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S1 Hourly noise correlation functions calculation
Before computing the hourly correlations, we bandpass-filtered the waveforms between 0.1 and 100.0 Hz and clipped
amplitudes at five times the standard deviation to suppress short-duration, high-amplitude noise. We then applied
spectral whitening, followed by 1-bit normalization. Then, we rotated the North and East components into radial and
transverse components based on the azimuth of each station pair. For a given station-pair, we computed correlations
using 10-minute windows with an 8-minute overlap, yielding 26 correlation windows per hour. After normalizing all
correlations by their maximum amplitude, we averaged the 26 normalized correlations to produce an hourly corre-
lation. We repeated this process for each hour, station-pair, and component combination.

S2 GNSS desynchronization: estimation of clock drift coefficients
We first examined the GNSS logs of all nodes to identify the stations that were most likely to have remained syn-
chronized throughout the recording period. Five of these stations were selected for subsequent processing and are
hereafter referred to as reference stations. We then inspected the ZZ correlograms between each reference station
and all other stations to detect periods of desynchronization and to manually define the start and end times of each
desynchronization episode.

For each station that experienced a desynchronization episode, we estimated the clock drift coefficient and time
offset relative to reference stations that were assumed to remain synchronized throughout the deployment. These
parameters were inferred from the temporal alignment of ambient noise cross-correlation functions under the as-
sumption thatmaximizing the energy of the stacked correlograms corresponds to optimal time synchronization. The
following procedure describes the estimation of the desynchronization parameters of a station:

• 1. Select any station, referred to as station A.

• 2. Choose a reference station and create the ZZ correlogram between station A and the reference station.

• 3. Perform a grid search on the drift coefficient and offset (only for 2024 nodes), where, for each tested combi-
nation of parameters, shift the waveforms to account for the expected shift.
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• 4. Stack all hourly correlations and compute the energy of the stacked waveform to find the pair of parameters
that leads to the largest energy.

• 5. Repeat steps 2–4, choosing a different reference station each time. This leads to 5 different estimates of each
parameter for station A.

• 6. Average the 5 estimates of each parameter to obtain the estimated drift coefficient and offset of station A.

The estimation of the desynchronization parameters for node 1097 in summer 2024 required a different approach.
Because this node was desynchronized throughout the entire recording period, its desynchronization offset could
not be determined using the same method as for the other stations. We therefore first estimated only its drift coef-
ficient, following the same approach as with other nodes, but constraining the offset to zero. After correcting the
node’s waveforms for the drift-induced time shift, we cross-correlated them with a co-located DAS channel during
the sequence of sledgehammer shots performed next to station 1097. Given that the DAS logs indicate that its GNSS
synchronization was valid at the time of the shots (Figure S6), and considering that the expected drift is only on the
order of a few milliseconds per day, the DAS data is assumed to be correctly synchronized. We therefore estimated
the remaining time lag required to align the signals from themaximumof the cross-correlation to estimate the offset
of node 1097 (Figure S7).

S3 Matched Field Processing computation

We used Matched Field Processing to create event catalogs with the dense seismic node arrays deployed in 2023
and 2024. Event locations and phase velocities were optimized using the Nelder–Mead algorithm (Nelder and Mead,
1965). Because this algorithm performs local rather than global optimization, we evaluated multiple starting points
to reduce the risk of converging to a local minimum of the cost function. To determine an efficient trade-off between
accuracy and computational cost, we first ran synthetic tests to identify the optimal number of starting points. We
then used this configuration to detect and locate the 2023 and 2024 events.

S3.1 Synthetic test: Determination of the optimum starting point number

To determine the optimal number of starting points we conducted synthetic tests in which noise was added to the
synthetic waveforms. This allowed us to verify that the chosen number of starting points remains sufficient even
for events with low optimum Bartlett output (as low as 0.3-–0.4). For these tests, we generated vertical-component
synthetic seismograms using a Ricker wavelet with a central frequency of 5 Hz. The waveforms were time-shifted
according to the source–station distance, assuming a phase velocity of 1650 m/s. To reduce the Bartlett output and
produce events with optimal values in the 0.3-–0.4 range, we added white noise with a normal distribution whose
power increases linearly with source–station distance.

We constructed a grid of surface events and, for each event, optimized the source location and phase velocity
using 300 starting points. These starting points were uniformly distributed in 3-D, with depths ranging from 0 to
650m. To evaluate howmany starting points are required, we formed subsets of size N (from 1 to 300) and performed
the analysis using only those N starting points. For each subset, we computed the Euclidean distance between the
optimized and true source locations and retained the smallest distance as the optimization error. This procedure
yields, for each event, a measurement of the location error as a function of the number of starting points N used
in the optimization. Then, to determine the optimal number of starting points across all events, we calculated the
median location error as a function of N (Figure S9c). We then evaluated the rate at which the error decreases with
increasing N (Figure S9d) and applied an arbitrary threshold of 0.1%. Based on this criterion, we decided to use 125
starting points for the 2023 dataset and 150 for the 2024 dataset.

However, with the 2024 array geometry, a region of large errors persists (Figure S9b) due to the higher station
density and the resulting increase in array-response complexity. To improve convergence in this area, we added 100
additional starting points uniformly distributed within the high-error region (Figure S9e), bringing the total number
of starting points for the 2024 array geometry to 250.

S3.2 Applying MFP to 2023 and 2024 data

We located the seismic events usingMatchedField Processing applied to the vertical component of the seismic nodes,
after removing stations affected by significant tilt and correcting for clock desynchronization. The calculations were
performed in non-overlapping 2-s time windows in 15 frequency bands with central frequencies ranging from 0.4
to 16 Hz, with a 0.1 Hz frequency discretization. For each window, we initialized the optimization with 125 starting
points for the 2023 array and 250 for the 2024 array. An initial velocity of 1800m/s was prescribed in all cases to assess
convergence toward the expected Rayleigh wave phase velocity. In our analysis we focused on the 4–6 Hz frequency
band, discretized in 21 frequencies, and selected the optimized locationwith the highest Bartlett output as the source
location in each time window.
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S4 Synthetic tests
All synthetic tests used a Ricker wavelet on the vertical component, with a central frequency of 5 Hz, time-shifted
according to the source–station distance with a constant 1650 m/s phase velocity.

S4.1 Resolution on event location
The resolution tests were performed on a grid of synthetic events using the same parameterization as in the deter-
mination of the optimal number of starting points (Section S3.1), but with varying noise levels to simulate different
maximum Bartlett outputs. Each synthetic event was generated 30 times with independent noise realizations. For
each realization, we used the same set of starting points as in the real-data analysis (Section S3.2) and retained the
optimized location with the highest Bartlett output as the solution. We then computed the horizontal and vertical
distances between the true source location and the corresponding optimized locations across the 30 realizations and
calculated the average errors. This procedure was repeated for all source locations, yielding maps of average hori-
zontal and vertical error.

S4.2 Parameters affecting Bartlett output: Tilt
We assessed the impact of station tilt by generating 15,000 synthetic event realizations “recorded” by randomly tilted
stations. Due to the tilt, the signal on the vertical component is no longer purely vertical. To account for this, we
generated a 90° phase-shifted versionof theRickerwavelet andapplied it to the radial component to simulateRayleigh
waves, which dominate the signal in the 4—6 Hz band. For each realization, we applied a rotation to the signal to
mimic the effect of tilt, using a random tilt direction between 0 and 360° and random tilt angles between 0° and 30°.
We then computed the Bartlett output at the true source location using the tilted vertical component waveforms.

S4.3 Parameters affecting Bartlett output: Noise level
To evaluate the effect of noise level on the maximum Bartlett output, we generated synthetic events with varying
Bartlett outputs using the noise level from spring 2023, performing an optimization with the starting point set at the
true source location. The SNR was then adjusted to reflect the noise levels of 2024, under the assumption that the
signal amplitude remained unchanged between spring 2023 and 2024. After this SNR correction, a second MFP was
performed, again starting at the true source location, to obtain the optimized Bartlett output with the updated noise
level.

References
Nelder, J. A. and Mead, R. A Simplex Method for Function Minimization. The Computer Journal, 7(4):308–313, 01 1965.
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Figure S1 Data availability of the spring 2023 dataset. The colormap indicates data availability and quality on the vertical
component. Blue dots indicate the when the unit received GNSS signal. Hashed cyan areas indicate the time periods where
we observed time desynchronization in ambient noise correlation functions.
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Figure S2 a–c) Photos of the co-located test nodes 1092, 1101, and 1058 at different dates. d–l) Power Spectral Density of
the test nodes on all three components (Z, N, E). The vertical lines mark timestamps of photos in panels a–c), with the their
color matching that of the photo contours.
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Figure S3 Same as Figure S1 but for the summer 2024 nodes.

6

https://seismica.org/


This is supplementary material for a Research Article in SEISMICA

2024-09-01 2024-09-08 2024-09-15 2024-09-22 2024-10-01 2024-10-08
Date

1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117

St
at

io
n 

na
m

e
Fall 2024 Node data availability

Ti
lte

d 
ge

op
ho

ne
No

 d
at

a
No

n-
til

te
d 

ge
op

ho
ne

Figure S4 Same as Figure S1 but for the fall 2024 nodes.
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Figure S5 Data availability of long-term deployments.
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Figure S6 DAS data availability. The background green and yellow colors indicate times when there is and is not available
data. The color of the dots indicate the percentage of time when the logs indicate the data is correctly synchronized within
each hour.
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Figure S7 a) Comparison between the signal recorded by node 1097 along its E-W component and its co-located DAS chan-
nel during a series of sledgehammer blows nearby. b) ZZ Correlogram between nodes 1017 and 1097. The green lines on the
left and right indicate when nodes 1017 and 1097 receive GNSS signal, respectively. Same as panel a), but after correcting for
the desynchronization of node 1097.
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Figure S8 Optimized velocity vs optimized depth from high BO synthetic events at 0 m, 250 m and 450 m depth in the
spring 2023 array configuration. Blue dashed lines indicate the true depth and velocity of the events. The deeper the event,
the larger the spread in optimized phase velocity, which correlates negatively with optimized depth.
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Figure S9 Averaged error on the inverted location for a) 2023 and b) 2024 arrays, using 125 and 150 starting points, respec-
tively. The dots indicate the location of the starting points and the triangles indicate the station location. The blue dashed
polygon indicate the event location used in panel c). c) Average error on the location as a function of the number of starting
points for the 2023 and 2024 arrays. d) Relative location error decrease between successive number of starting points for the
2023 and 2024 array. The red dashed line indicates the 0.1% threshold used to choose the number of starting points for the
inversion. e) same as panel b) but with 100 additional starting points in the northern part of the array.

10

https://seismica.org/

	Hourly noise correlation functions calculation
	GNSS desynchronization: estimation of clock drift coefficients
	Matched Field Processing computation
	Synthetic test: Determination of the optimum starting point number
	Applying MFP to 2023 and 2024 data

	Synthetic tests
	Resolution on event location
	Parameters affecting Bartlett output: Tilt
	Parameters affecting Bartlett output: Noise level


