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EARTHQUAKES AND GRAVITY
It has been known for a long time that, in most places,

earthquakes on the continents are confined to the upper half
of the crust. But an important influence on the formulation of
the jelly sandwich view was the occurrence of rare
earthquakes in the uppermost mantle in a few areas, which
were thought to indicate a strength contrast between the
upper mantle and the generally aseismic lower crust (e.g.,
Chen and Molnar, 1983). Maggi et al. (2000a, 2000b)
reexamined the evidence for these upper mantle earthquakes
and concluded that they were instead in the lower crust. The
pattern found by Maggi et al. is that earthquakes on the
continents are restricted to a single layer (the seismogenic
thickness, Ts), usually the upper crust, but in some cases the
whole crust, and that there is no convincing evidence for
significant seismicity in the continental mantle. The main
reason for this reevaluation was an improvement in the data
quality since the study of Chen and Molnar (1983). More
abundant seismic refraction and receiver function studies have
led to better seismologically defined Moho depths, and more
earthquakes, combined with improved body-waveform
inversion programs, have led to clearer patterns of well-
determined centroid depths.

An important example is given in Figure 1, in an area once
thought to be a type example of continental mantle seismicity.
Black focal mechanisms are earthquakes in the foreland of the
Himalaya and therefore within the underthrusting Indian
shield. The depths of all these earthquakes have been
determined by waveform modeling or by direct identification
of the surface reflection phases pP and sP, and all lie at or
above the estimates of the Moho depth in their epicentral
regions (Fig. 2). They are nearly all in the lower half of the
Indian continental crust in this case. Most of these earthquakes
are relatively small, with Mw ~5.5 and source dimensions of
order 5 km, so that even allowing for uncertainties in Moho
and centroid depths, they are unequivocally in the lower crust.

For others, it might be argued that such uncertainties could
just allow some of them to be in the uppermost mantle, but
because we know the lower crust is seismically active, we
suspect they are all above the Moho. An additional argument
for a single seismogenic layer comes from the focal
mechanisms themselves. The shallowest events (at ~20 km)
show normal faulting, consistent with bending of the shield
beneath the foreland basin. The deeper ones are mostly
thrusts or strike-slip mechanisms with the P axis directed
north, consistent with shortening in the lower part of the
bending layer, as seen beneath the outer rises seaward of
oceanic trenches (Chapple and Forsyth, 1979). If the deeper
earthquakes were at the top of a separate strong upper mantle
layer, they should show extension, not shortening. The single,
thick seismogenic layer is partly responsible for the large fault
areas and moments of the biggest earthquakes in the Indian
shield, such as the 1897 earthquake beneath the Shillong
plateau, whose fault plane ruptured between 9 and 45 km
depth (Bilham and England, 2001), and the 2001 Bhuj
earthquake in Gujarat (Withers, 2001).

The red focal mechanisms in Figure 1 are earthquakes in
southern Tibet with confirmed depths between 70 and 90 km,
which are often cited as evidence of mantle seismicity (e.g.,
Chen and Molnar, 1983; Zhu and Helmberger, 1996). However,
various new data have emerged about this area. First, it is now
known from receiver functions in the very area of these
earthquakes, that the Moho is between 70 and 85 km, and
deepest in the north (Yuan et al., 1997). Second, the depths of
these events were estimated from pP-P and sP-P times
assuming a crustal thickness of 60–70 km, whereas if the crust
were thicker, their depths would decrease by ~4 km. Third,
Zhu and Helmberger (1996) concluded that the events were
sub-Moho because various expected multiple S-wave
reflections were apparently missing, cut out by the Moho
discontinuity. However, we now know that the crust itself
contains at least two sharp discontinuities that would have the
same effect (Yuan et al., 1997), so this conclusion is not
secure. Finally, these earthquakes are in a very special place—
precisely where an extrapolation of the Indian shield beneath
Tibet would lead to near-Moho earthquakes if it were
seismically active in the lowermost crust, as it is beneath the
Himalayan foreland.

These data are summarized in the cross section in Figure 2.
It takes little imagination to believe the earthquakes are all in
the lower part of the Indian shield crust as it underthrusts
Tibet to a latitude of ~30°N. Thus, this region is not a secure
peg on which to hang a belief in mantle seismicity beneath
the continents.

As well as examining the focal depth distribution on the
continents, Maggi et al. (2000b) also reexamined the
distribution of effective elastic thickness (Te) estimates on the
continents, building on the study of McKenzie and Fairhead
(1997). Te is the conceptual thickness of an elastic beam that
supports gravity anomalies of up to a few hundred kilometers
in wavelength produced by loading. Maggi et al. (2000b)
concluded that Te was everywhere slightly less than the
seismogenic thickness (Ts) and that the two tracked each
other. Thus, in places where earthquakes occurred down to

Figure 2. A cross section through Figure 1 along 90ºE (note the different
vertical exaggeration above and below sea level), with earthquakes 
and Moho depths projected onto the profile from up to 400 km on
either side (in addition, the event at 35 km depth at 24ºN 80ºE has
been included). Black and red symbols correspond to the same colored
earthquakes in Figure 1. The red earthquakes have had their depths
reduced by 4 km from their published depths (open circles) to allow
for the overlying crustal velocities (see text). Green squares are Moho
depth determinations, joined by a dotted line separating crust (yellow)
from mantle.
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