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Abstract

We use hydrodynamic modelling combined with known data on mantle melting behaviour to examine the potential
for decompression melting of lithosphere beneath a large terrestrial impact crater. This mechanism may generate
sufficient quantity of melt to auto-obliterate the crater. Melting would initiate almost instantaneously, but the effects
of such massive mantle melting may trigger long-lived mantle up-welling that could potentially resemble a mantle
hotspot. Decompression melting is well understood; it is the main method advocated by geophysicists for melting on
Earth, whether caused by thinned lithosphere or hot rising mantle plumes. The energy released is largely derived from
gravitational energy and is outside (but additive to) the conventional calculations of impact modelling, where energy
is derived solely from the kinetic energy of the impacting projectile, be it comet or asteroid. The empirical correlation
between total melt volume and crater size will no longer apply, but instead there will be a discontinuity above some
threshold size, depending primarily on the thermal structure of the lithosphere. We estimate that the volume of melt
produced by a 20 km diameter iron impactor travelling at 10 km/s may be comparable to the volume of melt
characteristic of terrestrial large igneous provinces (V106 km3); similar melting of the mantle beneath an oceanic
impact was also modelled by Roddy et al. [Int. J. Impact Eng. 5 (1987) 525]. The mantle melts will have plume-like
geochemical signatures, and rapid mixing of melts from sub-horizontal sub-crater reservoirs is likely. Direct coupling
between impacts and volcanism is therefore a real possibility that should be considered with respect to global
stratigraphic events in the geological record. We suggest that the end-Permian Siberian Traps should be reconsidered
as the result of a major impact at V250 Ma. Auto-obliteration by volcanism of all craters larger than V200 km
would explain their anomalous absence on Earth compared with other terrestrial planets in the solar system. < 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

Ever since the acceptance of the Huttonian
principle of uniformitarianism, it has been di⁄-
cult for Earth scientists to accept any explanation
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of a geological event that relies on a catastrophic
mechanism. This problem is epitomised by the
time that was taken to recognise the importance
of meteoritic impacts in planetary evolution.
Thus, even the origin of lunar craters was strongly
debated until the middle part of the 20th century,
and until the 1950s, geologists were reluctant to
accept an impact origin for Meteor Crater (Ari-
zona), which is arguably one of the best preserved
of all terrestrial craters. Since then, the number
of accepted terrestrial craters has risen at a rate
of about 2^4 per year, and currently stands at
s 150, with no indication of a reduction in the
rate of detection [2]. Furthermore, many of these
impacts have now been accepted as having caused
major geological and/or ecological events, such as
the association of the Chicxulub event with the
K/T extinction and the impact origin for the Sud-
bury complex.

The recognition of a geological feature as hav-
ing an impact origin generally rests on observing
a number of characteristic shock-related e¡ects in
the country rock [3]. These may include, for ex-
ample: (a) tektites, ejecta or pseudotachylite,
(b) radial and ring faulting or uplift, (c) shock
textures, shatter cones and high pressure minerals,
(d) high concentrations of Fe/Ni/S and platinum
group elements, or other geochemical signatures,
(e) circular geophysical anomalies. However, it
must be noted that the nature of the evidence
for impact will depend on the details of the im-
pact (size, velocity, composition, material proper-
ties and angle of impact of the impactor; and
composition and material properties of the im-
pacted region), as well as on the subsequent geo-
logical history of the impact site.

Some researchers, however, have gone beyond
these accepted limits to suggest that several larger
geological features had an impact origin, but have
auto-obliterated the traditional evidence of impact
by subsequent large-scale igneous activity. Exam-
ples of such suggestions include the Bushveld
Complex [4], the Deccan Traps [5,6], the break-
up of tectonic plates [7,8], and the formation of
oceanic plateaus [9,10] and continental £ood ba-
salts [11,12]. These suggestions have usually been
rejected on the grounds that an impact model is
less plausible than the widely accepted plume

model [13]. The present paper is an attempt to
demonstrate more rigorously the plausibility of
an impact model for the initiation of a large-scale
igneous event. Central to this paper is our con-
tention that the phenomenon of pressure-release
melting, or decompression melting, described in
detail later, is the key to understanding the vol-
umes of melt generated during large impacts and
that in part this process has been overlooked or
wrongly de-emphasised [14]. Melosh [15] contends
that there is no ¢rm evidence that impacts can
induce volcanic activity in the impact crater re-
gion, and he presents strong arguments, based
on the amount of energy available, against the
proposal that an impact could trigger volcanism
at a distance. He notes that suggestions of impact-
induced volcanism have often been based on ob-
servations of the large basalt-¢lled basins on the
lunar nearside, but these are undermined by the
discovery of large un¢lled far-side basins and by
the evidence that nearside volcanism apparently
post-dated basin formation by as much as 1 Ga.
Melosh concluded that pressure-release melting
was highly unlikely on the Moon and he dis-
counted the possibility of pressure-release melting
on the Earth. Recently, however, O’Hara [16] has
countered these arguments, and points out that
pressure-release melting will be important in any
body if the geotherm is close to the solidus at
some point beneath the crater. We support this
argument and below outline indicative hydrody-
namic simulations that suggest that a Sudbury-
scale impact crater (V200 km diameter crater)
would trigger instantaneous pressure-release melt-
ing if it occurred where geothermal gradients are
high and the mantle temperature is already close
to its solidus.

In this paper we will address these traditional
objections to the impact-related origin of major
igneous features, and will conclude that the plume
hypothesis may not explain all of the features to
which it is currently applied and that the previ-
ously suggested but generally dismissed mecha-
nism of pressure-release melting does provide a
mechanism for larger impacts to generate large
volumes (V106 km3) of melt. We propose that a
candidate large igneous province (LIP) generated
by impact volcanism might be the Siberian Traps.
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2. Large igneous provinces

If one judges the degree of support for a hy-
pothesis by the number who use the concept to
explain their particular problem, then support for
the plume origin for LIPs is endemic. There are
two main hypotheses that have been proposed to
explain the relationship between mantle plumes
and £ood basalts. In the plume-head hypothesis
[17] Campbell and Gri⁄ths consider that a large
plume head, with a diameter of V1000 km, orig-
inates at the core^mantle boundary and rises to
form beneath the lithosphere an oblate circular
disk, with a diameter of V2000 km. This leads
to an uplift of the overlying lithosphere of 0.5^
1.0 km and the development of volcanic activity.
Plume-head melting occurs as the consequence of
adiabatic decompression when the top of the
plume reaches the top of the asthenosphere. Melt-
ing, they contend, will start at the hot leading
edge of the top of the plume, where the plume
can melt to produce high MgO magmas. As the
plume head continues to rise and £atten, the cool-
er entrained mantle edge of the plume may start
to melt if it experiences low pressures at shallow
depths. In the second model, White and McKen-
zie [18] assumed a much smaller plume, with an
unspeci¢ed origin. They emphasise that it is the
production of melt material that is of paramount
importance and note that the potential tempera-
ture of the plume need only be 100^300‡C higher
than the surrounding mantle. Only in the low-ve-
locity zone (LVZ) are the P and T conditions such
that the mantle is close to melting. As the increase
in temperature caused by the plume is modest, the
plume will only give rise to melting in a relatively
narrow depth zone immediately beneath the LVZ.
Consequently, they conclude that the depth of the
stem of the plume is immaterial. But vital to their
model is the coincident development of litho-
spheric thinning, which determines the volume
of melt produced.

The debate over these and related approaches,
including a wet plume model [19], has been vigo-
rous. Although the role of plumes and hotspots in
the development of volcanic chains such as Ha-
waii is not questioned, there are some, however,
who question whether such plumes can be respon-

sible for all large igneous provinces. Thus for ex-
ample, Saunders et al. [20] maintain that the rel-
atively short period between the initial contact,
from below, to the generation of melt is likely
to be less than 10 Ma. Despite the heat transfer
that may take place between plume and continen-
tal lithosphere, they argue that large volumes of
melt material are unlikely to be generated and
even that the melt that occurs may freeze in situ
as heat is lost to the lithosphere. Campbell and
Gri⁄ths [17] point out the shortcomings in the
White and McKenzie hypothesis, while Anderson
[21] questions both plume models, and suggests
that more sources of geochemical anomalies and
melting processes may occur instead at shallow
depths in the mantle. Other authors suggest that
detailed ¢eld evidence in some large igneous prov-
inces does not support either model. Thus, in a
recent review Sharma [22] observes; ‘Collectively
the [cited ¢eld] observations suggest that the Sibe-
rian Traps eruption cannot be linked directly ei-
ther to lithospheric stretching in the absence of a
plume or to hotspot initiation. Yet there appears
to be consensus supporting a plume origin among
those working on the Siberian Traps. Two pieces
of evidence have engendered such a con£uence
of opinion: (i) the large volume (s 2U106 km3)
of magma emplaced and (ii) the short duration
V1 Ma of eruption.’ Subsequent geological and
geophysical papers have further undermined the
possibility of a conventional mantle plume as
the cause of the Siberian Traps [23,24].

In the following section, we indicate how de-
compression melting resulting from a large impact
would generate large volumes of melt, which
could be emplaced very rapidly, and might o¡er
a more reasonable explanation for the Siberian
Traps eruption, and perhaps other similar large
igneous provinces, than the plume hypothesis.

3. Impacts and decompression melting

There is a well-established correlation between
observed terrestrial crater size and the total vol-
ume of impact melt [14,25]. Melosh [14] points
out that the volume of melt generated is based
on calculations, as experiments are not able to
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access this high-energy regime. The simulations
suggest that for terrestrial material a relationship
between the ratio of the mass of melt (mmelt) to
the mass of the impactor (mimpactor) is given by:

mmelt=mimpactor ¼ 0:14v2=Em for vs12 km=s

where v is the velocity of the impactor and Em is
the latent heat of melting. This equation and scal-
ing relationships lead Melosh to conclude that the
melt mass would only exceed the mass displaced
by the impact event for craters more than about
300 km in diameter.

Although possibly correct for gabbroic material
at constant initial temperature (but see [26^29]),
we believe that these relations do not scale, when
applied to the Earth, where there is a lithospheric
temperature gradient and the rocks at the base of
the lithosphere are close to their melting temper-
ature. Under these conditions, we expect that
there would be a large degree of pressure-release
melting as a result of the crater formation, which
would produce much larger volumes of melt than
would be predicted from simple kinetic energy
considerations.

On Earth, remarkably small variations in crus-
tal loading can yield substantial variations in the
melting behaviour of underlying hot mantle, in-
cluding, for example, a volcanic response to sur-
face loading by relatively low-density glacial ice
sheets. Thus, removal of glacial ice only 2 km
thick (modelled as a disc of radius 180 km) in
Iceland would generate a predicted 30% increase
in mantle melt productivity at depths of up to
V100 km below the surface [30]. Such deglacia-
tion-in£uenced mantle melting is consistent with
detailed geochemical analyses of Icelandic vol-
canic rocks, with a time response of V1000 yr
and depths of melting down to V150 km [31].
Since impact craters modify crustal loading, it is
inevitable that, where temperatures are su⁄ciently
high in the underlying mantle, we can expect a
wide variety of comparable decompression melt-
ing behaviour depending on crater size and mor-
phology. Inversion of the Iceland deglaciation
model [30] provides an important optimum case,
which can be used as a one-dimensional guide to
the minimum equivalent size of impact crater re-

quired to cause the same e¡ect. For 20 km thick
Icelandic crust this equates to V3.5% of crustal
mass, or a pressure reduction of just V0.03 GPa.
The same e¡ect could be produced by a shallow
crater 0.67 km deep, but this ignores the dynamic
process of crater formation.

Decompression melting has not been encoun-
tered in laboratory shock experiments, nor is it
expected, since it is a phenomenon restricted to
large-scale impacts. It is, however, well under-
stood and is the main process advocated by
geophysicists for melting on Earth. It is seen in
mantle xenoliths rapidly decompressed by rising
volcanic magmas [32] and can be simulated in
sacri¢cial solid media experiments [33]. Partial
melting of the mantle occurs wherever the ambi-
ent temperature exceeds the mantle solidus tem-
perature. Under adiabatic conditions in the up-
per mantle this situation arises during uplift or
decompression of hot mantle, since the melting
temperature for mantle peridotite increases with
pressure (positive dT/dP). The mantle potential
temperature is the temperature that the mantle
at depth would achieve if it were adiabatically
brought to the surface; this must be further ad-
justed for the additional thermal loss associated
with latent heat of melting. McKenzie and Bickle
[34] correlated the total two-dimensional thickness
of melt that can be extracted with the mantle
potential temperature and degree of lithospheric
thinning. Thus, the uniform thickness of oceanic
crust (V7 km) is consistent with the volume of
melt produced if the mantle has a potential tem-
perature of V1280‡C. We now consider how de-
compression melting may be induced by a large
impact, where lithospheric thinning is e¡ectively
instantaneous, as required by McKenzie and
Bickle [34].

Decompression melting of the mantle is e¡ec-
tive because the temperature interval between am-
bient geotherm and lithological melting closes
rapidly with increasing depth, so favouring melt-
ing on pressure release. By contrast, decompres-
sion of most crustal melts causes freezing, since
these generally have negative melting curves at
low pressures [35]. There is thus an increasing
likelihood for decompression mantle melting with
increasing transient crater depth (Ht), as the
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weight of the overburden is reduced by crater ex-
cavation. Terrestrial geotherms are ¢xed at depths
of approximately 410 and 660 km by the olivine
to wadsleyite and ringwoodite to perovskite+mag-
nesio-wustite phase transitions, respectively [36].
At much shallower depths, geotherms are super-
adiabatic and vary according to lithospheric
structure. For oceanic lithosphere, geotherms
vary with age from hot and young to cold and
old. Geotherms for continental crust extend from
the coolest gradients typical of stable cratons to
those that overlap with lower oceanic values dur-
ing active regional metamorphism (as at Sud-
bury).

The volume of decompression melt can be esti-
mated by combining calculations of the pressure
drop beneath an impact crater with mantle melt-
ing behaviour from published experimental data
(as recently compiled by Thompson and Gibson
[37]). For mantle peridotite the degree of partial
melting is, to ¢rst order, related directly to the
excess temperature above the solidus, for any giv-
en pressure. For example (Fig. 1), a pressure re-
duction of 15 kbar (1.5 GPa) is equivalent to rais-
ing the temperature by up to V120‡C and, in

peridotite with a potential temperature of 1300‡C
previously on the solidus, leads to V25%
melting. This simple observation is the crux
of our argument, it represents an enormous po-
tential for substantially melting the mantle be-
neath an impact crater and has profound conse-
quences for the geological history of the Earth.
Melt compositions will vary according to the de-
gree of melting and correspond approximately to
komatiite (s 30^50% or more), picrite (up to 30%
melting) and basalt (ca 10^20% melting), respec-
tively. Melting is not a kinetically hindered pro-
cess because it is entropically so favourable, and
so decompression melting will occur virtually in-
stantaneously in hot mantle wherever there is suf-
¢cient reduction in pressure beneath a large im-
pact, including reduction of lithostatic load by
excavation of crater material, massive central up-
lift or lithostatic modi¢cation during formation of
multi-ring structures.

To quantify the instantaneous stress drop re-
sulting from impact crater formation, we have
performed indicative hydrodynamic simulations
using the AUTODYNE hydrocode described by
Hayhurst and Clegg [38]. The AUTODYNE code

Fig. 1. Phase relations for mantle peridotite, showing degrees of melting at temperatures above the solidus, and curves for mantle
potential temperatures in upper mantle peridotite (after [37]). The decompression trajectory for melting of mantle with a potential
temperature of 1300‡C is shown (de£ected downwards by the latent heat of fusion: V450 kJ/kg). Melt compositions vary with
the degree of melting and correspond to basalt (V10^20% melting), picrite (up to 30% melting) and komatiite (s 30^50% or
more). A pressure decrease of 1.5 GPa is similar to raising the temperature by up to V120‡C and, in peridotite previously at sol-
idus temperature, this leads to V25% melting.
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has been well validated by data from small-scale
hypervelocity impact experiments with a variety
of target and impactor materials [39]. In our sim-
ulation, the model parameters were not intended
to represent in detail the full complexities of a real
impact, but were chosen to illustrate the main
principle of pressure variation during a large-scale
global impact. The density and thermal e¡ects of
gravitational and shock compression were in-
cluded in the simulation. Other details of the sim-
ulation are given in Table 1.

After 40 s the simulated transient crater has
proportions of depth to diameter close to 1:1,
which greatly exceeds the 1:3 ratio of convention-
al impact crater assumptions [14] ; however, high
aspect transient craters have been found in pre-
vious simulations. Thus, Roddy et al. [1], using a
10 km quartz, 10% porosity impactor at 10 km/s,
¢nd a maximum depth of 39 km V30 s after
impact, the diameter of the cavity is only 62 km
(aspect ratio V1:2). Also, Pierazzo et al. [29] cal-
culate for a similar impact (with 10 km dunite
impactor moving at 20 km/s at the same time
after impact) a crater diameter of V60 km and
depth of V35 km (aspect ratio again V1:2). The
aspect ratio of the transient crater will depend on
the details of the impact. Our calculations have a
larger impactor^target density ratio (iron:basalt)
than the simulations referred to above, and this
led to the 1:1 depth-to-diameter ratio that we see.

The results for the simulation show that after
40 s there is a virtually spherical transient crater

of V100 km diameter (Fig. 2), below which there
is a clearly identi¢ed zone of depressurisation (i.e.
P403P0 6 0). There are two causes of decompres-
sion ^ one long-term, the other more transient.
The latter is due to the rarefaction wave that im-
mediately follows the compressive shock wave,
which from Fig. 2 we calculate has a value of
V32 GPa at a depth of V220 km after 40 s.
At shallower depths, this rarefaction wave causes
a large volume of mantle to have experienced
super-solidus conditions for many seconds ^
long enough for decompression melting to have
initiated. A longer-lasting zone of decompression
occurs directly beneath the crater produced by the
excavation of the crater material and the resultant
loss of lithostatic load. The amount of melting
generated by these processes can be estimated by
direct comparison of the decompression values
calculated in the simulation (and shown as a
snap shot after 40 s in Fig. 2) with the mantle
melting relations shown in Fig. 1. Melting will
occur virtually instantaneously over a range of
depths during the course of the impact. We cal-
culate that the integrated volume of rock to expe-
rience super-solidus conditions is V2U107 km3

during the course of the shock event. This leads
to the production of 3U106 km3 of melt as the
depressurised volume of mantle experiences an
average of 15% partial melting. In a real impact
event, the melt extraction process would be com-
plicated by, for example, gravitational instability
of newly formed low-density melts beneath the
impact crater, melt viscosity, foundering of crustal
rocks, variations in porosity and permeability in
shattered rocks and explosive interaction with
water. Withdrawal of a large volume of melt
from the mantle, previously unsupported by,
for example, a deep rising conventional plume,
would, however, lead to further mass up-£ow of
the upper mantle during a secondary stage of dy-
namic £ow or collapse into the vacated ‘space’
with resultant further melting [8]. For simplicity,
we therefore assume delivery of only V30% of
the melt to the surface [30]. Using the integrated
results from our model we estimate that such an
impact would yield V1U106 km3 of basaltic
melt, comparable to the volume of the Siberian
£ood basalts.

Table 1
Details of the indicative hydrodynamic model used in this
study

Code AUTODYNE-2D version 4.1.

Solver Smoothed particle hydrodynamics
(22 500 particles)

Target dimensions 600 kmU300 km
Target material Basalt ^ SESAME EOS number 7530,

no strength model
Impactor Iron ^ SESAME EOS number 2410, no

strength model; 10 km radius sphere,
initial velocity 10 km/s

Symmetry Normal incidence, cylindrical symmetry
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4. Discussion and conclusions

Having shown that a large impact could gener-
ate large volumes of melt, we need to consider
whether the probability of this occurring is large
enough to be signi¢cant in the Phanerozoic histo-
ry of the Earth. Recent calculations imply forma-
tion of s 450 terrestrial craters of Ds 100 km
since the late heavy bombardment, and cratering
rate estimates suggest that a large 200 km crater
may occur every 150 Ma and a 500 km crater
every 450 Ma [40,41]. Similar impact rates are
implied independently by studies of comets and
for the combined probabilities of comets and as-
teroids; Weissman [42] indicates that the impact

probability of long-period comets large enough to
produce craters s 10 km is about 1 Myr31 and
estimates an interval of 1.7U107 yr between po-
tentially catastrophic long-period comet impacts.
Both comets and asteroids cause impacts, but
comets can have much higher velocities [43]. If
one assumes that this £ux has remained constant
since the end of the late heavy bombardment (at
V3.8^4.0 Ga), then the derived £ux is very sim-
ilar to previous recent estimates [44]. There are
perhaps V1000 craters of diameter s 10 km
‘missing’ from the geological record in the last
3000 Ma. More signi¢cantly, the expected number
of craters s 200 km diameter is V25 and there
should also be one to ¢ve craters of diameter

Fig. 2. Results of an indicative hydrocode model (AUTODYNE-2D) of a simulated impact designed to show regions where de-
compression melting should occur. The colour contours show the e¡ective instantaneous pressure decrease (calculated as the dif-
ference between shock pressure and lithostatic load) 40 s after impact. The model shows a nearly spherical transient crater (diam-
eter V100 km). The high-pressure shock wave towards the base is shown in red. This model demonstrates three zones of
decompression (blues): (a) a circum-crater zone with diameter approximately twice that of the crater and pressure drops of
31.5 to 31.0 GPa; (b) a di¡use zone between (a) and (c) of lower P contrast that extends over much of the intervening space
(pressure drop 0 to 31.0 GPa); and (c) a lower zone of negative pressure (32.0 GPa), immediately behind the high-pressure
shock wave which will continue to follow the attenuating shock.
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s 500 km; these have not yet been identi¢ed. Our
contention is that the larger craters would have
been auto-obliterated by impact volcanism and
that they will appear very di¡erent to convention-
al craters.

We have yet to model the distribution and ex-
traction of melts from beneath the crater £oor in
detail, but our indicative model develops saucer-
shaped sub-horizontal sill-like bodies. This mimics
conventional impact melts within craters except
that these decompression melts are far below the
crater itself. Melt extrusion would start with
highly energetic eruption of low-viscosity perido-
titic melts, which would be buoyant compared to
the solid surrounding lithosphere. Interaction of
these hot £uid melts with surface water would be
likely to produce ultrama¢c and ma¢c pyroclastic
rocks (as found in the Siberian Traps). Extraction
of such large volumes of melt would lead to sec-
ondary mantle £ow at ever decreasing rates due to
increasing bulk viscosities with secondary melting
and associated metasomatism. These regions of
zoned partially molten mantle represent a massive
thermal perturbation resembling a conventional
hotspot and share a number of characteristics
with mantle plumes. Such impact plumes (or
‘I-plumes’) could produce similar magmatic and
geochemical signatures, but would di¡er from
traditional hotspot plumes (or ‘H-plumes’) in
that I-plumes neither require pre-magmatic ther-
mal doming (see e.g. Siberian Traps) nor would
they be related to a deep geophysical ¢ngerprint.
I-plumes may thus o¡er a possible alternative to
H-plumes and would be linked to shallow enrich-
ment and depletion events restricted to the upper
mantle, as an alternative to the widely perceived
involvement of the DQ layer at the core^mantle
boundary [37].

The Siberian Traps is the single largest eruption
of ‘continental’ £ood lavas and is dated exactly at
the end of the Permian [45]. Up to one third of
the lower succession is represented by pyroclastic
rocks, with individual tu¡ units covering up to
30 000 km2 ; they were initially marine and devel-
oped in a massive subsiding basin that rules out a
conventional mantle plume [23]. Elkins-Tanton
and Hager [24] endorsed Sharma’s review [22]
that the Siberian Traps cannot be the result of a

traditional form of mantle plume. There is grow-
ing independent global evidence that an impact
occurred at the P^Tr boundary. A weak Ir anom-
aly together with unmistakable shocked quartz
were found both in Antarctica and Australia
[46]. Accurate dating of Chinese strata at Meishan
place the boundary at 251.4 V 0.3 Myr and record
catastrophic addition of isotopically light carbon
over a time interval of 165 000 yr or less [47].
Subsequent investigation of the marine faunal ex-
tinction, including the same Meishan outcrops,
lead Jin et al. [48] to conclude that ‘a predicted
true extinction level [occurred] near 251.3 Ma
(94% of genera are included in a 0.1-million-year
(Myr) interval spacing). A more reasonable con-
clusion...is a sudden extinction at 251.4 Ma, fol-
lowed by the gradual disappearance of a small
number of surviving genera over the next 1 mil-
lion years’. Finally an impact event is supported
directly by evidence from extraterrestrial noble
gases in fullerenes recovered from P^Tr boundary
beds in China, Japan and Hungary [49]. Recalling
a close parallel with the evidence for bolide im-
pact at the K^T boundary [50], there is clearly
a similar ‘smoking gun’ at the P^Tr boundary.
Therefore, it would seem important to test our
hypothesis that the Siberian Traps could have
been caused by decompression melting at the im-
pact site. The geological record may be consistent
with this idea, but it appears that the critical vol-
canic^sedimentary interface has not yet been sys-
tematically mapped. However, the onset of volca-
nism is everywhere an unconformity marked by
tu¡s uniformly lying above folded and variably
missing Palaeozoic strata [23]. The thickest vol-
canic sequence is in the northern part (4000 m,
Maymecha-Kotuy; 3500 m Norilsk) where mas-
sive Ni-sulphide mineralisation is related to man-
tle-dissecting faults [51]. The large-scale oc-
currence of native nickel^iron [52] in intrusive
rocks, related to the extrusive lavas, including
Pt-bearing nickel-rich iron [53], is consistent
with impact geochemical models which predict
native iron [54] and is reminiscent of native iron
at the base of the £ood lavas in West Greenland
[55]. Also, the regional geology of the wider Sibe-
rian craton and bounding mountain fold belts
(Baikal, Verkhoyansky, Taymyr) should be recon-
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sidered in terms of the possible major plate-tec-
tonic e¡ects of an impact, as con¢rmed by chang-
ing plate vectors at V250 Ma [8]. The large-scale
foundering of continental Siberian lithosphere at
this time, recently proposed on the basis of geo-
physical data [24], is consistent with our hypoth-
esis. This hypothesis could explain the ‘distinctive
meteorite-like isotope geochemistry’ [56] of the
Siberian Traps and perhaps even the occurrence
of cliftonite-bearing metallic nickel^iron in the in-
trusive traps [52] as direct relics of meteoritic iron.
The current day Moho topography beneath Sibe-
ria is variable but segmented and has been inter-
preted as a series of mantle ridges and rifts [57] ;
seismic velocity structure shows a continuous sub-
stantial lateral velocity inversion (8.0 versus 8.4
km/s) at V100 km depth underlying the entire
Siberian Platform [58]. All of these are consistent
with being relict impact features, albeit on a larger
scale than commonly observed.

In conclusion, we can only agree with the view
of Boslough et al. [11], who stated ‘the impact-
produced £ood basalt hypothesis is attractive be-
cause it is potentially testable on the basis of pre-
dictions of features that have not yet been dis-
covered...unlike current plume models for £ood
basalts and hotspots’. To resolve this issue fully,
further ¢eld work (e.g. [59]) and modelling is still
required.
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