The 21 May 2014 M, 5.9 Bay of Bengal
Earthquake: Macroseismic Data Suggest
a High-Stress-Drop Event

by Stacey S. Martin and Susan E. Hough

Online Material: Tables of locations and associated intensity
values.

INTRODUCTION

A modest but noteworthy M, 5.9 earthquake occurred in the
Bay of Bengal beneath the central Bengal fan at 21:51 Indian
Standard Time (16:21 UTC) on 21 May 2014. Centered over
300 km from the eastern coastline of India (Fig. 1), it caused
modest damage by virtue of its location and magnitude. How-
ever, shaking was very widely felt in parts of eastern India
where earthquakes are uncommon. Media outlets reported as
many as four fatalities. Although most deaths were blamed on
heart attacks, the death of one woman was attributed by differ-
ent sources to cither a roof collapse or a stampede (see ® Ta-
ble S1, available in the electronic supplement to this article).
Across the state of Odisha, as many as 250 people were injured
(see ® Table S1), most after jumping from balconies or ter-
races. Light damage was reported from a number of towns on
coastal deltaic sediments, including collapsed walls and damage
to pukka and thatched dwellings. Shaking was felt well inland
into east-central India and was perceptible in multistoried
buildings as far as Chennai, Delhi, and Jaipur at distances
of #1600 km (Table 1).

In the days following the ecarthquake, we collected ac-
counts from conventional news outlets as well as social media.
Using these accounts, we assigned intensities in keeping with
practices described by Martin and Szeliga (2010). The earth-
quake was reported as “felt” at 310 locations in the eastern and
central Indian subcontinent (Fig. 2a; ® Table S1). In contrast
to available data from the U.S. Geological Survey Community
Internet Intensity Map (“Did You Feel It?” [DYFI]) site
(Fig. 2b), our intensity map for the 21 May 2014 earthquake
(Fig. 2a) confirms initial impressions that the event was re-
markably widely felt for an M, 5.9 carthquake.

The purpose of this report is to make available the newly
collected intensity dataset and to present preliminary analysis
of this noteworthy recent earthquake. We further show that
the intensity distribution provides evidence for a high-stress-
drop source. These results bear out the observation made two
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decades ago by Hanks and Johnston (1992, p. 20): “[Our] re-
sults suggest that it should be a fairly simple matter to infer a
high-stress-drop event from intensity data alone, provided that
an instrumental M or M|, value is known separately.” Our
study illustrates the potential value of carcfully determined in-
tensity data for investigations of earthquake source properties,
especially when instrumental recordings are sparse. We suggest
it may in fact be a more robust way to estimate stress drop than
conventional approaches, which require correction of attenu-
ation to estimate pulse width or corner frequency (e.g., Ander-
son, 1986); the estimate is then cubed to estimate stress drop
(Madariaga, 1976). Lastly, we discuss potentially important im-
plications of our results for efforts to characterize probabilistic
seismic hazard in the Himalayan region.

OBSERVED INTENSITY DISTRIBUTION

The M, 5.9 Bay of Bengal carthquake was reported as “felt” at
310 locations in the eastern and central Indian subcontinent, of
which 223 contained sufficient information to assign intensities
(Fig. 2a; ® Table SI). These were interpreted in terms of the
European Macroseismic Scale 1998 (EMS-98; Griinthal, 1998),
a successor to the Medvedev—Sponheur-Kérntk (MSK) scale
(Medvedev and Sponheuer, 1969). Both of these scales are based
on the original formulation of the modified Mercalli intensity
(MMI) scale (Wood and Neumann, 1931), the Mercalli-Cancani—
Sieberg (MCS) scale (Sieberg, 1930), and the Geophysics Insti-
tute of the Academy of Sciences (GEOFIAN) scale (Medvedev,
1953), with modified and expanded criteria that include six vul-
nerability classes to assist in distinguishing between effects to
different building types and discrimination between structural
and nonstructural damage.

In practice, the differences between EMS and MMI values
are minor (e.g., Musson ez al., 2010). For this study, we assign
EMS intensities following the practice of Ambraseys and Doug-
las (2004) and Martin and Szeliga (2010). We use multiple
press accounts from some larger cities to distinguish site re-
sponse between fluvial and hard rock sites (Hough e /., 2000).
To each intensity value, we also provide a quality weighting
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A Figure 1. The white star represents the location of the 21 May
2014 earthquake. Open circles mark the locations of M,, >5.0 in-
strumentally recorded earthquakes in the Bay of Bengal basin
since 1964. Locations and dates of other events are also indicated
(black stars): 2011 Dalbandin, 2011 Sikkim, and the 1934 Balochi-
stan earthquake near the Iran—Pakistan border. Source depth es-
timates for the 2014 event range from 50 km (U.S. Geological
Survey [USGS] monthly Preliminary Determination of Epicenter
Bulletin) to 60-85 km (Singh et al., 2015).

(Musson, 1998) identifying location and or reliability errors in
the raw data.

Despite being centered 2270 km offshore, with a modest
moment magnitude, this earthquake produced strong shaking
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in the Mahanadi delta region, with significant suggested am-
plification by fluvial sediments. Damage was reported from
many villages and towns including reports of collapsed walls
and thatched houses (see ® Table S1).

Toward the west and north of the delta region, felt shak-
ing was reported in many locations at distances up to
~1000 km, with a sprinkling of accounts from greater distan-
ces. The extent of the felt area to the east and northeast is
poorly constrained; the easternmost felt report shown on Fig-
ure 2a is from the city of Sittwe in western Myanmar. To
the south, the shock was perceived in many places along the
coast and in multistoried buildings as far south as Chennai.

One striking feature of the macroseismic field, given the
magnitude and location of the earthquake, were the isolated
reports from such distant places as Delhi, Jaipur, and Kath-
mandu, Nepal, among others. Felt shaking was reported from
17 locations at distances greater than 1000 km, including 6
locations at distances greater than 1500 km. At the largest dis-
tances, most documented accounts come from observers on the
upper floors of multistoried buildings.

The US. Geological Survey (USGS) DYFI map for this
carthquake (http://earthquake.usgs.gov/earthquakes/eventpage
/usb000qy82#dyfi; last accessed January 2014) displays felt re-
ports from 60 cities received using the DYFI questionnaire (Wald
et al., 1999). In contrast to recent significant earthquakes in the
United States, the DYFI response was not extensive, with only a
single response from most of the reporting cities. The available
DYFI data (Figs. 2b and 3b) show that although the earthquake
was widely fele along the east coast of India, felt reports were
only available from a few cities away from the coast. We were
able to extract considerably more information from Indian me-
dia sources in the aftermath of the earthquake, which received
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A Figure 2. (a) European Macroseismic Scale 1998 (EMS-98) intensities for the 21 May 2014 earthquake, estimated by the authors from
media accounts, plotted using the color scale shown. (b) Modified Mercalli intensities from the USGS “Did You Feel [t?” (DYFI) system.
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widespread media attention in spite of concurrent media focus
on a landmark general election.

INTERPRETATION OF OBSERVED INTENSITY
DISTRIBUTION

The media-based EMS data determined in this study are gen-
erally consistent with the DYFI data, with three key differences:
(1) The media-based data are significantly more spatially rich,
in particular for locations away from the coast; (2) media
accounts stated that shaking was not felt in Pune (southeast of
Mumbai), at a distance of 1485 km, while a single report sub-
mitted to DYFI reported felt shaking there; and (3) the highest
DYFI intensity is 5.0, whereas EMS values of 6.0 were assigned
at four locations based on media accounts. We discuss each of
these in turn below.

The spatial richness of the media-based intensity map re-
veals the continuing value in undertaking traditional media
surveys in countries where the DYFI system is not well known
and/or Internet access is simply not widespread. The inland
extent (>500 km) of the felt area deduced from the media-
based map (Fig. 2a) rules out the possibility that macroseismic
effects were restricted to coastal areas as suggested by the DYFI
map. The more detailed view of the shaking distribution rules
out a possibility suggested by the DYFI map, namely that
unusually strong shaking along the eastern coast of India was
a consequence of converted 7-phases (e.g., Krivoy and Eppley,
1964; Talandier and Okal, 1997; Leonard, 2004). Leonard
(2004) proposed that unusually strong 7'-phase generation ac-
counted for isolated instances of felt shaking in Australia,
~1800 km northwest of an M, 7.1 ecarthquake in New
Zealand in 2003.

On the other hand, even where DYFI responses are sparse,
a plot of DYFI intensities versus distance commonly reveals
long, flat tails at large distances, because if even a single person
reports felt shaking, that defines an intensity value of 2.0 (Boat-
wright and Phillips, 2013). Indeed, at distances above 1000 km,
the DYFI intensities reveal a more gradual decay than do the
media-based intensities. A reasonable interpretation of the two
intensity values for Pune is that very weak shaking might have
been felt by a very small number of individuals who were es-
pecially well situated to feel shaking in multistoried buildings.
As suggested by Boatwright and Phillips (2013), shaking on the
very ragged edge of perceptibility could reasonably be charac-
terized by an intensity value between 1 and 2, although by con-
vention such values are never assigned by either the DYFI
system or traditional practice.

Lastly, the difference between the highest estimated values
in the two datasets is consistent with the results of Hough
(2013, 2014a), who consider traditional media-based versus
DYFI intensities. These studies conclude that, even when inten-
sities are assessed subjectively from archival accounts using
modern conservative practices, they tend to be controlled by
relatively dramatic effects, whereas, by design, the DYFI system
reports representative values within a given spatial footprint.
To facilitate a comparison of the intensities of the 2014 earth-

quake with those of other events analyzed by Martin and Sze-
liga (2010), who, barring a few exceptions, considered media-
based intensities, we will focus on analysis of media-based
intensities in this study rather than including any of the DYFI
values.

Using the intensity database compiled by Martin and Sze-
liga (2010), Szeliga ez al. (2010) developed separate interplate
and intraplate intensity-prediction equations for the Hima-
layan region and for peninsular (cratonic) India, respectively.
Following the Bakun and Wentworth (1997) approach, one
can use these relationships to estimate intensity magnitudes
(M), for historical earthquakes in the Indian subcontinent
(Szeliga ez al., 2010). If the intensity-prediction equations are
developed using moment magnitude (M), the expectation is
that the intensity magnitude M7 inferred for historical events
will correspond to M,,. We will discuss the validity of this
assumption in the Implications for a High Stress Drop section.
In the absence of equations developed specifically for offshore
events, we assume that the cratonic model developed by Szeliga
et al. (2010) provides the best calibration for the 2014 earth-
quake. In Figure 3, we show the media-based intensities for the
2014 carthquake together with predicted intensities using the
cratonic model for M} 5.9 and 6.4.

Using the cratonic model of Szeliga ez 4/. (2010), intensity
data for the 2014 earthquake are best fit assuming M7 6.4, with
a 1—o uncertainty of 0.7. Following Hough (2014a), we refer
to this as the effective intensity magnitude (Mg); that is, Mg
is the magnitude that best fits available intensity data, given an
established regional intensity-prediction relation. Although
the instrumentally determined moment magnitude lies within
the 1—0 uncertainties, Figure 3 reveals that, in keeping with
the overall impression of the felt extent, observed intensities are
significantly higher than predicted values for A, 5.9. (The
difference between the light and dark curves in Figure 3a illus-
trates the significance of the difference between the two mag-
nitude values.) We further note that, as discussed by Hough
et al. (2013), one expects that attenuation for hybrid oceanic—
stable continental region (SCR) paths will be somewhat higher
than attenuation within a pure SCR, or cratonic, environment.
Although the cratonic model of Szeliga ez /. (2010) provides
the best available calibration, our Mg estimate is thus likely to
be conservative.

Our results can be compared to analysis of instrumental
data. Using data from 38 broadband stations in India, Singh
et al. (2015) considers both peak ground acceleration (PGA)
and peak ground velocity (PGV) and shows that PGA values
are comparable to those from the M, 6.5 Chamoli earthquake,
although PGV values are smaller. At comparable distances, the
velocity spectrum of the Bay of Bengal event exceeds that of
the larger Chamoli earthquake for frequencies above roughly
1 Hz (frequencies that control both intensity and PGA; Tri-
funac and Brady, 1975; Sokolov and Chernov, 1998). Analyz-
ing data from seven broadband stations around the rim of the
Bay of Bengal,Rao er 4l (2015) also document unusually
strong high-frequency radiation.
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A Figure 3. (a) Media-based intensities determined in this study
as a function of epicentral distance (black dots), and bhin-averaged
values (gray squares) with 1—¢ uncertainties. The lines indicate
predicted intensities using the cratonic model of Szeliga et al.
(2010) for M, 5.9 (light line) and 6.4 (heavy line). (b) Same intensity
dataset, but replotted with DYFI intensities (black triangles).

IMPLICATIONS FOR A HIGH STRESS DROP

Shaking intensities from the 2014 Bay of Bengal earthquake
were thus significantly higher than predicted by well-calibrated
intensity- and ground-motion prediction equations, a result
that is corroborated by assessment of PGA values (Singh ez 4L,
2015) and spectral energy (Rao ez 4., 2015). One can discount
the possibility that the discrepancy is due to inconsistency in
intensity assessment; intensity values for both the 2014 earth-
quake and the calibration events were consistently interpreted
by the first author (Martin and Szeliga, 2010). The two re-
maining explanations are that path effects and/or source prop-
erties accounted for the anomalous high-frequency radiation.

Singh ez al. (2015) point out that the deep source depth of
the Bay of Bengal carthquake can explain its relative depletion
of low-frequency energy and enrichment of high-frequency
energy compared to the 1999 Chamoli earthquake, which oc-
curred at a depth of 21 km and generated much stronger sur-
face waves. They note, however, that the full effects of source
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A Figure 4. (a) Theoretical relative velocity spectra for a stress
drop of 1 MPa and M,, 5.6, 6.0, and 6.4. The dashed vertical line
indicates a frequency of 0.3 Hz. (b) Theoretical velocity spectra for
an M, 6 earthquake for stress drop values 0.1, 1, and 10 MPa.
Spectral amplitudes are relative; that is, absolute amplitudes
are not physically meaningful.

depth on high-frequency radiation are difficult to quantify and
suggest that relative high-frequency enrichment of the 2014
earthquake may be partially attributable to a source effect, in
particular, a high stress drop. Rao ez a/. (2015) estimate a high
dynamic stress drop, 94 MPa.

As discussed by Hanks (1979), Boore (1983), and Hanks
and Johnston (1992), first principals can be used to demon-
strate that high-frequency radiation depends quite strongly on
stress drop. As discussed by Hough (2014b), this dependence
can be illustrated simply with theoretical omega-square velocity
source spectra using standard equations; for example,

Ao = M,(f./0.428)%,

in which Ao is stress drop, /. is corner frequency, and f is the
shear-wave velocity near the source (Madariaga, 1976). In
Figure 4, we show theoretical velocity spectra for an M, 6
carthquake with a range of stress-drop values (Fig. 4a) and
for a range of magnitude values between 5.6 and 6.4 with a
single stress drop (1 MPa; Fig. 4b). Using a random approach
to relate PGV to M, and o, Boore (1983) shows that
log(PGV) is ~0.55 M,, + 0.64log(Ao).

As noted, while it is not known precisely which frequen-
cies control observed shaking intensities, felt ground motions
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A Figure 5. (a) EMS intensities for the 2011 Dalbandin earthquake,
together with predicted curves (Szeliga et al,, 2010) for M, 7.2 (light
line), M, 8.4 (dark line), and the same magnitude values, assuming
a depth of 70 km (dashed lines). (b) EMS intensities for the 2011
Sikkim earthquake, together with predicted curves for M, 6.9 (light
line) and 7.7 (dark line), and with both magnitudes assuming a
source depth of 50 km (dashed lines).

are generally associated with frequencies of 1 Hz and above
(Trifunac and Brady, 1975; Frankel, 1994; Sokolov and Cher-
nov, 1998). We assume, based in part on personal experience of
the authors, that frequencies as low as 0.3 Hz can generate
weakly felt shaking from large distant earthquakes. Figure 4a il-
lustrates the point made by Hanks and Johnston (1992), namely
that, for a moderate earthquake, shaking at these frequencies de-
pends relatively weakly on moment or moment magnitude. In
contrast, Figure 4b shows how strongly high-frequency shaking
levels depend on stress drop. For the 2014 carthquake, the ef-
fective intensity magnitude is 0.5 units larger than the moment
magnitude. This suggests a stress-drop value that is a factor of &3
higher than the average stress-drop value of the calibration
events used by Szeliga ez 4/ (2010). Given that intraplate and,
specifically, intermediate-depth and intraplate oceanic events are

expected to be generally characterized by relatively high stress-
drop values (e.g., Scholz ez al., 1986; Choy and Boatwright,
1995; Allmann and Shearer, 2009), our results suggest that the
2014 earthquake was a notably high-stress-drop event.

We identify two other recent events in and near India for
which there is macroseismic and/or instrumental evidence of
high stress drop: the 18 January 2011 A, 7.2 Dalbandin earth-
quake and the 18 September 2011 M, 6.9 Sikkim carthquake.
The 2011 Dalbandin earthquake, which occurred on a normal
fault within the subducting Arabian—Ormara plate had an en-
ergy magnitude, M, 7.3 (P. Earle, written comm., 2014), im-
plying a somewhat high apparent stress. (There has been some
inconsistency in the reporting of M, for this event. Martin and
Kakar [2012] cite a value of 7.9, the value given by National
Earthquake Information Center [NEIC] at the time. As of 27
October 2014, the NEIC listed 8.2.) Moreover, although the
carthquake was located within the active plate boundary zone,
the intensity distribution determined by Martin and Kakar
(2012) from field observations and media accounts reveals that
intensities at regional distances are significantly above the Sze-
liga ez al. (2010) Himalayan model.

The intensity distribution of the 2011 Dalbandin earth-
quake (Fig. 5a) is also enigmatic: the overall felt extent is
larger than expected for M, 7.2, but, at distances within
200-300 km, intensities are commensurate with or lower than
predicted values for the event magnitude. If one uses the
intensity-prediction equations of Szeliga ez /. (2010) with an
assumed source depth of 70 km, predicted intensities are low-
ered somewhat for distances within 200 km (Fig. Sa, dashed
line), but observed intensities still fall below this curve. We
note that the epicentral region of this earthquake was both
sparsely populated and not conducive to fieldwork due to
political unrest; thus only ten of 200 intensity values are for
locations within 200 km. It is therefore possible that more
severe shaking is not documented by available intensity data.
It is also possible that direct field surveys revealed generally
lower intensity levels than would have been inferred from me-
dia accounts, as Hough and Pande (2007) conclude was the
case for the 2001 Bhuj, India, earthquake. Lastly, however, it
is possible that, for unknown reasons, near-field intensities for
relatively deep earthquakes are lower than predicted given the
traditional intensity-prediction equation characterization, even
accounting for source depth. The key point for this study, how-
ever, is that the felt extent of the earthquake was extremely
large given the constrained M, of 7.2. Again, the deep depth
of the event likely contributed to some extent to the large felt
area, but together with the high instrumentally determined Mg
value, the large felt area provides evidence for a high-stress-
drop event.

The 2011 Sikkim ecarthquake, which occurred in the
greater Himalayas near the India—Nepal border region, had
a notably high My, value, 7.7, relative to the moment magni-
tude, 6.9 (NEIC). The purely media-based intensity distribu-
tion determined by the first author reveals intensity values that
are higher than predicted from the Szeliga ¢# /. (2010) Hima-
layan model (Fig. 5b; ® Table S2), again in particular at dis-
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tances greater than ~200 km. The reported depth of this
carthquake varied from a reported value of 220 km (USGS)
to 47.4 km (Global Centroid Moment Tensor [Global CMT]
catalog). The near-field intensities are less anomalous than
for the Dalbandin earthquake, but they do fall below the pre-
dicted curve, given the Mg value that best fits data at distances
greater than 200 km. In this case, the observed near-field inten-
sities are well characterized using the Himalayan model of Sze-
liga ez al. (2010) and assuming a source depth of 50 km. Once
again, both the high M value and the large overall felt extent
provide evidence for a high-stress-drop event.

The conclusion that the 2014 Bay of Bengal earthquake
was characterized by a high stress drop is consistent with
expectations given a body of evidence that oceanic intraplate
carthquakes are characterized by high stress drop (e.g., Choy
and Boatwright, 1995; Choy and McGarr, 2002). High-stress-
drop events are also not unexpected within India and the
surrounding region, given the compressional environment and
the occurrence of lower crustal, intraplate earthquakes, which
Bilham ez a/. (2003) suggest is associated with the flexure of the
Indian plate.

As discussed, it is possible that both source depth and
stress drop contribute to the relative enrichment of high-
frequency energy for deeper crustal events. Regardless of the
interpretation, the conclusion that some events generate
anomalously high-frequency radiation has important implica-
tions for analysis of historical carthquakes, which we discuss
briefly here and in the following section. In the absence of in-
strumental data, intensity data for a historical earthquake will
reflect the effective intensity magnitude, M. It will thus not
generally be possible to identify a high-stress-drop event (or
source depth) from intensity data alone, because there is no
independent constraint on M. One potentially interesting
event is the 14 June 1934 My 7.0 Balochistan earthquake
that is believed to have originated within the lower crust at
a depth of 80 km along the Iran—Pakistan border (® Table S3).
The cratonic model of Szeliga ez al. (2010) yields an M of
7.6 £ 0.7(16), assuming the hypocentral depth of 80 km
(Gutenberg and Richter, 1954), whereas the Himalayan model
(Szeliga ez al., 2010) gives an M of 8.6 & 0.7(10). There is
no moment magnitude estimate for this event, but as discussed
by Martin and Kakar (2012), the felt area was almost as large as
that of the 19 January 2011 M, 7.2 Dalbandin carthquake,
which we conclude was likely to have been a high-stress-drop
event.

DISCUSSION

We have presented evidence that the 2014 Bay of Bengal earth-
quake, along with two other recent events in the region, were
high-stress-drop events. It is possible that inferred high stress
drops of the earthquakes analyzed in this study are in part a
consequence of source depth. The estimated source depth of
the 2014 earthquake is 60-85 km (Singh ez al., 2015); the
estimated depths for the Dalbandin and Sikkim earthquakes
in 2011 were, respectively, 70 and ~50 km. However, an as-

sociation of deep source depth with high stress drop is com-
plicated by the fact that the depth dependence of stress drop
has been a matter of considerable debate. A number of past
studies have inferred a trend of increasing stress drop with
distance (e.g, Jones and Helmberger, 1988; Hardebeck and
Hauksson, 2001; Mori et al, 2003; Allmann and Shearer,
2009), while others have found no depth dependence (e.g.
Houston and Williams, 1991, and Jin e 4/ 2000 found stress
drop to be constant with depth). Moreover the inferred depth
dependence is weak; for example, Allmann and Shearer (2009)
conclude that, over the depth ranges at which most earthquakes
in California occur (5-20 km), median stress drop increases by
less than a factor of 2). However, while the issue clearly remains
open, our results and those of a number of past studies suggest
that deep intraplate Indian events might be characterized by
relatively high stress drop and, therefore, high ground motions
at regional distances.

Regardless of the interpretation, the primary result of this
study is that the 2014 Bay of Bengal carthquake had higher
shaking intensities at regional distances than expected given
the instrumentally determined A, with observed shaking
intensities commensurate with Mz 6.4. The two other exam-
ples discussed—the 2011 Dalbandin and 2011 Sikkim earth-
quakes, which have even more anomalous regional shaking
distributions—suggest that high-stress-drop earthquakes are
not uncommon, both in intraplate regions and along the
Himalayan arc. Past investigations of intraslab events in oce-
anic subduction zones have also found generally high stress
drops (e.g, Choy and Boatwright, 1995; Choy and McGarr,
2002; Strasser et al., 2010).

It is thus virtually certain that other high-stress-drop
carthquakes are lurking in the historical catalog, including
events along the Himalayan arc. Because of the trade-off be-
tween magnitude and stress drop discussed in this report, when
only intensity data for a historical earthquake are available, the
inferred M7 value will not necessarily provide a reliable indi-
cation of M. As the Dalbandin and Sikkim earthquakes illus-
trate, intensity data from regional distances can imply a
significantly higher A/} than the true M. The opposite bias
would hold for anomalously low-stress-drop events, but little
evidence has been found for such events within the intraplate
or compressional Himalayan environment. We therefore ex-
pect that M, of large historical Indian earthquakes has been
overestimated more frequently than underestimated, due to the
occurrence of high-stress-drop events, many of which would
have been assumed to be interplate carthquakes due to their
locations. For example, had an equivalent of the 2011 Sikkim
earthquake occurred during historical times, it would likely be
in the historical catalog as a high-magnitude-7 earthquake.
This suggests that known historical earthquakes have released
less overall moment than has been estimated, given the conven-
tional assumption that M values indicate M. To the extent
that historical M, values have been used to estimate the long-
term moment accrual rate for the Himalayan arc, the rate could
be biased high. It further suggests that, to the extent that
historical M|, values have been used to identify slip deficits
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Table 1
Magnitude Types Used in This Report
Type Sym Reference
Moment M, Kanamori (1977)
Intensity M, Bakun and Wentworth (1997)
Gutenberg—Richter Mg  Richter (1958)
Energy Mg Choy and Boatwright (1995)

Effective intensity ~ M Hough (2014b)

(e.g., Bilham and Ambraseys, 2005), estimates of slip deficits
could potentially be biased low.

CONCLUSIONS

We present intensity data for the 2014 M|, 5.9 Bay of Bengal
carthquake determined from an exhaustive search of Indian
media accounts following the earthquake. EMS intensities
are assigned for each account using the modern conservative
practices (e.g, Ambraseys and Bilham, 2003; Ambraseys,
2004); of particular note, these assignments are consistent with
those of Martin and Szeliga (2010), who undertook a compre-
hensive reinterpretation of the Indian historical catalog. In this
study, we show that intensities for the 2014 earthquake are sig-
nificantly higher than predicted using the intensity prediction
equations developed by Szeliga ¢ al. (2010) for peninsular
India. The intensities are consistent with an effective intensity
magnitude, Mg, of 6.4. We show that the difference between
M,, and Mg suggests that the 2014 earthquake was a high-
stress-drop event, with a stress drop higher by a factor of
roughly 3 than the average stress drop of the calibration events
used by Szeliga ez al. (2010). Our results bear out the obser-
vation made by Hanks and Johnston (1992) that stress drop
can be estimated relatively robustly from intensity data, if an
instrumental magnitude is available.

Our results have potentially important implications for
probabilistic seismic-hazard assessment in India. With inten-
sity data alone, one can only estimate M7, which for high-
stress-drop events such as those discussed in this study can be
larger than the true M, potentially by a full magnitude unit
or more.

The results of this study also have important general
implications for efforts to characterize and predict earthquake
ground motions at frequencies of engineering concern, an issue
discussed by Bormann and Di Giacomo (2011). Although mo-
ment magnitude is assumed to be the preferred magnitude es-
timate in the modern catalogs used to develop ground-motion
prediction equations, shaking at frequencies of engineering
concern for a given magnitude depends on stress drop, which
cannot be predicted in advance and is difficult to estimate pre-
cisely for past earthquakes. Moreover stress-drop values are
known to vary significantly. Hough (1996) suggests that
stress-drop variability is higher for small earthquakes than for
M., >6 events, but is at least a factor of 10 for large events.

Thus, the range of stress-drop variability will potentially give
rise to shaking intensity differences commensurate with ~0.8
magnitude units. In other words, an M, 6 earthquake might
potentially have shaking intensities commensurate with mag-
nitude values ranging from 5.6 to 6.4. Several studies have con-
cluded that ground-motion-prediction equation variability is
smaller than the predicted variability associated with stress
drop (Strasser ez al., 2010; Oth and Bindi, 2013). Nonetheless,
these results provide a further explanation why ground-motion
prediction equations are ubiquitously characterized high event-
to-event uncertainty: no matter how carefully other effects
(such as hanging wall/footwall shaking differences) are charac-
terized, unless stress drop is accounted for, ground motions
predicted from moment magnitude will be characterized by
substantial uncertainty. One alternative, as suggested by a
number of past studies (e.g., Choy and Boatwright, 1995; Boat-
wright ez al., 2002; Bormann and Di Giacomo, 2011) might be
to move away from moment magnitude as the preferred mag-
nitude value for development of ground-motion prediction
equations, instead adopting an energy magnitude that more
directly reflects the level of shaking at frequencies of engineer-
ing concern. However, a fundamental limitation would remain
for probabilistic seismic-hazard analysis: scaling relationships
can be used to predict M, for a hypothetical future rupture,
while energy magnitude is less predictable. Fundamentally, the
dependence of shaking on stress drop poses a challenge for ef-
forts to predict in advance the severity of felt and damaging
shaking from future events.

DATA AND RESOURCES

U.SS. Geological Survey (USGS) “Did You Feel It?” data are
available at http://earthquake.usgs.gov/earthquakes/dyfi/events
/us/b000qy82/us/index.html (last accessed October 2014). ®
Intensity data assigned by the authors for the 2014 Bay of Ben-
gal carthquake, the 14 June 1934 Balochistan earthquake, and
the 19 September 2011 Sikkim earthquake are available in the
clectronic supplement. The M, estimates for the Dalbandin and
Sikkim earthquakes are from the USGS/National Earthquake
Information Center (NEIC) at http://comcat.cr.usgs.gov/
earthquakes/eventpage/pde20110118202323480_68#summary
(last accessed October 2014) and http://earthquake.usgs.gov/
earthquakes/eqinthenews/2011/usc0005wg6/neic_c0005wg6_e
.php (last accessed June 2014). B4
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