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Elongated, segmented forms found on frac-
ture surfaces within the martian meteorite
ALH84001 have been proposed to be mar-
tian ‘nanofossils’1, even though they appear
too small to be fossilized bacteria2–4. We
have examined similar forms and find that
the majority are (non-biological) lamellar
growth steps on pyroxene and carbonate
crystals. Their segmented surface micro-
structures are laboratory artefacts resulting
from the deposition of conductive heavy-
metal coatings.

Using transmission electron microscope
(TEM) imaging, the definitive method for
identifying nanofossils5, we have previously
observed magnetite whiskers but no nano-
fossils on or near the surfaces of the carbon-
ates6. We suggested that some of the
purported nanofossils1 might be similar high-
temperature, vapour-deposited magnetite
whiskers, but the dissimilarity between speci-
men preparation and electron-beam analysis
techniques used in the two studies makes
direct comparisons difficult.

We have now examined fracture surfaces
from carbonate-rich regions using the tech-
niques described by McKay et al.1. Chips of
ALH84001 with exposed carbonate and
pyroxene crystals were mounted, coated

with 2–20 nm of gold or gold/palladium,
and examined in a field emission scanning
electron microscope (FE-SEM) using sec-
ondary electron imaging and incident elec-
tron beam energies of 2–20 keV. We
measured mineral compositions using ener-
gy dispersive X-ray spectroscopy (EDS). 

The surface topography is highly irregu-
lar on a nanometre scale, with emergent
lamellae following the major cleavage direc-
tion of the substrate (Fig. 1a). Some regions
exhibit typical pyroxene cleavage, whereas
others display lamellar features (Fig. 1b).
Close examination of these features over a
range of tilt angles reveals that they are
angled directly into the pyroxene substrate
and are the emergent edges of substrate
lamellae. Many of these lamellae have seg-
mented, curvilinear surface microstructures
resembling the elongated forms proposed
to be nanofossils by McKay et al.1.

The surfaces of carbonates within the
fracture zones of ALH84001 are also deco-
rated with emergent lamellae (Fig. 1c, d).
Although we suspect that some are mag-
netite whiskers (composition and crystal
structures of magnetite cannot be estab-
lished by SEM–EDS), their abundance far
exceeds that of the whiskers that we
described previously6. As with the pyrox-
enes, the lamellae are angled directly into
the carbonate substrate and their orienta-
tions are controlled by local substrate cleav-
age directions. 

The segmented surface microstructures

of the elongated forms in ALH84001 (Fig.
1a, b) are largely an artefact of the conduc-
tive metal coating. Similar coating artefacts
have previously been misidentified as (ter-
restrial) nanofossils7. Au and Au/Pd coat-
ings produce segmentation on elongated
forms, although Au/Pd imparts a finer-scale
segmentation (as seen in the images in refs
1 and 8). In addition, the segmentation
becomes more pronounced as the coating
thickness is increased7 (compare Fig. 1a and
b). As noted by McKay et al.1, specimen
charging is a problem with some chips of
ALH84001, because the minerals are insula-
tors and because some chips are shattered
(shock-fractured) on a submicrometre
scale. A conductive coating is desirable for
secondary electron imaging, and the opti-
mum coating (composition and thickness)
is a trade-off between charging effects, sur-
face artefacts (enhanced segmentation) and
required image resolution.

The complexity of the pyroxene and car-
bonate fracture surfaces in ALH84001 prob-
ably reflects the superposition of severe
shock and/or thermal events on indigenous
surface microstructures of the minerals9,10.
Many of the lamellae relate to internal cleav-
age planes within the pyroxene and carbon-
ate substrates, and their orientations may
reflect localized shock deformation, partial
melting, or even the onset of secondary
alteration (for example, clay formation11).
Where lamellae are exposed on fracture sur-
faces, their enhanced secondary electron
yield (a characteristic of lamellar sur-
faces12,13) and segmented surface structures
(an artefact of the metal coating) combine
to produce the nanofossil-like appearance.

Although some of the elongated forms of
ALH84001 could conceivably be martian
nanofossils, the majority appear to be either
emergent substrate lamellae or magnetite
whiskers6. Some lamellae may exhibit
indigenous segmentation14, but conductive
metal coatings both produce and accentuate
segmentation which is particularly promi-
nent in high-resolution FE-SEM images.
TEM imaging is therefore more appropriate
for distinguishing coated lamellae from
‘nanofossils’, as it is possible to observe inter-
nal microstructures characteristic of non-
biogenic6 and biogenic5 ‘elongated forms’.
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Figure 1 ‘Elongated forms’ in the meteorite ALH84001. a, Secondary electron image of pyroxene surface.
Parallel elongated forms (from upper left to lower right) are emergent lamellae related to substrate cleavage
direction. Inset, pyroxene surface oriented such that elongated forms resemble nanofossils. Both surfaces
have a 10-nm-thick coating of gold, measured by TEM imaging of ultramicrotomed cross-sections. b, Sec-
ondary electron images of highly fractured pyroxene surface. Inset, high-magnification image of lamellae.
Coating: 20 nm Au, resulting in more pronounced segmentation. c, Secondary electron image of carbonate
crystals (coated with 9 nm of Au/Pd). The average grain size is *1 mm as suggested by previous work9. 
d, Secondary electron image of carbonate surface within fracture zone. Inset, high-magnification image of
elongated forms on carbonate, some of which may be magnetite whiskers6. Coating: 10 nm Au.



Nature © Macmillan Publishers Ltd 1997

dependent, but its smooth surface is ideal
for detecting coating artefacts. At 30 s there
are no artefacts and at 60 s only a fine uni-
form cracking or crazing texture is appar-
ent. For our original ALH84001 studies, we
generally used 30 s or less (and never more
than 60 s) for sample coating. Although
some of our images may have a fine crazing
resulting from the coating, we have not
observed major decoration in any of our
control samples. ALH84001 substrates may
accentuate and amplify coating artefacts
more than our controls, but we have no evi-
dence for such anomalous behaviour.

Bradley et al. suggest that the purported
martian nanofossils are too small for fos-
silized bacteria. In fact, the lower size limit
of fossilized bacteria has not been deter-
mined. In mammalian blood, living bacte-
ria as small as 70 nm in diameter have been
found which contain identifiable DNA and
can reproduce17,18. Also, soil bacteria as
small as 80 nm have been found19.

Bradley et al. suggested that the pur-
ported elongated microfossils may be high-
temperature, vapour-formed magnetite
whiskers, but other studies have shown that
the carbonate globules and their included
magnetites could not have formed at tem-
peratures above 100–300 °C20–22 whereas
elongate magnetite grains can be produced
by bacteria at low temperatures23,24. They

also assert that TEM imaging is more
appropriate for identifying nanofossils, as it
is possible to distinguish internal micro-
structures. SEM and TEM imaging are
complementary and the use of both meth-
ods on the same samples would provide the
best evidence for biogenic activity, particu-
larly when internal structure is destroyed or
replaced by mineralization25,26.
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McKay et al. reply — We are aware that
some mineral surfaces of ALH84001 display
very narrow elongated forms, often subpar-
allel, in the nanometre size range (Fig. 2a, b
here and Fig. 1a, b and d of Bradley et al.).
They are very common on pyroxene sur-
faces, but also occur on carbonate surfaces.
We have also imaged some of these features,
which Bradley et al. propose are simply
emergent edges of pyroxene lamellae, with a
field emission scanning electron micro-
scope (FE-SEM). We have previously
reported the presence of small amounts of
clay minerals in ALH84001 from TEM
images and electron diffraction data11. We
propose that the features in Fig. 2a, b here
and Fig. 1b of Bradley et al. may be weath-
ering features caused by incipient forma-
tion of clay minerals. In places, these figures
have a ‘platy’ appearance characteristic of
some clay minerals especially in the uncoat-
ed ALH84001 sample (Fig. 2a). Regardless
of their exact origin, it is unlikely that these
features are biogenic.

By contrast, the features that we imaged
previously (Fig 6b in ref. 1) are not subpar-
allel. They display intersecting alignment,
have significant curvature and are more iso-
lated. In addition, features tentatively inter-
preted as martian nanofossils are larger
than the lamellae or elongated magnetite
reported by Bradley et al.6. Curved and 
S-shaped features from the surfaces of car-
bonate globules are up to 0.75 mm in length
(Fig. 2c), an order of magnitude larger than
the ‘lamellae’ or the elongated magnetite
observed by Bradley et al.6. Additionally,
some of the features we proposed as possi-
ble martian microfossils are ovoid rather
than elongated (Fig. 6a in ref. 1).

It is well known that conductive coatings
can alter appearance, cover fine details and
produce artefacts. We ran a series of con-
trols for coating artefacts (ref. 50 in ref. 1).
Carbon coating of ALH84001 samples
obscures fine honeycomb-like surface tex-
ture and many of the larger features become
rounded or softened (Fig. 2d, e). However,
the dimensions of the larger features are not
appreciably affected (Fig. 2d, e). 

Previous studies on latex spheres15 show
that coatings of Au produce larger artefact
grains than Au/Pd; grain size of Au is 2–3
times larger than Au/Pd16. Bradley et al.
used Au in producing their high-magnifica-
tion images, so the purported artefact seg-
mentation would naturally be more
prominent than if Au/Pd were used. We
used Au/Pd, carbon, or completely uncoat-
ed samples in our studies, never gold alone,
and have also made control coatings on
lunar glass surfaces using 30 and 60 seconds
(~10 and 20 nm thick, respectively) of
Au/Pd from our coater. The glass is not
exactly analogous to the minerals in
ALH84001 (except perhaps for the feld-
spathic glass), and artefacts are substrate-

Figure 2 FE-SEM images of ALH84001 samples..  a, Fine-scale platy texture on a carbonate surface in
ALH84001. The sample was imaged at 1 kV without any conductive coating. b, The same surface after coat-
ing with a thin (~10nm) carbon layer. c, TEM image of a shadowed replica of part of a carbonate surface
from ALH84001. The replica was made from an uncoated surface so textures in the image represent true
textures of the surface. These elongate features are much larger than either the platy structures in (a) or the
‘lamellae’ and whisker magnetite described by Bradley et al.6. d, Texture on the surface of an uncoated car-
bonate in ALH84001 imaged at 1 kV. Note the fine-grained wispy texture which we interpret as an extremely
thin clay mineral alteration of the carbonate. e, The same sample now coated with ~10 nm of carbon and
imaged at 10 kV. Note that all of the large strand features are visible and relatively unchanged although
space between them has been partly filled. The fine wispy surface now looks smooth.
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monitored, providing a source of the
required data. Using two long-term data
sets4–6 we now report the existence of trav-
elling waves in vole population numbers. 

Information about the intensity of
annual vole damage to young forests was
available for the years 1972–83 for 19
forestry board districts of Finland5,6. The
geographical distribution of the most
damaged areas fluctuates (Fig. 1a, b) and
the timing of damage is asynchronous
among the different areas. Locally, the
damage peaks at intervals of three to four
years, matching the cyclic dynamics of
Scandinavian voles7. This is in agreement
with simulation studies2 showing that spa-
tial order is associated with the presence of
spatial waves showing a certain degree of
periodicity.

Correlation between the latitude of the
‘centre of mass’ and the annual severity of
the damage (Fig. 1a, b) is r40.84
(P*0.001; for the longitude r40.13).
Thus, with increasing volume of vole dam-
age the damage epicentre moves north.
There was also a negative correlation
between intensity of damage and distance
between provinces (r410.47; P*0.001)
suggesting that nearby localities have simi-
lar damage levels, and providing another
indication of spatial structure8 in vole
damage.

We also analysed records of vole
plagues in 53 departments of France for
the years 1900–354 (Fig. 1c, d). There were
rapid changes in the extent of the plagued
area, but there were no clear periodicities

like those seen in the Scandinavian voles7.
Again there was a correlation between the
latitude of the annual location of the cen-
tre of mass and the geographical extent of
the damage (r410.67, P*0.001; for the
longitude r40.06). Accordingly, the
French vole plagues spread from north to
south, whereas in Finland they spread
from south to north.

A variable is said to be spatially auto-
correlated when it is possible to predict the
values of this variable in one site from the
known values at nearby sampling sites9.
We performed autocorrelation analyses for
irregularly spaced interval (Finland) or
nominal scales (France)10. 

For the Finnish data, we computed
annual autocorrelation coefficients9–11 for
the distance class of 200 km assuming
binary links. We detected significant 
positive spatial autocorrelation in six of
the twelve years. For the French data we 
computed annual spatial autocorrelations
using binary weights and assuming a link
between sites that were less than 120 km
apart. We found a significant spatial 
autocorrelation present in the data in 14 
of the 33 years. Both results indicate 
that spatial structure exists in these popu-
lations.

By identifying spatial autocorrelation 
in vole populations and an annually mov-
ing epicentre of vole plagues as a function
of damage extent, we conclude that travel-
ling waves, or pulses, in the dynamics 
of vole populations exist, a phenomenon
predicted1–3 by theoretical population 
ecology.
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Spatial self-organization patterns in popu-
lation dynamics have been anticipated1–3,
but demonstrating their existence requires
sampling over long periods of time at a
range of sites. Voles cause severe economic
damage and are therefore extensively

Travelling waves in vole
population dynamics
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Figure 1 Extent and severity of vole damage. a, The number of seedlings destroyed by voles on study plots
in young forest plantations in Finland5,6. b, The dynamics are characterized by movement of the annual
damage epicentre from south to north as total damage increases. c, Geographical extent of French4 vole
plagues; and d, annual epicentre of plagues plotted against the number of plagued departments.
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