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Highlights
e Moment tensor inversion, stress inversion and source parameters of the largest earthquake in
the Palghar swarm are estimated

e Opverall, the prevalence of normal faulting along N-S-oriented, steeply-dipping planes are

observed
e Low static stress drops of ~ 2 MPa and high non-DC components (~42%) are observed
e A subtle but consistent seasonal variation in the source characteristics is observed

e Pure normal faulting observed during the post-monsoon is influenced by the regional

convergent stress regime during summer

Abstract

A swarm sequence initiated in November 2018 in the Palghar region near the western coast
of India, and continued with high intensity for two years. About 8300 earthquakes were found with
horizontal and depth uncertainties of < 1.5 km after relocation. The earthquakes were distributed
along two narrow N-S oriented clusters, separated by ~5 km. We performed time-domain regional
waveform full moment tensor inversion to compute focal mechanisms of the 33 Mp > 3.5
earthquakes, followed by stress inversion. Source parameters for 28 of these events were estimated
from frequency spectra analysis. The focal mechanisms indicate dominant normal faulting along
steeply dipping, N-S-oriented nodal planes, with high non-DC components (~42%). Stress inversion

also reveals a normal-faulting regime, in contrast to the regional India-Eurasia compressive stress
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regime. The Palghar swarm has been previously linked to rainfall, and our results also show
contrasting earthquake source properties during the post-monsoon period, when cumulative rainfall
is highest, compared to summer. During the post-monsoon period, the strikes are strictly N-S, slips
are ~-100°, and a pure normal-faulting regime is observed, accompanied by increased non-DC
components and reduced static stress drops. In contrast, during the summer season, oblique-normal
faulting occurs along NNE-SSW-oriented planes, with slip angles reduced to about -65°. We infer
that pure normal faulting induced by vertical rainwater load during the post-monsoon transitions to
a combination of regional convergent stress regime and vertical loading due to remnant water
during summer, resulting in oblique normal faulting. This interplay possibly sustains the rain-

induced swarm.

Keywords

Rainfall-induced seismicity, Post-monsoonal loading, Focal mechanism, Normal faults,

Source parameters, Stress Inversion.

1 Introduction

On the west coast of India, about 100 km north of the city of Mumbai, a swarm sequence
initiated in November 2018 in the Palghar region and continued until the end of 2020 with high
intensity (Fig. 1), after which the intensity decreased significantly. Palghar is located within the
Deccan Volcanic Province (DVP), an upper Cretaceous flood basalt covering a large part of western
India. Prior to the earthquake swarm, no seismicity was reported in the Palghar region. Generally,
earthquake swarms denote a large number of small to moderate magnitude earthquakes with no
identifiable main shock within a relatively small volume [Mogi, 1963]. The swarm sequences are,
in general, observed in areas of volcanic and geothermal activity [Hill, 1977; Shelly et al., 2013],
where the crustal part is highly fractured, and the stress fields are exceptionally heterogeneous. In
such an environment, very minimal shear stress is needed to produce seismogenic dislocations,

resulting in a large number of small events with few or no larger ones [Mogi, 1963]. In addition to
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volcanic and hydrothermal processes, swarms can also occur through fluid diffusion [Shapiro et al.,
1997] and aseismic creep [Lohman and McGuire, 2007]. In a few cases, it is seen that the fluid
content generates tensile or hybrid shear-tensile fractures, which are reflected by non-double-couple
focal mechanisms [Dreger et al., 2000], whereas in others, fluids trigger shear failure [Sibson,

2003].

Despite absence of active volcanism or hydrothermal sources, the Indian Shield region has
witnessed several earthquake swarms (Fig. 1 inset), including the Khandwa/Bamhori (Madhya
Pradesh) swarm in 1993-1994, 1998-1999 and 2000 [Srivastava and Dube, 1996], Jawhar
(Maharashtra) swarm during 1994, 2012 and 2018; Valsad/Navasari (southern Gujarat) swarms in
1986-1987 and 2016-2017 [Rao et al., 1991; Sateesh et al., 2019], and Talala (Saurashtra, Gujarat)
swarm in 2001, 2004, 2007 and 2011 [Hainzl et al., 2014]. Most of these swarm sequences are
located within the vicinity of major reservoirs/dams. Among these, a clear connection between
rainfall and reservoir has been observed for the swarms in Talala [Hainzl et al., 2014; Singh and
Mishra, 2015] and Navsari/Valsad regions [Sateesh et al., 2019]. In addition, short-duration (1-3
months) earthquake sequences occurring coincidentally with monsoonal rain, in the absence of a
nearby reservoir or dam, have also been reported from some parts of India [Raju et al., 2000;
Chopra et al., 2008; Wadhawan et al., 2021]. There is no volcanic/thermal source or major reservoir
near the Palghar swarm. In contrast, the role of rainfall in causing seismicity in Palghar is clearly
demonstrated from recent studies [Sharma et al, 2020; 2023; Paul et al., 2024; Paul and Shekar,
2026]. However, earthquake sequences induced solely by rainfall are short-lived, as seen both in
India [Raju et al., 2000; Wadhawan et al., 2021] and globally [Hainzl et al., 2006; Husen et al.,
2007]. The long-duration Palghar swarm induced by rainfall is enigmatic and requires thorough
investigation. Studying this swarm is also important from a hazard perspective, as even a moderate-
magnitude earthquake in a stable continental region (SCR) can cause extensive damage due to the
generally minimal attenuation of seismic energy with distance in plate interiors [Johnston, 1996;

Calais et al., 2016].
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Source characteristics and the prevailing stress field play a key role in elucidating the crustal
deformation geometry and seismogenesis of a region. The India-Eurasia convergence acts as the
dominant stress driver for seismogenesis across much of the Indian subcontinent. In the case of
Palghar, where rainfall appears to have triggered a long-duration swarm, it becomes particularly
important to examine whether the source processes deviate from the existing stress regime. In this
study, we analyse the largest earthquakes (Mr > 3.5) within the swarm sequence, estimate their
focal mechanisms, and determine the prevailing stress field. Source parameters of these earthquakes
are calculated to constrain fault dimensions and stress drops, thereby offering a window into the
mechanics of swarm generation. We then observe the temporal variation of source characteristics,
especially during the summer and post-monsoon seasons. Together, these observations may provide
a better understanding of the seismogenic behaviour of the Palghar intraplate swarm and, more

broadly, the processes governing earthquake swarms in stable continental regions.

2 Data

Council of Scientific and Industrial Research — National Geophysical Research Institute
(CSIR-NGRI) started deploying broadband seismic stations around the source region immediately
after the initiation of earthquake activities in November 2018 (Fig. 1). The complete network of six
broadband stations became operational from January 2019. Each of the seismic stations is equipped
with either Giiralp CMG-3C or Reftek-151 sensors along with a 24-bit Reftek-130 data recorder.
Data are recorded at 100 samples per second in continuous mode and are transmitted to the CSIR-
NGRI seismological observatory at Hyderabad in near real-time. Accurate time-tagging of the order
of microseconds is obtained through GPS synchronisation. The stations adequately cover the source
region azimuthally, and their distance from the source region is optimal [Srinagesh et al., 2020]. For
this study, the earthquakes recorded in the Palghar network between February 2019 and November

2020 are utilised.
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3 Methods

3.1 Computing Earthquake Locations

In general, earthquake location error mostly arises due to the failure in picking arrival-time
phases accurately or due to an inconsistent velocity model. We have used the 1D velocity model of
Paul et al. [2024], who have performed several synthetic tests to demonstrate that their velocity
model is adequate for the region. To account for the inaccuracy in phase picking, we have employed
the nonlinear probabilistic location program NonLinLoc [Lomax et al., 2000]. NonLinLoc
associates a Gaussian error with phase-picking inaccuracy and travel-time errors due to minute
velocity variations and converts them into location errors. By discarding earthquakes with large
location errors, a set of well-located earthquakes with consistent input parameters is obtained. This
methodology has been proven to be effective in obtaining reliable sets of earthquakes with precise
locations in a variety of intraplate seismic zones across India [Gahalaut et al., 2023; Paul et al.,
2021; 2025]. Hence, we used NonLinLoc and the velocity model of Paul et al. [2024] to relocate all
earthquakes recorded in the CSIR-NGRI network from February 2019 to November 2020. For
NonLinLoc, the 1D velocity model is expanded into a 3D grid — 80 kms in the north-south and east-
west directions and 40 km in the downward vertical direction, with the centre of the grid at 20.10°N
and 72.90°E. The grid node separation is 100 m in all directions. The grid node with the highest
probability is considered the best location of an event. The grid is efficiently searched by the Oct-
tree Importance sampling algorithm. The local magnitude (ML) is calculated using the relation of
Hutton and Boore [1987], with amplitudes scaled to account for the attenuation characteristics of

Palghar [Subhadra and Shekar, 2024].

3.2 Moment Tensor and Stress Inversions

Focal mechanisms provide crucial insights into earthquake processes and seismotectonics. In
this study, we estimated focal mechanisms for 33 earthquakes with My > 3.5 that occurred between

February 2019 and November 2020. We employed the time-domain regional waveform full moment
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tensor inversion technique of Herrmann [2013] for this analysis. For preprocessing, vertical, radial,
and transverse component ground displacement were truncated to 10 seconds before and 180
seconds after the P wave arrival. Then these seismograms were filtered using a Butterworth band-
pass filter in the frequency range 0.03-0.3 Hz, which was tuned differently for individual events.
The Green functions were computed using the 1-D crustal velocity model of Paul et al. [2024] for
each source-receiver distance. The grid search for strike, dip, and rake was performed over the
entire range and source depth, from 0 to 30 km, in steps of 1 km. The fitting between observed and
synthetic waveforms was minimized in the least-squares sense. In general, the best fitting waveform
was determined by the lowest weighted variance reduction, with each trace weighted as a function
of epicentral distance [Herrmann, 2013]. The resulting full moment tensor solutions were
decomposed into the isotropic (ISO) and deviatoric components following Vavrycuk [2015]. The
deviatoric component is further composed of the compensated linear vector dipole (CLVD) and
double-couple (DC) parts. The inversion scheme for a few earthquakes is shown in Fig. Sl

(Supplementary Material).

Focal mechanism solutions were inverted to reconstruct the local stress field within the
study area. The analysis was carried out using a modified implementation of the STRESSINVERSE
software package (Vavrycuk, 2014). This tool employs an iterative joint inversion technique based
on Michael’s linear method [Michael, 1984], which simultaneously estimates the stress tensor and
identifies the most compatible fault orientations based on the Mohr-Coulomb criterion [Vavrycuk,
2011; Vavrycuk, 2014]. This is especially valuable when focal mechanisms involve uncertainties in
strike, dip, or rake angles. The inversion provides the principal stress (61, 62, and ©3) directions,

01—02

shape ratio (R = ﬁ) and stress ratio (¢ = I - R). To test the stability of the results and to quantify
3

-
their uncertainty, 1000 bootstrap realizations were incorporated in the inversion, each generated by
adding random perturbations to the input focal mechanisms and also varying the co-efficient of
friction between 0.4 and 1. R and ¢ vary between 0 and 1. Anderson’s faulting parameter, A, = (n +

0.5) + (=1)"(¢ — 0.5) [Simpson 1997], gives the prevailing faulting regime. Here, n indicates how
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many principal stresses exceed the vertical stress. The parameter A, ranges from 0 to 1 for normal
faulting, 1 to 2 for strike-slip faulting, and 2 to 3 for reverse (thrust) faulting [Hardebeck and

Hauksson, 2001]. All the 33 estimated focal mechanism solutions were utilized for stress inversion.

3.3 Estimation of Source Parameters

Earthquake source parameters such as seismic moment, stress drop, and fault radius may
provide additional insights into the Palghar seismogenesis processes. Spectral analysis using the
Python-based SourceSpec package [Satriano, 2023] was employed for estimating basic source
parameters, following the approach depicted in Paul et al. [2025]. At first, frequency spectra were
computed from 5-second S-wave displacement windows obtained from horizontal (N and E)
components, and a root mean square (rms) spectrum was calculated from them (Fig. S2). Noise
spectra from equi-length pre-signal windows from each component, as well as an rms noise
spectrum, were computed for comparison. The theoretical spectrum, computed by SourceSpec using
a simple rupture model [Brune, 1970], is fitted with the observed rms spectrum to invert for the
corner frequency (fc) and spectral flat level (o). However, the ground motion at a given distance is
always a combined effect of the source, wave propagation, and site contributions. The average
difference between theoretical spectra and observed spectra across several events for a particular
station was taken as the site response, which was then removed from the observed spectra. To
account for path effects, the observed spectra were corrected for travel-time-dependent attenuation
using the attenuation relation for Palghar [Subhadra and Shekar, 2024]. Since the Palghar
earthquakes are confined within a narrow depth range (0-10 km), depth-dependent attenuation is not
likely to play a significant role. The theoretical frequency (f) spectrum corrected for attenuation and

site effects is given by

Qo (f) = FsRe Mo . (1)
M 4mpRB3” \2
1+(f)
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where M, is seismic moment, f. is corner frequency, Ry is the radiation pattern effect,
generally taken to be 0.6, Fs accounts for the free-surface effect, taken to be 2, p is density, B is
shear wave velocity at the source region, and R is epicentral distance and accounts for the

geometrical spreading effect.

Following Eshelby [1957], the source radius r and uniform stress drop (Ac) can be

calculated from M, (equivalent to Qo) and f. as:

2.34p
r - eee o

= 2nf - (2)
Ag = 7 M, 3
J_Er_B......( )

We determined the source parameters of 27 (out of 33) earthquakes with M > 3.. The f.
could not be constrained within satisfactory level of uncertainty for the rest of the events (6). The
scheme for inverting the corner frequency and spectral flat level by fitting the source spectra is

shown for selected events in Fig. S2.

4 Results

More than 10000 earthquakes were recorded in the CSIR-NGRI network between January
2019 and November 2020, with ML varying from -0.1 to 4.6. However, the number of earthquakes
with horizontal (Ax) and depth uncertainty (Az) < 1.5 km was 8377. The 1.5 km bounds were found
to be optimal for earthquakes in the Indian intraplate regions [Paul et al., 2021; Gahalaut et al.,
2023]. We performed all analyses with the well-located events only. The earthquakes are seen to be
tightly distributed in two N-S-oriented clusters, with more than 98% of the earthquakes confined
within the first 10 km of the crust (Fig. 1). We designate them as east and west clusters, which are
separated by ~5 km. The earthquakes in Palghar (west cluster) were reported to start in November
2018 [Sharma et al., 2020], while the east cluster initiated around November 2019. The temporal

variation of seismicity indicates its non-stationary nature, with along-strike migration between the
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two clusters at different times, particularly during the initiation of the east cluster (November 2019)
and during October-November 2020 (Fig. 1a). The east and west clusters individually span about 18
and 22 km in the N-S direction, respectively, with a combined extent of ~30 km (Fig. 1b). In a
cross-section along the E-W direction, the seismicity is strictly constrained to two near-vertical
planes, each ~2 km thick (Fig. 1¢). There is no depth migration with time, as the seismicity depth

(~12 km) attained in the first few months (by May 2019) is not exceeded thereafter (Fig. 1b).

Focal mechanism solutions of the 33 well-recorded events (ML > 3.5) by MT inversions are
presented in Fig. 2 and Table S1 (Supplementary Material). The majority of the earthquakes show
pure normal faulting mechanisms, along with a few earthquakes that show normal mechanisms with
a minor strike-slip component (Fig. 2a). The orientations of the nodal planes are primarily along
~N-S (between NNW-SSE and NNE-SSW), and they are dipping steeply (55°-75°) (Fig. 2b). The
rake shows a bimodal distribution with peaks at -65° (oblique-normal) and -100° (normal). The
decomposed isotropic (ISO), compensated linear vector dipole (CLVD), and double couple (DC)
components reveal significant non-DC (ISO + CLVD) contributions (Table S1). On average, the DC
component accounts for about 58% of the MT, while CLVD and ISO contribute ~24% and ~18%,
respectively. The stress inversion results obtained from 33 focal mechanisms are shown in Fig. 3a-c
and Table S2. The P-axis (pressure axis) for most events is plunging steeply (average 65°), while
the T-axis (tension axis) is oriented E-W with a gentle plunge (~22°) (Fig. 3a). Overall, the trend
and plunge of the principal stresses (with 95% confidence level) show that o1 plunges near-
vertically (79°), while 62 and o3 are near-horizontal (plunge 10° and 6°) oriented N-S and E-W,
respectively (Fig. 3a,c). The resultant R value of 0.60 and the 3D Mohr circle representation (Fig.
3b) indicate a tri-axial stress field. In the Mohr circle representation, the majority of the nodal
planes lie close to the 61 - o3 circle, indicating that slip occurs on planes controlled mainly by 1 and

03. The estimated A, of 0.40 (Table S2) implies a dominant normal stress regime [Simpson, 1997].

The estimated source parameters, including source radius (r), seismic moment (M,), moment

magnitude (Mw), and static stress drop (Ac) for 27 earthquakes, are listed in Table S3. If the source
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parameters of an earthquake depend on its size, this is termed source scaling. Previous studies have
reported both source scaling [Trugman and Shearer, 2017] as well as scale invariance [Hardebeck
and Aron, 2009]. The source parameters from the 27 earthquakes are plotted against one another
(Fig. 3d-f) to examine their relationships. Under scale invariance, the relation M, « fo* must be
satisfied [Aki, 1967], whereas self-similarity scaling is not followed if M, « f:¢*® [Kanamori and
Rivera, 2004], where € is a small positive number. For the Palghar sequence, M, ranges from
3.36X10" Nm to 1.37X 10" Nm, and M, « fc®*06) provides a better fit to the observed data than /-

3 (Fig. 3d). Similarly, the source radii vary from 232 m to 508 m, and the relation M, o °*4®

yields a
higher regression coefficient than M, o< . The estimated stress drops range between 0.7 and 4.9
MPa, with a median of 1.85 MPa, and M, « Ac¢'*® provides a good fit to the data. These
observations may indicate that self-similarity scaling is not followed in the case of Palghar
earthquakes. A similar breakdown in self-similarity scaling has been reported for reservoir-induced
seismicity in the Koyna region (~300 km south of Palghar) [Mahato, 2024]. However, the relatively
small number of events in our study does not allow for a conclusive statement regarding source
scaling in the Palghar region. Moreover, rupture complexity, repeated failure of the same fault
segment, dynamic weakening, or processes involving fluids, pore pressure variation, and aseismic

slip may contribute to such deviations [Brodsky and Kanamori, 2001; Fischer and Hainzl, 2017;

Trugman and Shearer, 2017; Mahato, 2024].

5 Discussion

5.1 The role of rainfall in the seismogenesis of the Palghar swarm

Generally, the summer monsoon begins in June and lasts until September across most parts
of India, during which about 80% of the annual rainfall occurs [Kulkarni, 2012]. The plot of
seismicity with rainfall indicates that seismicity frequency increases toward the end of the monsoon
season, around November, when cumulative rainfall is highest (Fig. S3). In this study, we refer to

this period as the post-monsoon. The time delay between the rainfall peak and seismicity peak is
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about 30-90 days, which is typical of fluid-induced seismicity [Talwani et al., 2007]. Over the
course of the Palghar swarm, distinct stages of swarm evolution have been observed in this post-
monsoon period — the swarm was reported to initiate during November 2018 [Sharma et al., 2020],
the east cluster of seismicity first appeared in November 2019, and in November 2020, seismicity
migrated extensively toward the northern and southern extremities of the clusters, effectively
extending the seismic zone (Fig. 1). The increased seismic moment during the post-monsoon period
[Sharma et al., 2020; Paul and Shekar, 2026], together with the occurrence of the largest earthquake

of the swarm in December 2019 (Table S3), confirms enhanced seismogenesis during this period.

Gahalaut et al. [2022] reported that pore pressure induced by time-varying rainfall extends
to depths of 6-8 km with sufficient magnitude to trigger earthquakes at those depths. The velocity
structures estimated by recent studies for the seismic zone [Paul et al., 2024; Kanaujia et al., 2025]
reveal a relatively low shear-wave velocity (Vs) and a high Vp/Vs ratio, along with high crack
density and saturation [Singh et al., 2026]. These seismic properties are generally associated with
the presence of fluids [Nur and Simmons, 1969; Popp and Kern, 1994]. Moreover, earthquake
location errors were seen to increase during post-monsoon seasons when a constant Vp/Vs ratio was
applied, and the ratio had to be increased to reduce these errors [Paul et al.,, 2024], clearly
establishing that high Vp/Vs is linked to rainfall. Seismicity tightly confined to steep planes (Fig.
Ic) possibly reflects pre-existing faults or planes of weakness. Paul and Shekar [2026] observed
localised concentrations of earthquakes along these planes during the post-monsoon season. Sharma
et al. [2023] proposed that fluids percolated through multiple channels near the surface, forming a
network of cracks and fissures to the permeable (fault) zone. Pore pressure gradually increasing in
the fault zone ultimately resulted in seismicity. All of the above observations strongly support the

role of rainfall in Palghar seismogenesis.
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5.2 Seasonal modulation of source characteristics

The dominant stress regime within India arises from the ongoing northeastward convergence
between the Indian and Eurasian plates. Regions governed by this stress regime typically exhibit
either thrust motion along ~E-W oriented faults [Rajendran et al., 2017] or strike-slip motion along
~N-S oriented faults [Paul et al., 2015; Sunilkumar et al., 2019]. Normal-faulting earthquakes are
observed only when this convergent regime is locally modified by other stress influences, like in the
case of reservoir-triggered seismicity in the Koyna-Warna region [Gupta, 2002; Gahalaut and
Singh, 2004] or in certain segments of the Indo-Burma subduction zone [Earnest et al., 2021]. In the
case of Palghar, the majority of the nodal planes are oriented ~N-S, and the seismicity clusters also
align in the N-S direction (Fig. 2). Sharma et al. [2020] indicated the presence of various N-S
striking lineaments within the region of study, some of which might be linked to faults. This could
indicate that these earthquakes occurred on one or several ~N-S trending faults. Focal mechanism
solutions and stress inversion results consistently point to a dominant normal-faulting regime.
InSAR analysis during the initiation of the Palghar swarm (November 2018 to May 2019) also
showed a ~3 cm subsidence of the source region [Sharma et al., 2020]. These observations indicate
a local modification of the India-Eurasia convergent stress regime to a normal-faulting regime in the

Palghar region.

If the source results are analysed by separating the data into two groups — one covering the
summer (including monsoon) season (May to October) and the other the post-monsoon period
(November to April) - a slight but consistent modification in the source characteristics is observed.
During the summer, the strikes of the nodal planes are mainly oriented in the NNE-SSW direction,
with slips showing oblique-normal motion (Fig. 4a). In contrast, during the post-monsoon, the
strikes shift to N-S to NNW-SSE orientations, and slips exhibit dominant pure normal motion (Fig.
4b). The dips of the nodal planes remain broadly consistent across seasons. The average double-
couple component decreases, while isotropic and CLVD components increase during the post-

monsoon compared to the summer (Fig. 4c). Similarly, pressure axes show a mixed distribution of
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steep, intermediate and gentle plunges during May-October, whereas dominantly steep plunges are
observed in the post-monsoon (Fig. 5a,d). The scattered nodal planes within the Mohr circle
representation during May-October indicate that a few slips occur on planes controlled by 62 and o3,
in addition to those governed by o1 and o3; whereas in the post-monsoon, slip occurs on planes
controlled by o1 and o3 only (Fig. 5b,e). The stress inversion results show that i plunges near-
vertically (86°) during the post-monsoon compared to a moderate plunge (63°) in summer (Fig.
5c,f, Table S2). In contrast, the plunge of o> increases (26°) during the summer compared to post-
monsoon (4°), while the plunge of 63 remains similar across seasons. Although we expect a smooth
transition of the source properties from the dry season to the post-monsoon season with the onset of
monsoon, we do not observe it, possibly due to the smaller number of events or the inherent

uncertainties in the estimation of source properties.

From the above results, it is clear that near-vertical o1 and horizontal, E-W-oriented o3
during the post-monsoon period promote faulting with strikes along the N-S direction and slip by
pure normal motion (rake -90°). The cumulative rainfall reaches its peak at the end of the monsoon
season (Fig. S3), which may be locally trapped or injected into permeable zones through a network
of fissures [Sharma et al., 2023]. This accumulated rainwater likely acts as the vertical load,
facilitating pure normal motion. In addition, fluid injection is often accompanied by aseismic
deformation [De Barros et al., 2019]. The static stress drops for the entire duration of the Palghar
swarm were found to be low (average 2.2 MPa) compared to other peninsular Indian earthquakes
[Baumbach et al, 1994; Antolik and Dreger, 2003; Paul et al., 2025]. The temporal variation of
Palghar source parameters indicates a further decrease in static stress drop, along with seismic
moment, during the post-monsoon season, while the source radii are not significantly affected by
seasons (Fig. 6). Therefore, the average static stress drop during post-monsoon can be considered
equivalent to effective stress drop (Acc). A low Acc can be an indication of aseismic deformation
[Fischer and Hainzl, 2017; Danr¢ et al., 2022]. Moreover, Paul and Shekar [2026] showed increased

b-value and gradually-varying earthquake frequency associated with cataclastic (aseismic)



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

deformation during the post-monsoon. A mismatch between slip estimated from earthquake seismic
moment and InSAR deformation [Gahalaut et al., 2022], together with increased non-DC
components during post-monsoon (Fig. 4c, Table S1), also supports the existence of aseismic
deformation. Since both the west and east clusters were initiated during post-monsoon seasons of
different years, the collapse of substructures together with aseismic deformation under the
combined influence of accumulated rainwater load and gravity appears to explain the local

modification to a pure normal-faulting regime from a convergent stress regime.

Through the winter (dry season) and by the onset of summer, the accumulated water load is
expected to reduce. Consequently, the regional stress regime (India-Eurasia convergence) likely
begins to influence the fault system as strikes orient NNE-SSW, slips become oblique-normal, non-
DC components become relatively small (Fig. 4), and P-axes orientations are more widely
distributed (Fig. 5a). If a pure normal stress regime is influenced by the NE-SW-oriented
convergent stress regime, o1 may slightly tilt toward the SW from vertical as NE compression
increases, o2 steepens while 63 remains largely unchanged. This is precisely what the stress
inversion results indicate for earthquakes during May-October (Fig. 5S¢, Table S2). To further prove
this point, we combined focal mechanism solutions from the post-monsoon period (November-
April) with those from a region dominated by the India-Eurasia convergent stress regime and
performed stress inversion (following Section 3.2). The latter dataset was obtained from upper
crustal earthquakes in the Sikkim region [Sunilkumar et al., 2019], where the majority of the faults
are oriented ~N-S and motion is dominated by strike-slip mechanisms. Stress inversion results from
this combined dataset yield P-T-axis orientations, Mohr circle representations, and principal axis
trends and plunges that are almost identical to those obtained from May-October earthquakes (Fig.
5, Fig. S4, Table S2). This implies that in May-October, the earthquakes are controlled by the
combined influence of the regional convergent stress regime and the localised normal-faulting
regime. This combined influence likely sustains seismicity during the summer. During the post-

monsoon, the water load again leads to the dominating pure normal-faulting regime and pure
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normal earthquakes. Such an interplay of mechanisms likely explains the longevity of the rainfall-

induced seismogenesis in Palghar.

6 Conclusions

More than 10000 earthquakes occurred in the Palghar swarm over a two-year period, of
which about 33 events had local magnitude My > 3.5. In this study, we conducted a holistic
investigation of the source characteristics, including hypocentre relocation, moment tensor
inversion, stress field inversion, and computation of source parameters. The seismicity is distributed
along two N-S-oriented, steeply dipping planes separated by ~5 km. Overall, we observe a
prevalence of normal-faulting earthquakes with ~N-S strikes and steep dips. About 42% non-DC
components are observed in the region. Stress inversion also indicates a pure normal-faulting
regime, with a near-vertical maximum principal axis 61 and near-horizontal 6, and o3 oriented north
and east, respectively. The corner frequency, static stress drop, and source radius appear to scale
with seismic moment. Low static stress drop values suggest the possible presence of aseismic

deformation.

This study, together with previous work, strongly confirms the role of rainfall in the
seismogenesis of the Palghar swarm. Seismicity frequency is seen to increase as the rainfall
intensity peaks, with a lag. Important stages of the swarm evolution, such as the initiation of the
swarm (west cluster), activation of the east cluster and seismicity migration in the N-S direction,
seem to be associated with the post-monsoon period, when cumulative rainfall is high. Analyses of
the source characteristics before and after the rain reveal key differences. During the post-monsoon
period, pure normal faulting along strictly N-S-oriented faults is observed, accompanied by higher
non-DC components. The P-axes and o are vertical during this period, while static stress drops and
seismic moments decrease significantly. In contrast, during the summer season, oblique normal
faulting occurs along NNE-SSW-oriented faults. The P-axes show a mixed distribution of steep,

intermediate and gentle plunges, whereas the plunge of o1 is reduced, and o2 steepens from
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horizontal. The results imply that, during the post-monsoon, the accumulated water load leads to the
collapse of substructures and possibly aseismic deformation, locally modifying the regional
convergent stress regime into a pure normal-faulting regime. As the water load gradually dissipates,
the regional stress regime reasserts dominance, shifting faulting style from pure-normal to oblique-
normal. This interplay between rainfall-induced loading and the regional stress regime sustains

seismicity and explains the long-duration nature of the Palghar swarm.

Figure Captions

Figure 1: Plot of the Palghar seismicity in (a) map view, (b) cross-section along the N-S profile Y-
Y’ and (c) cross-section along the E-W profile X-X’. The seismicity is colour-coded by time, with
each colour representing approximately 4-months of activity. In (a), seismic stations are shown as
green triangles. The inset map of India is displayed in the lower right. Locations of a few past
swarms within India are shown as yellow ovals in the inset and labelled. N-Navsari, T-Talala, B-

Bamhori, H-Hyderabad. The red square represents the study region.

Figure 2: (a) Double-couple focal mechanisms of the Palghar swarm, along with seismicity, are
shown on the topography map. Both seismicity and focal mechanisms are colour-coded by depth.
Serial numbers corresponding to the focal mechanism solutions in Table S1 (Supplementary) are
labelled beside the beach-ball diagrams. (b) Rose-plot distributions of strike, dip and rake from the

focal mechanism solutions are shown.

Figure 3: Stress inversion and source parameter results obtained from all My > 3.5 earthquakes of
the Palghar swarm. (a) Azimuthal plot of Pressure- (red circles) and Tension-axes (blue + symbols)
from focal mechanisms, shown along with the orientation of principal stresses, (b) 3D Mohr circle
representation of the principal stresses, with normal stress increasing along the x-axis and shear
stress increasing along the y-axis. The diameter of the large circle is o1 - o3, and the two inner
circles meet at o2, where o1, 63, and o2 are the maximum, minimum and intermediate principal

stresses. The blue + symbols represent individual nodal planes. (c) Inverted principal stress axes
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(with 95% confidence interval) shown in lower-hemisphere projection. Plots of (d) corner
frequency vs seismic moment, (€) source radius vs seismic moment, and (f) static stress drop vs
seismic moment are shown as red diamond symbols. Dashed black lines in (d), (e) and (f) represent
scale-invariance for fixed static stress drops, whereas dashed green lines represent scale-

dependence.

Figure 4: Rose-plot distributions of strike, dip and rake from focal mechanisms during (a) May to
October and (b) November to April. (c) Plot of the double-couple (DC, diamond symbol),
compensated linear vector dipole (CLVD, circle), and isotropic (ISO, square) components of the
focal mechanism solutions as a function of time (June to December 2019). Individual values are
shown as open symbols, while mean values (with standard deviation) are larger filled symbols.
Quantities during summer (including monsoon) are indicated in sky blue, whereas those during the
post-monsoon are in deep blue. The x-positions of the mean values are unrelated to time and are
plotted in this way for visual convenience. Daily rainfall (obtained from the NASA repository,

https://giovanni.gsfc.nasa.gov/giovanni) is plotted as pink histograms.

Figure S: Stress inversion results separated for focal mechanisms during May to October and
November to April. (a), (d) Azimuthal plots of P- and T-axes, along with the orientation of principal
stresses. (b), () 3D Mohr circle representations of the principal stresses. (¢), (f) Inverted principal
stress axes (with 95% confidence interval) shown in lower-hemisphere projection. For interpretation

of the various colours and symbols, refer to the captions of Fig. 3(a), 3(b) and 3(c), respectively.

Figure 6: Temporal variation of (a) seismic moment, (b) static stress drop, and (c) source radius.
Source parameters during the post-monsoon are shown as filled symbols. No Mp > 3.5 events

occurred in the post-monsoon of 2020.



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

Acknowledgments

We are thankful to the Director, CSIR-NGRI, Hyderabad, for his support and permission to
publish this work. Maps were plotted using the Generic Mapping Tools (Wessel and Smith, 1998).
This work was carried out under CSIR-NGRI Project No. MLP-FBR-005 (MRK). The CSIR-NGRI

reference number for this manuscript is NGRI/Lib/2022/Pub-97.

Author credit statement

HP: Conceptualisation, formal analysis, methodology, software, validation, visualisation,
writing — original draft, writing- review and editing. STC.: Conceptualisation, data curation, formal
analysis, methodology, software, validation, visualisation, writing - original draft. SM.:

Investigation, data curation.

Data statement

All the waveform analyses were performed using the event waveform data, which are stored
in the CSIR-NGRI repository. The waveform data can be obtained by a request to the Director,
CSIR-NGRI. Daily rainfall data from the beginning of 2018 to the end of 2020, used in this study,
have been obtained from the NASA repository, https://giovanni.gsfc.nasa.gov/giovanni.
Supplementary Material includes Tables S1-S3 and Figures S1-S4, supporting our analysis and

inferences.

Declaration of competing interests

The authors declare no competing interests

References

Aki, K. (1967). Scaling law of seismic spectrum. Journal of Geophysical Research, 72 (4),1217-

1231.



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

Antolik, M., and Dreger, D. S. (2003). Rupture process of the 26 January 2001 M w 7.6 Bhuj, India,
earthquake from teleseismic broadband data. Bulletin of the Seismological Society of

America, 93(3), 1235-1248.

Baumbach, M., H. Grosser, H. G. Schmidt, A. Paulat, A. Rietbrock, C. V. Ramakrishna Rao, P. S.
Raju, D. Sarkar, and 1. Mohan (1994). Study of the foreshocks and aftershocks of the
intraplate Latur earthquake of September 30, 1993, India, in Latur Earthquake, edited by H.

K. Gupta, Mem. Geological Society of India, 35, 33— 63.

Brodsky, E. E., and Kanamori, H. (2001). Elastohydrodynamic lubrication of faults. Journal of

Geophysical Research: Solid Earth, 106 (BS), 16357-16374.

Brune, J. N. (1970). Tectonic stress and the spectra of seismic shear waves from earthquakes.

Journal of Geophysical Research 75(26):4997-5009.

Calais, E., Camelbeeck, T., Stein, S., Liu, M., and Craig, T. J. (2016). A new paradigm for large
earthquakes in stable continental plate interiors. Geophysical Research Letters, 43(20), 10-

621.

Chopra, S., Rao, K. M., Sairam, B., Kumar, S., Gupta, A. K., Patel, H., Gadhavi, M. S., and Rastogi,
B. K. (2008). Earthquake swarm activities after rains in peninsular India and a case study

from Jamnagar. Journal of Geological Society of India, 72(2), 245-252.

Danré, P., De Barros, L., Cappa, F., and Ampuero, J.-P. (2022). Prevalence of aseismic slip linking
fluid injection to natural and anthropogenic seismic swarms. Journal of Geophysical

Research: Solid Earth, 127, €2022JB025571.

De Barros, L., Cappa, F., Guglielmi, Y., Duboeuf, L., and Grasso, J. R. (2019). Energy of injection-

induced seismicity predicted from in-situ experiments. Scientific Reports, 9(1), 1-11.



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

Dreger, D. S., Tkal¢i¢, H., and Johnston, M. (2000). Dilational processes accompanying

earthquakes in the Long Valley Caldera. Science, 288(5463), 122-125.

Earnest, A., Sunilkumar, T. C., and Silpa, K. (2021). Sinking Slab Stress and Seismo-Tectonics of

the Indo-Burmese Arc: A Reappraisal. Tectonics, 40(8), €2021TC006827.

Eshelby, J. D. (1957). The determination of the elastic field of an ellipsoidal inclusion, and related
problems. Proceedings of the royal society of London Series A Mathematical and Physical

Sciences 241(1226):376—396.

Fischer, T., and Hainzl, S. (2017). Effective stress drop of earthquake clusters. Bulletin of the

Seismological Society of America, 107(5), 2247-2257.

Gahalaut, V. K., and Singh, S. K. (2004). Fault interaction and earthquake triggering in the

Koyna-Warna region, India. Geophysical Research Letters, 31(11).

Gahalaut, K., Gahalaut, V. K., Naresh, B., Shekar, M., Sunilkumar, T. C., and Srinagesh, D. (2022).
Long duration non-volcanic and non-tectonic Palghar earthquake swarm in the stable
continental region of India—role of seasonal rainfall and earthquake cascading. Journal of

Seismology, 1-10.

Gahalaut, K., Paul, H., Sunilkumar T.C., Ravi Kumar, M., and Gahalaut, V. K. (2023). Earthquakes
induced by rapid loading of faults during Pulichintala reservoir impoundment in the stable

continental region of India, Earth and Space Science, 10, €2023EA002902.

Gupta, H. K. (2002). A review of recent studies of triggered earthquakes by artificial water
reservoirs with special emphasis on earthquakes in Koyna, India. Earth-Science Reviews,

58(3-4), 279-310.

Hainzl, S., Kraft, T., Wassermann, J., Igel, H., and Schmedes, E. (2006). Evidence for

rainfall-triggered earthquake activity. Geophysical Research Letters, 33(19).



489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

Hainzl, S., Aggarwal, S. K., Khan, P. K., and Rastogi, B. K. (2014). Monsoon-induced earthquake

activity in Talala, Gujarat, India. Geophysical Journal International, 200(1), 627-637.

Hardebeck, J. L., and Hauksson, E. (2001). Crustal stress field in southern California and its
implications for fault mechanics. Journal of Geophysical Research: Solid Earth, 106(B10),

21859-21882.

Herrmann, R. B. (2013). Computer programs in seismology: An evolving tool for instruction and

research. Seismological Research Letters, 84(6), 1081-1088.

Hill, D. P. (1977). A model for earthquake swarms. Journal of Geophysical Research, 82(8), 1347-

1352.

Husen, S., C. Bachmann, and D. Giardini (2007), Locally triggered seismicity in the central Swiss
Alps following the large rainfall event of August 2005, Geophysical Journal International,

171, 1126-1134.

Hutton, L. K., and Boore, D. M. (1987). The ML scale in southern California. Bulletin of the

Seismological Society of America, 77(6), 2074-2094.

Johnston, A. C. (1996). Seismic moment assessment of earthquakes in stable continental regions—

II. Historical seismicity. Geophysical Journal International, 125(3), 639-678.

Kanamori, H., and Rivera, L. (2004). Static and dynamic scaling relations for earthquakes and their
implications for rupture speed and stress drop. Bulletin of the Seismological Society of

America, 94 (1), 314-319.

Kanaujia, J., Kumar, M. R., Vengala, P. K., and Shekar, M. (2025). Indication of fluid-driven
seismicity in the Palghar region, India, from local earthquake tomography. Bulletin of the

Seismological Society of America, 115 (2), 489-504.



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

Kulkarni, A. (2012). Weakening of Indian summer monsoon rainfall in warming environment.

Theoratical and Applied Climatology, 109, 447—459.

Lomax, A., Virieux, J., Volant, P., and Berge-Thierry, C. (2000). Probabilistic earthquake location in
3D and layered models. In Advances in seismic event location, pp. 101-134. Springer,

Dordrecht.

Lohman, R. B., and McGuire, J. J. (2007). Earthquake swarms driven by aseismic creep in the

Salton Trough, California. Journal of Geophysical Research: Solid Earth, 112(B4).

Mahato, C. (2024). Stress drops and scaled energies of micro-earthquakes at Koyna-Warna, India:

Implications for self-similarity scaling. Journal of Asian Earth Sciences, 263, 106042.

Michael, A. J. (1984). Determination of stress from slip data: faults and folds. Journal of

Geophysical Research: Solid Earth, 89(B13), 11517-11526.

Mogi, K. (1963) Magnitude-frequency relation for elastic shocks accompanying fractures of various
materials and some related problems in earthquakes (2nd paper). Bulletin of the Earthquake

Research Institute, University of Tokyo 40(4):831-853.

Nur, A., and Simmons, G. (1969). The effect of saturation on velocity in low porosity rocks. Earth

and Planetary Science Letters, 7 (2), 183—193.

Paul, H., Mitra, S., Bhattacharya, S. N. and Suresh, G. (2015). Active transverse faulting within
underthrust Indian crust beneath the Sikkim Himalaya. Geophysical Journal International,

201, 1080-1081, doi: 10.1093/gji/ggv058.

Paul, H., Ravi Kumar, M. and Kumar, S. (2021). Evidence for reactivation of new faults and
seismicity migration away from the causative fault of the 2001 Mw 7.7 Bhuj earthquake,

western India. Geophysical Journal International, 226, 1800-1813.



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

Paul, H., Sunilkumar, T. C., Gahalaut, V. K., Srinagesh, D., and Shekar, M. (2024). Significance of
Vp/Vs ratio in locating earthquakes of a long-duration swarm in the western coast of India.

Journal of Seismology, 28(3), 859-877.

Paul, H., Sunil Kumar, T. C., Naresh, B., and Ravi Kumar, M. (2025). Minor lithospheric mantle
earthquakes beneath the South Indian Shield: Implications for continental mantle rheology.

Journal of Geophysical Research: Solid Earth, 130, €2025JB031522.

Paul, H. and Shekar, M. (2026). Stress triggering in a rain-induced earthquake swarm in the Palghar

region, western India. Scientific Reports (under review).

Popp, T., and Kern, H. (1994). The influence of dry and water saturated cracks on seismic velocities
of crustal rocks-a comparison of experimental data with theoretical model. Surveys in

Geophysics, 15 (5), 443-465.

Rajendran, K., Parameswaran, R. M., and Rajendran, C. P. (2017). Seismotectonic perspectives on
the Himalayan arc and contiguous areas: Inferences from past and recent earthquakes, Earth-

Science Reviews, 173, 1-30.

Raju, P. S., Srinivasan, A., Raghavan, R. V., and Kousalya, M. (2000). Micro-tremor activity in
Jubilee hills area of Hyderabad, Andhra Pradesh. Journal of Geological Society of India

(Online archive from Vol 1 to Vol 78), 55(4), 443-445.

Rao, D. T., Jambusaria, B. B., Srivastava, S., Srivastava, N. P., and Hamid, A. (1991). Earthquake

swarm activity in south Gujarat. Mausam (New Delhi), 42(1), 89-98.

Sateesh, A., Mahesh, P., Singh, A. P., Kumar, S., Chopra, S., and Kumar, M. R. (2019). Are
earthquake swarms in South Gujarat, northwestern Deccan Volcanic Province of India

monsoon induced? Environmental Earth Sciences, 78(13), 1-13.



555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

Satriano, C. (2023). SourceSpec — Earthquake source parameters from P- or S-wave displacement

spectra (1.6). https://doi.org/10.5281/ZENODO.3688587.

Shapiro, S. A., Huenges, E., and Borm, G. (1997). Estimating the crust permeability from fluid-
injection-induced seismic emission at the KTB site. Geophysical Journal International,

131(2), F15-F18.

Sharma, V., Wadhawan, M., Rana, N., Sreejith, K. M., Agrawal, R., Kamra, C., Hosalikar, K.,
Narkhede, K.V., Suresh, G., and Gahalaut, V. K. (2020). A long duration non-volcanic
earthquake sequence in the stable continental region of India: The Palghar swarm.

Tectonophysics, 779, 228376.

Sharma, V., Kumar, D., Sharma, B. and Chingtham, P. (2023). Characteristics of earthquake swarm
activity observed in the Palghar region of Indian Peninsula from January 2019 to October

2020, Quaternary Science Advances, 12, 100099.

Shelly, D. R., Hill, D. P., Massin, F., Farrell, J., Smith, R. B., and Taira, T. A. (2013). A fluid-driven
earthquake swarm on the margin of the Yellowstone caldera. Journal of Geophysical

Research: Solid Earth, 118(9), 4872-4886.

Sibson, R. H. (2003). Brittle-failure controls on maximum sustainable overpressure in different

tectonic regimes. AAPG Bulletin, 87(6), 901-908.

Simpson, R. W. (1997). Quantifying Anderson's fault types. Journal of Geophysical Research: Solid

Earth, 102(B8), 17909-17919.

Singh, A. P., and Mishra, O. P. (2015). Seismological evidence for monsoon induced micro to
moderate earthquake sequence beneath the 2011 Talala, Saurashtra earthquake, Gujarat,

India. Tectonophysics, 661, 38—48.



577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

Singh, A. P., Pandey, P., Tomar, Y. S., Singh, N. K. and Mishra, O. P. (2026). Seismic velocity
structure and crack attributes in focal area of earthquake swarm beneath the Deccan Volcanic

Province, Western India. Physics of the Earth and Planetary Interiors, 372, 107517.

Srinagesh, D., Singh, D. K., Vikas, G., Naresh, B., Roy, S., Murthy, Y., Raju, P.S., Suresh, G.,
Mandal, P., Sharma, A. N. S. and Tiwari, V. M. (2020). An appraisal of recent earthquake

activity in Palghar region, Maharashtra, India. Current Science, 118(10), 1592.

Srivastava, H. N., and Dube, R. K. (1996). Comparison of precursory and non-precursory swarm

activity in peninsular India. Tectonophysics, 265(3-4), 327-339.

Subhadra, N, and M. Shekar (2024). The attenuation mechanism of high-frequency seismic waves
in the Palghar swarm earthquake source area in Western India, Journal of Asian Earth

Sciences, 276, 106306.

Sunilkumar, T., Earnest, A., Silpa, K., and Andrews, R. (2019). Rupture of the Indian slab in the
2011 Mw 6.9 Sikkim Himalaya earthquake and its tectonic implications. Journal of

Geophysical Research: Solid Earth, 124 (3), 2623-2637.

Talwani, P., Chen, L., and Gahalaut, K. (2007). Seismogenic permeability, ks. Journal of

Geophysical Research: Solid Earth, 112(B7).

Vavrycuk, V. (2011). Principal earthquakes: Theory and observations from the 2008 West Bohemia

swarm. Earth and Planetary Science Letters, 305(3-4), 290-296.

Vavrycuk, V. (2014). Iterative joint inversion for stress and fault orientations from focal

mechanisms. Geophysical Journal International, 199 (1), 69-77.

Vavryc€uk, V. (2015). Moment tensor decompositions revisited. Journal of Seismology, 19(1), 231—

252.



599

600

601

602

603

604

Wadhawan, M., Rana, N., Gahalaut, V., Singh, M., Singh, K., Suresh, G., Mishra, O. P., Joshi, A.
K., Kulkarni, A. V., Singh, M., Das, A. K., (2021). Monsoonal rainfall induced shallow
earthquake Swarm in the Amravati district of the central India. Journal of Earth System

Science, 130(1), 1-7.

Wessel, P., and Smith, W. H. (1998). New, improved version of Generic Mapping Tools released.

Eos, Transactions American Geophysical Union, 79(47), 579-579.



(uy) 22ueisiq

s g H =L n N
25 ® © o o
@ 2 N b -
R Q 3 = Ny B
‘uoiSox £pnys oy syuosardor arenbs pox oy, ‘pPrqRIdPAH-H ‘Loyweg-g “R[e[R]-], 9 m ® ] ] o o o ~
‘LresaRN-N "PO[[Pqe[ PUR }9SUI 1) U S|RAO MO[[oA S© TWMOYS dIe RIPUJ UM[IIM surrems jsed maf e s \nv w 1 .;
7O SUOIIRO0T "1Y3LT 1oMO[ o) Ul pode[dsIp st eIpu] Jo deur 195Ul oy J, "so[SURLY) U913 se UWMOYS oIe v (wm m = g
suorye)s orwsies ‘() uy £yranoe jo syjuow- Apjewrrxordde Juryusssrdal MO0 YoRS YIIM ‘D) € z m /n.uq\ o
£q papoa-1mojod st Ayorusies A, ", X-X 2[yoid -5 o) Suofe uorss-ssoid (9) pue ,x-A o[goid 4 MP W £ a a
S-N 973 Suore uo1109s-ss01 () ‘mota dewr (e) ur Ayorwsos Teyd[eJ oY) Jo 10[J T oInSig T W - H foe) fo')
g < o o o
£ 53
() ooueisig g2 %
& 5o
g 3
Byl
=
izt
FEC
=~ g5 ~ ~
£38 0N N
8% @ <
=2 o
S35
S 9 g
cik
P & &
.
o+ w
fasie)
fgd
gLE
S:F 0N ~
R w w
g E® ° °
= 2 4
R
661 g g 7
= -
@ &
o
g 54
5661 x £z
3 =
5 o
= ~ ~
fg: @ «
ER — -
@
0z Tw ° - n N °
= o o
»nB O [&)] o o =] o
£ 3
A —— A S— |
z ¢
5002 £z Depth (km)
m.. =z - —~
2
2 g T g
g T
o402 — &
& 9
g =
5oz
22 "
£ 2 g
G102 Z 2 =5
5 8
o ~
52
2 | o
® 9
e, <A (e) W B
0G62L o6'cL 058'2L & B
® 2
= 0
-5
sowsfiydouoyoa g, 01 patwqns (dudsnurw [RIIUSPYUO.) sousfiydouoyoay, 01 patuqns jduosnuewr uspyuo,)




oouopuadop-oress Juosordoar

SauI| UealS paysep sealoym ‘sdorp SsaI)s d1ye)s Paxy 10j dduURLIRAUI-D[RIS jussaadal () pue () ‘(p)
T SoUl| 3OR[( POYse(] 'S[OUIAS PUOTURIP PO S8 UMOYS dIe JUdoW JIwss sa doIp ssons o1ye)s
(J) pue ‘JuLUIONT DTUWISIOS SA SNIPLI 9DINOS (9) *JUSTIOUT DTWSIOS SA ADUNba1y 110D (p) Jo s10[J
101309 (01d 2101 dSIIAY-19M0] U UMOYS ([RAIDIUT OUIPYUOD %GH IM) soxe sso1ys Tedouttd pojtoa
-uy (9) -souerd [epou [enprarpur juosoidol s|OqUIAS + anyq Ay ], "sesso1ys [edpurid syerpaurogul
pue WNWIUTW “WNWIXRW 97} 918 £0 PUR ‘€0 ‘Lo 9IoUM ‘T0 Je 190U SOOI IDUUL OM] O} pur ‘o
- 1.0 ST 9[2I1D 98IR] 91} JO I9JOUWRIP AT, 'SIXe-£ 97) Suoe FuISeIOUl SSI)S IS PUL SIXB-X O}
Buofe SuiseaouUl $S919S [RULION )M ‘sassad)s [ediourd oy jo uorejuasaidor oo Yoy (1€ (q)
‘sassax)s TedULI Jo WOTIRIULLIO O) [ITIM SUOTR UMOTS ‘SWISTURTDIW [@D0] WOIJ (S[OqUISS + anjq)
SOXER-TOTSUQ], pue (S9[2Id Par) -omssor] jo jord reyjnunzy (&) ‘urrems IeysreJ o) jo soyenb

-yjaes g'¢ < TN [[® WOIJ Paure)qo sHnsal 19jowered 90IN0S pULR UOISIOAUL $$901S ¢ @anSI g

(edy) doip ssaus onelg

9 14 2 0 ok ¢ ewbis @
ks Zewbis o
1 ewbis @
»
o
@
E
2018
=
o
3
(0]
ES
z
- 3
0L~
(w) snipey
008 009 00y 002 0
&0k
[
o
1%
E
#0L O
=
o
3
@
ES
Zz
3
501~
®)
4
20L | € ewbis-
Z ewbis ¢
T ewbisQ)
g
o,
@
E
#0L O
=
o
3
@
E
. Zz
ol
o0} =W *
&= )

S)NSAY IdjauieIed 90IN0S

S)NSIY UOISIAU] SSaNS

‘surexgoysty yurd se peyjord st (tuueaors/aog eseu-ojsg ruuesord/ /:sdyyy ‘Kroyisoder

VSVN oY U0 pourejqo) [[ejures A[re(] 90USIUOATIOD [ENSTA 10] Aea ST Ul pajord ore pue ouIry
0) poje[pIUN oI SAN[RA wedW oY) Jo suorsod-x o], "onyq deop ur are uoosuow-ysod oy} Surmp
9S01[} SeaIAYM ‘an[q A3S Ul PAYRdIPUI 818 (UOOSUOUW FUIPN[IUT) ISWWNS FULIMP $INHURN) 'S[oq
-wAs POy 108Te oTe (WOTJRIAGD PIEPUR)S [ITM) SONJeA URIUI J[IYM ‘SJoqUILs udado se WwMOTs o1e
sonyea [enprapuy (610g PQUI2dd(] 0} SUL[) SWI) JO UOTIIUN] B S SUOTIN[OS WSIURYIIW [2O0] [}
Jo syuenoduwod (sxenbs ‘OgI) atdonjost pue ‘(s ‘qATD) o[odip 101094 resur] pajesuaduwiod ‘(joq
-wds puourerp ‘0 (J) o[dnos-s[quop o1 jo jo1J (0) Tdy 03 WquLsoN (q) pue 1qoQ) 03 ARy
() Sunmp swsiueyodW [BI0} WOy del pue dIp ‘O)LIYs JO suornquysip jo[d-osoy : 'y 2anSrq

6102
a N (6] S v r r
= , . , , . 0
o 3 = 8
o o o
o g o d
o
mo- |- nwo,m “““ o ______ N | LS & L 0z
o _W g ! @
e I [« o20n R | A w
3
o| & Loy 5
° © o m
° &
o 8 & L 09
° & o
uesseyy Il “dwoo 051 []
dwoognto O
ures buung dwoo o Av ©®)
s
06 3s Ms
09
0 08 3 M
% 6 9 € o
(1dy-non) dig 3N o
06 N
(4dy-AON) ey (4dy-AON) 13S @
06- s
o 3s Ms
09
0 0% 3 m
% 6 o € o
(10-Aew) dia n MN
06 N
(0-Ke) ey (30-Ke) 411S (®)



*0G0% JO uoosuom-1sod a1} Ul PAIIMIIO SIUSAD o
“KeAtpoadsor ‘(o)g " G'¢ < TN ON .mﬂmi% PoqIy se :Bomm,wé uoosuour-jsod o173 Surmp sivjeurered 90Imog “snrper 3
pue (q)¢ ‘(e)g "Si Jo suorideo of} 01 WJOI ‘S[OQUIAS PUR SINO[0D SNOLIRA 9T} JO UoTyRIoIdIIUI 43 20an0s (9) puv ‘doap ssa1ys DS (q) ‘Judtows OISIS (¥) Jo uonELLs [uiodwal,  v9 SmSLg g
10 ‘wonafoad 219YdSTIOY-10M0] UT UMOYS ([RAIDIUI DOUDPYUOD 9 CE YIM) Soxe 859198 [edutid € 0202 6102
pajteau] () ‘(o) sessexys redmutid o1y jo suoryejuessrdar oo IO (T€ (o) ‘(q) "sessoxys redmd o S N r IS N r
-urid Jo uoryeuaLIo Y} Y3m Suoe ‘soxe-7, pue -J jo sjoid reqinmizy (p) ‘(e) ‘[uady 01 wquaoN 23 - - , - -
pue 107o12() 01 AR\ SULIND SWSIURYDIAW [0} 0] Pojeredos $)[NSOI UOISIOAUL SSOI)G  °G  2InSiq £
& 002
*
cewbis @ © ¢ 3 I3 <O
6 = o o Z
ceuwbis @ @ * (PN o> )
Tewbis @ & s 3 =3
ooy &
*
o © El
Q ~
009
W pge :SNIpeI UBBW ‘SBW JOYIO on
Ww gpg :snipes ueaw ‘urel 18y 4
020¢c 6102
S N r S N r
L L 7 L O
m]
0 o . - »
=
P ] - g o m] QL
x " 0 e
(2]
o ] O =
m} [m} Q
[m} [m} o Ly 5]
©
o =
n
&
B4 9G°C OV uBSW ‘Sawl} 18y10 ADV
AQV B4 99| OV uesw ‘ures jayy M
0202 6102
€ ewbis 4 N " i = i r 60l
zewbis %
T ewbis() %)
[©)
¢} © o o
o . ) 3
6 © 710k m
ocee g °F S
3 ° :
o o =~
z
O F g0k
. © 2
d | I ®)
EH < OH HO@—H\—O\/OZ HODOHUO OH NE WN ¥1+3680°€ ‘9N uesw ‘sawi} 18410

WN ¥1+3829'2 W uesw ‘urel oy @



