not known. The subbottom profile data
show that the most recently deposited Holo-
cene sediments are truncated by the crater
(Fig. 3A). There is no evidence of a recent
sediment drape over the deposits (Figs. 2
and 3B). The crater rim, internal walls, and
debris field appear fresh (Fig. 2). Erosion or
smoothing by bottom currents is not appar-
ent. Together, the evidence suggests that the
crater formed recently, probably within a
few hundred years. An unusual sea-surface
disturbance (possibly gas venting) was ob-
served in the same vicinity in September
1906, but it is not possible to link this event
with formation of the crater (16).

Hydrocarbon seepage is a relatively com-
mon process in the Gulf of Mexico, account-
ing for various phenomena such as gas-rich
sediments hydrates, mud diapirs, and water
column anomalies (9, 10, 17, 18). Release is
usually gradual, but may be persistent (18).
One example of natural high-energy venting
was reported in 1200-m water depth (16).
Also, a crater (about 40 m deep, 500 m in
diameter) was tentatively recognized from a
single acoustic profile in a water depth of
900 m (19). The high-resolution, deep-tow
data now indicate that blowout-type craters
and ¢jecta fields can form naturally in deep
water following intrusive deformation of the
sea floor.
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Rhenium-Osmium Isotope Systematics of

Carbonaceous Chondrites

R. J. WALKER AND J. W. MORGAN

Rhenium and osmium concentrations and Os isotopic compositions of eight carbona-
ceous chondrites, one LL3 ordinary chondrite, and two iron meteorites were deter-
mined by resonance ionization mass spectrometry. Iron meteorite '*’Re/***Os and
1870s/'86Qs ratios plot on the previously determined iron meteorite isochron, but most
chondrite data plot 1 to 2 percent above this meteorite isochron. This suggests either
that irons have significantly younger Re-Os closure ages than chondrites or that
chondrites were formed from precursor materials with different chemical histories
from the precursors of irons. Some samples of Semarkona (LL3) and Murray (C2M)
meteorites plot 4 to 6 percent above the iron meteorite isochron, well above the field
delineated by other chondrites. Murray may have lost Re by aqueous leaching during
its preterrestrial history. Semarkona could have experienced a similar loss of Re, but
only slight aqueous alteration is evident in the meteorite. Therefore, the isotopic
composition of Semarkona could reflect assembly of isotopically heterogeneous
components subsequent to 4.55 billion years ago or Os isotopic heterogeneities in the

primordial solar nebula.

ECAUSE RE AND Os ARE HIGHLY

refractory and siderophile elements,

the Re-Os isotope system is particu-
larly important in studies concerned with
metal phases and high-temperature inclu-
sions of meteorites. Potential applications of
the system include dating meteorites, espe-
cially with respect to the chronology of the
assembly and subsequent metamorphism of
genetically disparate components, and pro-
viding estimates of the initial Os isotopic
composition and Re/Os ratio of the early
earth. This ratio is an important chemical
tracer for understanding the formation of
the earth’s core and the chemical evolution
of the mantle and crust. Because of analytical
limitations, most Re-Os isotopic analyses of
meteorites have been obtained from those
metal phases that concentrated Re and Os
(1-3). Data for IA, IIA, IIIA, and IVB iron
meteorites define a line on a '®"Re/'®¢Os
versus '8’Os/**¢Os plot. Geochronologic ap-
plications, however, have been hindered by
the lack of an accurate determination of the
87Re half-life. Herr and co-workers (3)
concluded that iron meteorites crystallized
between 4 and 5 billion years ago (Ga) using
a '8Re half-life of (4.3 = 0.5) x 10" years
that was based on terrestrial molybdenite
data (4). More recently, iron meteorites and
metal separates from ordinary chondrites
have been examined with secondary ion
mass spectrometry (1, 2). A ¥"Re half-life of
(4.56 = 0.12) x 10" years was derived with
the assumption that chondrites and irons
have a common age of 4.55 Ga. This result
is within uncertainty of the half-life estimat-
ed from molybdenites and also of a value of
(4.36 = 0.13) X 10" years based on the
laboratory determination of the growth of
'%70s in highly purified HReOy (5). Recent

refinements of the laboratory determination,
however, have yielded a half-life of (4.23 +
0.13) x 10" years (6), which is significant-
ly less than the meteorite-derived half-life.
We have measured the Re and Os concen-
tration and Os isotopic composition for
whole rock samples of eight carbonaceous
chondrites and the unequilibrated LL3 ordi-
nary chondrite Semarkona, as well as two
iron meteorites. Chondrites represent one of
the least distorted samples of the composi-
tional and isotopic characteristics of the
primordial solar nebula and thus provide
information regarding the initial isotopic
composition of Os in the early solar system.
We dissolved and equilibrated the samples
(7-9) with enriched ®®Os and '"®°Re spikes
by alkaline fusion. Osmium was distilled
twice as OsO, from H,SO4H,O, solution;
Re was recovered from the residual solution
by anion exchange. Both Re and Os were
further purified by adsorption onto anion
exchange beads and loaded onto a Ta fila-
ment. Total analytical blanks were <70 pg
for Re and <20 pg for Os. Four Os isotopic
ratios were measured with a resonance ion-
ization mass spectrometer (10): "Os to
1920s for determination of Os concentration
by isotope dilution (ID); '2Os to '®80s for
correction for mass fractionation, typical-
ly <1% per mass; and "?Os to '®’Os and
%805 to "¥7Os for measurement of the rela-
tive abundance of '¥’Os. These ratios were
converted to ¥70s/!¥Qs, the most com-
monly reported ratio, with 20s/"*¢Qs and
18805/!860s values of 25.59 and 8.302, re-
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spectively (2). Rhenium concentrations were
determined by ID from '®’Re/'*Re. Preci-
sions (20) range from 0.8 to 2% for both
concentration and isotope composition mea-
surements. With the exception of Allende,
which was provided as a powder, only un-
altered interior pieces of meteorites were
analyzed.

For interlaboratory comparison, we ana-
lyzed duplicate pieces of the Canyon Diablo
(IA) and Tocopilla (ITA) iron meteorites
(Table 1). These data plot within 2o analyti-
cal uncertainties of the established iron me-
teorite isochron (2), indicating good inter-
laboratory agreement. A least-squares re-
gression of these data and the iron mete-
orite data from Luck and Allegre (2) gives a
slope of 0.06944 * 0.00208 and an initial
1870s/'%60s of 0.8119 = 0.0094 (11, 12)
(Fig. 1) (all regression uncertainties are 20).
The absolute Re and Os concentrations
agree less well with the literature values (1-
3) (Table 1). The significant differences
between replicate analyses of Canyon Dia-
blo and Tocopilla likely reflect primary in-
homogeneity at the 0.1- to 0.4-g sample size
caused by coarse kamacite and taenite inter-
growths.

Radiochemical neutron activation analysis
(RNAA) data for Re and Os in carbona-
ceous chondrites show variation because of
either analytical error or sample heterogene-

ity (13-17). Our ID data for the U.S. Na-
tional Museum standard Allende powder
(18) (Table 1) fall within the range of
RNAA values, and the means agree well (20
for the mean): 68.6 = 3.5 ppb Re and
851 = 62 ppb Os (ID; three determina-
tions) versus 68.4 * 5.2 ppb Re and 833 =
65 ppb Os (RNAA; five determinations)
(15). Variation in '®"Re/"®Os ranging from
3.00 = 0.06 to 3.50 + 0.10 indicates that
Re and Os are mutually fractionated in
important host phases. In Allende, a signifi-
cant proportion of refractory metals occurs
in calcium- and aluminum-rich inclusions as
alloy grains of variable composition that
may contain up to 46% Os and 4% Re (19,
20). A single osmium-rich alloy nugget only
a few micrometers in diameter can increase
substantially the concentration of Os in a
100-mg sample. Variations in concentra-
tions were also observed in Murray (C2M)
and Semarkona (LL3) when individual
pieces were analyzed (Table 1). The nugget
problem is less serious for these two meteor-
ites and also the other carbonaceous chon-
drites of this study because calcium- and
aluminum-rich inclusions are much rarer
than in Allende and do not contribute sig-
nificantly to refractory element abundances.
Thus, these compositional heterogeneities
are likely the result of analyzing pieces of
these meteorites and not finely ground,

Table 1. Rhenium and Os abundances and Os isotopic ratios in iron meteorites, carbonaceous
chondrites, and unequilibrated ordinary chondrite Semarkona (2o errors).

Os

g Re 187 186, 187, 186,
Meteorite Type (ppb) (ppb) Re/"*°0s Os/™0s
Irons
Canyon Diablo 1A 247 £ 2 2620 = 30 3.78 = 0.06 1.07 = 0.01
272 2 2930 = 30 3.74 = 0.06 1.08 = 0.01
3T 252 +7 2070 = 30 4.88 + 0.15 1.13 = 0.02
1.12 = 0.01
2) 247 =2 2300 = 40 433 +0.16 1.12 = 0.01
222 4 2030 = 40 440 = 0.12 1.11 = 0.01
Tocopilla IIA 2302 1080 = 10 8.56 = 0.14 1.39 = 0.02
247 £ 4 1090 = 10 9.16 = 0.15 1.45 = 0.01
3t 252 =5 1290 = 70 7.87 = 0.63 1.41 = 0.01
1.43 = 0.01
2) 222+ 4 1060 = 20 8.42 = 0.30 1.40 = 0.01
Chondrites
Orgueil ClI 43.3 09 518 = 4 3.36 £ 0.10 1.07 = 0.02
Murchison C2M 56.3 = 0.6 759 = 8 2.98 = 0.05 1.03 = 0.01
Murray C2M 53.2*1.0 713 = 3 3.00 = 0.07 1.06 = 0.01
67.0 + 0.7 810 =8 3.33 £ 0.05 1.09 = 0.01
66.6 = 1.0 714 =7 3.74 = 0.07 1.12 = 0.01
69.3 0.6 750 = 7 3.71 £ 0.05 1.09 = 0.02
Ornans C30 67.5 0.8 8227 3.30 £ 0.08 1.05 = 0.01
Lancé C30 739 = 1.0 919 = 12 3.23 £ 0.06 1.04 = 0.02
Allende C3V 65.8 £ 1.3 819+ 8 3.23 £ 0.06 1.05 = 0.01
68.1 = 0.7 911 =9 3.00 = 0.06 1.04 = 0.01
71.8 £ 2.0 824 + 8 3.50 £ 0.10 1.07 = 0.01
Vigarano C3V 66.3 = 0.8 795 =5 3.35 = 0.04 1.06 = 0.01
Karoonda Cc40 725 £ 0.7 1210 = 14 2.40 = 0.04 1.00 = 0.01
Semarkona LL3 47.6 = 0.9 496 = 6 3.85 = 0.08 1.09 = 0.01
434+ 0.6 536 + 4 3.25 = 0.05 1.10 = 0.01

* Reference entries indicate data from other studies.

1 Rhenium and osmium abundances determined by neutron

activation. Errors are 20 derived from four determinations of 1- to 2-g samples.

§20

mixed powders. The sporadic distribution
of a relatively coarse metal phase might also
account for the variations in the Semarkona
data.

As a group, the carbonaceous chondrites
have lower '®"Re/'®Os ratios (2.40 to 3.85)
than the metal phases of ordinary chondrites
(3.86 to 5.00) (2). The difference in Re/Os
ratios between carbonaceous and ordinary
chondrites (14) is not a result of fraction-
ation between metal and silicate phases of
the ordinary chondrites, because the Re/Os
ratio by RNAA in whole-rock equilibrated
chondrites agrees well with that determined
by ID in separated metal phases (21). Se-
markona, perhaps the least equilibrated or-
dinary chondrite, plots within the range of
the carbonaceous chondrites. Among carbo-
naceous chondrites, the trend of increasing
187Re/!®%0s with increasing grade inferred
from the RNAA data (21) is not apparent
from the ID data. The lowest chondritic
187R ¢/"¥ Qs ratio is from Karoonda, a C40
chondrite.

All data for carbonaceous chondrites plot
above the iron meteorite isochron, and all
but three pieces of Murray plot systematical-
ly in a range 1 to 2% above the isochron. In
addition, Luck and Allegre (2) reported that
nine of ten of the separated metal phases of
chondrites also plot above the isochron. The
exception, Dhajala (H3.8) is an unequili-
brated chondrite in which the metal may not
be in chemical or isotopic equilibrium with
other phases with respect to refractory sider-
ophile elements (22). Although many of
these chondrites plot within analytical un-
certainty of the iron meteorite isochron, this
offset indicates that there is a significant
isotopic difference between irons and chon-
drites. For a sign test, the probability of 18
out of 19 chondrites plotting above the line,
if both groups were derived from isotopical-
ly identical reservoirs at the same time, is
8 x 107>, Thus, if identical closure ages are
assumed for both chondrites and irons, the
initial '®’Os/"*¢Os of chondrites is 1 to 2%
higher than that for irons. A least-squares fit
of our carbonaceous chondrite data, except
for Murray, to a line with a slope defined by
a closure age of 4.55 Ga and with the most
recent half-life value of 42.3 billion years
gives an initial '¥’Os/'"*¢0s of 0.802 =
0.049 (Fig. 2). When the data from metal
separates of ordinary chondrites (2) are in-
cluded in the regression, the intercept is
0.794 = 0.024. Different initial isotopic
compositions for meteorite groups of the
same age would imply that the precursor
materials had different multistage Re-Os
histories before system closure. Alternative-
ly, the differences between the Re-Os sys-
tematics of chondrites and irons may result
from different closure ages. Other radiomet-
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ric isotope systems indicate that the primary
crystallization age of chondrites is approxi-
mately 4.55 Ga. However, ages ranging
from 4.55 to 3.8 Ga have been reported for
different iron meteorites as determined by
Ar, Sr, Xe, and Ag dating techniques (23). If
the 42.3 billion year half-life for "*Re is
accepted, the Re-Os closure age of the iron
meteorites of this study and (2) is 4.15 =
0.16 Ga.

The Re-Os isotope data for three of four
samples of Murray (C2M) plot 2 to 3%

above the carbonaceous chondrite isochron
(Fig. 3). The remaining sample has a less
radiogenic composition that is consistent
with the other chondrites, indicating that
the meteorite is isotopically heterogeneous.
Murray is unequilibrated and may have pre-
served primordial isotopic heterogeneities in
some phases. No corresponding Nd or O
isotopic anomalies have been reported, but
the decay constant of '¥’Re may be particu-
larly sensitive to temperature and electron
density in stellar interiors (24). The meteor-

Fig. 1. '"*7Re/'*Os versus T
870s/'%0s diagram show-
ing duplicate analyses of
both Tocopilla and Can-
yon Diablo iron meteor-
ites and the iron meteorite

1.4 ¢

data reported by Luck and ,§ 12
Allegre (2). Error bars are =
20. All data plot within &
analytical uncertainty ofan & 1.0

isochron defining a slope
of 0.06944 + 0.00208 and
an initial '¥70s/'#QOs ratio
of 0.8119 = 0.0094. The
variation in Re/Os ratio
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Fig. 2. '*’Re/'®Os versus
1870s/'80s diagram show-
ing data for seven carbo-
naceous chondrites, in-
cluding triplicate analyses
for Allende. The iron me-
teorite isochron is shown
as a solid line; the dashed
line shows a least-squares
fit of the carbonaceous
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ite has undergone substantial preterrestrial
aqueous alteration (25), and there is evi-
dence of significant leaching (26). Hence,
loss of Re at some time subsequent to 4.55
Ga, perhaps as the highly soluble perrhenate
ion, alternatively may account for the appar-
ent '¥’Os excess. Comparable Rb-Sr and U-
Th-Pb isotopic heterogeneities in chondrites
have been attributed to disturbances that
significantly postdate 4.55 Ga (27). Leach-
ing of Re could have occurred either soon
after the formation of the meteorite or could
significantly postdate its formation. If leach-
ing occurred soon after formation, however,
the magnitude of the oftsets would require
rapid growth of the apparent excess '¥Os in
a domain with a very high Re/Os ratio and
subsequent removal of much of the Re by
leaching.

Apparent excess '¥Os was also observed
in one of the two samples of Semarkona
(Fig. 3). This unequilibrated meteorite is
also inhomogeneous with respect to other
isotopes (28), most notably containing a
phase with the highest deuterium content
yet observed (29). Semarkona shows a de-
gree of preterrestrial aqueous alteration that
is unusual in ordinary chondrites (30). Vari-
able 70s/'®0s could have been caused by
leaching of Re in the same manner as dis-
cussed for Murray, although aqueous alter-
ation is much less extensive in Semarkona
than in Murray. The Os isotopic heteroge-
neities alternatively might have resulted
from the assembly of phases with differing
initial Os isotopic compositions at or post-
dating 4.55 Ga. If assembly postdated 4.55
Ga, then the components included materials
that evolved with at least two stages of Re-
Os evolution, one with a high Re/Os ratio.
If the assembly occurred within several mil-
lion years of the formation of the solar
system, then the heterogeneities may indi-
cate isotopic variability in the primordial
solar nebula.

The Re-Os systematics of carbonaceous
chondrites are thus similar, but probably not
identical to those of iron meteorites. The
apparent subtle differences may result from a
more recent Re-Os closure age for irons, on
the order of several hundred million years.
Alternatively, the results might indicate that
the precursors to these meteorite groups
evolved with different, multistage Re-Os
histories. The average Os isotope composi-
tion of these carbonaceous chondrites is
consistent with age-normalized data for
some terrestrial mantle-derived rocks, sup-
porting the speculation that the earth’s man-
tle has evolved with Re-Os systematics simi-
lar to those of carbonaceous chondrites (31).
In addition, the large isotopic heterogene-
ities observed in Murray and Semarkona
indicate that these meteorites either accumu-
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lated from isotopically heterogeneous mate-
rials or that Re was leached at some stage
following their accretion.
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The Effect of GTPase Activating Protein upon Ras Is
Inhibited by Mitogenically Responsive Lipids

MEeN-HwEI Tsa1, CHUN-L1 YU, Fu-SHENG WEIL, DENNIS W. STACEY

Bacterially synthesized c-Ha-ras protein (Ras) was incubated with guanosine triphos-
phatase (GTPase) activating (GA) protein in the presence of various phospholipids.
The stimulation of Ras GTPase activity by GA protein was inhibited in some cases.
Among the lipids most active in blocking GA protein activity were lipids that show
altered metabolism during mitogenic stimulation. These included phosphatidic acid
(containing arachidonic acid), phosphatidylinositol phosphates, and arachidonic acid.
Other lipids, including phosphatidic acid with long, saturated side chains, diacylglycer-
ols, and many other common phospholipids, were unable to alter GA protein activity.
The interaction of lipids with GA protein might be important in the regulation of Ras

activity during mitogenic stimulation.

ELLULAR RAS PROTEIN (Ras) Ar-

pears to be critical during mitosis

(1). Although it is not known how
Ras functions, the regulation of Ras activity
could be essential in the control of cellular
proliferation (2). A cytoplasmic GTPase ac-
tivating (GA) protein stimulates the rate at
which Ras converts bound guanosine tri-
phosphate (GTP) to guanosine diphosphate
(GDP) (3). Since this conversion is believed
to inactivate Ras, GA protein might be
involved in negatively regulating Ras activi-
ty. On the other hand, studies with ras
mutants suggest that Ras might control the
activity of GA protein (4, 5). In cither case,
the interaction between these two proteins
could be involved in the control of cellular
proliferation, although it has not been
shown that the interaction between Ras and
GA protein can be modified during mito-
genic stimulation. Microinjection of anti-
body to Ras, however, indicated that the
mitogenic action of several lipid-related ma-

Fig. 1. Inhibition of GA protein activity by
increasing concentrations of phosphatidic acid.
(PA% Bacterially synthesized Ras was bound to
[0-**P]GTP and then incubated with crude GA
protein in the presence of various concentrations
of phosphatidic acid. After 1 hour, the Ras was
precipitated with a specific antibody and the ratio
of bound nucleotides was determined with TLC.
The broken line indicates the percentage of GTP
remaining bound to Ras in the absence of GA
protein or phospholipid. The ability of GA pro-
tein to increase GTPase and decrease the amount
of bound GTP was inhibited approximately 50%
by 24 ug/ml phosphatidic acid. Nucleotide-free
Ha-Ras (2 pM) was incubated for 20 min at 30°C
with 1 M [a-**P]GTP (3000 Ci/mmol; Amer-

terials was dependent upon cellular Ras
activity (6). It was postulated that phospho-
lipid metabolism might be related to the
biological activation of cellular Ras and
therefore to the interaction between GA
protein and Ras.

GTPase activating protein (often called
GAP) activity has been identified in crude
cytoplasmic extracts from a variety of cell
types, it has been purified, and the gene has
been cloned (7, 8). GA protein increases the
GTPase activity of purified, bacterially syn-
thesized Ras in solution or of cellular Ras
associated with crude membrane prepara-
tions. We initially used crude mouse brain
cytosol as our source of GA protein (9) and
then also used bacterially synthesized, cellu-
lar Harvey Ras. In the first analysis, lipo-
somes of phosphatidic acid with saturated
fatty acid side chains (stearic acid) were
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sham) in 50 wl of tris-HCI, pH 7.5, buffer containing 2 mM dithiothreitol without added MgCl,.
GTPase reaction was initiated by addition of MgCl, and crude GA protein preparation (3-5, 9) and the
indicated concentrations of phosphatidic acid (y-stearoyl B-arachidonoyl) in 150 .l of reaction buffer
[final concentrations: 20 mM tris-HCL, pH 7.5, 3 mM MgCl,, 0.15M NaCl, 1 mM dithiothreitol (23)].
After incubation at 30°C for 1 hour, Ras was immunoprecipitated by monoclonal antibody Y13-259
and protein A—Sepharose beads coated with rabbit antibody to rat immunoglobulin G (3, 4). Bound
nucleotides were released from the immunoprecipitate by boiling for 3 min. Bound nucleotides were
resolved on a polyethyleneimine cellulose TLC plates (EM Science) in 1M potassium phosphate, pH
3.4, visualized by autoradiography and quantitated. Liposomes were formed as in (12). Ha-ras protein
was prepared in a bacterial expression system as described (24).
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