 = Kd2 = 

(XCa-PX* Xpx)/(Xmc-Px * XxPx) (2b) 

The temperature dependence of K, at 
constant pressure, may be given by 

in K = -AGo/RT (3) 

where AGO is the change in standard 
free energy for the reaction involved. 

Both exchange reactions have been 
discussed in terms of terrestrial mineral 
assemblages by several authors, with 
the following results. (i) Attempts 
(4, 5) to demonstrate a simple rela- 
tion between the compositions of co- 
existing olivine and orthopyroxene and 
rock type (for example, igneous versus 
metamorphic) have largely failed. Little, 
if any, evidence indicates that Eq. 1 
represents partition between ideal solid 
solutions; rather, the evidence suggests 
that the partition relations for Eq. 1 are 
complex. (ii) Several authors (5-7) 
have shown that Eq. 2 does behave as 
though both mineral species were ideal 
solid solutions; furthermore, that one 
can separate high-temperature (igne- 
ous) rocks from moderate-temperature 
(metamorphic) rocks on the basis of 
their Fe"+-Mg"+ partition as defined by 
Eq. 2b. The data from one such author 
(7) are presented in Fig. 1. The 450 

lines show the curves obtained from 
Eq. 2b for Kd = 0.54 and 0.73. 

Little usable data from experimental 
petrology exists for geothermometry by 
the above systems. Older data (8) have 
been used (1, 2) to obtain information 
for the olivine-orthopyroxene pair, but 
the data are much too imprecise to 
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Table 1. Average mineral compositions in highly recrystallized ordinary chondrites. Numbers of 
chondrites averaged appear in parentheses (see Table 2). See text for minor constituents. For 
major constituents the spread of values about the average is within about 2 percent of the 
amount present. Abbreviations: Fa, Fe2SiO4; Fo, Mg2SiO4 (Fa + Fo, 100 mole percent); Fs, 
FeSiO%; En, MgSiO3; Wo, CaSiO,, (Fs + En + Wo, 100 mole percent). 

Constituents (mole percent) 

Group Olivine Orthopyroxene Calcic pyroxene 

Fa Fo Fs En Wo Fs En Wo 

H (4) 19.2 80.8 16.8 81.7 1.5 6.1 48.8 45.1 
L (9) 24.6 75.4 20.7 77.5 1.8 7.7 47.7 44.6 

LL (8) 30.9 69.1 24.5 73.3 2.2 9.7 46.7 43.6 

Table 2. Distribution coefficients of Fe++ and Mg-+ for ordinary chondrites. Chondrite num- 
bers: (H group) 1, Cedar, Kansas; 2, Estacado; 3, Guarena; 4, Oakley; (L group) 1, Bath 
Furnace; 2, Bruderheim; 3, Coon Butte; 4, Forksville; 5, Kyushu; 6, Langhalsen; 7, Leedey; 
8, Modoc; 9, Ness County; (LL group) 1, Appley Bridge; 2, Benton; 3, Douar Mghila; 
4, Ensisheim; 5, Jelica; 6, Manbhoom; 7, Mangwendi; 8, Varvik (Nas). Grand average (all 
groups), calcic pyroxene-orthopyroxene Kd2, 0.61 ? 0.02. 

Group 

Chondrite H L LL 
No. 

Kd, Kd2 Kd, Kd2 Kd, Kd2 

1 1.16 0.60 1.21 0.59 1.36 0.60 
2 1.18 0.64 1.24 0.58 1.36 0.64 
3 1.16 0.61 1.19 0.63 1.32 0.65 
4 1.14 0.59 1.25 0.63 1.34 0.61 
5 1.23 0.62 1.35 0.65 
6 1.20 0.61 1.37 0.63 
7 1.19 0.55 1.34 0.60 
8 1.25 0.61 1.28 0.60 
9 1.25 0.60 

Averages (within 0.02) 
1.16 0.61 1.22 0.60 1.34 0.62 

4)_ 
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allow meaningful conclusions to be 
drawn. Recent data by Nafziger (9) are 
useful and will be referred to later. 
Virtually no experimental data are yet 
available for the partitioning of Fe++ 
and Mg++ between orthopyroxene and 
calcic pyroxene. 

In the light of the above discussion, 
and with the new data presented below, 
one can now reexamine the problem of 
the Fe++-Mg++ distribution in chondritic 
minerals, and the use of this relation for 
geothermometry. 

We used the techniques of electron- 
probe microanalysis to determine the 
compositions of coexisting olivine, or- 
thopyroxene, and calcic pyroxene in 
chondritic meteorites (10); several 
chondrites were selected from the three 
major groups of ordinary chondrites: 
H, L, and LL groups (11). Since most 
of the calcic pyroxene in ordinary 
chondrites results from recrystallization 
of fine-grained material, it can only be 
located with ease in chondrites that are 
strongly recrystallized (type-6 chon- 
drites; 12): most chondrule outlines are 
indistinct or nearly obliterated and the 
textures (Fig. 2) are largely xenoblastic, 
with readily recognizable plagioclase. 

The data are summarized (13) in 
Tables 1 and 2 and in Fig. 3; the data 
in Table 1 are normalized to 100 mole 
percent of the Fe, Mg, and Ca end- 
member minerals. The minor constitu- 
ents for each mineral are as follows 
(mole percentages): (olivine) Mn2SiO4, 
0.5; (orthopyroxene) MnSiO3, 0.5, and 
NaCrSi2O6 (14), 0.5; (calcic pyroxene) 
MnSiO3, 0.4, and NaCrSi206 (14), 3.5. 
Aluminum is present in only trace 
amounts, reaching an Al:Si (atomic) 
ratio of 0.01 in the calcic pyroxene, as 
a maximum. The presence of these 
minor constituents does not significantly 
affect the considerations based on Fe++ 
and Mg++. 

The most important relation shown 
by the data is that the value of Kd for 
calcic pyroxene-orthopyroxene (Kd2) 
is essentially independent of the group 
to which a chondrite belongs; this is in 
direct contrast with the relation for Kd, 
(olivine-orthopyroxene). In view of the 
observational evidence from coexisting 
terrestrial olivine-orthopyroxene and 
calcic pyroxene-orthopyroxene, this re- 
lation is interpreted as showing that: 
(i) the Fe++-Mg++ partition in all three 
groups of ordinary chondrites was es- 
tablished at essentially the same tem- 
perature, and (ii) the Fe++-Mg++ parti- 
tion in the system olivine-orthopyroxene 
depends on composition as well as tem- 
perature and pressure (15). This-latter 
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Fig. 3. A plot for the average compositions 
of the chondrites studied. The curves for 
K =0.54 and 0.73 (Fig. 1) represent ideal 
behavior. The curve for K = 0.61, shown 
for the data on orthopyroxene-calcic py- 
roxene (clinopyroxene), was plotted on 
the assumption of ideality. One can see 
that the olivine-orthopyroxene points do 
not define a curve representing ideal be- 
havior, but show instead a compositional 
dependence for the partition function. 

conclusion is confirmed by the recent 
work of Nafziger (9) on the system 
SiO2-FeO-MgO, which demonstrates 
that the olivine solid solution is dis- 
tinctly less ideal than the orthopyroxene 
solid solution, and that the assumption 
that K1 _ Kd, is thus not valid. Any 
inferences of temperature based on this 
assumption (1, 2) are open to serious 
criticism. 

The true temperature represented by 
Kd2 for the chondrites may be esti- 
mated from the work of Bartholome 
(5) and Kretz (7); they estimated the 
temperatures corresponding to various 
terrestrial Kd2's and thus determined 
the temperature dependence of K versus 
T. This relation is shown in Fig. 4 for 
the data of Kretz (7), although Bar- 
tholome's data are essentially the same. 

eC 1400 1160 980 840 730 640 560 

-0.1 1 1 1 1 1 .1 1 1~0.8 

-0.2 V + KRETZ (1963) 087 

-0.3 K - 0.74 

-0.4 - - 0.67 

- 0 5 - 0.61?.02 1 0.61 

-0.6 - - 0.55 

0 
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Fig. 0.6 0.7 0.80.9 1.0H 1. .2 1.3 

Fi.4. Estimated dependence of Kd2 versus 
temperature (7). The chondrite partition 
for orthopyroxene-calcic pyroxene corre- 
sponds to a temperature of 8200 ? 500C. 
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From Fig. 4 the temperature repre- 
sented by the chondritic Fe++-Mg++ par- 
tition between orthopyroxene and calcic 
pyroxene may be estimated at 8200 ? 
50'C (16). This value is 400'C lower 
than Craig's (2), and distinctly lower 
than the temperatures implied by Muel- 
ler (1). In view of the demonstrated 
nonideality of the olivine-orthopyroxene 
system (9), the demonstrated near-ideal 
behavior of the orthopyroxene-calcic 
pyroxene system (5-7), and the lack 
of reliable K-versus-T data for olivine- 
orthopyroxene, this lower estimate is 
considered much more realistic. 

This temperature of 800'C must 
be interpreted cautiously; it is, not con- 
sidered to represent the maximum tem- 
peratures experienced by the ordinary 
chondrites, nor does it represent the 
true crystallization temperature of the 
minerals implicated; it is interpreted 
as the lowest temperature at which Fe++ 
and Mg++ ions possess sufficient mobility 
to effect equilibration among phases. 
For a strongly recrystallized chondrite, 
therefore, the values of Kd obtained 
may reflect retrograde equilibration that 
was occurring during cooling of the 
chondrite from higher metamorphic 
temperatures. This conclusion is sup- 
ported by the report of Kd, = 0.61 for 
coexisting orthopyroxene and calcic 
pyroxene from silicate nodules in the 
Odessa iron meteorite by Marshall and 
Keil (17); they also concluded that the 
corresponding temperature of 800'C 
represents the temperature below which 
Fe++-Mg++ exchange became insignifi- 
cant, since the iron-nickel of that mete- 
orite must have once been molten. 

As a consequence of these conclu- 
sions, the fact that less-metamorphosed 
chondrites (for example, type 4; 12) 
such as Bjurbdle have the same Fe++- 
Mg++ relations between their olivine 
and Ca-poor pyroxene as do highly 
metamorphosed (type 6) chondrites, 
such as Leedey or Bruderheim, is easily 
explained: the mineral compositions in 
Bjurbdle are the result of metamorphic 
heating to a temperature of 800'C 
for sufficient time to allow the olivine 
and Ca-poor pyroxene to establish uni- 
form compositions (one assumes that 
the minerals in Bjurbdle were of vari- 
able composition prior to any meta- 
morphic heating; 18) and to establish 
an equilibrium partition. At this tem- 
perature little textural recrystallization 
occurred except in the finest-grained 
portions of the chondrite. On the other 
hand, the compositions of the minerals 
in well-recrystallized chondrites were 
also established at ~-8000C, but repre- 

sent equilibrium that was continually 
adjusting to lowering temperatures 
from the maximum (perhaps 1000? to 
12000 C) reached during metamorphism. 

W. R. VAN SCHMUS 
Lunar-Planetary Research Branch, 
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