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sample quantity reduced by about half. Among the few nano-
tubes left behind in this twice-oxidized sample, the ratio of
coated to uncoated tubes had increased dramatically (>80%).
Observation of the tips of the remaining coated tubes showed
that, in most cases, oxidation has preferentially etched the inner
layers of the tube, leaving the outer coatings and few outer tube
layers (Fig. 54) and giving clearer views of the coated film
through the enlarged tube centres. This contrasts with the oxida-
tion behaviour of pure nanotubes, where the attack proceeds
from the outside to the inside, leaving chisel-shaped tips.

A possible oricntational relationship between the outermost
tube-layer lattice and the coated film now becomes discernible
in some cases (using electron diffraction; Fig. 5B), owing to the
selective removal of most of the inner layers. The few remaining
outer tube layers (Fig. 54) produce a narrow angular spread for
the (hk0) spots (~4°), and the approximate orientation of the
outer carbon honeycomb lattice can be determined with respect
to the tube axis. The orientation of the oxide lattice can be
deduced from the visible V,0s spots in the diffraction pattern. In
this case the (001) V,Os basal planes grow on the (001) graphite
surface with a near-parallel coincidence for two sets of planes;
the (100) graphite| (110) V,0s, and (010) graphite|(310) V,Os
(Fig. 5B, C). For the second set of planes the spacing mismatch
(~20%) is in the range that could introduce van der Waals
epitaxy™”' in the system, as observed in layered dichalcogenides
and Langmuir-Blodgett films. This type of lattice alignment
occurs between weakly interacting surfaces with no dangling
bonds (on cleavage planes, as here).

After the second oxidation, we find that the sample contains
mainly larger (micrometre-sized) oxide structures, which covered
nanotube bundles initially but now show pure oxide composition
and hollow morphology (from EELS mapping), all graphitic
structures having been removed. There are many extremely thin
oxide skins (typically 10-50 nm in width, up to few hundred
nanometres long and <1 nm thick) left behind in the sample.
We see a few cylindrical structures of dimensions typical of larger
nanotubes (Fig. 5D) of purc V,0s (verified by diffraction and
EELS). The observed skins could have originated from discon-
tinuous films on nanotubes or from continuous films broken
during sonication. The nanofibrils of V,Os are flexible and col-
lapsible under electron irradiation. We also find some solid rod-
like V,Os5 structures with a morphology typical of the filling in
tubes, typically 5-8 nm in diameter and a few hundred nano-
metres long. The results indicate that nanotube templates are
partially removable and point to their possible use as degradable
templates to fabricate new ceramic films having layered
structures.

The ability to coat the unreactive graphite basal planes that
make nanotube surfaces with thin V,Os films increases the versa-
tility of nanotubes, because V,0s is a good building block for
catalytic complexes by organic routes®. Coated conventional
carbon fibres have found a variety of applications®. Coated and
filled nanotube sandwich structures should have vastly different
optical and electrical properties, and have better oxidation resist-
ance (from our observations) than pure nanotubes. Vanadium
pentoxide is an important catalyst®* and a functional ceramic
with uses ranging from batteries to switching elements™”® with
properties depending closely on dimensionality and oxygen stoi-
chiometry. There is a great industrial interest in growing thin
films of different vanadium oxides?’. Our results point to a new
synthesis route for the fabrication of such thin-film ceramic
nanostructures using nanotubes as efficient templates. ]
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GROUND-BASED measurements of volcano deformation can be used
to assess eruptive hazard, but require the costly (and often hazard-
ous) installation and maintenance of an instrument network. Here
we show that spaceborne radar interferometry, which has already
shown its utility in mapping earthquake-related deformation’, can
be used to monitor long-term volcano deformation. Two families
of synthetic aperture radar images, acquired from ascending and
descending orbits by the satellite ERS-1, and looking at Mount
Etna from opposite sides, cover the time period from 17 May 1992
to 24 October 1993, and include the second half of Etna’s most
recent eruption. Despite artefacts of the interferometric technique,
we can observe a volcano-wide deflation, which is an expected
consequence of the eruption, but which had not previously been
appreciated. We quantify it using a simple model based on the
change of pressure in a sphere located in an elastic half-space; the
modelled deformation increases linearly with time until the end of
the eruption. Our results show that it will be possible to use this
technique to detect the inflation of volcanic edifices that usually
precedes eruptions.

Mount Etna (Fig. 1) is one of the most active and best studied
volcanoes in the world. The last eruption started on 14 December
1991 in the Valle del Bove, a large amphitheatre formed by
collapse of the eastern flank. Lava was erupted along a fracture
system that had opened in 1989°, and covered most of the sou-
thern part of the Valle del Bove. The eruption stopped on 31
March 1993 after 473 days. The rate of lava production remained
stable during most of the eruption, and the total erupted volume
was ~3 x 10° m® (ref. 3).

To measure the deformation, we constructed interference pat-
terns from the difference of pairs of synthetic aperture radar
(SAR) images acquired by the ERS-1 satellite. This geodetic
technique can measure centimetre-size changes in the ground
surface'* ®. The resulting interferogram is a contour map of
the change in range to the volcano surface, measured along the
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FIG. 1 Location map from a SPOT image, rep-
resenting the limits of the digital elevation modeij
used with ascending as well as descending radar
images. The model has been computed by ISTAR
S. A. (Valbonne, France) using two SPOT images
acquired on 22 and 23 July 1991. Vegetation-
covered areas appear in green and lava flows are
dark. The radar antenna points roughly to the West
in ascending orbits and to the East in descending
orbits. Interferometric sensitivity to various ground
displacements can be determined from unitary
vectors pointing from Mount Etna towards the
satellite in its ascending or descending orbits.
These vectors, the Earth-surface projections of
which are shown (outlined arrow, ascending; solid
arrow, descending), are given explicitly as (0.418,
—0.085, 0.904) for ascending orbits and (—0.373,
—0.077, 0.925) for descending orbits in a coordi-
nate set (east, north, up) on the Earth’'s surface.
These satellite-directed vectors indicate roughly
the same sensitivity of the two data sets to south—
north or vertical displacements, but reveal oppo-
site signs for east—west displacements. The values
given above for the summit of Mount Etna. Their
variations within the image frame and within a
given family of orbits are very slight and can be
neglected. The larger box outlined in white is the
location of Figs 3 and 4. The area where local sur-
face deformation can be seen in Fig. 3a, e, h and
4a is indicated by the smallest box.

Latitude (°N)

direction towards the satellite. Each contour line, or fringe, rep-
resents 28 mm, or half the wavelength of the radar. Our ap-
proach requires two images and uses a digital elevation model
to calculate and remove the effect of topography. For this study
we used a digital elevation model of the area accurate to 8§ m
(r.m.s. error), according to its technical documentation (ISTAR,
Valbonne, France). The model has been obtained using data
from the optical remote-sensing satellite SPOT. The accuracy of
the measurement is limited mostly by atmospheric progragation
heterogeneity and residual topographic contributions. Propaga-
tion heterogeneity introduces errors that are generally less than

End of eruption
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FIG. 2 Bar chart of the interferometric pairs shown as figures in this
study. Ascending pairs are represented by dotted bars, descending pairs
by shaded bars. The numbers on the right-hand side of each bar are
the figure code of the interferograms and the altitude of ambiguity.
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half a fringe, but which may be as large as three fringes locally,
in exceptional conditions. A pair-wise logic allows their identifi-
cation as tropospheric or ionospheric artefacts’. Residual topo-
graphic errors depend on the separation of the two orbits: the
smaller the separation, the lower the sensitivity to topography
and any residual topographic errors. An interferogram is charac-
terized by the time interval it spans and by its altitude of
ambiguity®, equal to the amount of elevation change that pro-
duces one topographic fringe. The altitude of ambiguity is
roughly inversely proportional to the orbital separation.

The ERS-1 satellite acquired 13 radar images of Mount Etna
during ascending orbits (travelling north), looking roughly to
the east during the night (23:16 local time). It also acquired 16
radar images during descending orbits (travelling south), look-
ing roughly to the west during the day (11:40). Only images
from the same family of orbits can be combined. The ascending
(descending) images give 78 (120) potential interferometric com-
binations. We selected 32 ascending and 60 descending combina-
tions with altitudes of ambiguity larger than 20 m, thus ensuring
negligible residual topographic contribution. About 30 interfero-
grams presented enough coherence to be analysed and 12 of
them contributed quantitatively to the present study. Their
features are summarized in Fig. 2.

Experience with this large interferometric data set has led to
three general conclusions: on average the interferograms made
from ascending (night-time) passes are better than those from
descending passes, possibly owing to more stable atmospheric
conditions and a more quiescent vegetation state; interferogram
phase changes due to ionospheric or tropospheric propagation
effects” are common and must be identified to avoid displace-
ment errors of up to one fringe, or 28 mm (Fig. 3d, e, 4, {); and
the coherence between images does not decrease systematically
with time. Fig. 4a shows one of the best ascending interfero-
grams, obtained over 385 days. The image is dominated by four
concentric fringes that suggest an ~11-cm deflation of the whole
volcano. Localized fringes are also visible in the Valle del Bove
and show local subsidence, well correlated with the 1989 lava
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FIG. 3 Examples of interferograms (a—e, ascending orbits; j, descend-
ing orbits). a—¢ Show the subsidence of the volcano at different stages.
The triangular feature in d and e is related to the ascending orbit of 1
December 1992, and is equivalent to a positive displacement of 3 cm.
It does not appear in the interferogram 3¢ and is thus produced by a
reversible source. This feature also does not appear in interferogram
j that is made from images taken on 4 October and 8 November
1992. The most likely cause is thus an ionospheric propagation

field. Such phenomena have been observed on Etna by Murray®
near recent lava flows, and can be interpreted as compaction of
the fresh unconsolidated lava flow and downward flexure around
it. The same subsidence is visible on the interferograms shown
in Fig. 3a and e.

Deflation is not observed on the interferograms formed by
images acquired after the end of the eruption, such as Fig. 3f.
This interferogram is uniform in the areas where coherence is
kept. Because its altitude of ambiguity is 51 m, we expect at

FIG. 4 Actual and modelied fringe pat-
terns for the best ascending and the
corresponding descending interfero-
grams. One cycle of colour corresponds
to a 28-mm change in range. About four
fringes are visible in a, indicating a sub-
sidence of the volcano. The interfero-
gram corresponding to the best-fit
model is shown in b. An almost syn-
chronous descending interferogram is
shown in ¢, and d is the interferogram
for the best-fit model. The best fit is
obtained with a source located
2+0.5 km east of the centre cone and
at 16 km depth.
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heterogeneity’. Interferogram f (35 days separation, starting three
months after the end of the eruption) shows good coherence and not
a single fringe despite a relatively small altitude of ambiguity (51 m). It
was used to assess the quality of the digital elevation model and thus
to calibrate the maximum expected topographic residual on the other
interferograms. Examples of tropospheric hetrogeneities are shown in
h {semicircular feature different from a closed fringe) and i (chained
‘clouds’ on the left-hand side).

most one-sixth of a cycle of topographic residual from the 8§ m
credited accuracy of our elevation model, which is clearly the
case here. Such a topographic residual would account for less
than 1/25 of a fringe, or 1 mm, in an interferogram with an
altitude of ambiquity of 205 m, as Fig. 4a. Similarly, the fringes
in Fig. 4a cannot be due to atmospheric propagation heterogene-
ities attached to one image, as the almost synchronous interfero-
gram Fig. 4¢ shows a deflation of similar amplitude although
formed with two images from descending orbits, which could
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FIG. 5 Subsidence of the summit of Etna deduced from our data and
plotted (diamonds and associated straight-line fit) as a function of the
effective elapsed time. Volume of lava produced dun‘n% the eruption
(other solid line) as inferred from the field measurement®. Because no
deformation is visible after the end of the eruption (Fig. 3f ), the effective
elapsed time was defined as the number of days that separate the first
day of the interferogram and the last day of the interferogram or the
last day of the eruption if earlier (Fig. 4). The error on the individual
measurements is <1 cm, based on the quality of the model fit, assessed
at intervals of 1 cm. Interferograms that did not provide an unambigu-
ous fit at the 1-cm confidence level were not included in the quantitative
study.

not have been affected by the same atmospheric propagation
heterogeneities.

Assessing the deformation just by counting the fringes is
difficult for several reasons. First, an interferogram does not give
an absolute indication of phase and the background phase is
difficult to assess. Second, the volcano-wide deflation pattern is
obscured in areas where coherence is poor, such as some veget-
ion-covered areas and the summit, which freezes at times. The
phase is also biased by local deformation and atmospheric
artefacts. Thus, we separated the contribution of volcano-wide
deflation by fitting the interferograms with a calculated theoreti-
cal displacement field derived from a simple model of pressure
change in a sphere located in an elastic half-space'®. The model,
which also gives the total volume change, depends on four
parameters: the coordinates of the centre of the sphere and the
maximum amplitude of the displacement above this centre. In
this model, we prescribe only changes of volume at depth,
regardless of the consequences in terms of pressure, which would
require knowledge of the size and rigidity of the source.

We used the ascending interferogram Fig. 44, in combination
with the best descending interferogram Fig. 4c, to fix the centre
of the sphere. Its horizontal location was obtained by ascertain-
ing the best fit of the centroids of the fringes for the data (Fig.
4a and c) to those for the models (Fig. 4b and d). The best fit
was obtained with the centre of the sphere located 2+0.5 km
east of the central cone of Etna.

The maximum amplitude of subsidence in the interferogram
shown in Fig. 4a was obtained by minimizing the residuals for
a range of assumed depths of the sphere (10-20 km). The sensi-

tivity of the solution to the depth is low, and our best fit was
always obtained with a subsidence of 12 cm. This value is well
constrained, in particular by the western and the southern parts
of the image. We estimate the uncertainty in this value to be of
the order of 1 cm. For the depth of the sphere, the best fit is not
sharply defined, and is obtained between 13 and 19 km. We thus
estimate the depth of the source to be 16+ 3 km. We emphasize
that our model does not constrain the location of the magma
reservoir(s) beneath Etna or its finite shape, except that the
model is consistent with a source at mid-crustal levels—deeper
than anticipated from previous interpretations'"'? based on
measurements that did not sample the entire deformation field.

When modelling additional interferograms, we did not have
to change the location of the centre of the sphere, but simply to
adjust the maximum displacement, which indicates the geometric
consistency of the model. For each interferogram we computed
20 residual images obtained by increasing the amplitude from 0
to 19 cm by steps of 1 cm and selected the minimum. We retained
the 12 interferograms for which this choice was unambiguous
at the 1-cm confidence level.

Figure 5 shows the maximum displacement (right-hand ordin-
ate) plotted as a function of time, until the end of the eruption.
These values are consistent whether obtained from ascending or
descending interferograms, despite the very different sensitivity
of the two families of data to east-west displacements, as
explained in Fig. 1. This further confirms the geometrical consist-
ency of the model. No deformation is measured after the end of
the eruption, as shown by the interferogram in Fig. 3g. During
the last seven months of the eruption sampled by our data, the
maximum subsidence increases linearly at a rate of 21 mm per
month. From GPS data, the subsidence of the volcano for the
first five months of the eruption (inferred from the difference
between data for July 1990 and June 1992) has been estimated''
as 19 cm at the summit and 6-8 cm at points located 6-10 km
from the top. Assuming that all the observed displacement
occurred during the five months of eruption, the average rate of
subsidence was 31 mm per month. The maximum horizontal
strain rate predicted by our model is —0.9 p.p.m. per month for
opposite points located at 11 km from the top, a value close to
the —0.75 p.p.m. per month obtained earlier in the eruption''.

The constant value of our subsidence rate is consistent with
the stable rate of lava production measured in the field® and
plotted in Fig. 5. The rate of volume change at the surface of
the volcano deduced from our observation is 3.4 x 10’ m* per
month. This rate is not balanced by the production of lava
(1.9 % 10" m® per month).

This analysis of data from Mount Etna validates the use of
radar interferometry for volcano monitoring. Volcano-wide sur-
face deformation is revealed and the associated volume change
can be measured. The simplicity of our model allowed us to
use many interferograms, even those of low quality—a practice
further justified by the consistency of the amplitudes of subsid-
ence. This technique could be used for surveying other active
volcanoes, using existing (ERS-1 and J-ERS1) or future (ERS-2
and Radarsat) radar systems. Continuing work on other volcan-
oes, such as an unpublished study that we have initiated of Mer-
api volcano (Indonesia), shows that it is possible to obtain
coherent images even in equatorial areas, where rapid surface
changes occur owing to lush vegetation. O
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