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Fig.3 Values for pAl—-3pH in equilibrium leachates as a function

of Na,P,0,-extractable aluminium. Leachates are from ail soil

samples after 10, 25 and 50 HCl additions (squares). For the

samples of the two podzol Bhs horizons values of the first leachate

are also given (diamonds). Aluminium activities were calculated

using the chemical equilibrium program ALCHEMI (ref. 18). For
gibbsite we used pK = —8.11 (ref. 13).

introduction of acid rain produces a drastic change in the
naturally occurring podzolization process.

The mobility of aluminium in the Hubbard Brook soils is
significantly lower than in the Dutch soils (Table 1), because
of higher soil-solution pH values, which is due, in turn, to a
lower acid load and higher mobilization rates of base cations!®.

The current rapid depletion of organic aluminium in the
rooting zone of many acid, sandy soils is irreversible on a
timescale of decades or centuries. Because aqueous aluminium
concentrations are in equilibrium with solid-phase alumino-
organics, depletion upon continued acid deposition will inevi-
tably lead to a reduction in dissolved aluminium concentrations.
At the same time, soil-solution pH values, which are currently
buffered in the pH range 3.5-4.2 by dissolution of aluminium?®
(J.M. et al, preprint), may drop to values just below 3. Such
dramatic changes in the soil solution chemistry of the rooting
zone may have significant ecological consequences. Therefore,
depletion of solid-phase organic aluminium and the associated
changes in the chemical composition of soil solutions should
be incorporated in current soil-acidification models.

We thank the Dutch State Forest Service and Mr W. A. M.
Rijken for making available the research sites. This study was
supported in part by the EEC and by the Netherlands Tech-
nology Foundation (STW).
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A new picture of the Moho under the
western Alps

ECORS~-CROP Deep Seismic Sounding Group™

The Moho—the boundary between crust and mantle first discovered
by A. Mohorovicic'—is the main seismic marker in the continental
lithosphere. The seismic nature of this interface, in terms of its
position, topography, smoothness and continuity, may preserve
imprints of the regional geodynamic evolution of the lithosphere.
Here we report the results of a wide-angle seismic profiling experi-
ment across the western Alps, which allows us to draw a cross-
section of the Moho across this mountain belt. A tight sampling
of this deep reflector shows abrupt changes in its depth and dip.
The root zone of the chain (the zone of maximum crustal thickness)
is well defined, with a 55-km-deep crust-mantle boundary. The
Moho under the western Po plain is also clearly seen, and a shallow
reflective structure is mapped under the Brianconnais zone in the
25-30 km depth range. This structure, if interpreted as lower-
crustal or upper-mantle material, would support the hypothesis of
a flaking of the lithosphere under the western Alps™.

To prepare the layout of the vertical reflection line through
the western Alps that formed the basis of the ECORS-CROP
project™ in 1986, a preliminary series of experiments® was
conducted which aimed at mapping very deep interfaces along
a cross-section extending from Grenoble (France) to the Po
Plain (Italy). One-ton charges were detonated at five places (Fig.
1) and part of the recording array—low-frequency geophones
and autonomous recorders—was deployed along fan profiles, a
method which had already proved successful in other orogenic
belts’®. The fan radii were chosen so as to coincide with the
theoretical maximum amplitude of reflections, corresponding
to total reflection, at and beyond a critical distance. The Moho
depth was assumed to be ~40 km, with an increase from west
to east; the fan radii therefore ranged from 90 to 130 km. Because
the velocity is assumed to be constant within the crust, and
because each shot-station line is along the local strike of the
Alps, no apparent dip of the reflector is expected. Each mirror
point (triangles in Fig. 1) can therefore be plotted half-way
between the shot-point and the station. With an average station
spacing of 4 km along the fans, the reflectors are thus sampled
every 2 km.

The fan data were processed to construct two composite
cross-sections of the Alpine chain, showing the topography of
deep reflectors (Figs 2 and 3). Figure 2a, corresponding to shots
A, B and C, begins 30 km west of the Belledonne External
Crystalline Massif (ECM) and extends through the Briangonnais
and Piedmontese zones to the east of the Dora Maira Internal
Crystalline Massif (ICM); Fig. 2b (shots D and LW) extends
from the Gran Paradiso ICM to the Po Plain, intersecting the
Sesia-Lanzo zone and the Canavese line, which marks the
western limit of the chain. It should be understood that these
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Fig.1 Position map of the fan layout, showing

the 5 shot-points A, B, C, D and LW. Open

triangles indicate reflection points used to con-

struct Fig. 2. Shaded area represents external

crystalline massifs; dotted area represents inter-

nal crystalline massifs; hatched area represents
the Sesia-Lanzo unit.

cross-sections combine fans with unavoidable offsets between
them; for example, in Fig. 1, mirror points for shot D are shifted
northwards by about 50 km relative to those for shot B. For this
reason we chose to separate the two northern fans (D and LW)
from the three southern ones, to keep a minimum of continuity
within a composite cross-section. According to the Bouguer
gravity map'®, the deep structures can be assumed to retain a
cylindrical geometry for at least the 30-km extension across the
section considered here.

On the seismic sections, reflections are picked using a
maximum-amplitude criterion together with a correlation
between traces. Around the critical distance, the wavelet reflec-
ted from the Moho is known to be very energetic, so that it can
be identified with the maximum-amplitude signal. The sharpness
of the onset of the reflected wavelet varies throughout the section
(compare, for example, the two ends of the section in Fig. 2a),
probably because of a variation in the seismic response of the
reflector. Large (~20-km) variations in depth of the Moho
marker are evident, and dips reaching 20° and extending over
distances of tens of kilometres are observed. In the ECM area
(Figs 2a and 3), the changes in depth and dip do not occur
smoothly, as if by continuous flexure: from being almost
horizontal at a depth of 37 km under the sub-alpine massifs and

a Distance in km (approx.)
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the ECMs, the Moho dips abruptly from 37 km to 55 km at their
eastern edge, where the present-day maximum surface relief is
found. Towards the innermost parts, under the Piedmontese
zone and the Dora Maira ICM, it remains at a more or less
constant, deep level of 55 km. The conversion of reflection times
to depths depends on the mean crustal velocity, which is here
taken to have the value 6.25kms™'; from previous seismic
experiments'!™'*, this value is known to be rather constant over
this region so that we can assume that the depths thus obtained
are accurate to better than 5%.

This deep Moho is overlaid by another seismic marker with
high reflectivity (Fig. 2a, shot C). The maximum amplitude of
the signals from the latter occur at depths of between 25 and
30 km, although it is difficult to determine accurate arrival times
for these. Common experience in deep seismic profiling suggests
that this reflective zone should be associated with a velocity
contrast of more than 1kms™', so that it corresponds either to
the top of lower-crustal material or to a crust-mantle boundary.
Situated at shallow depth and extending westwards beneath the
Piedmontese zone and the ICMs as far as the Briangonnais
zone, this reflector can be detected only when shooting from C.
It acts as a mask which prevents the seismic energy from
penetrating deeper, so that from shot-point C no deep Moho
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Fig. 2 Two composite cross-sections of the western Alps. a, The three fan profiles from shot-points A, B and C (see position on Fig. 1) are
combined as a single record-section extending from the Chartreuse sub-alpine massif (far left) to the Dora Maira massif (far right). b, This
shorter section combines results from shot-points D and LW and extends from the Gran Paradiso massif (far left) to the Po plain (far right).
In each trace, the maximum-amplitude signal corresponds to reflection from the Moho. Earlier (shallower) energy arrivals may be ascribed
to intracrustal discontinuities. For shot D, recorded at the relatively short distance of 40 km, the late (deep) arrivals are principally transverse

S waves rather than reflected waves. Depths are calculated assuming a mean crustal velocity of 6.25km s
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Fig. 3 Schematic line
drawings of the profiles a
revealed by the corres-
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Fig. 2. (1) Autochthonous
deep Moho; (2) Briangon-
nais reflector; (3) Ivrea
body reflector; (4) hinter-
land (Po plain) Moho. In
lithospheric flaking optics,
features (2) and (3) trace
the imbrication of anomal-
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ous upper mantle within
the Alpine pile.

could be mapped. From shot-points A or B, however, the deep
Moho can be reached, illustrating both the limited extent of this
shallow unit and the importance of the shot/recording-array
geometry in detecting such a feature.

The hinterland Moho (Fig. 2b), more than 35 km deep under
the Po plain, where thick Tertiary-Quaternary sequences occur,
seems to rise in a stepwise fashion to less than 25 km approaching
the Canavese fault zone. Across this zone, there exists a gap in
the seismic data, so that one cannot rule out the existence of
another uprising of material with high seismic velocities. The
Sesia zone is underlain by a strong reflector at a depth of only
13 km, which may correspond to a crust-mantle boundary.
However, other deep reflectors in the same area, seen along a
complementary longitudinal profile through Sesia, cast doubt
on whether the hinterland Moho extends this far west and at
such shallow depth; in a zone close to the Lanzo massif, where
slices of lower-crustal and upper-mantle material have been
brought up to the surface, reflective levels might be rather
discontinuous. Nevertheless, the simplest structural scheme is
to link the 13-km deep reflector discovered under the Sesia zone
to the Po plain Moho further east.

From this wide-angle reflection profiling therefore emerges
the first detailed picture of the geometry of the Moho beneath
the Alps, incorporating even the innermost zones. Previous
experiments''"!* sampled the Moho too sporadically so that
only smooth variations could be mapped. Close-ups of the
sections presented here show that such a continuous geometry
is not entirely correct, as was previously suggested by a teleseis-
mic prospecting of lithospheric contrasts beneath the Alps'®.
This conclusion results mainly from the high spatial resolution
made available by the arrangement of the fans, which provided
a 2-km sampling interval of reflectors along the cross-sections.

The shallow reflective level that we have discovered under
the Briangonnais zone has never before been mapped, although
recently published models of Alpine orogenesis” have suggested
such a feature. The presence of lower-crustal or upper-mantle
material would indicate a tectonic thickening, resulting from
previously adjacent eastern lithospheric segments having been
thrust onto the western segment (the alternative, internal defor-
mation of the sole crust, is unlikely). This would suggest flaking
of the European lithosphere under the western Alps, which is
discussed more thoroughly elsewhere’.

The Ivrea body, an anomalously shallow mantle unit dis-
covered from gravity evidence in early geophysical experiments
in the Alps'', is sampled here from shot-point D, but our
experiment is unable to define its exact geometry. It is much
too shallow (13 km depth) to be connected directly to the Brian-
¢onnais reflector, 30 km under the ICMs. The anomalous upper
mantle imbricated within the Alpine crust therefore consists of
two distinct units, the Ivrea body and the new unit discovered
here.

The fan layout of the experiment proved successful in detect-
ing very deep reflections, and the ECORS-CROP vertical reflec-
tion line was able to provide information on upper- and mid-
crustal reflectors. Uniting vertical reflection profiling with the
more versatile wide-angle reflection method therefore provides

the sort of complementary information required to determine
the deep structure of such complex orogens as the Alpine chain.
This reconnaissance project was funded by the ECORS
(France) and CROP (Italy) national programmes. The participa-
tion of numerous field operators, as well as the support and
willingness of local authorities at the shot-points, are acknowl-
edged. We thank L. Jenatton for help with the artwork.
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Testing the completeness of earthquake
catalogues and the hypothesis
of self-similarity

Paul A. Rydelek & I. Selwyn Sacks

Department of Terrestrial Magnetism, Carnegie Institution of
Washington, 5241 Broad Branch Road N.W., Washington,
DC 20015, USA

Self-similarity of the earthquake process is consistent with the
observed linear b-value relation log (N) = a— bM, where N is the
number of earthquakes with magnitude M. Deviations from
linearity are believed to be due to statistical fluctuations because
of the scarcity of events at large M, or from incompleteness
because of a detection threshold at small M. Above some magni-
tude level, all local events are detected, because they exceed the
noise background on the seismogram. As magnitude decreases,
however, events go undetected as the seismic signal approaches
the noise background. Thus more of the smallest events should be
logged at night than during the day, because the cultural neise
sources and winds are diminished at night, resulting in presumably
quieter seismograms. Here we use this day-to-night noise modula-
tion to develop a completeness test for earthquake catalogues;
catalogues that indicate no significant modulation are considered
complete. We test three catalogues and show that the completeness
magnitude can be different from the magnitude at which the b-value
departs from linearity. In particular, catalogues that show sig-
nificant deviations in linearity at small M but are otherwise
complete, are at odds with the hypothesis of earthquake self-
similarity.



