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Abstract—We report instrumental neutron activation analysis determinations of 19 major, minor and
trace elements in three enstatite chondrites. Based on these, and literature data on the bulk and mineral
composition of enstatite chondrites, we discuss the history of the type 3 or unequilibrated enstatite
chondrites, and their relationship with the other enstatite chondrites. The type 3 enstatite chondrites have
E chondrite lithophile element abundances and their siderophile element abundances place them with
the EH chondrites, well resolved from the EL chondrites. Moderately volatile chalcophile elements are at
the low end of the EH range and Cr appears to be intermediate between EH and EL. We suggest that the
type 3 enstatite chondrites are EH chondrites which have suffered small depletions of certain chalcophile
elements through the loss of shock-produced sulfurous liquids. The oxygen isotope differences between
type 3 and other enstatite chondrites is consistent with equilibration with the nebula gas ~30° higher
than the others, or with the loss of a plagioclase-rich liquid. The mineral chemistry of the type 3
chondrites is consistent with either low temperature equilibration, or, in some instances, with shock
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effects.

INTRODUCTION

THE PARTICULAR INTEREST of the enstatite chondrites
is that they formed in a uniquely reducing environ-
ment; they contain Si-bearing metal, very low FeO
silicates and several minerals not found elsewhere
(CaS, TiN, Si,N,0) and many normally lithophile
clements are chalcophile. However, they do share
many properties with the other chondrites: all but a
few elements are within 20% of solar proportions,
they are extremcly old and they have not been
involved in major planetary processing in the manner
of lunar and terrestrial samples. Like the ordinary
chondrites, they have experienced varying degrees of
metamorphism—they are types 4 to 6 on the VAN
ScHMUS and WooD (1967) scheme—and they may
be subdividied (into the EH and EL classes) on the
basis of their siderophile clement abundances (SEARS
et al., 1982a).

Recently, attention has focused on several enstatite
chondrites that appear to have equilibrated less than
the others; they have been referred to as type 3, or
unequilibrated, enstatite chondrites (RAMBALDI et
al., 1983a; NEHRU et al., 1984; PRINZ et al., 1984a).
They include Qingzhen, Parsa, Kota Kota, Allan
Hills A77156, Yamato 69001, Galim and, based on
the description by NAGAHARA and EL GORESY (1984),
Yamato A74370. In addition to being less equilibrated
than the others, three of them, Qingzhen, Yamato
69001 and Yamato 74370, have Mg/Si and Fe/Si
values which appeared to be intermediate between
the EH and EL classes (EL GORESY ¢t al., 1983, and
PRINZ ef al., 1984a.b). In the present paper, we report
the results of neutron activation analyses on two of
these chondrites, Allan Hills A77156 and Qingzhen.
We also report data for Reckling Peak AB0259, a
new enstatite chondrite from Antarctica which is the
first known EL35 chondrite (SEARS er al., 1984). We

discuss the relationship between the type 3 enstatite
chondrites and the other enstatite chondrites.

EXPERIMENTAL

Two fragments of Allan Hills A77295 (which is paired
with 77156, McKINLEY et al, 1984) and Reckling Peak
A80259, and three of Qingzhen, were analyzed in five
irradiations (Table 1). Any sawn surfaces were cleaned with
carbide paper, the samples crushed and placed in high
density polyethylene vials which were sealed with a hot
quartz rod. Synthetic standards were prepared by micropi-
petting solutions, made by dissolving 3-5 n pure elements
or oxides in HC] or HF, onto high purity, powdered 510,
glass. The Allende meteorite and USGS standard rock BCR-
| acted as secondary standards. Each sample was irradiated
twice in row 1 of the University of Missouri Research
Reactor, Columbia. A 5 second irradiation was followed by
two 3-minute counts for Al, V, Mg and Mn, and a 15-30
minute irradiation was followed by 67 counts for 0.5 to 10
hours over 6-8 weeks for the remaining elements. High
purity Ge detectors (29% efficient with respect to Nal(T1),
1.68 keV resolution at 1.33 MeV) coupled to Nuclear Data
ND66 analyzers were used for the counting. The data were
recorded on magnetic tape and reduced using BAEDECKER’s
(1976) SPECTRA program. Potassium, As, Ga, Sb, Ca, La
and Eu peaks were plotted, the baseline drawn by eye and
SPECTRA’s value adjusted accordingly.

Our data are listed in Table 1. The reproducibility of our
six Allende analyses in six irradiations indicates lo uncer-
tainties for duplicate analysis (a//2) are: =5% for Na, Mg,
Al K, Sc, V, Cr, Mn, Fe, Co, Ni, Se, Sm, Eu; <8% for Ca
and La; <11% for Ir; Zn, Ga, As and Au data have not yet
been evaluated completely. The literature data for Allende
and BCR-1 show that our data are free of systematic error.

RESULTS

Figures 1-3 show our data expressed as elemental
abundance ratios to Mg and then normalized to the
same quantity for CI chondrites. The siderophile,
chalcophile and lithophile elements are plotted sep-
arately, and within each of these divisions appear in
order of increasing nebular volatility. Also included
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data for three enstatite chondrites and control samples, and literature data for Yamato 69001, Parsa,

Instrumental neutron activation analysis

Allende and BCR-1

Table 1.
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in the plot are data for well analyzed EL and EH
chondrites and data for two other members of the
unequilibrated group identified by PRINZ er al
(1984a). From left to right in Figs. 1-3 the meteorites
plotted, and references to the sources of data, are as
follows: Pillistfer (SEARS et al., 1982a), Daniel’s Kuil,
Khairpur, Hvittis, Jajh deh Kot Lalu (BAEDECKER
and WassoN, 1975), Reckling Peak A80259 (this
work), 69001 (SHIMA and SHIMA, 1976), Parsa (SEARS
et al., 1982a), Qingzhen and Allan Hills A77295 (this
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DISCUSSION
Classification of type 3 chondrites

As pointed out by UREY (1961) the ratio of two
non-volatile elements, such as Mg/Si and Fe/Si,
provides an insight into the formation of the material
since these ratios cannot be upset by subsequent
processes, such as metamorphism or shock heating,
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Cl & Mg—normalized siderophile element abundances
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FiG. 1. CI and Mg-normalized plot of the siderophile element abundances in enstatite chondrites. Filled
circles are Reckling Peak A80259; open circles are other EL chondrites; plus signs are the type 3
chondrites and crosses are the EH chondrites. From left to right the meteorites are Pillistfer, Daniel’s
Kuil, Khairpur, Hvittis, Jajh Kot Lalu, Reckling Peak AB0259, Yamato 69001, Parsa, Qingzhen, Allan
Hills A77295, Indarch, St. Sauveur, Adhi Kot and St. Marks. The 80259, 77295 and Qingzhen data are
from this work, the others are from various literature sources (see text). The elements appear in order of
decreasing niebular volatility.

which would cause diffusive loss. Especially important Figure 4 is a plot of the atomic ratios of Fe/Si
are the ratios of two cosmochemically diverse ele- against Mg/Si for enstatite chondrites based predom-
ments, such as a siderophile element/Mg, as the inantly on wet-chemical analyses. The data have been
different physical properties of the two elements may taken from a variety of sources of varying quality,
provide further clues to the nebular process responsible  and the often considerable metal/silicate heterogeneity

for the ratio differences. of this class compounds the usual difficulties in
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FiG. 2. CI and Mg-normalized plot of the abundance of moderately and highly volatile elements in
enstatite chondrites. Details of the plot are as in Fig. 1.



1528

(Esample !Mgsample )/(ECI/MgCl)

K. 5. Weeks and D. W, G. Sears

Cl & Mg normalized lithophile & refractory chalcophile elements
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FiG. 3. CI and Mg-normalized plot of lithophile and refractory chalcophile element abundances in
enstatite chondrites. Details of the plot are as in Fig. 1.
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FIG. 4. Plot of atom ratios for Fe/Si against Mg/Si for enstatite chondrites. Data are from a compilation
of literature sources (Appendix 1). Symbols as in Fig. |. The abbreviations are as follows: SS, St. Sauveur:
AK, Adhi Kot; SM, St. Marks; Ab, Abee; Qi. Qingzhen; In, Indarch; 370, Yamato 77370; 001, Yamato
69001; 156, Allan Hills A77156 (paired with Allan Hills A77295): Pa, Parsa; At, Atlanta; Pi, Pillistfer;
259, Reckling Peak A80259. The diagonals refer to meteorites for which Si values are not known.
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analyzing for iron by wet-chemical means (MASON,
1962). The resolution of the two groups by Fe/Si is
reasonable, with a hiatus between the two classes.
There is no hiatus in Mg/Si, but the classes can be
distinguished by this parameter since EL chondrites
have Mg/Si greater than 0.8 while the EH chondrites
have values below this. The type 3 chondrites plot in
the EH cluster, and are not resolved from the more
equilibrated members of the EH class. For Allan
Hills A77156, Parsa and Reckling Peak A80259 there
are no Si data in the literature, so their Fe/Mg ratio
is indicated by diagonal lines. Parsa and Allan Hills
AT77156 have Fe/Mg ratios corresponding to the EH
cluster, while 80259 diagonal passes through the EL
cluster.

Although the Fe/Si versus Mg/Si plot has become
popular for exploring relationships between chondritic
classes, its main drawback is that even when high
quality data are available, it provides only a *“‘snap-
shot™ of the chemical trends of the samples. The
present data (Figs. |-3) indicate that while the type
3 chondrites differ in some ways, they are composi-
tionally very much like the EH chondrites. Virtually
all of the elements examined are present in EH
proportion (Mg-normalized), but many of the chal-
cophiles lie at the low end of the EH range. It is only
for elements which poorly resolve the groups, that
the type 3 chondrites form a bridge between the EH
and EL classes. The question, then, is whether they
are an entirely new type of chondritic material (i.e.
a new class) or normal EH material which has
compositional traits reflecting its low petrologic type
or other effects. We suggest that the type 3 chondrites
are EH chondrites since (1) elements which best
resolve the two groups (namely the siderophiles),
place them with the EH chondrites, and (2) the
elements which are most genetically significant (again,
the siderophiles) place them with the EH chondrites,
well-resolved from the EL chondrites. The major
question they pose, as with the type 3 ordinary
chondrites, concerns their relationship with the other
enstatite chondrites. The relationship between the
unequilibrated ordinary chondrites and the equili-
brated ordinary chondrites is not clear, even though
the UOC are better studied than their enstatite chon-
drite counterparts. Perhaps a comparative study of
both classes of type 3 chondrites will help in our
understanding of both.

Relationships—mineralogical data

To a good approximation, the compositions of the
minerals in enstatite chondrites vary with petrologic
type in two ways. Magnesium in niningerite, Ca in
oldhamite, Ti in troilite, Ni in metal and the FeO,
MnO and CaO in the pyroxene vary systematically
with petrologic type, with the type 3 chondrites at
one end of the sequence and type 6 at the other. On
the other hand, for Mn, Fe and Ca in niningerite/
alabandite, Mg in oldhamite, Si in the metal and Ni

1529

in the phosphides the compositional trend is 5-4-3—
6. In the case of the sulfide minerals, this second
trend was interpreted by SKINNER and LUCE (1971)
as indicating that while the type 6 chondrites cooled
slowly from their peak metamorphic temperatures,
which were higher than the other types (as indicated
bv extensive recrystallization and the absence of
chondrules), the type 4 and 5 chondrites cooled
rapidly; perhaps they were released from their parent
body by a shock event which resulted in quenching.
Thus the type 6 choridrites equilibrated to low tem-
peratures (400-300°C) while the type 4-3 chondrites
equilibrated at 800-700°C.

Fig. 5 is a ternary diagram of the composition of
niningerite/alabandite with Skinner and Luce’s ex-
perimentally determined FeS solvus at 1000-700°C
superimposed. We have also added the mineral com-
positions of the enstatite chondrites, including the
type 3 chondrites, as determined from the sources
listed in Appendix |. The meteorites appear to form
three clusters, corresponding essentially to the type
6, type 3 and types 4 + 5; the clustering is broken
only by the type 5 chondnte St. Marks, which plots
with the type 3 chondrites. Using the solvus curves
of Skinner and Luce. the type 4 and 5 chondrites
appear to have equilibrated at 700-600°C while the
type 6 and type 3 chondrites equilibrated at <600°C,
probably 400-300°C. The petrology of the type 3
chondrites is probably consistent with such low equil-
ibration temperatures.

The type 6 ordinary chondrites, which appear to
have suffered comparable or less recrystallization
than the tvpe 6 enstatite chondrites, equilibrated at
>1000°C (ONUMA et al., 1972a; WASSON, 1972). On
the basis essentially of the FeO in the silicates and Si
in the metal, LARIMER and BUSECK (1974) found
equilibration temperatures on the order of 1000°C
for the type 6 cnstatite chondrites. For different
mineral systems to display different equilibration
temperatures is not surprising since diffusion coeffi-
cients depend on the system as well as the temperature,
but the difference between 400-300 and =1000°C
may be a little large to be understood this way. An
alternative idea is that the type 6 alabandites did
equilibrate at >1000°C, but in the absence of FeS,
so that mass-balance considerations prevented the
minerals from following the FeS solvus in Fig. 4.
This would occur either if the metamorphism was
open system and all the FeS evaporated, in which
case there would be no FeS currently in the meteorites,
or if the equilibration of the sulfides occurred during
accretion and before the formation of FeS. It is
significant that the sulfides which indicate a very low
equilibration temperature are refractory in a cooling
solar gas of C/O twice cosmic (LARIMER and BaRr-
THOLOMAY, 1979; LATTIMER and GROSSMAN, 1978).
SEARS (1980) and LARIMER and BARTHOLOMAY
(1979) suggested that the enstatite chondrites were a
mixture of high-temperature, reduced components
and low-temperature, volatile-rich components, They
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FIG. 5. Ternary diagram for the FeS-MnS-(MgS + CaS) system, as determined by SKINNER and LUCE
(1971), with the enstatite, chondrites superimposed. Symbols as in Fig. 1, abbreviations as in Fig. 4. Data

sources as follows: Abee, Adhi Kot, Indarch and Kota

Kota—KEIL (1968) and LEITCH and SMITH (1982);

St. Marks, St. Sauveur, Atlanta, Blithfield, Daniel's Kuil, Hvittis, Jajh deh Kot Lalu, Pillistfer, Ufana and

Khairpur—KEIL (1968); Yamata 69001—OKaADA (197
1 et al. (1983a,b); Galim—CHRISTOPHE-MICHEL-LEVY
MCKINLEY ef al. (1984); Yamato 74370—NAGAHARA

5) and PRINZ er al. (1984b); Qingzhen—RAMBALD-
and BOUROT-DENISE (1983); Allan Hills A77156—
and EL GORESY (1984), Reckling Peak A77259—

SEARS et al. (1984) and A. E. RUBIN (unpublished); Parsa—NEHRU et al. (1984).

did not suggest however, that the mineral chemistries
reflected equilibration established at the nebular stage.

The history of the metal phase is probably related
to the history of the phosphides (Figs. 6, 7). The
most notable feature of the metal composition is that
the Ni/Fe ratio in the metal of type 3 chondrites is
considerably less than the cosmic ratio (2.5% Ni
instead of 5.5%). Several mechanisms are available
for producing metal with higher than cosmic Ni/Fe,
but processes which produce Ni-poor metal are few.
SEARS (1978) showed that a gas of cosmic composition
would produce metal with as low as 3% Ni at
temperatures below 1000°K as the Ni transfers to
the phosphide at low temperatures. No other phase
preferentially attracts the Ni. The process would be
unaffected by an atmosphere with higher than cosmic
C/O ratio, except that phosphide stability might
extend to lower temperatures since the formation of
phosphates would be suppressed. One would expect
therefore that systems that equilibrated over this
temperature range would show an inverse correlation
between Ni in the metal and Ni in the phosphides.
The types 4, 5 and 3 meteorites show such a trend.
The type 6 meteorites are not consistent with this
behavior, since while their phosphides are Ni rich,

their metal is not Ni poor (Fig. 6). A resolution of
this problem is the same as for the sulfides (Fig. 5),
namely that the phosphides accreted and equilibrated
at very high temperatures, i.e. before the metal formed.
Before the condensation of metal, any phosphide
formed would be Ni rich (Fig. 8).

The Si content of the metal (Fig. 7) is essentially
fixed at the time of accretion of the major silicates
and bulk redox state is fixed. Some variation will
occur as a small quantity of CaSiO; gives up its O
and the CaSiO; becomes CaS, as discussed by LARI-
MER and BUSECK (1974), but equilibration temper-
atures > 1000°C are still indicated.

In summary, the mineral chemistry of the type 3
chondrites seems to imply equilibration at lower
temperatures than the type 4 and 5. This is consistent
with their heterogeneity and the abundance of glass,
which is also observed in type 3 ordinary chondrites.
Many mineral systems in the enstatite chondrites do
not follow the type 6 to type 3 sequence, with the
results that type 6 chondrites appear—contrary to
petrologic properties and other palaeothermometers—
to have equilibrated at temperatures below the others.
However, it could be that for type 6 chondrites
equilibration of niningerite/alabandite and phosphide
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FIG. 6. Plot of the Ni content of the phosphide against the Ni content of the metal. Data sources as in

Fig. 5.

occurred simultaneously with condensation and before
the FeS and metal had condensed. In which case it
would seem that the enstatite chondrites are a mixture

Si in metal {(mg/g)

FiG. 7. Plot of Si content of the metal against Ni content of the metal. Data sources as in Fig. 5.

Enstatite chondrites

OAt
300
%f oKh
o o8l
ODK
0JK
swt
200 001 oPI
™
156
Qi @KK
xin
100 +259
xAK xAb
+ss
1 1 1 1
0 20 40 80 80

Ni in metal (mg/g)

40 T T T T
+SM
1
XX XAb
AK
3ot +88
oKK
158
P: ®15
Qi
20l +259
o Ut
001 o eI
oPi
JK
ng gk
10 Hv
1 1 1 A
0 20 40 80 80

Ni in metal (mg/g)

1531

of materials that formed at a variety of temperatures
during the ncbular stage and subsequently suffered
very limited or no re-equilibration.
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Relationships—bulk composition

The type 3 enstatite chondrites appear to be type
3 EH chondrites which are depleted in chalcophile
elements. The depletion is not large, so that these
meteorites lie at the low end of the EH spectrum. A
possible cause for the depletions is weathering of the
type 3 enstatite chondrites analyzed. Two are Antarctic
finds, and Parsa and Qingzhen, while both were
observed falls, appear to have suffered some terrestrial
aqueous attack. Weathering may affect the composi-
tion of a meteorite by simple hydration or by selective
dissolution and leaching. Simple hydration would
affect all elements equally and, since the effect would
be removed by normalization, it cannot explain the
differences between the type 3 and the EH data
observed in Figs. 1-3. In principle, leaching could
produce the observed differences since several (perhaps
all) of the sulfides in enstatite chondrites are soluble
in water, especially when it is acidic. Such effects are
erratic and complicated, and cannot be rejected en-
tirely, but probably do not explain all the differences
between the type 3 and EH chondrites. First, the tvpe
3 chondrites are compositionally very similar and,
since the degree of weathering varies widely, more
scatter would be expected if their composition had
been severely influenced by weathering. Second, the
badly weathered non-type 3 enstatite chondrite ana-
lyzed here (80259), aside from an occasional individ-
ual element, plots with the EL class.

We suggest five possible extraterrestrial mechanisms
by which such element depletion could occur. 1)
Accretion at different temperatures, so that the missing
proportion of the chalcophiles was left behind in the
gas. 2) Differential accretion of fully condensed ma-
tenial, so that sulfide minerals were not as fully
sampled by the type 3 chondrites as the other EH
chondrites. This possibility is somewhat analogous to
the metal-silicate fractionation suffered by the chon-
dritic meteorites (LARIMER and ANDERS, 1970; Was-
SON, 1972). 3) Loss by diffusive processes following
transient heating in the form of shock event. 4)
Redistribution by processes involving sulfurous liquids
or gases on the meteorite parent body. This process
could be a shock event during which sulfurous veins
would form. 5) Loss caused by redistribution asso-
ciated with metamorphism (M. E. LIPSCHUTZ, per.
commun.). This idea we do not discuss in depth
because it implies greater loss from the type 3 than
the more heavily metamorphosed type 4 chondrites,
which we think very unlikely.

The shock loss process can be discussed in the
least speculative manner. Qingzhen and Yamato
69001 both have very low K-Ar ages, 3.2 Ga and 1.1
Ga, respectively (CRABB and ANDERS, 1982; SHIMA
et al., 1973). CRABB and ANDERS (1982) argued that
the low K-Ar age was not due to shock heating since
Qingzhen's low *He/*'Ne (1.1) implied solar heating,
However, this argument cannot be invoked by Ya-
mato 69001, whose *He/*'Ne is normal (3.3). In the
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case of ordinary chondrites, low K-Ar ages are always
associated with violently shocked meteorites (HEY-
MANN, 1967). Shock heating in an oxidizing atmo-
sphere would also account for heterogeneous oxidation
of the silicates, the production of glass (although it
may look petrographically distinct from igneous pri-
mary glass), and the sulfurous veins described by EL
GORESY ef al. (1983). WANG and XIE (1981) described
shock-blackened enstatite grains in Qingzhen. WALSH
and LIPSCHUTZ (1982) have shown that the pattern
of trace element loss following laboratory heating for
1 week at 1000°C closely resembles the pattern of
element depletion in heavily shocked L chondrites.
The presence of sulfurous and low K-Ar ages probably
suggests that, at least locally, post-shock residual
temperatures were 800-1000°C, so the annealing
data for Abee therefore provides an indication of the
expected trace element loss for a shocked EH chon-
drite. Even if shock temperatures were not so high,
the pattern of element release at lower temperatures
is very similar to that at 1000°C. Fig. 9 compares
the annealing data of IKRAMUDDIN et al. (1976) with
the composition of the type 3 EH chondrites. It can
be seen that the two patterns are very different, the
laboratory heating causes a much greater loss of Zn
than has been the case for the type 3 chondrites. We
think this is strong evidence against the idea that the
type 3 chondrites suffered element loss by evaporation.
However, it does not rule out shock-induced loss by
the production by sulfurous veins, as this would be
governed by the formation of miscible liquids.

Also shown in Fig. 9 is an attempt to climinate
cither the condensation or the accretionary mecha-
nisms mentioned above (possibilities 1 and 2). If the
cause of the “depletion™ of chalcophile elements in
type 3 chondrites were associated with the loss of
nebular gas, simultaneous with accretion (“gas-dust
fractionation™), then one would expect to see a
relationship between the extent of depletion and the
volatility of the element. On the other hand, if the
depletion were associated with the removal of sulfides
after total condensation, then one would expect to
see a plateau (a constant level of depletion) with the
level of the depletion indicating the amount of ma-
terial removed. We suggest that the data essentially
climinates possibility (1), and are more consistent
with the mechanical removal of a sulfide-rich material
containing about 20% of the chalcophile elements.
Perhaps their density, being intermediate between
silicates and metal, was involved.

The fourth possibility was favored by EL GORESY
et al. (1983) on the basis of the separation of Na and
K into different “lithologies”, their association with
very different mineral assemblages and the presence
of certain alkali metal sulfides in veins. The evidence
for parent body processes of some sort seems very
strong, but whether they produce element depletions
in unclear. It seems doubtful that they would result
in a plateau in Fig. 9. If the medium which produced
the veins were gaseous, then presumably the loss
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would depend on volatility. If the medium were fluid,
then the extent of loss would depend on the liquid-
solid distribution coefficients for the elements and
systems involved and the miscibilities of the liquid
sulfides. In view of the evidence for shock, and EL
GORESY et al’s (1983) observation of sulfurous veins,
we are inclined to suspect that shock-produced sulfur-
rich veins were responsible for the depletions of
volatile chalcophiles observed in the type 3 enstatite
chondrites.

Relationships—oxygen isotopes

The oxygen isotope ratios of ten enstatite chon-
drites, including four type 3 enstatite chondrites, were
reported by CLAYTON et al. (1984). The EL chondrites
form a tight cluster on the terrestrial fractionation
line with 6'"*0 = 5.57 = 0.13. The EH chondrites,
without the four type 3 chondrites, plot along the
line with a mean 4'*O identical to that of the EL
chondrites (5.59 = 0.27). The type 3 EH chondrites
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FIG. 9. Plot of the depletion of chalcophile elements in type 3 chondrites against order of increasing
volatility. Also indicated with an asterisk are data for Abee samples which have been annealed for 1 week

at 1000°C (data from IKRAMUDDIN er al., 1976).
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have 6'*0 0.5-1.0%0 lighter than the other EH chon-
drites (4.91 = 0.32). This is in contrast to the type 3
ordinary chondrites which tend to have oxygen iso-
topes ~ 1% heavier in §'*0 than their equilibrated
counterparts (CLAYTON et al, 1981). If these "0
values reflect equilibration temperatures between sil-
icates in the meteorite and the nebular gases, then
the UOC equilibrated ~30° [ower than their equili-
brated counterparts, while the type 3 enstatite chon-
drites equilibrated ~30° higher than the EH and EL
chondrites.

In view of the small chemical differences between
the type 3 chondrites and the EH chondrites, it is
worthwhile to consider the influences on oxygen
isotopes of the processes discussed above, Weathering
would move the samples up along the terrestrial
fractionation line since it would add heavy tropo-
spheric oxygen (8'%0 = 23.6). Although it might ex-
plain the difference in oxygen isotopic composition
between the two Parsa fragments examined by CLAY-
TON ef al. (1981), it is totally incapable of explaining
the differences between the type 3 enstatite chondrites
and the others. Loss of a plagioclase-rich liquid would
produce a residue with lighter isotopes, since heavy
oxygen tends to partition itself in the plagioclase
(CLAYTON ¢t al., 1976). ONUMA er al. (1972b) state
that the relationship between the plagioclase-pyroxene
fractionation (A) and temperature (7, K) is A
= L.17(10°7T"%) in which case A = 2.3 and 3.6 at 400
and 300°C, respectively. Thus if all the plagioclase
were lost, the bulk 4'*0 would decrease by 0.3 and
0.6%, respectively, while if half were lost, the decreases
would be 0.2 and 0.3%.. These values are similar to
the observed differences between §'*0 for type 3 and
the other enstatite chondrites. The alternative is that
instead of removal of plagioclase containing heavy
oxygen isotopes, light oxygen-bearing olivine could
have been added. However, it is difficult to conceive
of a physical scenario to accomplish this. We speculate,
therefore, that the oxygen isotopes may reflect a loss
of a shock-produced, plagioclase-rich melt and could
be a further consequence of shock processes playing
a major part in the history of the type 3 enstatite
chondrites.

CONCLUSIONS

The meteorites identitied by PRINZ ef al. (1984a)
are EH chondrites that equilibrated at lower temper-
atures than the type 4-6 enstatite chondrites. These
arc depleted in chalcophile clements by an amount
which is independent of volatility; their abundance
lies at the low end of the EH range. It is thought
unlikely that the depletions are caused by weathering
since more extensively weathered non-type 3 enstatite
chondrites do not show such depletions. Rather it is
suggested that the chalcophile element depletions arc
the result of shock events suffered by the parent body
which removed certain chalcophiles by the formation
of sulfurous veins. If the shock also produced plagio-
clase-rich liquids, then the oxygen isotope differences
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between type 3 and equilibrated chondrites could
also be explained. The complex mineral chemistry of
enstatite chondrites may be best understood in terms
of simultaneous condensation, accretion and equili-
bration of components that formed at a variety of
temperatures and were subsequently mixed and suf-
fered little or no subsequent reequilibration. Thus
the type 6 chondrites contain a large portion of
material that formed and agglomerated at the highest
temperatures (> 1000°C), the type 4-5 at intermediate
temperatures (600-700°C) and the type 3 at the
lowest temperatures (300-400°C).
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Mg/Si and Fe/Si data used in Fig. 4 and
their literature sources.*

Appendix 1.

Mg Fe Si Referencest
(mg/q) (mg/q) (mg/qg)
Abee 115,111 326,304 163,175 1,11
Adhi Kot 111 333 168 2
Indarch 113,110, 304,269,
104 332 167,165 1,3,4
St. Marks 111,116 314,324 170,171 1,4
St. Sauveur 106,103 295,350 156 3,7
Parsa 113 276 3
Yamato 69001 116 298 177 8
Qingzhen 110,113 314,312 170 9,14
Allan Hills
A77156 105 314 14
Yamato 74370 10
Atlanta 127,153 248,[290] 176,177 1,4
Blithfield 160,149 197,207 222,199 1,13
Daniels' Kuil 130 [290],237 180 2,6
Hvittis 127,147, 235,226, 173,194,
140 249 198 1,4,12
Jajh deh
Kot Lalu 140 222 184 4
Pillistfer 136,156 278,267,
270,233 191 1,2.3
Khairpur 148,139 235,211 204 5,6
Reckling Peak
AB0259 113 218 14

* Yalues in square brackets were rejected as being out
of Tine with other data.

T 1. Von Michaelis et al. (1969); 2. Mason (1966);
3. Sears et al. (T98Za); 4. Wiik (1969); 5. Moss et
al. (19677; &. Prior (1916); 7. La Croix (1923); —
8. Shima and Shima (1976); 9. Wang and Xie (1981);
10. Nagahara and E1 Goresy (1984), ratios only
quoted; 11. Dawson et al. (1960); 12. Borgstrom
(1903); 13. Johnston and Connor (1922); 14. Present
work.,



