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The Koyna–Warna region in southern India is a unique case of dual Reservoir-Triggered Seismicity 
(RTS), surrounding impoundments on Koyna and Warna rivers. In this study, we perform ambient 
noise surface wave tomography using data from a temporary dense deployment of three-component 
geophones in order to understand the origin of RTS. To achieve this objective, surface wave dispersion 
curves from noise cross-correlations in rotated coordinates were used to create group velocity maps 
in 0.5–5 s periods. The group velocity dispersions from map bins were inverted for shear wave velocity 
(Vs) and Vs radial anisotropy (ξ) maps down to 5 km depth. The Vs and ξ till 1 km depth are correlated 
with topographical features in agreement with the basement depth estimates. Large earthquakes in 
the region are marked by negative ξ with negative Vs anomaly or Vs anomaly contrast, suggesting 
shear strength could be an important control on their genesis. A large negative Vs anomaly southwest 
of the Koyna reservoir is linked with reservoir water migration to greater depths, part of a larger 
interconnected system of pathways extending across the reservoirs. These results, set decades post 
reservoir impoundment, can help understand the evolution of RTS around dam sites elsewhere.

The RTS has been evidenced in different parts of the world such as Lake Mead (USA), Xinfengjiang reservoir 
(China), Kariba reservoir (Zambia–Zimbabwe Border), Kremasta (Greece), Koyna (India) etc.1. Among these, 
the Koyna–Warna region is characterized by one of the largest RTS event ever recorded (Mw  6.3) around 
the world. In addition, unlike the remaining RTS sites, the Koyna–Warna is a multi-reservoir system, which 
provides a unique opportunity for understanding the impact of multiple impoundments on the aquifers in a 
broad area. The insights from the seismic velocity structure in such a complex RTS region would help scientists 
and engineers in the planning of future dam sites globally.

On 10th December 1967, an Mw  6.3 earthquake occurred south-west of the Koyna Dam, which is located on 
the Koyna river in Maharashtra, India (Fig. 1a,b). It caused widespread damage in the nearby town of Koynanagar, 
with houses completely destroyed and over 200 people killed2. Such a large earthquake was unprecedented in 
this region with no record of seismicity prior to the start of the dam construction in 1956. After the associated 
reservoir was filled in 1962, seismicity started in the Koyna region, which could be recorded at the seismological 
station in Pune, 120 km away3. The minor seismicity culminated in the occurrence of the Koyna earthquakes of 
19674–6. Later when the neighbor Warna reservoir was filled after the creation of Warna dam in 1985, seismicity 
started to appear around Warna reservoir as well. Over the last 60 years, more than 20 earthquakes with M > 5 
and 200 earthquakes with M > 4 earthquakes have occured in the Koyna–Warna region7.

The origin of the seismicity pattern in the Koyna–Warna region is still debated, however some understanding 
has been established. The emergence of minor seismicity around the time of the first impoundment of Koyna 
and Warna dams was later investigated, and a high correlation between water level changes in the reservoirs and 
seismicity rate was found13,14. However, water level changes are not the only factors determining the seismicity 
pattern, as stress transfer between local faults can explain some of the focal mechanisms, suggesting that the 
region is divided into multiple tectonic blocks15–17. Currently, the consensus is that the seismicity in this region 
is “triggered” along a network of local faults by the diffusion of pore pressure, due to reservoir water filling 
cycle1,8,14,18

The Koyna–Warna region is part of the Western ghats (stepped terrain) in the Deccan Volcanic Province 
(DVP), which formed due to the passage of the Indian plate over the Reunion hotspot about 65 Ma ago19. 
In this region, the DVP is composed of nearly horizontal simple tholeiitic lava flows with thickness up to 1.2 
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Fig. 1.  Maps of the Koyna–Warna region, showing topography, shallow large earthquakes (M > 5, depth ≤ 5 
km; red asterisk), seismicity color scaled by depth and compiled from various sources8–10, and the stations used 
in this study (green triangles). In (a) broad geographical features are labeled, while (b) is a zoomed-in map 
(area under blue rectangle in (a)) highlighting smaller features. Locations of nine cored boreholes are shown 
in grey solid circles (KBH1 borehole marked). The pilot deep borehole KFD1 is shown using black solid star. 
KRFZ stands for Koyna River Fault Zone. Profiles A to E along which results are analyzed are also shown in 
(b) in brown. The maps were generated using Python-v3.8.18 scripts with pygmt-v0.911 and combined using 
Inkscape-v1.2.212, please see Data Availability section for more details.
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km, underlain by a granitic-granitoid basement20. As part of the scientific deep drilling project, nine cored 
boreholes were drilled in the Koyna–Warna region (Fig. 1a,b), which shed new light on the stratigraphy21. The 
basement granite-granitic gneiss is inter-layered with migmatitic gneiss, in addition, evidences of fluid-rock 
interaction that has led to mineralization along micro-fractures has been found22,23. Using results from these 
cored boreholes, a deep research borehole was drilled recently down to 3 km depth with the purpose of well 
logging24.

The Koyna–Warna region hosts multiple NE-SW faults along with NW-SE structural lineaments. The 1967 
Koyna earthquake (M 6.3) occurred along a NNE-SSW fault and generated surficial fissures up to 4 km SSE 
of Donichawadi (Fig. 1b). Focal mechanism solutions of the mainshock and the aftershocks revealed a left-
lateral strike-slip fault extending SSE of the Koyna reservoir4,17,25. Aeromagnetic maps also indicate a NNE-SSE 
magnetic lineament side-by-side this fault zone26. This NNE-SSW lineament along with the Donichawadi fault 
is referred to as the Koyna River Fault Zone (KRFZ) or Koyna Seismogenic Zone (KSZ) in literature16,27. By 
combining aeromagnetic, SAR interferometry and bouger gravity anomaly maps, the NNE-SSW lineament has 
been found to be a shallow feature and seems to be connected to deeper NW-SE lineaments28. The majority of 
the seismicity near the Koyna reservoir originates in 7–13 km depth range of mainly strike-slip mechanisms, 
in contrast to the Warna region where majority of the seismicity is shallow (< 7 km) with normal faulting 
mechanisms8,9,17,29.

The subsurface structure in the Koyna–Warna region has been imaged using multiple geophysical tools 
such as seismic, gravity, magnetotelluric methods etc. Deep seismic sounding along two roughly E–W profiles 
bounding the Koyna reservoir in the north and the south, revealed a low-velocity layer between 6 and 11.5 km 
depth30. The 2D gravity models indicate a gravity low at Koyna, which is attributed to isostatic adjustment that 
leads to thickened crust31, or an additional low density layer at 5–15 km depth32. The 2D magnetotelluric image 
along a WNW-ESE profile across the Koyna Seismogenic Zone reveals a shallow (< 10 km) conductive anomaly 
interspersed between very high resistive blocks that are likely Deccan basalts33. The first detailed P and S velocity 
maps of the Warna region was performed using 343 local earthquakes around the Warna reservoir34. Zones of 
high Vp/Vs and low Vs were observed beneath the Warna reservoir at less than 1.5 km depth and extending 
down to 7 km depth in lateral sections.

Despite decades of research in the Koyna–Warna region, the linkage between the genesis of large earthquakes 
and the shallow structure is not well understood, partly because it has only been studied in a small area of the 
Koyna–Warna region. Due to non-uniform distribution of earthquakes, past travel time tomography has yielded 
resolution limited to the Warna reservoir34,35. Ambient noise tomography is based on measuring phase or group 
velocity changes of the surface wave arrivals that emerge after cross-correlating ambient noise waveforms from 
pairs of stations36. Because ambient noise sources are abundant around the globe, this technique allows better 
spatial resolution in regions with non-uniform or sparse earthquake distribution37. It has also been shown that 
at shorter periods (< 10 s), stacking of 1 month of cross-correlations provides high enough SNR for ambient 
noise tomography and the required number of stacked days reduces with decreasing period38,39. Ambient noise 
cross-correlations of vertical–vertical and transverse–transverse components are used to compute Rayleigh wave 
and Love wave group velocities respectively, from which the shear wave vertical velocity (Vsv) and shear wave 
horizontal velocity (Vsh) as well as shear wave radial anisotropy (ξ) are derived. Conventionally, ξ is negative for 
vertically aligned structures such as dykes, faults etc. and positive for horizontally aligned structures such as lava 
flows, sedimentary layering etc.40–42. So far ambient noise cross-correlations have only been used to derive 1D 
shear wave velocity model for the whole Koyna-Warna region43.

In this study, we use waveform data from ninety seven 4.5 Hz three-component geophone nodes installed in 
the Koyna–Warna region between January 2010 and May 2010 in order to compute cross-correlations of seismic 
noise waveforms recorded on the vertical as well as transverse components. We measure the the fundamental 
mode Rayleigh wave group velocity dispersion curves from the stacked vertical–vertical (ZZ) cross-correlations 
and the fundamental mode Love wave dispersion curves from the stacked transverse-transverse (TT) cross-
correlations using all station pairs. After that, we invert the Rayleigh and Love-wave group velocity dispersion 
measurements to obtain 2-D group velocity maps. Finally, by separately inverting the group velocity maps from 
ZZ and TT cross-correlations, the shear wave radial anisotropy and the isotropic shear wave velocity maps are 
also generated.

Results
The isotropic shear wave velocity (Vs) in the upper 1 km of the Koyna–Wanra region indicates strong correlation 
with the topographical features (Fig. 2a,b). In 0 km depth lateral section, towards the west of the Western ghats 
escarpment, negative Vs anomalies are observed that seem to follow the Western ghats escarpment. Similarly, 
negative Vs anomaly beneath the Warna reservoir and the southern part of the Koyna reservoir is observed. 
In addition, moderately negative Vs anomalies are also observed beneath the Morana reservoir. On the other 
hand, positive Vs anomalies are observed in the eastern part of the Koyna-Warna region. In 1 km depth lateral 
section, similar correlation between Vs anomalies and the topographical features are observed, although the low 
Vs beneath the Warna reservoir shifts towards the Warna dam in the east and the Western ghats escarpment in 
the west (Fig. S1).

From 2 km depth onwards, a negative Vs anomaly is observed beneath the central part of the Western ghats 
escarpment down to 5 km depth. One of the earthquakes in the 1967 Koyna earthquake sequence also occurred 
in this region (Fig. 2c). Apart from that, negative Vs anomaly is only observed directly beneath the north-
western part of Warna reservoir down to 2 km depth. At greater depths, moderately positive Vs anomalies are 
observed directly beneath the reservoir, however these are surrounded by negative Vs anomalies. The majority 
of the seismicity in 0–5 km depth also occurs outside the boundaries of the Warna reservoir, mainly towards the 
south-west.
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The Vs radial anisotropy (ξ) is mostly positive down to 1 km depth (Fig. 3a, Fig. S1), which means at these 
depths Vsh is higher than Vsv . At greater depths however, a negative ξ is observed overall. At depths ≥ 2 km, 
negative ξ is localized around the 1967 Koyna earthquake epicenters, the northern part of Warna reservoir, and 
between Warna and Morana reservoirs.

The cross-sections in the central part of the Koyna–Warna region reveal evolution of seismicity in the region 
across several Vs and ξ anomaly zones (Fig. 4a–g). The depth resolution is not uniform across the cross-sections. 
It varies between 5 and 6.5 km after topographic adjustment depending on the wavelength content of the 
dispersion data (see Methods section).

Vs estimated locally around the Warna reservoir using local earthquake tomography34 agree well with the 
results in the present study. At 1.5 km depth, low Vs beneath the northern part of the Warna reservoir, found 
previously, correlates with the negative Vs anomaly at 2 km depth (Fig. 2b) and 1.5 km depth (Fig. S1) in the 
present study. In addition, it was observed that most of the of the seismicity occurred in low velocity zones that 
were present outside the reservoir boundaries34, similar to present study. Furthermore, they also observed that 
the low Vs zones close to the Warna reservoir migrated northwards at greater depths. This pattern could be 
related to the negative Vs anomaly that we observe in the central part of the western ghats escarpment in lateral 
sections at 2 km depth and deeper (Fig. 2b–d).

The shallow structure in the Koyna–Warna region is dominated by Deccan basalts, which are found to be 
800–1200 m thick across the region based on borehole data22 and magnetotelluric experiments27. These formed 
as a result of large scale melting when the Indian plate passed over the Reunion hotspot19. Most of the lava flow 
in this region is characterized by rubbly pahoehoe type that consists of a thick sheet like smooth flow base up 
and a thin rubbly top with slabs of lava embedded in it47. This sheet like geometry of the Deccan lava flow can 
explain the positive ξ observed in the top 1 km depth (Fig. 3a, Fig. S1)

Fig. 2.  Isotropic shear wave velocity anomalies in lateral sections (a–d) from surface down to 5 km depth. The 
white contours are plotted at every 2.5 % Vs anomaly. The outline of the Koyna, Warna, and Morana rivers as 
well as respective associated reservoirs are shown (black). The western ghats escarpment is shown with a ridged 
line. The stations are shown as red triangles in (a). The seismicity within 0.5 km depth of each lateral section 
is shown by green solid circles. Focal mechanisms of large earthquakes (Mw  > 5)4–6,8 within 0.5 km depth of 
the lateral sections are also shown using beach balls. The locations of the cored borehole KBH1 and the pilot 
deep borehole KFD1 are shown with hollow circle and star respectively and the dashed black line marks the 
Donichawadi fissure same as in Fig. 1. The maps in this figure were generated using Python-v3.8.18 scripts 
with MSNoise-v1.3 and MSNoise-Tomo44, swprepost-v2.0.045, Geopsy-v3.4.046, and pygmt-v0.911, and combined 
using Inkscape-v1.2.212, please see Data Availability section for more details.
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Large earthquakes in Koyna–Warna and the strain budget
Large earthquakes globally exhibit two major patterns in terms of seismic velocities of the source zones: either 
they occur at the transition between high and low velocity lithology or they occur in a low velocity zone 
indicating a fractured medium allowing migration of fluids from a deeper source48,49. The occurrence of these 
large earthquakes mostly control the strain budget in a region.

Two main theories have been proposed to explain the strain budget in the Koyna–Warna region. First theory 
states that the geometrical orientations of faults allow stress transfer such that the release of stress due to a 
large earthquake on one of the faults destabilizes another fault. The stress triggering due to earthquakes in the 
Koyna region generates earthquakes in the Warna region and has resulted in continued seismicity until now16. 
This theory may explain the occurrence of a normal faulting earthquake (Mw  5.6) following the strike-slip 
earthquake (Mw  6.3) a few days apart, in the 1967 sequence4–6. The second theory advocates for alternating 
phases of strike-slip and normal faulting earthquake predominance in the region due to periodic changes in the 
regional stress pattern8. However, most of the large earthquakes following the 1967 sequence have been normal 
faulting type with the fewer strike slip earthquakes also having a significant normal component. Therefore, stress 
transfer due to geometric orientation of faults as well as periodic variation in stress levels may not fully explain 
the seismicity pattern.

The source zones of the first two earthquakes in the 1967 sequence are characterized by transition from 
mostly positive to slightly negative Vs anomaly (Fig. 4a), while highly negative ξ (Fig. 4b). The highly negative 
ξ is correlated with the predominantly strike-slip mechanism of the two earthquakes on steeply dipping fault 
planes. Steeply dipping fault planes result in lower Vsh compared to Vsv , hence negative ξ. The Vs anomaly 
pattern suggests that the earthquakes occurred at a structural boundary. The third earthquake in the sequence is 
characterized by a negative Vs anomaly and slightly positive to negligible ξ (Fig. 4c,d). The negative Vs anomaly 
indicates a weakened crust before or after the earthquake. A similar pattern can be observed near the Warna 
reservoir, where some of the earliest recorded large earthquakes happened in a neutral zone (1974 event; Fig. 2d) 
and at a structural boundary marked by transition between high and low Vs anomaly (1976 event; Fig. 2c). The 
source zones of both events lie in a negative ξ zone (Fig. 3c,d). The subsequent large earthquakes occurred in 
negative Vs anomaly zones with moderately negative ξ (Figs. 3c,d, 4e,f). An exception is the 1975, Mw 5.0 event 
that occurred in a negative Vs zone with highly positive ξ at 0.1 km depth (Figs. 2a, 3a). The unusual depth of 
this event i.e. above the basement, along with its position close to the western ghats escarpment, away from the 
reservoirs, suggests either poor event location or unknown extremely shallow fault activity.

Fig. 3.  Shear wave radial anisotropy (ξ) in lateral sections (a–d) from surface down to 5 km depth. See 
Fig. 2 caption for more details. The maps in this figure were generated using Python-v3.8.18 scripts with 
MSNoise-v1.3 and MSNoise-Tomo44, swprepost-v2.0.045, Geopsy-v3.4.046, and pygmt-v0.911, and combined using 
Inkscape-v1.2.212, please see Data Availability section for more details.
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Fig. 4.  Isotropic shear wave velocity anomalies (a,c,e) and shear wave radial anisotropy (b,d,f) in lateral 
sections from surface down to 5 km depth and the outline of cross sections in a spatial map (g). Vs radial 
aniso. In (b,d,f) refers to shear wave radial anisotropy. The Koyna reservoir location is denoted with “K” and 
the warna reservoir locations are denoted with “W” on the top of the cross-sections. The seismicity in the area 
in 1967–2017 period8–10 within 1.25 km of the cross-sections has been plotted on top and color coded by their 
date of occurrence. The contour in (a) highlights linked negative Vs anomalies from surface down to greater 
depths connecting the two reservoirs. The focal mechanisms have been projected based on the orientations of 
the vertical planes. The maps in this figure were generated using Python-v3.8.18 scripts with MSNoise-v1.3 and 
MSNoise-Tomo44, swprepost-v2.0.045, Geopsy-v3.4.046, and pygmt-v0.911, and combined using Inkscape-v1.2.212.
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Theoretical models of earthquake nucleation on both slip-weakening and rate-and-state faults indicate that 
critical nucleation length after which the quasi-static slip develops into a dynamic rupture is proportional to 
the shear wave modulus or shear strength, and it is particularly significant for slip-weakening faults50,51. In 
addition, numerical experiments on earthquake nucleation in presence of a precursory drop in shear wave 
velocity suggests that the velocity anomaly can lead to reduction in nucleation size as well as earlier nucleation. 
Thus, such precursory velocity drop can lead to earlier onset of large earthquakes52.

The distribution of smaller earthquakes across the cross-sections suggests a net southward migration of 
seismicity from Koyna reservoir towards Warna reservoir in the last 60 years (Fig. 4). The recent seismicity (year 
> 2000) at shallow depth (< 5–6 km) is concentrated around the negative Vs anomaly zones particularly in the 
central and southern part of Koyna-Warna region (Fig. 4a,e,f). Measurements of geodetic strain rates indicate 
low annual tectonic deformation of 0.2–0.3 ± 0.04 mm/year in the region, much lower than that of Indian 
plate53. Even with such low deformation rates, seismicity has continued in this region till date. In recent years, 
it has concentrated in the negative Vs anomaly zones likely due to their low shear strength. This also means that 
the accumulated stress is more frequently released in the south-central part compared to the northern part that 
is close to the Koyna reservoir. Therefore, there is a probability of higher stress accumulation and hence a greater 
chance that the next large earthquake may occur close to the Koyna reservoir. On the other hand, seismicity near 
the Warna reservoir would likely continue but become smaller with further decrease in shear strength.

Influence of reservoir impoundment on the Vs structure
The immediate effect (< few years) of reservoir impoundment on the Vs structure has been observed in the 
form of compaction beneath the reservoir, leading to higher velocities54. However, over time, water infiltration 
to greater depths has also been evidenced by increased seismicity levels along with lower shear wave velocity55. 
In this section, we study after-effects of reservoir impoundment on recent shear wave velocity structure of the 
Koyna–Warna region.

A large negative Vs anomaly is observed in the spatial maps as well as the cross-sections SW of the Koyna 
reservoir and extending westwards across the western ghats escarpment (Figs. 2b–d, 4a,g). This anomaly 
continues from 2 km depth down to the 5 km depth and possibly beyond (Fig. 4a) and it is marked by moderately 
negative to negligible ξ (Figs. 3b–d, 4b). The isotropic nature of this velocity anomaly suggests that the structure 
underneath exhibits multi-directional deformation. At shallow depths, this anomaly seems to be linked to the 
Koyna reservoir (Fig. 4a; “K”). Fluid migration pathways from shallow levels down to greater depths along 
weakened zones may explain the lateral and depth continuity of this anomaly.

Increased pore pressure diffusion to greater depths due to annual filling and emptying cycle of the Koyna 
and Warna reservoirs, and release after the occurrence of a large earthquake, has been identified as a possible 
mechanism of seismicity in the region1,14,18. Well logs in a 3 km pilot research borehole (KFD1) at a nearby site, 
indicate higher water content in 1.5–3 km depth that suggest deeper penetration of reservoir water56. Besides, 
mineralogical and geochemical analyses of the cores from KBH1 borehole near the pilot borehole have identified 
precipitation of ferruginous and siliceous minerals along fractures at different depth levels (800–1200 m), which 
indicate percolation of water to greater depths23,57. Evidence of fluid migration SW of the Koyna reservoir has 
also been found in the form of a westward dipping conductive zone in an E-W MT profile passing south of 
the 1967 Koyna earthquake (Mw  6.3) epicenter27. Shallow parts of the dipping conductive structure roughly 
coincides with the negative Vs anomaly zone especially around 4–5 km depth. Therefore, the conductive zone 
could be a downward continuation of the negative Vs anomaly.

The spatio-temporal distribution of seismicity reveals that the earliest earthquakes in the region occurred 
very close to the Koyna reservoir (Fig. 4a) likely due to reservoir loading and subsurface compaction. The 
smaller fractures developed due to this seismicity may have facilitated reservoir water migration. The left lateral 
slip along with a small normal faulting component during the 1967 Koyna earthquake (Mw  6.3) might have 
weakened the structure SW of the Koyna reservoir that allowed reservoir water to migrate downwards and 
southwestwards over several decades aided by smaller earthquakes (Fig. 4e,f). The downward migrating water 
under higher pressure and temperature would have induced chemical alterations in the structure which is 
evidenced as negative Vs anomaly.

Tectonic link between Koyna and Warna reservoirs
The Vs anomalies provide insights into how the RTS in the Koyna–Warna region may have evolved. The first two 
1967 Koyna earthquakes (Mw  5.9 and Mw  6.3) produced left-lateral strike slip movement leading to the transfer 
of stress southwards and westwards (Fig. 4a). The regions surrounding the two epicenters were weakened due to 
the reservoir water migration, evidenced by negative Vs anomalies with low degree of anisotropy (Fig. 4a,b). The 
stress transfer may have pushed the already weakened zones beyond the critical limit, allowing small fractures 
to develop into large earthquakes58, the first of which occurred 2 days after the 1967 main shock with a normal 
faulting mechanism (Figs. 2c, 3c, 4c,d). Over time the stress may have transferred further southwards, leading 
to the 1974–1976 Warna earthquakes in a region of relative higher shear strength, evidenced by moderately 
positive Vs anomaly (Figs. 2c, 3c). After the Warna reservoir got filled in late 80s–early 90s, the reservoir water 
migration likely started occurring near Warna reservoir, similar to the Koyna reservoir case. This phenomena 
produced weakened shear strength in the surrounding regions (Figs. 4e, 5) and coupled with stress transfer, 
likely generated the 2009 Warna earthquake sequence with normal faulting earthquakes (Figs. 4e,f, 5). Thus, 
Koyna–Warna region may represent an interconnected aquifer system, where reservoir water migrates from 
shallow to deeper levels as well as laterally, generating zones of weakened shear strength (Fig. 5).
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Conclusion
We performed ambient noise tomography of the Koyna–Warna region using data from 97 three-component 
geophone nodes installed for a 5 month period between Jan 2010 and May 2010. Examining the spectrogram 
and power spectral density of the waveforms as well as manual picking of the group velocity dispersion curves, 
provided reliable measurements between 0.5 and 5 s period. Inversion of the dispersion curves in this period 
range allowed estimation of 1D Vs model down to 5 km depth across the region. The 1D Vs models were 
interpolated to generate 2D lateral and cross-section maps of Vs as well as ξ. The Vs anomalies correlate with 
topographical features down to 1 km depth and the basement depth below the Deccan basalts is identified using 
ξ values, in agreement with the previous results. The source zones of large earthquakes in the region exhibit Vs 
anomaly contrast or negative Vs anomaly, consistent with global occurrences as well as theoretical and numerical 
models, suggesting structural shear strength changes as an important factor in assessing potential for future large 
earthquakes. Negative Vs anomaly SW of the Koyna reservoir close to the location of KFD1 and KBH1 boreholes 
provides seismic evidence of reservoir water percolation to 5 km depth and beyond. Extended Vs anomalies in 
depth and laterally, indicate an interconnected system of water migration pathways between Koyna, Warna, and 
Morana reservoirs, and their associated rivers. Further studies on the temporal variation of Vs can enhance our 
understanding of the evolution of these water migration pathways and their implications for seismic hazard.

Methods
Preprocessing and computation of cross-correlations
A network of ninety-seven 3-component geophones (Geospace GS-11D) of 4.5 Hz natural frequency coupled 
with Taurus dataloggers was deployed in the Koyna–Warna region from January 2010 to May 2010 to record the 
local seismicity34. Spectrogram of waveforms indicate high noise levels below 0.1 s period and above 2 s period, 
however variations in the noise are detectable at shorter periods as well as longer periods (Fig. 6a). The power 
spectral density of the waveforms shows that the noise amplitudes lie between the global noise models up to 7 s 
period (0.14 Hz) and down to 0.1 s period or shorter (> 10 Hz) (Fig. 6b).

Considering this analysis, the waveforms were deconvolved using their instrument responses and then 
bandpass filtered between 0.16 and 12 Hz. Next, the waveforms were decimated from 100 Hz sampling frequency 
to 40 Hz. After that, the daily waveforms were divided into 2 h time windows and spectrally whitened to flatten 
spurious events in the waveforms. Finally, the waveforms were cross-correlated with max lag of 1 h and all cross-
correlations were linearly stacked for the entire duration of the installation. Using this process, cross-component 
and same component cross-correlations: North-North (NN), East-East (EE), East-North (EN), North-East(NE), 
and Vertical-Vertical(ZZ) were computed. The waveform preprocessing and computation of cross-correlations 
was performed using MSNoise version-1.344. All the cross-correlations of horizontal components were rotated 
to radial and transverse coordinates: Radial-Radial(RR), Transverse-Transverse (TT), Radial-Transverse (RT), 
and Transverse-Radial (TR)62. In total, 4050 ZZ cross-correlations and 3989 TT as well as RR cross-correlations 
were obtained.

Fig. 5.  Isotropic shear wave velocity anomalies in two cross-sections intersecting koyna, warna, and morana 
reservoirs, and a spatial map showing the outline of cross sections. The locations of cross-section profiles are 
shown in a lateral map in Fig. 1b. The maps in this figure were generated using Python-v3.8.18 scripts with 
MSNoise-v1.3 and MSNoise-Tomo44, swprepost-v2.0.045, Geopsy-v3.4.046, and pygmt-v0.911, and combined using 
Inkscape-v1.2.212, please see Data Availability section for more details.
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Computation of dispersion curves
Group velocity dispersion curves were computed using Frequency-Time ANalysis (FTAN) of the cross-
correlations that involves simultaneously analyzing the cross-correlations in both frequency and time domains63. 
The Rayleigh wave dispersion curves were computed using the ZZ cross-correlations, while the Love wave 
dispersion curves were computed using TT cross-correlations. After an automatic computation of dispersion 
curves, these were manually re-picked one by one in order to remove discrepancies and the FTAN normalized 
amplitudes of the picks were recorded to determine the quality of picks (see Fig. S2 for FTAN illustration). At 
short distances, the dispersion measurements of long periods are not reliable. Therefore, measurements were 
only made for periods corresponding to inter-station distances that are larger than one wavelength. At this stage, 
2912 dispersion curves from TT cross-correlations and 3066 dispersion curves from ZZ cross-correlations were 
obtained.

By simultaneously plotting dispersion curves from all the cross-correlations in the form of heat map, their 
average trend and the scatter in the measurements can be observed (Fig. 6c,d). In general, Love wave group 
velocities are higher than Rayleigh wave group velocities. For periods less than 1 s, larger scatter in the dispersion 
curves is observed, which could be due to the incoherent noise, possibly human-induced, interfering with the 
coherent noise sources64. On the other hand, measurements at periods longer than 3 s also show large scatter, 
however this is likely due to fewer measurements made at those periods. In order to purge measurements that 
may potentially be erroneous, we only consider period range of 0.5 s onward for further analysis. In addition, 
the standard deviations of the measurements obtained using all the station pairs will be used to quantify relative 
uncertainty during depth inversion (see “Inversion for shear wave velocity” section).

Ambient noise group velocity maps and resolution tests
The data from dispersion curves were transformed to group velocities in a 2D grid using damped least squares 
inversion. The group velocities at each period were forward modeled based on ray theory and superposition 
principle, where the arrival time of a surface wave group in a cross-correlation waveform is the sum of its 
travel times in 2D bins along the station pair path. For each path, the traveltime perturbation with respect to 

Fig. 6.  (a) Spectrogram for waveforms from all stations in the network. The spectrogram amplitudes have 
been converted to decibels. (b) Power spectral density of waveforms from all the stations. Grey curves indicate 
the global New High Noise Model (NHNM) and New Low Noise Models (NLNM)59. (c) Heat map of all the 
Rayleigh wave dispersion curves using ZZ cross-correlations. (d) Heatmap of all the Love wave dispersion 
curves using TT cross-correlations. The plots in this figure were generated using Python-v3.8.18 scripts with 
Obspy-v1.4.060 and Matplotlib-v3.7.361, and combined using Inkscape-v1.2.212, please see Data Availability 
section for more details.
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the reference traveltime in mean model depends linearly on the path length and the relative group velocity 
perturbation with respect to mean group velocity in each 2D bin. Then the L2 norm of the misfit between 
observed and modeled group velocities are inverted linearly using damped least squares. The forward modeling 
and the inversion methodology is well described and implemented in a plugin of MSNoise (MSNoise-Tomo)44,65. 
The 2D grid for inversion was defined by dividing the Koyna-Warna region into 2.5 km × 2.5 km bins, and the 
weights for damping and smoothing were calculated for each period using l-curve66 (Fig. S3). The data covariance 
matrix was diagonally populated with FTAN amplitudes of the dispersion picks calculated (see “Computation 
of dispersion curves” section), in order to assign weights to the measurements based on the quality of the picks. 
The parameters for the generation of group velocity maps using MSNoise-Tomo are provided in Tables Fig. S1, 
Fig. S2, and Fig. S3.

In order to test the resolution of the group velocity maps, we performed spike resolution tests at each 
period using ±10% spike anomalies of size 5 km × 5 km each, separated by 5 km. The spike resolution tests or 
sparse checkerboard allow clear identification of the distortion in anomaly shapes compared to conventional 
checkerboards69. Smearing of the anomalies is observed near the boundaries of the region at all periods for both 
Rayleigh and Love wave maps (Fig. 7a–d). The well-recovered region gradually shrinks in size with increasing 
period, such that at 5.0 s period only the central part of the Koyna-Warna region comprising of the Warna 
reservoir and southern Koyna reservoir is well-recovered. The resolution is roughly similar for both Rayleigh 
and Love wave maps. The amplitude of the anomalies also decreases with increasing period. This pattern is likely 
due to fewer available station-pair paths at longer periods (Fig. S4).

Based on the resolution test, the poorly recovered regions at all periods have been masked during the 
generation of group velocity maps (Fig. 7e–h). In addition, regions that show abnormally high group velocities 
for shorter periods (> 3.75 km/s for Love wave and > 3.50 km/s for Rayleigh wave) that are unrealistic for crustal 
scale from regional studies70,71 have been masked. In general, the Love wave velocities are higher than Rayleigh 
wave velocities across all periods. In most parts of the region, the group velocities increase with increasing 
period because longer period waves sample greater depths and the subsurface seismic velocities tend to generally 
increase with depth.

Inversion for shear wave velocity
The dispersion curve obtained from each bin of the group velocity maps was used to invert for 1D shear wave 
velocity in depth. In total, 667 bins of 2.5 km × 2.5 km size from Rayleigh wave maps and 664 bins from 
Love wave maps maps were used. The depth inversion was performed using the nearest neighbor algorithm72, 
which is implemented in the dinver program of the Geopsy software package for ambient noise processing46. The 
dispersion curves obtained from Rayleigh wave maps and Love wave maps were separately inverted for shear 

Fig. 7.  Spike resolution tests for Rayleigh wave group velocity maps (a,c) and Love wave group velocity maps 
(b,d) in 0.5 s and 5.0 s periods. Rayleigh wave group velocity maps (e,g) and Love wave group velocity maps 
(f,h) calculated from ZZ and TT cross-correlations respectively in 0.5 s and 5.0 s periods. The bins with less 
than three station-pair are masked. The map has been overlayed on the topography of the Koyna–Warna 
region67. A common color scale has been used for both Rayleigh and Love wave group velocities at each period. 
The outline of the Koyna and Warna rivers as well as their respective reservoirs are also overlayed on the map 
(black). The stations used are shown in red triangles in each sub-figure. The maps in this figure were generated 
using Python-v3.8.18 scripts with MSNoise-v1.3, MSNoise-Tomo44, GMT-668, and pygmt-v0.911, and combined 
using Inkscape-v1.2.212, please see Data Availability section for more details.
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wave velocity in vertical direction (Vsv) and shear wave velocity in horizontal direction (Vsh) respectively. The 
relative standard deviations of the dispersion curves (Fig. 6c,d) across different periods were used as standard 
errors during the inversion.

As with other inversion problems in earth sciences, the inversion of surface wave dispersion curves for 
shear wave velocity is ill-posed and suffers from non-uniqueness of the solution. In order to overcome these 
challenges to a certain extent, a workflow wherein resampling of the dispersion curves based on wavelength and 
experimenting with multiple parametrization of the 1D Vs model has been suggested73. Following this workflow, 
each dispersion curve was resampled in terms of wavelength (λ) and six different parameterizations (three based 
on fixed number of layers and three based on fixed thickness ratio of successive layers) for 1D Vs model were 
defined using swprepost package45. The resampled dispersion curve was inverted in geopsy-dinver by applying 
the nearest neighbor algorithm to a starting Vs model generated following each parametrization. At the end 
of 6 inversions for each dispersion curve, 20 lowest misfit models from the 6 types of parameterizations were 
weighted-averaged with respect to their misfits to obtain the best-fit 1D Vs model. This process was followed for 
both 1D Vsv  and Vsh inversions. The full list of parameters related to the 1D Vs model inversions are provided 
in Table S4.

After best-fit Vsh and Vsv  1D models were obtained for each lateral bin, the isotropic Vs model (V iso
s ) and 

the radial anisotropy (ξ) were calculated as follows:

	
V iso

s =
(

Vsv ∗ εsv + Vsh ∗ εsh

εsh + εsv

)
,� (1)

	
ξ =

(
Vsh − Vsv

V iso
s

)
,� (2)

where εsv  and εsh are the misfit errors of Vsv  and Vsh model estimations respectively.
The V iso

s  models and the ξ for all the bins were smoothed in the lateral direction using a 2D Gaussian 
smoothing with kernel width of 2 bins (5 km), which is equivalent to the spatial resolution found laterally 
(Fig. 7a-d). In the vertical direction, a 1D Gaussian smoothing with a width of 300 m was applied. This width 
is less than the minimum resolvable layer thickness of the 1D model (λmin/3)74, which also corresponds to 
the vertical resolution. The fundamental mode surface waves are not sensitive to depths larger than λmax/2
75, therefore, this value was used as the maximum resolvable depth. Finally, a topographical correction based 
on Scripps’ SRTM15+V2.6 grid76 was applied to the V iso

s  and ξ results using pygmt. The model volume was 
sliced laterally and vertically to obtain the horizontal sections and the vertical cross-sections respectively. In the 
previous sections, V iso

s  has been referred as just Vs.

Data availability
The Supplementary Material for this article includes four additional figures, four tables and a description of the 
contents. It also contains description of all the datasets and scripts necessary to generate the figures, which are 
uploaded to figshare.org at https://figshare.com/s/e739c54537ba304ee0f3.
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