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S U M M A R Y
Earthquake moment tensors and centroid locations in the catalogue of the Global CMT (gCMT)
project, formerly the Harvard CMT project, have become an essential resource for studying
active global tectonics, used by many solid-Earth researchers. The catalogue’s quality, long
duration (1976–present), ease of access and global coverage of earthquakes larger than about
Mw 5.5 have transformed our ability to study regional patterns of earthquake locations and
focal mechanisms. It also allows researchers to easily identify earthquakes with anomalous
mechanisms and depths that stand out from the global or regional patterns, some of which
require us to look more closely at accepted interpretations of geodynamics, tectonics or
rheology. But, as in all catalogues that are, to some extent and necessarily, produced in a
semi-routine fashion, the catalogue may contain anomalies that are in fact errors. Thus, before
re-assessing geodynamic, tectonic or rheological understanding on the basis of anomalous
earthquake locations or mechanisms in the gCMT catalogue, it is first prudent to check
those anomalies are real. The purpose of this paper is to illustrate that necessity in the eastern
Himalayas and SE Tibet, where two earthquakes that would otherwise require a radical revision
of current geodynamic understanding are shown, in fact, to have gCMT depths (and, in one
case, also focal mechanism) that are incorrect.
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1 I N T RO D U C T I O N

Earthquakes provide the most immediate and accessible evidence
for tectonic activity on Earth. Their locations and fault-plane so-
lutions were central to the discovery and acceptance of Plate Tec-
tonics in the oceans (e.g. Isacks et al. 1968), and their depth dis-
tribution has long formed an observational basis for believing in a
temperature-dependence of strength in the lithosphere (e.g. Chen
& Molnar 1983). On the continents, where active deformation is
generally more distributed than in the oceans, earthquake focal
mechanisms were again central to revealing the more complicated
and diverse tectonic patterns and processes that occur (e.g. McKen-
zie 1972; Molnar & Tapponnier 1975). To this day, seismologically
determined locations and focal mechanisms of earthquakes remain
essential data sets, supplemented now by geodetic observations,
that underpin fields ranging from regional continental tectonics and
geodynamics to seismic hazard assessment.

Although it has been possible to construct reliable fault-plane
solutions for earthquakes anywhere that are larger than about M6
since the installation of the World-Wide Standardized Seismograph
Network (WWSSN) in the early 1960s, the situation improved dra-

matically in the late 1970s with the advent of digital seismograms,
synthetic seismogram routines and computational capacity, which
allowed inversion of waveforms for earthquake source parameters.
In particular, the Global Centroid Moment Tensor (gCMT; Ekström
et al. 2012) project (formerly the Harvard Centroid Moment Ten-
sor project; Dziewonski et al. 1981; Dziewonski & Woodhouse
1983; Ekstrom et al. 1998) has been a widely used catalogue for
global earthquake source parameters. Covering earthquakes from
1976 onwards, it has routinely provided, quickly, openly and on-
line, high-quality source parameters worldwide for almost all earth-
quakes larger than about Mw 5.2 and, with the steadily improving
number and distribution of global seismic stations, now often pro-
vides solutions for earthquakes as small as about Mw 4.7, com-
monly disseminated to the global community through the website
www.globalcmt.org. The transformation provided by this resource
can hardly be overstated: prior to 1976, earthquake focal mech-
anisms were usually determined from first-motion polarities of P
waves read on WWSSN film chips or microfilms, a process that
generally took an experienced researcher a day for each earthquake,
producing a result that was often far less well constrained than one
based on the inversion of body waves. Unlike waveform inversion
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procedures, that process produced no constraint on the earthquake
depth, unless the depth-phase arrivals pP and sP were visibly sepa-
rated from P, which is very rarely the case for crustal earthquakes,
especially those large enough to be detected globally on WWSSN
instruments.

Thus, not surprisingly, the gCMT catalogue is usually the first
resource used in studies where earthquake focal mechanisms and
depths are of interest for active tectonics, geodynamics or rheology.
Its time-span (about 45 yr) and completeness (which varies both ge-
ographically and through time, but is probably global for Mw ≥5.5)
confirms tectonic patterns that were initially inferred from much
sparser data, though it is remarkable how robust such early infer-
ences often were. But the gCMT catalogue, like all almost-routinely
produced data sets, and in spite of its general reliability and utility, is
itself capable of harbouring anomalies and errors. Before attaching
significance to particular anomalous events that it contains, it is im-
portant to check their accuracy, if possible by independent means.
That is the purpose of this paper, in which we examine some small
events in the gCMT catalogue in Tibet, which, if correct, would
require a radical re-assessment of our current understanding of con-
tinental tectonics, geodynamics and rheology. We show that their
gCMT depths, and in one case also the focal mechanism, are in
fact incorrect, and that no such re-assessment is necessary. We also
assess how and why the gCMT analysis of these earthquakes went
astray.

2 A N O M A L O U S E A RT H Q UA K E S
B E N E AT H T H E H I M A L AYA S A N D T I B E T

Fig. 1 shows focal mechanisms and centroid depths for well-
constrained earthquakes (those verified by independent waveform-
based modelling) in and around the Tibetan Plateau from the com-
pilation of Craig et al. (2020), along with the four events from the
gCMT catalogue on which we focus here. Shallow (<20 km) seis-
micity is widespread, but deeper seismicity is confined to two main
regions: the lower crust of peninsular India (down to ∼45 km), and
at depth (<25 km) beneath southern and northwestern Tibet. The
deeper (25–100 km) seismicity fits a simple pattern, with a strong
and seismogenic Indian lower crust extending from peninsular India
several hundred kilometres beneath Tibet, particularly at the eastern
and western extremes of the Himalayas (see Craig et al. 2020, for a
summary). As the mid-crust and, further north, lower crust, beneath
the plateau become hotter, they progressively cease to be seismo-
genic, leading to a bifurcating pattern of seismicity, with widespread
earthquakes in the uppermost crust, and a tongue of deeper seismic-
ity following the Moho beneath southern Tibet, eventually pinching
out beneath central Tibet, as the underthrust material becomes too
hot to sustain brittle failure (Priestley et al. 2008; Craig et al. 2012,
2020). Across the Tibetan Plateau itself, shallower seismicity rarely
extends below 12–15 km from the surface, leading to an aseismic
mid-crust, with no earthquakes between ∼20 and ∼60 km. Earth-
quake focal mechanisms also show a simple pattern: thrust-faulting
earthquakes are concentrated around the margins of the plateau at
elevations �3500 m, particularly along the Himalayas (see Fig. 1b),
whilst within the high plateau at elevations �3500 m, earthquakes
show a mixture of strike-slip faulting and normal faulting.

We focus on four earthquakes in the eastern Himalayas and south-
east Tibet, highlighted in Fig. 1 and summarized in Table 1. The
two most obvious anomalies are the events on 2003 February 11
and 2005 August 20.

The event on 2005 August 20 is anomalous both for its gCMT
mechanism and centroid depth of 96 km. It is the only reverse-
faulting solution in central Tibet, where shallow events otherwise
follow the well-established pattern of normal- and strike-slip fault-
ing in the higher ground (Fig. 1b). Its gCMT centroid depth of 96 km
is similar to that of a well-known population of deeper earthquakes
(e.g. Monsalve et al. 2006; Craig et al. 2012; Schulte-Pelkum et al.
2019) in the SE and far NW of Tibet (shown on Figs 1a and c),
which are thought to be in the Precambrian shield of India as it is
underthrust north beneath Tibet. Within such shields, earthquakes
are known to occur in anhydrous lower crust or even uppermost
mantle, to temperatures of up to about 600–650◦C (e.g. Jackson &
McKenzie 2021), and in this case, it shows that India reaches at
least 300-km north beneath the Himalayan range front (Craig et al.
2012, see Fig. 1 c). But if the gCMT catalogue depth for this event is
correct, it suggests that India penetrates about 200-km north beyond
that, while (by implication) remaining colder than about 600◦C. That
would be interesting in itself, because the rigidity of underthrusting
India is likely to control the deformation within the gravity current
of the mid-Tibetan crust that flows over it (Copley et al. 2011), and
also because its known presence and temperature would put a use-
ful constraint on thermal models of the Tibetan crust (e.g. Bollinger
et al. 2006; Craig et al. 2012; McKenzie et al. 2019b; Craig et al.
2020). We show later that this event was in fact a normal-faulting
earthquake at about 4–6-km depth (see Section 4.1).

The event on 2003 February 11 was unusual for its gCMT centroid
depth of 46 km (Fig. 1b), putting it in the middle of what is estimated
to be the hottest part of the thick Tibetan crust, based on tempera-
ture calculations that account for radiogenic self-heating and age:
an inference supported by low-seismic velocities and high-seismic
attenuation (e.g. McKenzie et al. 2019b; Craig et al. 2020). Tem-
peratures at that depth are expected to substantially exceed 600◦C,
and this earthquake depth, if correct, would require a reassessment
of our notions regarding the temperature control of seismicity and
also geotherm calculations, as earthquakes in Phanerozoic crust
are usually restricted to less than about 350◦C (e.g. Chen & Molnar
1983). All other earthquakes with body-wave derived depths nearby
are shallower than 10–15 km, as expected (e.g. Langin et al. 2003;
Liang et al. 2008; Craig et al. 2012). We show later that the correct
depth is about 5–7 km.

The 2008 June 19 event is of note only because its gCMT centroid
depth of 18 km would be unusually deep for any region dominated
by normal faulting that is outside a Precambrian shield (e.g. Craig &
Jackson 2021). In this area of Tibet, all well-constrained depths are
shallower than 12 km (Fig. 1c) and the effective elastic thickness is
less than 4 km (McKenzie et al. 2019b); both of which are consistent
with the expected high temperatures in the mid-crust (see above,
the 2003 February 11 event). We show later that the correct depth
is about 6 km, and this is no real surprise: the routine gCMT proce-
dures and algorithms are not expected to provide a depth resolution
better than about 10–15 km for shallow earthquakes (Engdahl et al.
2006), and this event is included here just to make that point.

Generally, the gCMT depth resolution does improve markedly
for earthquakes deeper than about 20–30 km, particularly for more
recent events with better data coverage, and most of the depths it re-
ports greater than ∼30 km are approximately correct. To show this,
we examine an event on 2005 March 26, whose gCMT depth (70 km)
and focal mechanism are both approximately correct, showing the
event to be one of the well-established pattern of deep earthquakes
within the Indian shield beneath SE Tibet (Figs 1a and c). There
was, therefore, no a priori reason to discount the gCMT depth for
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Figure 1. Maps and cross-section to show why the four events discussed here are of interest. Data are taken from the compilation of Craig et al. (2020) and
references therein, and contain only earthquakes with well-constrained source mechanisms and depths from detailed waveform analysis. (a) Earthquake depths
across the Himalayas and Tibetan plateau. Yellow outlines highlight the four earthquakes studied here, with their depths taken from the gCMT catalogue,
with their dates alongside. Black dashed line shows the section line used in (c). (b) Earthquake focal mechanisms across the Tibetan plateau. Compressional
quadrants are shaded based on the type of mechanism, to indicate thrust- (red), normal- (blue, and strike-slip (grey) faulting. Black moment tensors are again
those for our four study earthquakes, from the gCMT catalogue. (c) Cross-section. Top panel shows the topography over a 10-km wide swath along the line of
section shown in (a) and (b). Lower panel shows earthquake depths, as in (a), along with estimates of Moho depth determined by published receiver function
studies (see compilation in Craig et al. (2020), and references therein) for locations within 500 km of the section line shown in (a) and (b). Red points highlight
our four earthquakes of interest, with arrows showing the change in depth from the gCMT catalogue to our redetermined depth.

the event of 2005 August 20, apparently at 96 km; although as we
shall show it is, in fact, incorrect (see Section 4.3).

Table 1 lists the source parameters for all four events, deter-
mined by different methods or agencies. Locations from the NEIC
and ISC-EHB are hypocentres, determined by phase-arrival times;
those from CMT algorithms (either gCMT or our regional inver-
sions) are centroids. The centroid is, in principle, the weighted
centre of seismic moment within a finite source area; but since the
expected dimension of faulting in all four earthquakes is smaller
than about 3 × 3 km2, the difference between the position of the
hypocentre (rupture initiation) and centroid is unimportant here,
and well within any likely errors. The CMT algorithms generally
solve for the six independent elements of the seismic moment ten-
sor, with the constraint that the diagonal elements sum to zero (i.e.,
no volume change).

Table 1 displays the ‘best double-couple’ solutions, in which
the eigenvalue with the smallest absolute value is set to zero,
while maintaining the orientation of the three eigenvector axes. The

extent to which that smallest eigenvalue is actually close to zero
is shown by the percentage double-couple (γ ; defined below).
Only the event on 2008 June 19 has an apparently significant
non-double-couple component in the gCMT solution. Real non-
double-couple components do occur for extremely shallow (<1 km)
events associated with volcanic processes (e.g. Shuler et al. 2013),
and at more substantial depths for genuinely complicated ruptures
on systems of faults with different orientations, whose individual
double-couples sum to a non-double-couple total moment tensor
(e.g. Wei et al. 2013; Ruppert et al. 2018). But they can also
arise from noise in the seismograms, especially for small earth-
quakes like the 2008 June 19 event. We do not believe that any
of these events involved anything substantial other than faulting
on a simple planar surface, so focus on the best double-couple
mechanisms.

In the following sections, we outline our data analysis approach
(Section 3), and then consider each of these earthquakes in detail
(Section 4). In Section 6, we then assess where the gCMT approach
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