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shock (/4). Local tem-
poral variations often
perturb the observed
recovery, but analysis
of one such transient
decrease in 1999 indi-
cated that the termina-
tion shock was only 10
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Where is the termination shock? Five methods have been used to esti-
mate the distance to the termination shock. Each uses a different type of
data: the solar wind dynamic pressure (open and filled circles, open dia-
monds), the timing of heliospheric radio emissions (open triangles),
anomalous cosmic ray intensity gradients (filled squares), the duration of
cosmic ray intensity decreases (filled triangles), and the intensity of solar
ultraviolet backscattered from interstellar neutral H (open squares). Solid
blue line, predicted variation in the shock location arising from observed
changes in the solar wind pressure over the last three solar cycles (7). To
illustrate the possible range of shock distances in the years ahead, the
predicted location from the prior cycles (solid blue line) has been shifted
10 (blue dashes), 20 (black dots), and 30 (purple dashes) years.

rays diffuse and drift inward from the
shock, establishing an intensity gradient
that provides a fourth method for estimat-
ing the shock distance. Extrapolating the
gradients observed inside 49 AU outward
to the shock source gave a best fit shock
location of 84 + 5 AU for the 1980s (13).
The final approach is based on the obser-
vation that outward propagating shock com-
plexes cause transient decreases in the inten-
sities of anomalous and galactic cosmic
rays. Model calculations indicate that the
duration of such a decrease reflects the tran-
sit time of the interplanetary shock complex
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lous cosmic rays, lead-
ing to a shock distance
of 88.5+7 AU (/6).

The assumptions
and simplifications in
each of the five meth-
ods introduce further
uncertainties that are
more difficult to
quantify. Neverthe-
less, the models and
observations are suffi-
ciently different that
the systematic uncertainties are unlikely to
be correlated among the methods. The
clustering of the estimates between 80 and
100 AU thus lends additional weight to the
individual estimates.

The location of the termination shock is
not fixed in time. Whang and Burlaga have
incorporated the temporal variations ob-
served by Voyager 2 into a two-dimension-
al magnetohydrodynamic model (/). They
find that the location of the termination
shock varies by about 20 AU over the solar
cycle. The distance is smallest following
times of maximum solar activity.

The shock is presently moving inward
(see the second figure). Within the next few
years, wind speed and pressure will increase,
and with the arrival of the increased pressure,
the termination shock will begin moving out-
ward. This will affect when the Voyager
spacecraft encounters the termination shock.

Voyager 1 is currently at ~82 AU and
moves outward at 3.6 AU per year, followed
by Voyager 2, now at ~66 AU and moving
outward at 3.3 AU per year. Comparison
with the Voyager | trajectory suggests the
possibility of one or more encounters with
the termination shock by 2005. If there has
been no encounter by then, the shock will
likely be moving outward again. It may then
be 2 to 5 more years before it moves back
into range for Voyager | to take a direct
measure of the size of the heliosphere (7).
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Expansion of the Marine Archaea

David C. Smith

remarkable consequence of the re-
Acent upheaval in the way we classify

organisms has been the elevation of
the Archaea (non-bacterial prokaryotes) to
the rank of domain, making them equiva-
lent to the Eukarya (eukaryotes) and Bac-
teria (/). The domain Archaea is subdivid-
ed into two kingdoms—Euryarchaeota and
Crenarchaeota—and possibly a third, Ko-
rarchaeota. Karner et al. (2) calculate that
the Archaea constitute about 20% of the
total marine picoplankton biomass world-
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wide. Whereas Euryarchaeota thrive in a
diverse array of environments, most Cre-
narchaeota seem to prefer hyperthermal
habitats (>80°C). Indeed, the current
record holder for growth at high tempera-
tures (113°C) is a member of the Crenar-
chaeota isolated from a hydrothermal vent
(3). However, molecular analyses of envi-
ronmental samples indicate that some Cre-
narchaeota inhabit more mundane environ-
ments, such as terrestrial soils, lakes, and
marine and freshwater sediments.
Although the Crenarchaeota have their
roots in a hyperthermal environment, they
have obviously expanded their range to oc-
cupy a variety of nonthermophilic habitats.

But what prompted this expansion and
when exactly did it take place? Possible
answers are provided by Kuypers et al. (4)
on page 92 of this issue. These investiga-
tors analyzed sediment samples “cored”
from the ocean floor of the North Atlantic
by the Ocean Drilling Program. They con-
clude that the Crenarchaeota expanded
their habitat range dramatically by exploit-
ing changing conditions during the mid-
Cretaceous (124 to 83 million years ago).
They pinpoint the precise time of the ex-
pansion by identifying unique membrane
lipids characteristic of the Crenarchaeota
in a ~45-cm-thick band of dark sediment
deposited ~112 million years ago (see the
figure). Their estimate of the archaeal ex-
pansion extends previous estimates (5) by
about 60 million years.

What happened during the mid-Creta-
ceous that enabled the Crenarchaeota to
branch out from the confines of their high-
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temperature habitats into cooler nonther-
mophilic regions of the oceans? Kuypers et
al. propose that severe depletion of oxygen
in the oceans at certain intervals during the
mid-Cretaceous—called ocean anoxic
events (OAEs)—resulted in the demise of
many aerobic organisms, thereby allowing
the predominantly anaerobic Crenarchaeo-
ta to flourish. Evidence for OAEs comes
from layers of marine sediment called
“black shales,” which have a characteristic
black color because the dead organic mat-
ter of which they are composed did not be-
come oxidized. During an OAE called the
Albian 1b—which occurred within the
time frame that Kuypers et al. calculate for
the archaeal expansion—there was greater
stratification (that is, decreased mixing) of
the Atlantic ocean due to excessive heat re-
leased during volcanic activity. The in-
creased stratification of the Atlantic result-
ed in reduced ventilation of deeper waters,
thereby decreasing the oxidation of organic
matter as it rained down from above. An
increase in global temperature at this time
boosted freshwater runoff into the Atlantic,
further fueling the stratification of the nar-
row Atlantic ocean basin (much narrower
than it is today) resulting in stagnation of
its lower depths.

How are Kuypers et al. able to deter-
mine the time of the archaeal expansion
from a few hundred cubic centimeters of
sediment, which they analyzed more than
100 million years after it was deposited?
The answer lies in the lipids that make up
the membranes of archaea, bacteria, and
eukaryotes. These membrane lipids have
unique structures that serve as molecular
fingerprints for specific groups of organ-
isms. Because membrane lipids cannot be
readily degraded, they also serve as molec-

Drilling for molecular fossils. Sediment core
samples recovered from the Atlantic ocean
floor during the Ocean Drilling Program (Leg
171B). The dark layer of sediment in the mid-
dle of the core clearly records the ocean anox-
ic event (OAE) called the Albian 1b. The thick-
ness of this “black shale” layer (about 45 cm,
see scale to left) suggests that low oxygen
conditions persisted for at least 30,000 years.
During the Albian 1b OAE, decaying organic
matter did not become oxidized, thus impart-
ing a black color to the sediment. Under nor-
mal conditions when the oceans were well
oxygenated, most of the organic matter in the
sediments became oxidized, hence the light
brown color of these sediments (above and
below the black shale). A diverse array of lipid
biomarkers associated with nonthermophilic
Crenarchaeota preserved in the Albian 1b OAE
indicate that these organisms branched out
from their hyperthermal habitats about 60
million years earlier than previously estimated.
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ular fossils (biomarkers) for these groups.
The ether linkage between the glycerol and
isoprenoid side chains of archaeal mem-
brane lipids is very different from the ester
bonds of fatty acids favored by the Bacteria
and Eukarya. Kuypers et al. discovered
that the Albian 1b sediment is dominated
by chemical structures characteristic of
membrane lipids from nonthermophilic
Crenarchaeota.

With compound-specific isotopic anal-
ysis, the authors squeezed even more in-
formation out of these molecular fossils
(6). Just as archaeologists determine the
eating habits of ancient civilizations by ex-
amining material preserved in middens
(refuse heaps), these investigators infer the
nutritional mode of the Crenarchaeota by
analyzing the stable isotopes of carbon

("3C and '?C) in lipid biomarkers of the
Albian 1b sediment. The heavy isotope of
carbon (13C) is excluded during most en-
zymatic reactions in favor of its lighter
isotope (!2C), resulting in organic carbon
products that are depleted in *C. There is
comparatively little '3C in carbon com-
pounds produced by light-driven reactions
such as the “fixing” of CO, during photo-
synthesis (photoautotrophy). In contrast,
organisms relying on chemical energy
rather than light to “fix” CO, (chemoau-
totrophs) use enzymes that are far less dis-
criminating so that the carbon compounds
they produce (including lipids) are heavier.
The '3C isotopic composition of the ar-
chaeal lipid biomarkers in the Albian 1b
sediment reveal a clear chemoautotrophic
signature indicating that the Crenarchaeota
preserved in this sediment were pre-
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dominantly chemoautotrophs. The
fact that the bulk of the lipid
biomarkers in the Albian 1b black
shale were produced chemoau-
totrophically suggests that this pro-
cess was a far more important con-
tributor of organic carbon to the
world’s oceans during the mid-Cre-
taceous than it is today.

Some scientists are busy devel-
oping new culture techniques to di-
rectly study the physiology of the
Archaea, whereas others are circum-
venting the culture barrier and min-
ing information directly from ar-
chaeal genome fragments extracted
from the environment to figure out
the metabolic capabilities of these
organisms (7). Both strategies
should yield additional information
about the degree of specificity of ar-
chaeal lipid biomarkers, which is
currently rather sparse. Molecular
evidence suggests that the nonther-
mophilic representatives of the Cre-
narchaeota evolved on three separate
occasions (8). We will have to await
the discovery of other biomarkers or
examination of additional sediment
samples to see whether the first big
expansion of the Archaea truly hap-
pened in the mid-Cretaceous or
whether it was an even earlier event.
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