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meteorites® !, the transformation conditions (P, T and differen-
tial stress) are unknown. Our work provides evidence that this
mechanism could occur under mantle conditions. The transfor-
mation mechanism is potentially of considerable importance for
mantle rheology, and therefore mantle dynamics, because if
transformation occurs between B-phase and spinel by the
martensitic mechanism, the shear strength should be greatly
reduced during the transformation®'°. Transformation plasticity
may also occur during a diffusion-controlled transformation,
but the mechanism and magnitude of the effect will be
different**. In either case, a zone of decoupling at the phase
boundary in the mantle is a possibility® and the rheology and
dynamics of mantle plumes could also be affected as rising
material crosses from the stability field of spinel to that of the
B-phase. The details of the dependence of the different
nucleation and growth mechanisms on P, T and differential
stress have yet to be investigated. Our results together with those
of Remsberg and Liebermann®' suggest, however, that at the
B/v phase boundary, where temperatures are ~1,500 °C?*, trans-
formation will occur close to equilibrium by the diffusion-
controlled mechanism.

By analogy with our results, the mechanism of the B-to-y
transformation is also likely to vary with pressure and tem-
perature. Madon and Poirier'! have shown that the energetics
of a martensitic B-to-y transformation are similar to those of
the reverse transformation studied here. The martensitic B-to-y
transformation would involve the propagation of 1/2[1017(010)
partial dislocations on every alternate (010) plane of B-phase!®!!
and would also be likely to result in a large reduction in shear
strength. This mechanism is most likely to operate in subducting
slabs where low temperatures inhibit a diffusion-controlled
mechanism. Such martensitic transformation could have an
important effect on the rheology of the slab In addition, if the
martensitic mechanism operates in subducting slabs under high
differential stress, the transformation could occur very rapidly.
Rapid transformation with an associated reduction in strength
could result in shear instabilities and thus in deep-focus
earthquakes. The occurrence of acoustic emissions during rapid
martensitic transformations in Si and Ge at high pressure in the
diamond-anvil cell has also led to the proposal that martensitic
transformations could be the cause of some deep-focus
earthquakes in subducting slabs®*. O
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THE past decade has seen a rapid advance in our understanding
of the deep structure of the continental crust, especially in
Europe'™, Australia® and North America®, where seismic profiling
has revealed a highly reflective layer in the lower crust. On many
profiles, the reflective layer is associated with regions of
extension®’, suggesting that the reflectors originate by some form
of ductile flow or magmatic intrusion during rifting®®. To test this
hypothesis, we have examined geophysical and geological data
from the Valencia trough, a rift basin'®'? of Late Oligocene/Early
Miocene age. From a comparison of profiles in different parts of
the trough, and independent constraints on the initial crustal
thickness, we argue that the reflective layer in this basin was
probably already in the crust before rifting, and that a mid-Tertiary
extensional event is not required to explain it.

In November 1988, a two-ship (R/V Robert D. Conrad and
N/O Jean Charcot) multichannel seismic reflection and refrac-
tion experiment was carried out in the Valencia Trough off the
northeast coast of Iberia. The data include a 110-km-long com-
mon depth point (CDP) line 819 on the shelf, a 30-km-long
CDP line 815 on the slope and a 100-km-long expanding spread
profile (ESP 6) that crosses both the shelf and slope (Fig. 1).
CDP line 819 and ESP 6 were shot normal to a steep gradient
of the Bouguer gravity anomaly which marks'® the transition
from the thick crust of Iberia to thin crust beneath the trough.
Both ships were equipped with a 96-channel 2.4-km-long
streamer, satellite navigation, and precision gravity and depth
recorders. The 10-airgun tuned array of the Conrad was used
as the source for both the CDP and ESP experiments.

Figure 2 shows a migrated 96-fold stack along line 819 together
with results of velocity modelling at ESP 6. We used standard
processing techniques'® and stacking velocities based on sonic
velocities from nearby commercial wells. The well data'® indi-
cates that the sedimentary layer is 3-4 km thick and of Early
Miocene to Recent age. Underlying the sediments is a strong
continuous reflector (2.2 s) which marks the surface of an eroded
Mesozoic carbonate platform. Below this reflector, there is a
thick, acoustically transparent layer with few internal reflectors.
At a two-way time (TWT) of ~6.2 s, there is an abrupt develop-
ment of subhorizontal lower crustal reflectors, which appear
continuous on horizontal length scales of up to 15 km. Along
parts of the profile, the reflective crust is characterized by
lozenge-shaped transparent zones and concave-up cross-cutting
reflectors. The reflectors end sharply at ~8 s where they pass
into a strong continuous reflector which we interpret as the
‘reflection” Moho. The average p-wave (compressional)
velocities V,, of the upper and lower crustal layers at ESP 6
(Fig. 2) are 6.1 and 6.7 kms™', respectively, indicating a total
crustal thickness (excluding sediments) along the line of 18-
19 km.

Similar lower crustal reflectors have already been identified
elsewhere in Europe'>'¢?°, Typically?!, these reflectors occur
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at a TWT of 5-7s (15-21km depth), have high average V,
(6.6-7.8km s™') and are especially well developed in regions
dominated by extensional tectonics.

Previous seismic refraction studies® indicate crust 30-35 km
thick beneath Iberia which, together with our results (Fig. 2),
suggests at least 9 km of crustal thinning towards the Valencia
trough. Were the reflectors generated by the same extensional
event that formed the trough, were they added to it iater, or
were they already in the crust before extension? If the deep
layers were produced in some way by extension, we would
expect, following the arguments of Peddy et al®®, the intensity
of reflectors to increase towards the trough axis because this
would be a region of thinner, more stretched crust.

Figure 3 shows part of line 815, which was shot at depths of
~800 m. This line does not show a highly reflective lower crust.
Instead, there is a single continuous refiector at a TWT of ~8s
which is similar to the ‘reflection’” Moho on line 819 and to
reflectors identified elsewhere” in the trough. We do not believe
that the absence of reflectors in Fig. 3 is caused by a decrease
in signal-to-noise ratio as the depth increases, scattering owing
to the relief of the Messinian erosional discordance, or by lack
of multiple suppression, although these factors may contribute.
Rather, their absence suggests that the reflectors beneath the
shelf were either pre-existing and a subsequent extensional event
reduced their thickness beneath the trough or that they were
added later by magmatism, which preferentially underplated®
or intruded the shelf rather than the trough.

The crustal thinning at the time of rifting has been estimated
by backstripping®® the Late Oligocene/Early Miocene to Recent
sedimentary section at three commercial wells drilled along line
819. The total tectonic subsidence (TTS)*’, which is in the range
1.4-1.6 km, could be explained by an instantaneous-stretching
model®® with an age of rifting of 25 Myr and a stretching factor
of B =1.40-1.55 but, a better fit to the subsidence history was
obtained (Fig. 4) using a finite-stretching model®~° with a
similar 8 and a rifting duration of 8-24 Myr. Evidence that
rifting in the Valencia Trough may have been a protracted event
is seen in the occurrence of calc-alkaline volcanic rocks of early

FIG. 2 Migrated 96-fold CDP line 819. The location of wells 299 and 419,
the intersection of profile AB and the mid-point of ESP 6 are shown above
the profile. The thick line at the end of the profile shows the velocity-TWT
function deduced from modelling the data obtained along ESP 6 in the 7-p
and X-T domains®. The lower continental crust is associated with V,=
6.4-7.0kms™ and is ~6 km thick.
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FIG. 1 Location map of the Valencia trough and vicinity. Topography>® at
200-m interval. The solid lines show the location of CDP lines 819 and 815.
The heavy dashed line shows the cross-section AB based on seismic and
gravity modelling, the lighter dashed lines show the seismic refraction
profiles 1?2 and ESP 6, and the seismic reflection profile ECORS Pyrenees
South line®”. The filled circles show the wells used in Fig. 4. The wells from
north to south are: 466, 419 and 299. CCR, Catalan Coastal Ranges; M|,
Menorca; IB, Ibiza.

Miocene to middle Pleistocene age in Deep Sea Drilling Project
sites in the trough®' and outcrop on the Columbretes Islands2.
A stretching factor of 1.40-1.55 implies a crustal thickness of
20-22 km along line 819, assuming an initial crustal thickness
of 31.2 km.

Figure 5 shows a crustal cross-section (profile AB) from the
Ebro basin to the trough axis which is constrained by seismic,
gravity anomaly and well data. The hatchured lines (lower panel)
show prominent discontinuities in V|, along seismic refraction
profiles 1?2 and ESP 6 (Fig. 2). The mantle velocity of 7.8 km s™*
is low when compared to velocities”> beneath Iberia but, is
similar to velocities beneath active ‘continental’ rifts such as

Two-way travel time (s)
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East Africa®®. Gravity modelling using Woollard’s** velocity-
density relationships is consistent with a crustal thinning of
11-14 km between profile I and ESP 6 and a further thinning
of ~14 km towards the trough axis. Both seismic refraction and
gravity anomaly data require a high-velocity dense lower crust
(heavy shading), which we believe corresponds to the highly
reflective lower crustal layer.

The crustal thickness (20 km) deduced from backstripping
data from well 419 (the nearest well to profile AB) is in general
agreement with that deduced from the seismic and gravity data
(18-19 km), suggesting that much, if not all, of the 6-km-thick
lower crustal reflective layer was already in the crust before
extension. If it was added later, say by underplating®, then the
thickness of the stretched crust would be reduced to 12-13 km
which corresponds to B8 =2.4-2.6. Thermal modelling shows
that this value of 8 would yield a TTS of 2.5-2.7 km, which is
not observed (Fig. 4). Another argument against underplating
concerns the velocity of the lower crustal layer. As ESP 6 shows
(Fig. 2), V,, is in the range 6.4-7.0 km 5!, which is significantly
smaller than the velocities of 7.2-7.4 km s~ reported from rifted
margins such as the Baltimore Canyon trough®® and Hatton
Bank®® which are believed to have been underplated.

The model in Fig. 5 implies that the highly reflective lower
crustal layer is 13-15 km thick beneath the western end of profile
AB and is absent beneath the Valencia trough. This thickness
is in agreement with seismic refraction results along profile 1%,
although there is no evidence along this profile of the reflective
nature of the lower crust. The nearest seismic reflection profile
is the ECORS Pyrenees South line*’ (Fig. 1) which shows a 2-s
TWT, or 6.5-km-thick layer (assuming a velocity of 6.6 kms™').
The lower crust on this line has, however, been involved in the
Pyrenean deformation. The western end of profile AB is located
on Hercynian basement between the deformed zones of the
Pyrenees and Betics. ECORS profiling of Hercynian crust in
the Ardennes massif'® shows that the reflective layer is typically
4-s TWT, or 13 km thick, in agreement with the thickness
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material so that the V, of 7.8kms™" (Fig. 2) corresponds to
some form of ‘crust-mantle mix’.
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FIG. 4 Subsidence history of the flanks of the Valencia Trough based on
backstripping stratigraphic data®® from the Castellon Wells a 299, b, 419
and ¢, 466. Tectonic subsidence (shaded area), sediment accumulation (thin
solid line) and calculated subsidence curves (thick solid line) based on
finite-rifting models2%3C with rifting duration of 16 Myr and 8=1.40 (well
299), rifting duration of 16 Myr and 8 =1.45 (well 466), and 8 =1.55 and
rifting durations of 8, 16 and 24 Myr (well 419).

Our data do not support the view that the highly reflective
lower crustal layer beneath the flanks of the Valencia trough is
the result of the mid-Tertiary extensional event that formed the
trough, even though this event seems to have been a protracted
one. Elsewhere in Europe, the reflective layer apparently ‘ponds’
Hercynian structures and it has been suggested® that they may
post-date the Carboniferous. Moreover, the reflective layer is
thinned on the ECORS Pyrenees South line®’ indicating a pre-
Cretaceous age. Bois et al'® suggested that the reflective layer
was formed by re-equilibriation of the crust following the Her-
cynian orogeny but, other data® support the view that they
originated by a mechanical transformation of the crust during
extension. Our data suggest that a highly reflective lower crustal
layer was already in the Iberian crust before rifting. The Valencia
Trough, however, has few tilted fault blocks**, a relatively low
level of magmatic activity®®, and did not generate oceanic crust,
so we cannot rule out the possibility that a more widespread
extensional event, such as that associated with the Tethys, did
not cause the highly reflective lower crust of Iberia and, perhaps,
the rest of Europe. 0
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FIG 5 Comparison of the observed Bouguer gravity anomaly (A.B.W. and
M.T., manuscript in preparation) on profile AB to calculated profiles based
on the seismically constrained crustal structure at profile | and ESP 6. The
heavy shading shows the dense highly reflective lower crustal layer which
thins toward the axis of the trough and thickens beneath Iberia. The medium
shading shows the acoustically transparent upper crust. The light shading
shows the distribution of sediments. The stretching factor B is based on
the seismically and gravimetrically constrained crustal model and an initial
(unstretched) crustal thickness of 31.2 km.
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ADULT parasitic wasps need nectar or some other fragrant food
source'Z, but the effect of food odours on their behaviour has not
been investigated to any extent’. Females of the parasitic wasp
Microplitis croceipes learn volatile odours associated with host
sites and use them to find hosts more effectively®®. We have now
performed flight tunnel experiments that show that this wasp also
uses airborne odours to find food sources. Females learn associa-
tively and subsequently fly to volatile odours presented for smell
while they are feeding on sugar water. Furthermore, they can learn
two novel odours associated with separate host and food resources
and then make an accurate choice between these odours on the
basis of their relative host and food needs. This ability of parasitic
wasps to link different odours with specific resources and then
effectively to use them as cues for choice between competing needs
is of fundamental and applied importance.

Females of M. croceipes fed on wildflower honey subsequently
flew up-wind to the odour of honey, whereas naive females and
females fed a pure aqueous sucrose solution both responded
much more weakly (Fig. 1). To determine whether this oriented
response to food was learned, female wasps were provided with

FIG. 1 Flight response of M. croceipes females to honey after no experience
(naive), or feeding on sugar water or honey. Bars capped by different letters
are significantly different, P<<0.01, Waller-Duncan K-ratio t-test; minimum
significant difference, 21.9%, n=90 wasps (5 replications, 6 wasps per
replication per preflight treatment).

METHODS. M. croceipes were reared on larvae of H zea fed an artificial
diet. Females were allowed to mate and then held with a water supply in
30 X30 X 20 cm cages for 2 days after emergence. The 2-day-old females
were each exposed to a drop of 20% sucrose water (10 wl) or honey (Powers,
wildflower) (50 mg) placed on the bottom of a polystyrene Petri dish (8 x
1.5 cm). Females were allowed to walk directly from a vial onto the test
material and then to feed on the material for 5 seconds. This experience
was repeated 3 times with 2-min intervals. The wind tunnel has been
described®. All flight responses were tested at 26-28 °C at a wind speed
of 56 cms™* and at a light intensity of 2,000 lux. As an attractant source
50 mg of honey was pipetted onto a piece of Whatman number 1 filter
paper suspended at the centre of the up-wind end of the tunnel. Females,
tested individually, were released from a 4-dram shell vial 80 cm downwind
and in the plume from the odour source. The behaviour of the females in
the wind tunnel was observed until a complete flight occurred or 5 min had
elapsed. A complete response involved the host-seeking flight behaviour
described by Drost et al.* and included approach and landing on the odour
source. For each observation, a female was given two chances to make a
successful flight. Flight tests were conducted 20 min post-experience.
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FIG. 2 Flight responses by M. croceipes females to vanilia or chocolate
extract after smelling one of these odours while feeding on sugar water
(preflight experience). Bars within the same treatment group capped by
different letters are significantly different, P < 0.01, Waller-Duncan K-ratio
t-test; minimum significant difference, 14.3%, n=64 wasps (8 replications,
4 wasps per replication per preflight treatment).

METHODS. Females were reared and handled as described for Fig. 1. The
two-day-old females were given a 10-pl droplet of sugar water (20%
sucrose) as described for Fig. 1. In addition, however, a 10-p! droplet of
either vanilla (Nielsen-Massey) or chocolate (McCormick) extract was placed
5mm away from the sugar water for simultaneous smelling while feeding
(care was taken that the females did not touch the extract). Wasps were
permitted feeding/smelling training sessions of 5s and sessions were
repeated 5 times for each female with 2-min intervals between sessions.
Twenty minutes after the final training session, females were released in
the flight chamber as described in Fig. 1 and their response observed to a
choice of vanilla extract (10 wl) or chocolate (10 wl) suspended 8 cm apart
at the centre of the up-wind end of the chamber.

either one of two arbitrarily selected odours, vanilla or chocolate,
while feeding on sucrose. A droplet of the vanilla extract or
chocolate extract was placed near the sucrose solution so that
the wasp could smell the odour while simultaneously tasting
the sucrose, but was not allowed to taste or otherwise contact
the odour. Females so trained showed a clear preference for the
respective odour of their training when subsequently provided
with a choice of these two odours in the flight chamber (Fig.
2). Females given the smell of vanilla or chocolate by the same
procedure, but separately from feeding, did not respond to either
odour.

In earlier studies, females presented with odours in associ-
ation with hosts and host frass likewise linked these odours to
hosts and flew to the odours in search of host resources*’. We
conducted tests to determine whether females could learn and
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