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Stepped-heating experiments on martian meteorites Allan Hills 84001 (ALH84001) and
Elephant Moraine 79001 (EETA79001) revealed low-temperature (200 to 430 degrees
Celsius) fractions with a carbon isotopic composition 3'3C between —22 and —33 per
mil and a carbon-14 content that is 40 to 60 percent of that of modern terrestrial carbon,
consistent with a terrestrial origin for most of the organic material. Intermediate-tem-
perature (400 to 600 degrees Celsius) carbonate-rich fractions of ALH84001 have §'3C
of +32 to +40 per mil with a low carbon-14 content, consistent with an extraterrestrial
origin, whereas some of the carbonate fraction of EETA79001 is terrestrial. In addition,
ALH84001 contains a small preterrestrial carbon component of unknown origin that
combusts at intermediate temperatures. This component is likely a residual acid-insol-
uble carbonate or a more refractory organic phase.

Last year, McKay et al. (1) reported on a
number of pieces of evidence pointing to
the possibility of biogenic fossils in the or-
thopyroxenite ALH84001. This meteorite,
together with EETA79001 and other mar-
tian meteorites, form a class of rare achon-
drites that were apparently ejected from the
surface of Mars (2). Most of them crystal-
lized from magmas between 180 million
years ago (Ma) and 1.3 billion years ago
(Ga) and have shock ages of about 180 Ma
(2). With an age of crystallization of about
4.5 Ga (3) and a shock age of 3.9 to 4.3 Ga,
ALHS84001 is much older than other recog-
nized martian meteorites (4). Thus, the re-
sults of McKay et al. (I) suggest that
ALHB84001 not only may contain evidence
of life on Mars but would imply evidence for
the evolution of life early in the history of
our solar system. Since the paper of McKay
etal. (1), there has been much discussion as
to the nature and origin of the organic
material found in martian meteorites, par-
ticularly that found in ALH84001 and
EETA79001. Here we used '*C and °C as
tracers to determine the origin of the car-
bonate mineral and organic carbon compo-
nents of ALH84001 and EETAT79001.
These isotopes have been shown to be im-
portant tools for determining the prove-
nance of carbonates (5-10) and organic
phases (11-13) in previous studies.
ALH84001 and EETA79001 fell to
Earth 13 = 1 and 12 = 2 thousand years
ago (ka), respectively, based on the level of
cosmic-ray-produced 'C extracted from
silicate minerals found in these rocks (9,
14, 15). This *C was produced principally
by spallation reactions on '°O, which oc-
curred during irradiation by cosmic rays
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while the meteorites were in space (14, 15).
Spallation production of *C from nuclei
heavier than oxygen is not significant (14).
The same process produced a significant
although substantially smaller amount of
14C in carbonate minerals (16, 17) that
were present in the meteorites possibly as a
result of aqueous alteration on Mars (2). In
contrast, organic material originating from
Mars should contain a negligible amount of
14C from either spallation or thermal neu-
tron capture reactions occurring in space
(18). Thus, the indigenous organic compo-
nents of ALH84001 and EETA79001 are
expected to have had low '#C activities
when they fell to Earth. Once on Earth,
however, if these meteorites incorporated
either organic contaminants or terrestrial
carbonate weathering products, the initial
4C composition of these components may
have increased. This effect would be great-
est for recent contamination. Alteration oc-
curring since 1955 could produce especially
large '*C concentrations due to the incor-
poration of bomb radiocarbon (19). Thus,
14C can be used as a label to support inter-

pretations of the stable carbon and oxygen
isotope abundances and can potentially
identify a material as extraterrestrial or ter-
restrial. It has been used to examine the
“white druse” deposits on the EETA79001,
which potentially represent martian weath-
ering (6, 7, 20) but may instead be terres-
trial weathering products (17).

Organic materials are known to combust
between 200° and 400°C, below the typical
breakdown temperatures of weathering car-
bonate minerals of 450° to 600°C (7, 8,
11). Obviously, some overlap is possible
depending on combustion conditions.
Wright and co-workers (11) previously re-
ported 8'°C values (21) of some organic
materials released by stepped combustion of
EETA79001 and a preliminary study of
ALHB84001 (12). We will compare our re-
sults to expected '*C and 8'*C for various
possible terrestrial contaminants.

Our experiments were designed to iso-
late carbon from the organic, carbonate,
and silicate fractions of these two meteor-
ites and to compare the stable isotope and
4C compositions of each component by
means of stepped heating experiments. We
performed four separate stepped combustion
experiments (22). The first two used
crushed bulk material of EETA79001, and
the third used sieved bulk material (>250
pm) from ALH84001. For the fourth exper-
iment, we attempted to remove the carbon-
ate from the noncarbonate fractions in
ALH84001 by etching the sample with
85% phosphoric acid for 16 hours at 50°C
before the stepped heating. The residue
from this etch was washed with distilled
water, dried, and combusted in the same
manner as the other three experiments.

Two stepped combustion experiments
were performed on different samples of
EETA79001 (experiments E47 and E49, see
Table 1 and Fig. 1). In E47, we used three
wide temperature steps of ~200°C, whereas
in E49, we used increments of about 100°C.
Results from the two experiments are similar,
although E49 indicated release of 33 parts

Table 1. Results from stepped-combustion experiments on martian meteorite EETA79001. For exper-
iments 47C and 49F, spallogenic '*C was released. BP, before present.

Experi- ~ Temperature C C 31°C Fraction 14C age
ment range (°C) (r@)  (Ppm) (per mil) modermn4C (ka BP)
0.401 g of powder
47A 190-422 79 197 =27.77 £0.01 0.583 = 0.031 434 = 043
478 422-600 15 38 —-2.96 = 0.03 0.444 = 0.074 6.53 = 1.35
47C 600-830 30 74 —-16.78 = 0.08 1.67 = 0.013 Spallogenic 4C
0.297 g of powder
49A 76-200 10 33 —-19.4 0.228 = 0.075 11.9x27
498 200-320 30 100 —-28.4 0.471 = 0.023 6.1 =04
49C 320-410 24 81 —-26.7 0.493 = 0.032 57 +05
49D 410-500 9 30 -12.3 0.411 = 0.090 72=+18
49E 500-635 13 44 -5.3 0.593 = 0.063 42 +0.9
49F 635-760 11 37 —-27.6 1.595 = 0.066 Spallogenic “C
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per million (ppm) of “old” carbon with a
3"13C of —19.4 per mil and a '*C age of ~12
ka in the lowest temperature step (75° to
200°C). The corresponding temperature step
was not collected during E47. Material re-
leased at these low temperatures cannot be
unequivocally identified as indigenous to the
meteorite (8, 11, 23), so we cannot interpret
its origin.

Both experiments show the same trend of
light (low 8'*C) carbon being released at
200° to ~400°C, with a 8'3C of about —25
per mil, similar to that expected for terres-
trial organic carbon. As mentioned above,
the carbonate mineral fraction should typi-
cally combust between 450° and 600°C (8,
11, 23). The CO, released between 400° and
630°C in these two experiments show 3'3C
values of —3 to —12 per mil, which is more
negative than values previously reported for
carbonate  from acid dissolution  of
EETA79001 (6, 7, 17). This result may im-
ply some isotopic heterogeneity in the car-
bonate minerals or that some organic mate-
rial is still combusting in this temperature
range. Nevertheless, the 37C and the
amount of carbon released between 400° and
630°C suggest that it was mostly derived
from the degradation of carbonates. At high-
er temperatures (above 600° to 700°C), the
spallogenic carbon component from silicate
minerals is expected to be released (14, 24);
the increased '*C abundances in these frac-
tions is consistent with this origin.

The carbon dioxide from the organic
and carbonate fractions of EETA79001 is
composed of carbon that is 40 to 60% mod-
ern. This composition is equivalent to a
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Fig. 1. Combustion experiments on martian me-
teorite EETA79001: total carbon released per
temperature step, 8'2C, and fraction of modern
14C. The filled symbols represent the first experi-
ment (E47), which used 200°C temperature
steps, and the open symbols, the second (E49),
which used ~100°C temperature steps.
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conventional radiocarbon age (which as-
sumes an initial terrestrial atmospheric
composition) of 4 to 7.3 ka. Because the
terrestrial age of EETA79001 was reported
to be 12 = 2 ka (15), the only reasonable
source of the organic fraction is more recent
terrestrial contamination (9, 17). At this
time, we cannot identify whether the con-
tamination occurred continuously since its
fall to Earth or as one or several discrete
contamination events.

For ALH84001, we designed two differ-
ent experiments. In the first (E50), we per-
formed a stepped combustion procedure on
a 0.25-g aliquot of bulk sieved material
(>250 wm) (Table 2 and Fig. 2). Like
EETA79001 in E49, ALH84001 released a
small amount of carbon at low temperatures
(75° to 200°C) with a 8'>C of —19.3 per
mil. This sample was too small for an accel-
erator mass spectrometer (AMS) measure-
ment. Material combusting at temperatures
of 200° to 430°C released carbon of light
313C (—33 to —22 per mil), which is con-
sistent with that found for combustion be-
tween 200° and 450°C in another study,
identified as being derived from organic
matter (12). One other combustion exper-
iment (25) of ALH84001 reported carbon
with depleted isotopic compositions (—54.9
per mil to —60.6 per mil), although the
authors were uncertain whether contamina-
tion from the storage container occurred.
Thus, it is unclear whether the organic
material of ALH84001 is heterogeneous
with respect to its stable carbon isotopic
composition. In any event, the 8'3C of the
organic carbon in ALH84001 appears to be
isotopically light, with 8'3C between —19
per mil and —33 per mil.

Further heating from about 430°C to
600°C resulted in the release of a heavy
carbon component with 8'*C between
+32.25 and +40 per mil. This component
is consistent with 3'°C measurements in

carbonates from acid etching of ALH84001

carbonates (9, 10, 26) and ion-probe mea-
surements of the carbonate grains of
ALHS84001 (27). The lower 8'3C of +32.25
per mil for the 430° to 500°C step may be
the result of a residual refractory organic
phase or may represent isotopic heterogene-
ity in the carbonates. The highest temper-
ature fraction in this experiment (600° to
700°C) may represent a mixture of carbon-
ate and spallogenic carbon released from
the silicate minerals.

The stable carbon isotope measurements
from E50 reveal an apparent difference of
55 to 75 per mil in §°C between the or-
ganic and carbonate components of
ALH84001. This disparity may be even
larger if the results of Wright et al. (25) can
be validated. It is difficult to produce such a
large difference in isotopic composition be-
tween two coexisting phases through most
known mechanisms, although it is thermo-
dynamically possible by equilibrium frac-
tionation between CH, and CO, at low
temperatures (13, 28). Isotopic equilibrium
between organic phases and CO, has a
smaller isotopic fractionation factor, and
the isotopic difference between the organic
component and CO, would be correspond-
ingly lower (13). The coexistence of organ-
ic and carbonate phases with such different
values of 8'3C strongly implies that they
may not have the same source of carbon.

The C measurements from E50 reveal
that, as for EETA79001, the low-tempera-
ture (200° to 300°C and 300° to 430°C)
steps containing the organic carbon exhibit
evidence of terrestrial contamination, with
radiocarbon ages of 8.0 and 5.2 ka, respec-
tively. This age range is younger than the
terrestrial fall age of 13 = 1 ka, implying that
the bulk of the organic material in
ALH84001 is contamination acquired since
arrival on Earth. The radiocarbon age of the
carbon from the 500° to 600°C step is older,
with a radiocarbon age greater than 28.9 ka.
From our criterion, this material can only be

Table 2. Resullts of stepped-combustion experiments on martian meteorite ALH84001.

Experi-  Temperature C C d'eC Fraction 4C age
ment range (°C) (mg)  (ppm) (per ml) modern'4C (ka BP)
0.268 g of powder, size >250 pm
50A 75-200 8 30 —-19.32 £ 0.06
50B 200-300 27 101 —-32.89 £ 0.01 0.372 = 0.023 8.0+ 0.5
50C 300-430 30 112 —23.43 £ 0.01 0.624 = 0.019 52=+0.3
50D 430-500 38 142 +32.25 = 0.01 0.127 = 0.021 166 £ 1.3
50E 500-600 68 254 +39.96 + 0.03 <0.027 >28.9
50F 600-700 33 123 +22.48 = 0.05 0.125 = 0.028 16.7 = 1.8
0.297 g of powder after treatment with 85% phosphoric acid
52A 76-200 7 24 -319 =* 041 0.398 = 0.056 7.4+ 11
52B 200-300 13 40 —-252 *£041 0.226 = 0.061 11.9+22
52C 300-400 33 111 —26.07 £ 0.01 0.245 = 0.025 11.3+0.8
52D 400-500 15 47 —-14.7 = 0.1 <0.106 >18.0
52E 500-600 ~3 13 -81 =0.1 —
52F 600-700 ~4 <3 — -
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extraterrestrial (18). This age is consistent
with our previous work (9, 10) on
ALH84001 carbonates with a 8"°C of +40
per mil [see also (26, 27)] and our estimated
HC composition of carbonates irradiated in
space.

The preterrestrial  nature of the
ALHB84001 carbonates is also clear from
their petrology (29). The carbon released
in the 430° to 500°C step has a higher
level of MC of 12.7% modern carbon. On
the basis of the 8'*C of this gas, it was
probably generated mostly from combus-
tion of the carbonate phases, but may also
contain a small proportion of carbon from
refractory organic materials. The interme-
diate radiocarbon age is consistent with
this interpretation. Likewise, the fraction
that was collected from the 600° to 700°C
step appears to be a mixture of carbon
derived from carbonate minerals with low
14C and high 8'*C, and possibly by release
of some spallogenic "*C from the silicate
or minor mineral phases (see Table 2). An
alternative explanation is that some small
amount of organic material combusts at
this relatively high temperature. A small
release of spallogenic *C from the silicate
or other phases below 700°C is possible,
but evidence for this has not been ob-
served (14, 24).

One issue not resolved in E50 was
whether the organic carbon could be sep-
arated from the ALHS84001 carbonate
mineral fraction in a stepped-heating ex-
periment. Thus, we performed a second
experiment (E52) with ALH84001, in
which we first treated a sample of crushed
meteorite powder with phosphoric acid in
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Fig. 2. Combustion experiments on ALH84001
(>250 wm) (E50): total carbon released per tem-
perature step, 8'C, and fraction of modern #C.
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order to remove the carbonate minerals
before combustion. The CO, released by
acid etching gave 337 ppm of carbon as
carbonate, with a 8°C of +37.1 per mil
(Table 2 and Fig. 3). This yield can be
favorably compared to the 367 ppm of
carbon released between 430° and 600°C
in E50; the 8°C is similar to the +32.25
and +39.96 per mil obtained from the
430° to 500°C and 500° to 600°C steps,
respectively, in E50. The values are also
similar to the +39 to +45 per mil for acid
dissolution of the coarse carbonate frac-
tion of ALH84001 (9, 10, 26, 27). These
results support the argument that, at least
to first order, stepped combustion can be
used as a means of separating the organic
carbon and carbonate fractions of carbon
in ALH84001, as shown previously (11,
12, 23).

The results of E52 confirm the previous
observation that the organic material com-
busting between 75° and 400°C is isotopi-
cally light, with 8"*C of —31.9 to —25 per
mil, and has radiocarbon ages consistent
with a primarily terrestrial origin. No
change in stable isotopic composition of
these low-temperature fractions was ob-
served as a result of the acid etching; how-
ever, the radiocarbon ages for the organic
fractions are somewhat older than those in
E50 (7 to 12 ka versus 5.4 to 8.0 ka). This
difference suggests that some of the young-
est organic carbon may also have been
removed by acid etching, which suggests
that the contamination of ALH84001
with terrestrial organic carbon did not
occur as a single discrete event, but rather
as continuous contamination since its fall
to Earth or as several discrete events.

For the temperature steps above 400°C,
the C-enriched carbonate was largely re-
moved by acid etching. A relatively small
amount of carbon did however remain to be
combusted in the 400° to 500°C and 500° to
600°C steps, which had 8"C values of
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Fig. 3. Combustion experiments on acid-etched
residue of bulk ALH84001 (E52): total carbon re-
leased per temperature step, 8'¢C, and fraction of
modern 4C.

—14.7 and —8.1 per mil, respectively. Not
enough carbon was generated to measure a
HC age at the 500° to 600°C step, but
enough was collected from the 400° to
500°C step to show that it had a minimum
age of greater than 18 ka. The origin of this
residual carbon from these two steps remains
unclear. One possibility is that it represents
an acid-insoluble carbonate phase, or it may
alternatively represent a more refractory or-
ganic carbon component with a heavy stable
carbon isotopic composition. In either case,
this material is probably preterrestrial in or-
igin, based on its radiocarbon content. If this
particular acid-insoluble component is or-
ganic carbon, then it represents less than
20% of the total organic material found in
ALHS84001.

Another interesting phenomenon ob-
served in the experiments on ALH84001
is a shift to combustion at lower tempera-
ture for the acid-etched material. It is
possible that the acid etching generated
activation sites on the various compo-
nents, which lowered the activation ener-
gy for oxidation reactions. In any case, this
phenomena does not change our overall
interpretation of these experiments: The
organic material in EETA79001 and
ALHS84001 is predominantly terrestrial con-
tamination. The apparent radiocarbon ages
of 4.2 to 11 ka are consistent with several
discrete contamination events over the last
12 to 13 ka producing a mixture. Contami-
nation by petroleum products such as from
Teflon (25) or plastics during handling is
unlikely, because these materials would not
contain *C. Our results also support the
earlier conclusion of Jull et al. (17) that the
carbonates in EETA79001 are terrestrially
altered and that, indeed, these carbonates
are of similar vintage to the terrestrial
organic contamination. In the case of
ALHS84001, there is a refractory preterres-
trial carbon component, which if organic,
represents about 20% of the organic car-
bon in the rock. This phase is identified as
being indigenous on the basis of low 'C.
In addition, it is undisputed, based on
earlier work, that the carbonate spheroids
in ALH84001 are preterrestrial, on the
basis of petrography and isotopic compo-
sition (10, 26, 27, 29).

McKay et al. (1) studied organic mate-
rial in ALH84001 only in the form of
polycyclic aromatic hydrocarbons, which
represents less than 1 weight % of the
organic material in this meteorite. The
small size of this fraction precludes *C
measurements. However, our results tend
to support the interpretation of Wright et
al. (I11), Becker et al. (30), and Bada et al.
(31) that organic material in these Ant-
arctic meteorites is predominantly a con-
tamination effect.
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Import of Mitochondrial Carriers Mediated by
Essential Proteins of the Intermembrane Space

Carla M. Koehler, Ernst Jarosch, Kostas Tokatlidis,
Karl Schmid, Rudolf J. Schweyen, Gottfried Schatz*

In order to reach the inner membrane of the mitochondrion, multispanning carrier pro-
teins must cross the aqueous intermembrane space. Two essential proteins of that
space, Tim10p and Tim12p, were shown to mediate import of multispanning carriers into
the inner membrane. Both proteins formed a complex with the inner membrane protein
Tim22p. Tim10p readily dissociated from the complex and was required to transport
carrier precursors across the outer membrane; Tim12p was firmly bound to Tim22p and
mediated the insertion of carriers into the inner membrane. Neither protein was required
for protein import into the other mitochondrial compartments. Both proteins may function
as intermembrane space chaperones for the highly insoluble carrier proteins.

Most proteins imported to mitochondria
are synthesized with a cleavable NH,-ter-
minal targeting sequence and are sorted to
their correct intramitochondrial location by
the dynamic interaction of distinct trans-
port systems in the outer and inner mem-
branes (1). The TIM system in the inner
membrane consists of two integral mem-
brane proteins, Tim17 and Tim23, which
make up the inner membrane import chan-
nel. Complete translocation into the matrix
is coupled to adenosine triphosphate (ATP)
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hydrolysis and is mediated by Tim44,
mHsp70, and GrpE. However, some of the
most abundant inner membrane proteins,
such as the metabolite carriers, are synthe-
sized without a cleavable NH,-terminal pre-
sequence and therefore do not engage with
the Tim23 channel. It has been suggested
that import of these proteins is directed by
one or more internal targeting signals.(2),
but the exact mechanism is still poorly de-
fined. In the cytosol of the yeast Saccharo-
myces cerevisiae, chaperones escort these in-
soluble carrier proteins preferentially to the
outer membrane receptors Tom37 and
Tom70 (3). The -carriers then move
through the TOM channel in the outer
membrane and insert into the inner mem-
brane, bypassing the ATP-dependent
Tim23 system, which transports proteins
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