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Abstract

Micro ElectroMechanical Systems (MEMS) accelerometers have become increasingly common
in geophysical studies. Despite this, no work has been done to assess the suitability of an array
of MEMS sensors to low-frequency, regional-scale passive seismic studies. Consequently, a
month’s-long deployment of twenty MEMS-based Sercel WING nodes, two Giiralp CMG-
ESPCDS and one 4.5 Hz geophone-Reftek system was undertaken to assess the performance
of MEMS accelerometers in comparison to conventional seismometers. We show that the
WING nodes reliably record over 100 Hz to 0.03 Hz, with a -136 dB broadband noise-floor
between 100 — 1 Hz, and a 1/f noise-floor at frequencies below 1 Hz. The nodes accurately
recorded earthquakes with epicentral distances ranging from 72°to 40 km. In particular, the
low-period (c. 10 - 30s) surface waves of two teleseismic earthquakes were clearly resolved
above the WiNG node’s noise floor. A set of three WiNG nodes deployed in a 3-component
configuration provided an estimate of the crustal thickness beneath Oxford of 39.0 + 2.0 km
using the H-k stacking technique. This compares favourably with the estimate provided by the
conventional 3-component ESPCD (37.9 + 1.3 km) and aligns well with previous results in the
literature. The MEMS-based systems have a number of clear advantages over conventional
systems, including speed of deployment, cost, small size. The strong performance of the WiNG
nodes during this study shows that these MEMS-based accelerometers are well-suited for

passive seismology at a local, regional, and potentially larger scale.
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1 Introduction

Since the early 2000s, Micro ElectroMechanical Systems (MEMS) accelerometers have
become increasingly common in geophysical studies, particularly within the field of seismic
exploration for hydrocarbons (e.g.,Laine and Mougenot, 2007). Conventional seismometers,
such as geophones, rely on a force-feedback system in which an internal mass moves in
response to ground motion. This movement induces a voltage which is proportional to the
ground motion. Closed-loop MEMS sensors, as opposed to open-loop which demonstrate
poorer bandwidth, rely on force-balance systems which work by recording the voltage
required to keep a positive electrode stationary between a pair of negative electrodes
(Herrmann et al., 2021 Liu et al., 2022;). These sensors record in units of acceleration, which
can be readily equated to force. MEMS sensors have a number of advantages over
conventional instruments: their lightweight and compact design makes deploying large
arrays easier, the instrument sensitivity to external factors such as temperature are an order
of magnitude less than standard geophones (Laine and Mougenot, 2014), the sensors lack
the data jitter seen in geophones (Herrmann et al., 2021), and the instrument response in
acceleration is constant across the frequency domain (Tellier et al., 2020). The MEMS
sensors have been widely used in a number of different fields, from regional-local
earthquake detection (e.g., d’Alessandro et al., 2014) and the monitoring of local seismic risk
using dense arrays (e.g., Fulawka et al., 2022), to Martian seismology on the NASA InSight
Mission (Pike et al., 2014; e.g., Lognonne et al., 2020) and ocean-bottom deployments
(Tellier and Herrmann, 2023). Despite this burgeoning utilisation and the proven ability of
MEMS sensors to record well below 1 Hz (e.g., Fougerat et al., 2018), no work has yet

assessed the suitability of an array of MEMS sensors for regional-scale passive seismic
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studies relying on frequencies below 10 Hz. Given the advantages listed above, MEMS
sensors could pose a significant benefit to passive seismic studies if shown to have the
appropriate bandwidth, noise floor and sensitivity. Consequently, we test the suitability of
an array of MEMS-based nodal seismometers to regional passive seismology by comparing
the results of an array of vertical-component Sercel WiNG nodes deployed in Oxfordshire,
UK, to the results for two broadband seismometers (Giralp CMG-ESPCDs) and a 4.5 Hz
geophone (connected to a Reftek-RT130 datalogger) which were deployed coincident to the
nodes. We focus on noise characteristics of the MEMS sensors and the suitability of the
array for ambient noise tomography, as well as the recovery of earthquakes and their
application to crustal thickness estimates using H-k stacking of receiver functions. The Sercel
WIiNG nodes, deployed in partnership with Sercel and equipped with the latest Sercel MEMS
technology called Quietseis, demonstrate all the requirements of a MEMS seismometer
outlined by d’Alessandro et al. (2019). We therefore view them as a representative case

study for the performance of MEMS-based sensors.

2 Methods

2.1 Array details

An array of 20 Sercel WiNG nodes were deployed throughout Oxfordshire between 19th
October - 16th November 2020. The array was approximately 50 km long, and trended NW-
SE (Figure 1). At two sites, the WiNG nodes were deployed alongside more conventional

seismometers. The first site, in central Oxford, hosted a 60s - 100 Hz Giralp CMG-ESPCD and
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a GS-11D 4.5Hz geophone with a RefTek DAS130-01 broadband data logger, and three WiNG

nodes in a 3-component configuration.

Paleogene
Thames Group
Lambeth Group

Cretaceous

Chalk Group
Selborne Group

Lower Greensand Group
Wealden Group
Purbeck Group

Jurassic
Portland Group
Corallian Group

Ancholme Group
Great Oolite Group

Inferior Oolite Group

@® WiNG node

1 @ WING node + ESPCD + Geophone-Reftek station

WiNG node + ESPCD

Figure 1. Deployment map. The BGS 1:50K EW236 Whitney Bedrock map is reproduced with the permission of the British
Geological Survey © UKRI 2023. All Rights Reserved.

The second site in north Oxfordshire hosted a 60s - 50 Hz Giiralp CMG-ESPCD and a single,
vertical-component WiNG node. Both ESPCDs were directly buried, in vaults ~1m deep. The
pits were backfilled with soil and sand. The geophone was also buried to a depth of ~30cm.
The WiNG nodes were lightly buried such that the top of the casing was a maximum of 5cm
below the surface. Unlike the geophone and the ESPCD, the WiNG nodes have an internal
GPS system. Consequently, the nodes need a shallow burial to prevent loss of the GPS signal.

Alternatively, the nodes can be spiked into the ground (Figure 2).
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Figure 2. Deployment techniques for the WiNG nodes.

2.2 Instrument specifications and response

The Sercel WiNG nodes are vertical-component only and use a closed-loop MEMS
accelerometer to record ground motion with an adjustable sampling frequency from 250 to
1000 Hz. They are approximately 750g and are fully self-contained with their own internal
GPS and battery. The battery lasts between 30 - 50 days, depending on the instrument set-
up. According to the manufacturers, the MEMS sensor has a constant amplitude response
across the frequency domain, with a bandwidth of 0 (DC) to 400 Hz. The noise floor is
purported to be 15 ums=2/ vVHz, with a constant clip level of 5 ms™2, resulting in a frequency-
independent dynamic range of 128 dB. The incoming acceleration signal is recorded as a
24bit output, ranging from —223to 223, To be converted back into acceleration, this bit-value
must first be converted into voltage using a scalar value unique to the array (in this case, 67
uV/count). The voltage can then be converted into acceleration using the instrument’s
sensitivity value of 0.425 V/ms-2. This sensitivity correction is independent of frequency.

The manufacturer states a phase accuracy of < 20 us, which is equivalent to a frequency of
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50 kHz. As such, no phase correction is required for the frequency range of interest (Figure
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Figure 3. Instrument response Bode plot. (A) WiNG nodes. (B) GS-11D 4.5Hz geophone and RefTek DAS130-01 broadBand
data logger. (C) 60s - 100 Hz Gtiralp CMG-ESPCD.

Two different broadband seismometers were used in the deployment: a 60s - 50 Hz Giiralp
CMG-ESPCD and a 60s - 100 Hz Giiralp CMG-ESPCD. These instruments are conventional
broadband seismometers, measuring ground velocity, which have been extensively used for
passive seismology. They rely on a system of internal masses coupled with an external
battery and GPS unit. These instruments have a flat response in velocity relative to frequency
over the given bandwidths, and a noise-floor below the New Low Noise Model (NLNM) of
Peterson (1993). The ESPCD has a sensitivity of 6000 V/ms™ within the bandwidth, a clip
level of 20 V (equivalent to 3.3 mms™), and a dynamic range of 165 dB at 1 Hz. Although the
clip-level is lower than the WiNG node, the ESPCD have a lower noise-floor and are therefore
able to attain a larger dynamic range. Like the WiNG node, the ESPCD uses a 24-bit digitizer.
This digitizer has a nominal sensitivity of 1 uV/count, meaning that the total amplitude
correction from counts to velocity is 3 x10° over the instrument’s bandwidth. Over these

frequencies, a phase correction is also required (Figure 3C).
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Finally, one GS-11D 4.5Hz geophone was deployed with a RefTek DAS130-01 broadband data
logger. This is a force-feedback system, with a constant frequency response above 4.5 + 0.75
Hz. Geophones are conventionally used for monitoring frequencies above their resonant
frequency and below a specific spurious frequency (Faber and Maxwell, 1997), however
methods such as noise cross-correlation has been successfully applied on geophone data to
yield lower frequency information (e.g., Wang et al., 2019). Below the resonant frequency,
the sensitivity decays proportional to a damping factor (Havskov and Alguacil, 2016). Above
its resonant frequency, the GS-11D geophone has an open-circuit sensitivity of 32 V/ms™
and an open-circuit damping of 34%. The clip-level and noise floor data are not specified by
the manufacturer. Like the ESPCDs, a frequency-dependent phase correction is required on

the velocity data (Figure 3B).

2.3 Noise analysis and ambient noise tomography

To ascertain the potential applications of an instrument, it is crucial to understand the
performance of said instrument over the frequency range of interest. For microseismic
detection, frequencies between 1 - 50 Hz would be standard whereas regional to sub-
regional scale surface wave analysis would require frequencies below 1 Hz. As such, the
MEMS sensors need to demonstrate a wide bandwidth if they are to be of use in passive
seismology. To examine this, probabilistic power spectral densities were constructed for the
co-located WiNG node, ESPCD and geophone following the methodology of NcNamara and
Buland (2004). First, the instrument response was removed and the ESPCD and geophone

data were differentiated into acceleration. The data were then downsampled to 250 Hz,
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representing a factor of four for the geophone, a factor of two for the MEMS sensor and no
downsampling for the ESPCD. Then the time window of interest (in this case, 1 day) was split
into sliding windows of 60mins, with a 50 % overlap between windows. The Power Spectral
Density, PSD, ((ms?)?/Hz) was calculated using the Welch Method for each window, and then
converted into decibels relative to 1(ms?)?/Hz. These are the units used by the noise models
of Peterson (1993). The PSDs were then downsampled into 1/8th octave bins, and the

probability was calculated following Equation 4 of McNamara and Buland (2004).

Ambient Noise Tomography (ANT), and in particular array beamforming of the cross
correlations, were used to examine the frequency range of surface waves recorded by an
array of WiNG nodes and to assess the suitability of the array to ambient surface wave
tomography. ANT uses the phase information of cross-correlations between the ambient
recordings of pairs of stations to examine the velocity structure within an array. We
performed 1-bit amplitude normalisation, downsampling to 4Hz and a moving-average
frequency normalisation (“spectral whitening”) to the raw seismograms (Bensen et al.,
2007). The seismograms for each instrument were binned into 4hr-long sections, and the
cross-correlation for each station-pair was calculated for each bin. We then took a linear
stack of each individual cross-correlation to create a final cross-correlation for each station
pair (420 total). We only included the WiNG nodes in the analysis, as we wanted to
determine their performance alone. Following stacking, we performed array-scale
beamforming (following Gerstoft et al., 2006) to determine the phase velocity of waves
travelling through the entire array. The average phase velocity for the array provided by this

step is useful for resolving the cycle ambiguity when determining the dispersion for
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individual station-pair cross correlations. The phase dispersion for all station-pairs were
estimated by unwrapping the phase of the Fourier transformed noise cross correlations
using the average phase velocity to determine the number of cycles at the longest period.
The observed phase from all useable station pairs at each period of interested was then
inverted for 2-D phase velocity maps across the region using a damped, weighted least-
squares following Harmon and Rychert (2016). The inversion uses a nodal parameterization,
where the phase velocity at each point in the map is a weighted average of the nearby
nodes. We use the average phase velocity at each period from the beamforming as our
uniform starting velocity. A damping parameter of 0.2km/s was chosen based on previous
work (Rychert and Harmon 2016), with a constant weighting throughout the model. To
generate a shear velocity model from points of interest from the phase velocity maps,
pseudo-dispersion curves at each point across the maps at all periods were generated and
then inverted for S-wave velocity with depth using an iterative non-linear inversion (Rychert
and Harmon ,2016; Tarantola and Valette, 1982). The inversion starting model consisted of
30 layers, each 1km thick, with an initial velocity of 4.2 km/s for each layer, following
Hermann (2013). A chi-squared objective function was used, with each 1D profile achieving a

value below 1, indicative of a good-fit.

2.4 Earthquake analysis

The analysis of earthquakes, on a regional and local scale, is fundamental to many
techniques in seismology. MEMS sensors must reliably detect and record these earthquakes

if they are to be of wide use. Teleseismic earthquakes are of particular interest, because the

10
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sensor would need to have a low enough noise floor to suitably detect highly attenuated,
low frequency waves. As such, the performance of the MEMS sensors was examined for two
teleseismic earthquakes (MW 7.0 from Greece, MW 7.6 from Alaska) and several more local

earthquakes.

2.4.1 Arrival time analysis

Arrival time analysis, using the conventional short-term average — long-term average
(STA/LTA) technique of Withers (1998), was performed on the MW 7.0 Greece earthquake,
the MW 7.6 Alaska earthquake, and a MW 0.9 Stoke-on-Trent earthquake. This was done to
assess the signal-to-noise ratio achieved by the MEMS sensor (proxied by the STA/LTA value),
and the reliability of the MEMS sensor detection when compared to the arrival times from
the ESPCDs and geophone. The conventional STA/LTA technique computes the ratio of the
average absolute amplitude in the ‘short time’” window against the average absolute
amplitude in the 'long time’ window. A threshold ratio value is used as a ’trigger’; an
earthquake arrival is "triggered’ once the ratio value exceeds that of the pre-set threshold.
The analysis was performed on acceleration data, and a suitable bandpass filter was applied

prior to analysis. The frequency values used for each analysis can be found in Supplementary

2.4.2 Receiver Functions

Arrivals from teleseismic earthquakes can be used to examine the crustal structure beneath

the recording instrument. One such method is known as H-k stacking (Zhu and Kanamori,

11
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2000), which uses Receiver Functions (RF) to provide an estimate of crustal thickness (H) and

the bulk crustal V,/V;sratio (k), following Equation 1.

Equation 1

N

s(H,k) = Zwlrj(tl) + war;(ta) — warj(ts)

Where N is the number of receiver functions, wi, w,, ws are stacking weightings, ti, t,, ts; are
the travel times of the Ps, PpPs and PsPs+PpSs phase respectively, and rj(t;) are the
amplitudes of the respective phases. We calculated RFs using the time-domain iterative
deconvolution method of Ligorria and Ammon (1999), with Gaussian width factors of
between 0.8 — 4.0. Receiver functions with an iterative deconvolution variance below 80 %
were rejected automatically, and the remaining receiver functions were visually inspected.
Following the modified H-k stacking approach of Ogden et al. (2019), which overcomes some
of the parameter sensitivity issues discussed therein, we computed 1,000 individual H-k
results using the calculated RFs and randomly selected input parameters for each station of
interest. Cluster analysis is then used to determine the best-fitting result as well as the
reliability of the result for that station. RF analysis requires 3-component systems as it
involves the deconvolution of the radial component from the vertical component
seismograms. Consequently, we are unable to perform RF analysis on a single node because
the WiING nodes record vertical-component information only. However, the MEMS

accelerometer is not sensitive to the component direction. Therefore, we performed RF
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analysis on the 3C-WiNG system and compared the result to that obtained from the

conventional 3-component ESPCD deployed at the same site.

3  Results

3.1 Ambient noise analysis

The Probabilistic Power Spectral Densities (PPSD) illuminate several key differences between
the co-deployed 60s - 100 Hz ESPCD, 4.5 Hz geophone, and the WiNG node (MEMS sensor)
(Figure 4).

PDF | max = 38% of 47 time windows
2020-11-05T00:00:00.000000Z - 2020-11-05T23:59:59.996000Z

PDF | max = 100% of 47 time windows
2020-11-05T00:00:00.000000Z - 2020-11-05T23:59:59.996000Z

Hom
Probability Density Furction (5}

self-noise of an EpiSensor 90
accelerometer

4.5 Hz Geophone (250 Hz)

1
-
o
=3

107 10°
periad (s)

U
o
N
o
o
=4

i C 2020-11-05T00:00:00.000000Z - 2020-11-05723:59:59.996000Z
-140 B

|
_160 Observed 1/f self-noise

Amplitude (db)

£
<
=)
I
2
5
Z
z
50 G PDF | max = 85% of 47 time windows
2
g
fa
z
o
©
3
2
I

-180

tude (db)
|
5
2

WiNG (250 Hz) 10 5

=200 0

Ampl

-
rabability Density Function (%)

|
]
3

Period {(s)

-180

—200 L)
102 10 100 10! 10¢
Period is)

Figure 4. Probabilistic Power Spectral Density analysis on 5th November 2020. A) WiNG node. B) Geophone. C) ESPCD.
Each instrument has a sampling frequency of 250 Hz in units of acceleration for this analysis. The solid black lines are
the New High Noise Model (top) and New Low Noise Model (bottom) of Peterson (1993).

This site was located in central Oxford, and consequently has a high level of anthropogenic
noise between 100 - 10 Hz. All of the three instruments show a similar topology between
100 - 10 Hz, with amplitudes of between -130 to -85 dB and clear peaks at approximately 90

Hz and 10 Hz. The geophone and ESPCD both show higher amplitudes throughout this

13
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frequency range, which may be due to being closer to the source of the noise or more likely
to do with a higher degree of coupling with the ground. The WiNG node was buried in
topsoil, which may have contributed a degree of damping of the high frequency signals,
while the geophone was buried more deeply (approximately 30cm), and the ESPCD was
buried even more deeply (approximately 1m). All three instruments then see a reduction in
amplitude for signals between 10 to 1 Hz. The ESPCD shows an amplitude reduction of c. 70
dB and the WiNG node shows a reduction of c. 60 dB. The geophone displays a smaller
change of only c. 25 dB, likely due to the geophone’s resonance at 4 Hz. Nevertheless, the
reduction in amplitude seen by each instrument corresponds well with the reduction seen in
the New High Noise Model (NHNM) of Peterson (1993). The MEMS sensor and the ESPCD
both show a tightly clustered amplitude of approximately -135 to -140 dB, and bottoms out
at 1Hz. On the other hand, the geophone bottoms out at around 4 Hz, and exhibits a
significant spread in amplitude from -140 dB up to -120 dB. This larger spread in amplitude

no doubt corresponds to the change in behaviour of the geophone at its resonant frequency.

At periods larger than 1 s, the behaviour of the three instruments diverges. Below 1s, the
WIiNG node displays a broadband noise floor of 15 ums=/VHz, equivalent to a constant noise
of -136dB. Signals with amplitudes below this noise floor would not be distinguishable from
the background random noise of the sensor. This is some way above the New Low Noise
Model (NLNM) of Peterson (1993), suggesting that the sensors would not perform well in
seismically quiet areas. Above 1s, the WiNG node shows a tightly clustered amplitude with a
slope of 1/f. This is a well-known feature of electrical circuits known as ‘flicker noise’ or ‘pink

noise’ and decreases the dynamic range of the sensor at the affected periods (Sleeman et

14
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al., 2006). As with the broadband noise floor, any signal of interest would need to have an
amplitude above the 1/f noise if it were to be adequately detected. The primary microseism
at 5 - 8s is an example of such a signal, which can be clearly seen above the noise floor. The
noise floor of a widely used force-balance accelerometer known as the EpiSensor is plotted
for comparison, after Koymans et al. (2021). The WiNG node displays a lower noise floor,
making it more suitable for passive seismology. The geophone also records the primary
microseism, although the variation in amplitude of -125 to -115dB is likely caused by the
resonance of the geophone and does not present variations in the primary microseism itself.
This is surmised because the ESPCD displays a tight clustering of amplitude at -115 dB for
the primary microseism Beyond the primary microseism, the geophone displays a linear
drop in amplitude. This is indicative of a drop in sensitivity and suggests that the corner of
the bandwidth has been exceeded. As already mentioned, the ESPCD displays a clear
primary microseism, and a secondary microseism can also be detected at around 12- 15s.
The strength of this secondary microseism clearly varies with the time window. Above 30s,
the ESPCD exhibits a plateau in amplitude indicative of ‘the hum’ (Kobayashi and Nishida,
1998 etc.). The amplitudes observed by the ESPCD fall well within the NHNM to NLNM
window at periods above 1s and are consequently above the stated noise floor of the

instrument.

3.2 Ambient Noise Tomography

The flicker noise displayed by the WiNG nodes below 1Hz is random (Halford, 1986).

Consequently, cross-correlations between pairs of stations will be independent of flicker

15



318 noise when stacked over a sufficient period of time. The cross-correlation of the ambient
319 noise between the 20 station pairs creates a clear moveout of approximately 3 km/s, which

320 isindicative of Rayleigh waves travelling through the array of WiNG nodes (Figure 5A).
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322 Figure 5. A) One-side cross-correlation moveout. The blue line corresponds to a velocity of 3 km/s. B) Array beamforming
323 surface wave dispersion.

324

325  The array beamforming of these cross-correlations demonstrates that the array can detect
326  surface waves with periods of at least 7.5s (Figure 5B). The phase velocities are all within an
327  expected range of 2.8 - 3.5 km/s. The maximum station separation in the array is

328 approximately 50km. Given that the phase velocity of a given surface wave can only be

329  accurately determined if the station separation is equal to at least 2 wavelengths (Harmon et
330 al., 2008), the 7.5 s limit was imposed on the array by the station separation. As will be

331 shown in Section 3.3, the WiING nodes can reliably record signals below 20 seconds.

332  The 2D surface-wave phase velocity maps, and associated error maps, constructed for the
333  range of periods found in the array beamforming demonstrate that the array is detecting

334 lateral velocity contrasts greater than the measurement error (Figure 6). The phase velocity
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map for a 3s surface wave (Figure 6A) shows many similarities to the geological map of

Figure 2, suggesting that the detected velocity contrasts are realistic.
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Figure 6. 2D phase velocity maps. A) Phase velocity map of 2.5s wave. B) Error in the phase velocity measurements at
2.5s. C) Phase velocity map of 5.5s wave. D) Error in the phase velocity measurements at 5.5s.

A representative surface wave dispersion curve was constructed for the profile using the
phase velocity maps for each period of interest and inverted for S-wave velocity against
depth (Figure 7A, B). The sensitivity of the surface waves for the period range of interest
shows a peak sensitivity to depths between 2-10km, followed by a steady decline in
sensitivity to a maximum depth of 20km (Figure 7C). The “best” S-wave solution comprised
4km layers with a stepwise increase in S-wave velocity, from a minimum of 2.6 km/s at the

surface to a maximum of 3.9 km/s at a depth of 20 km. The large step increase in velocity
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below 4km likely represents the sediment-basement interface, because the outcropping

geology comprises Jurassic - Paleogene lithified sediments (Woodcock & Stachan, 2012).
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Figure 7. 1D S-wave inversion. A) The observed dispersion curve, and the forward modelled dispersion curve. B) The
resulting S-wave velocity profile. C) The depth sensitivity of the surface waves used in the inversion.

3.3 Earthquake analysis

For the MEMS accelerometer to prove useful to the field of passive seismology, it must be
able to detect local to teleseismic earthquakes. This provides several tests for the sensor. In
particular, the low frequency arrivals associated with teleseismic earthquakes, such as the <
1Hz surface waves, must be above the 1/f noise floor if they are to be adequately resolved at
individual stations. For more local earthquakes, the high frequency arrivals need to be

resolved from the background anthropogenic noise.
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364 A MW 7.6 earthquake from Alaska was recorded by the array on 19th October 2020, from an
365 epicentral distance of 72 °(British Geological Survey, 2020) (Figure 8). The Power Spectral
366  Density plot shows that both the WiNG node and the ESPCD measure a peak in amplitude at
367  periods of 20 - 30s, corresponding to the arrival of the low period surface wave (Figure 8A).
368  This arrival is well above the 1/f noise floor of the MEMS sensor so can be clearly resolved.
369 In contrast, the geophone which shows a far broader area of increased amplitude. The lower
370 amplitude of the WiNG node peak (-95 dB) in comparison to the peak of the ESPCD (-75dB)
371 s likely caused by the higher quality of coupling between the ESPCD and the ground

372  provided by the deep burial of the seismometer.

A -60
— ESPCD
Geophone
—80 1 — wiNG
—— NHNM and NLNM
-100 4
a
2 -120
@
3
2
S —140
2 -140
5
~160 +—7"
-180
WING noise floor
——
-200 - -
102 101 10° 10! 10?
Period (s)
B G e L.
i | e o]
o 50 e
oo = b
- e
oo 1
0
Toroei - P T s oo e w -
C H . M e
() 1| 12| ()
" o Al |
2 U} il -ae i
- -
00 P T ET T S o w
D .. | N .o
=) =] o] T
18 o4 i
L J| "
L5 o4 e
on -2
s I as
riioe w P T Er= oo P w o
E .. J . 0.
[ 30 w
o 1 o
0
o
s
F K .. P .
o 12 o M=
ar 2
o o
373 T S ET EE™ st aden FEm pr m osiste | aideos e Fr=y prSy

374 Figure 8. Instrument response to a MW 7.6 Alaska earthquake on 19th Oct. 2020. A) Instrument Power Spectral Density,
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376 low-pass filter, respectively.
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With a low-pass filter of 1 Hz, all three instruments show a clear P-wave arrival (Figure 8B, G,
L). The surface wave train is clear in the ESPCD and WiNG record, but largely absent from the
geophone data. At a low-pass filter of 10 Hz, the surface waves dominate the signal. The
ESPCD and WING data are similar, although the WiNG node has a higher noise floor (Figure 8
C, H). The surface wave train is not smoothly recorded by the geophone, although similar
arrivals can be identified (Figure 8M). The dispersion of the surface waves can be clearly
observed in the WiNG and ESPCD data. For example, the arrival time of the surface wave
train with a 20 Hz low-pass filter (Figure 8D) is later than the 30 Hz filter (Figure 8E), which is
later than the 40 Hz filter (Figure 8F). The WiNG node reliably records signals down to 20 Hz
(Figure 8I). At 30 Hz, a surface wave arrival can still be seen (Figure 8)J), although the noise
floor is high and some of the signal is clearly lost. No signal is observed below 40 Hz (Figure
8K). Although this performance is notably worse than the broadband ESPCD, these results

show that MEMS accelerometers are capable of reliably recording low-frequency arrivals.
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Figure 9. The response of the WiNG node array to the Greece Earthquake (MW 7.0), 30th Oct. 2020. A bandpass filter of
0.05 - 1 Hz has been applied. The blue plots correspond to nodes that were buried underground. The red plots correspond
to nodes that were spiked into the ground.

The strong performance of the WiNG node at low frequencies is repeated for the MW 7.0
earthquake from Greece, which occurred at an epicentral distance of 24°(USGS, 2020). The
earthquake can be clearly seen arriving at all of the deployed node stations (Figure 9). Akin
to the Alaska earthquake, a clear P and surface wave arrival can be observed, and the
amplitude of the arrivals is demonstrably higher than the sensor noise floor (Figure 10). The

WING nodes also perform well in regional and local earthquakes. The MW 2.7 North Sea
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earthquake (epicentral distance of 6.45°(BGS,2020)) shows clear arrivals between 3 - 6 Hz
(Figure 10A,B), and the low MW 0.9 Worcester earthquake (epicentral distance of 0.64°(

British Geological Survey, 2020) can also be distinguished from the background noise (Figure

10D, E).
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Figure 10. Response of the WiNG node to a selection of earthquakes. A) WiNG node response to the MW 2.7 North Sea
earthquake; B) A continuous-wavelet-transform analysis of the North Sea earthquake. C) PPSD analysis of 30th Oct.
2020, featuring the MW 7.0 Greece earthquake; D) WiNG node response to the MW 0.9 Worcester earthquake; E) A
continuous-wavelet-transform analysis of the Worcester earthquake; F) PPSD analysis of 19th Oct. 2020, featuring the

MW 7.6 Alaska earthquake MW 7.6 Alaska.
3.3.1 Arrival time analysis

Arrival-time analysis was performed on a selection of regional and teleseismic earthquakes
(Figure 11). For this analysis, the geophone and ESPCD data were differentiated into units of

acceleration to provide a fair comparison between the instruments. This is particularly
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important because acceleration data features a -90°C phase shift relative to velocity.
Seismograms from the ESPCDs have been plotted below the STA/LTA picks to validate the
results. The first earthquake analysed was a MW 1.3 from Stoke-on-Trent, with an epicentral
distance of 1.27°(British Geological Survey, 2020) (Figure 11A, B, C). As observed in the
seismograms, the high noise levels of Oxford made this earthquake undetectable at many

stations (Figure 11C).
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Figure 11. SSTA/LTA plots for a selection of earthquakes. A) MW 1.3 Stoke-on-Trent STA/LTA. B) Response of the 60s - 100
Hz ESPCD to the Stoke-on-Trent earthquake. C) Response of the 60s - 100 Hz ESPCD to the Stoke-on-Trent earthquake. D)
MW 7.0 Greece STA/LTA; E) Response of the 60s - 100 Hz ESPCD to the Greece earthquake; F) MW 7.6 Alaksa STA/LTA; G)
Response of the 60s - 100 Hz ESPCD to the Alaska earthquake.

This manifests in a poor-quality pick at several of the stations. However, there is a clear trend
of picks at approximately 50 seconds, which clearly aligns with the ESPCD seismogram and
demonstrates that an array of nodes can be utilised to detect earthquakes with relatively low
amplitudes. The further two arrival plots are the Alaska (Figure 11D, E) and Greece (Figure

11 F, G) earthquake. The strong alignment of picks at 125s and 110s respectively
demonstrate the quality of picking achieved by the WiNG nodes. The WiNG nodes also have

comparable, and in some cases, higher STA/LTA values than the ESPCDs, suggesting a
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comparable signal-to-noise ratio. The performance of the nodes, and the abundance of

nodes readily deployed within an array would clearly lend itself well to earthquake detection

and location algorithms such as QuakeMigrate (Winder et al., 2020).

3.3.2 Crustal thickness estimate

Due to the short deployment time of only 28 days, there were only four earthquakes within

30°-90° epicentral distance from which to calculate receiver functions, and only one of these

earthquakes produced an adequate receiver function (the Alaska earthquake of Figure 8).

Nevertheless, both the ESPCD and the 3C-WiNG system recorded this earthquake and

therefore a comparison between the ESPCD-derived RF and the WiNG-derived RF is possible

(Figure 12).
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Figure 12. Receiver functions calculated for the MW 7.6 Alaska earthquake on 19th Oct. 2020. A) 2.0 Hz RF for the 3C-
WiNG system. B) 1.0 Hz RF for the 3C-WiNG system. C) 2.0 Hz RF for the 60s - 100 Hz Giiralp ESPCD. D) 1.0 Hz RF for the

60s - 100 Hz ESPCD.
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The RFs are shown for both 1.0 Hz and 2.0 Hz, corresponding to a Gaussian width factor of
2.0 and 4.0 respectively. The WiNG-derived RF shows a strong similarity with the ESPCD-
derived RF at each frequency, particularly within the 0 — 10s range. The ESPCD system
provided a crustal thickness estimate of 37.9 + 1.3 km and a Vp/Vs ratio of 1.78 + 0.02
(Figure 13A), while the 3C-WiNG system provided a crustal thickness estimate of 39.0 £ 2.0

km and a Vp/Vs ratio of 1.77 £ 0.04 (Figure 13B).
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Figure 13. H-k stacking results. A) 60s - 100 Hz Giiralp ESPCD. B) 3C-WiNG system.

These two estimates of crustal thickness both agree within error. Although these results are
only based on a single earthquake, the values align well with the crustal thicknesses (36 — 39
km) and Vp/Vs ratios (1.72 — 1.77) calculated by Tomlinson et al. (2006) for the Midland

Microcraton, on which Oxford lies.
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4 Discussion

The MEMS sensor has been shown to record accurate information over a wide range of
frequencies suitable for passive seismology. The self-noise of an instrument is a fundamental
limit on its ability to record events. The WiNG nodes are characterised by a broadband
noisefloor of -136dB for periods between 1s to 0.01 s. This is significantly below the NHNM,
so signals within this frequency range will likely be recorded reliably. At periods above 1s,
“flicker” noise with a slope of 1/f exceeds the broadband noise-floor and surpasses the
NHNM at around 15 - 20s period. Consequently, it is possible that arrivals in this frequency
range may be masked by the “flicker” noise. However, this study has shown that low-
frequency surface waves from teleseismic earthquakes were well resolved in both time and
frequency domain, with reliable measurement down to 30s. At periods less than 30s, the
WING data compares well with that of the ESPCD (Figure 8). It should be noted that the
WIiNG nodes were all deployed in relatively water-rich topsoil, with only centimetre-scale
burial, whereas the ESPCDs were directly buried in vaults ~1m deep. As such, the 30s limit
may represent a coupling or damping issue and the low-frequency limit might improve at

drier, firmer sites.

The random nature of the flicker noise also meant that cross-correlation techniques proved
able to extract meaningful phase information from ambient surface waves travelling across
the array, down to a period of 8s. Given the low-frequency performance of the WiNG nodes,
the 8s limit of the ambient noise tomography is more than likely imposed by the relatively

small instrument spacing within the array. It seems probable that the WiNG nodes could be
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used for regional and country-scale ambient noise and earthquake surface-wave tomography
studies if an appropriate instrument spacing is used. The pseudo-3C WiNG system

performed well for the receiver function analysis, providing a crustal thickness estimate
within error of that achieved by the conventional ESCPD. The WiNG system had a larger
error to its estimate, but that can largely be accounted for by the lack of rigid orthogonality
and potential tilting provided for the 3 separate WiNG nodes (doubling as the three separate
components) during the deployment. The manufacturer of the WiNG nodes has developed a
metal stage to ensure orthogonality and reduce the effects of tilting. Given this, the WiNG

nodes are certainly suitable for receiver function analysis.

The WiNG nodes, and other such nodal systems which rely on a MEMS accelerometer, have
many clear advantages over the conventional seismometer systems. The nodes are
significantly cheaper, costing £100s in comparison to the average ESPCD set-up costing
£10,000s. The nodes can be deployed within a matter of minutes, versus a number of hours
for the average ESPCD deployment. The nodes leave a far smaller surface footprint once
deployed, which greatly helps with site security. The nodes are fully integrated so require no
supporting equipment, and therefore provide a smaller logistical challenge when deploying a
large array. The low cost, smaller size, and high speed of deployment means a large array of
instruments can be deployed more easily and in a smaller time frame. However, the
integrated nature of the nodal systems presents several disadvantages when compared with
conventional seismometers. The internal GPS means that the node cannot be buried to a
great depth because this would obscure the signal of the GPS. Geophones and ESPCDs rely

on external GPS systems, meaning the seismometers can be buried at any depth and
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510 connected to a GPS on the surface. This increased depth of burial improves coupling with the
511 ground, as can be seen by the higher amplitudes of the teleseismic arrivals in the ESPCD data
512  when compared to the WiNG node data. The burial also shields the seismometer from

513  signals of no interest, such as shallow anthropogenic noise. Finally, deep burial does make
514  the seismometer more difficult to recover which can deter would-be thieves. The nodes also
515 rely on aninternal battery, which means that they can only record for a maximum of 50 days.
516  For longer deployments, this means multiple trips into the field for re-charging. A final

517 disadvantage of the MEMS sensor is the flicker noise below 1 Hz, which is an attribute of all
518 electronic circuits. This means that low amplitude signals could be obscured by the noise-
519 floor of the sensor, particularly at low-noise sites and especially at periods greater than 15 -

520  20s where the noise surpasses the NHNM.

521 5 Conclusions

522  This study has shown that the WiNG nodes reliably record over 100 Hz to 0.03 Hz, with a -
523 136 dB broadband noise-floor between 100 — 1 Hz, and a 1/f noise-floor at frequencies

524  below 1 Hz. The nodes accurately recorded a range of earthquakes, with a epicentral

525  distances from 72°to 40 km. In particular, the low-period (c. 10 - 30s) surface waves of two
526  teleseismic earthquakes were clearly resolved above the sensor’s noise floor. The cross-

527  correlation of pairs of nodes provided information on ambient surface waves down to

528 periods of 8s, which provided sensitivity to seismic velocities down to a depth of 20 km. The
529  8s limit represents a limit enforced by the maximum station separations within the array and
530 not the instruments themselves. A set of three WiNG nodes deployed in a 3-component

531  configuration provided an accurate estimate of the crustal thickness beneath Oxford of 39.0
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+ 2.0 km using the H-k stacking technique on a calculated receiver function from a
teleseismic MW 7.0 earthquake in Alaska. This estimate is in error of the estimate provided
by the conventional 3-component ESPCD of 37.9 + 1.3 km and aligns well with previous
results in the literature. The nodal systems have a number of clear advantages over
conventional systems, including speed of deployment, cost, small size. These advantages
mean a large array of MEMS sensors could be deployed cheaply, easily and in a short time
frame. The disadvantages include the restricted depth of burial, which reduces coupling and
increases noise levels, and the limited life of the internal battery system. In conclusion, the
strong performance of the WiNG nodes at frequencies above and below 1 Hz, in both
ambient noise and earthquake analysis, shows that MEMS-based nodes are well-suited for

passive seismology studies at a local, regional, and potentially larger scale.
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Figure captions:

Figure 1: Deployment map. The BGS 1:50K EW236 Whitney Bedrock map is reproduced with

the permission of the British Geological Survey © UKRI 2023. All Rights Reserved.

Figure 2: Deployment techniques for the WiNG nodes.

Figure 3: Instrument response Bode plot. (A) WiNG nodes. (B) GS-11D 4.5Hz geophone and

RefTek DAS130-01 broadBand data logger. (C) 60s - 100 Hz Guiralp CMG-ESPCD.

Figure 4: Probabilistic Power Spectral Density analysis on 5th November 2020. A) WiNG
node. B) Geophone. C) ESPCD. Each instrument has a sampling frequency of 250 Hz in units
of acceleration for this analysis. The solid black lines are the New High Noise Model (top)

and New Low Noise Model (bottom) of Peterson (1993).

Figure 5: A) One-side cross-correlation moveout. The blue line corresponds to a velocity of 3

km/s. B) Array beamforming surface wave dispersion.

Figure 6: 2D phase velocity maps. A) Phase velocity map of 2.5s wave. B) Error in the phase
velocity measurements at 2.5s. C) Phase velocity map of 5.5s wave. D) Error in the phase

velocity measurements at 5.5s.

Figure 7: 1D S-wave inversion. A) The observed dispersion curve, and the forward modelled
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dispersion curve. B) The resulting S-wave velocity profile. C) The depth sensitivity of the

surface waves used in the inversion.

Figure 8: Instrument response to a MW 7.6 Alaska earthquake on 19th Oct. 2020. A)
Instrument Power Spectral Density, in units of acceleration decibels relative to 1. (B, C, D, E,
F) ESPCD acceleration data witha 1s,10s, 20's, 30 s and 40 s low-pass filter, respectively.
(G, H, I, J, K) WiNG node acceleration data witha 1s,10s, 20s, 30 s and 40 s low-pass filter,
respectively. (L, M, N, O, P) 4.5 Hz geophone acceleration data witha 1s,10s,20s,30s and

40 s low-pass filter, respectively.

Figure 9: The response of the WiNG node array to the Greece Earthquake (MW 7.0), 30th
Oct. 2020. A bandpass filter of 0.05 - 1 Hz has been applied. The blue plots correspond to
nodes that were buried underground. The red plots correspond to nodes that were spiked

into the ground.

Figure 10: Response of the WiNG node to a selection of earthquakes. A) WiNG node
response to the MW 2.7 North Sea earthquake; B) A continuous-wavelet-transform analysis
of the North Sea earthquake. C) PPSD analysis of 30th Oct. 2020, featuring the MW 7.0
Greece earthquake; D) WiNG node response to the MW 0.9 Worcester earthquake; E) A
continuous-wavelet-transform analysis of the Worcester earthquake; F) PPSD analysis of

19th Oct. 2020, featuring the MW 7.6 Alaska earthquake MW 7.6 Alaska.
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Figure 11: STA/LTA plots for a selection of earthquakes. A) MW 1.3 Stoke-on-Trent STA/LTA.
B) Response of the 60s - 100 Hz ESPCD to the Stoke-on-Trent earthquake. C) Response of the
60s - 100 Hz ESPCD to the Stoke-on-Trent earthquake. D) MW 7.0 Greece STA/LTA; E)
Response of the 60s - 100 Hz ESPCD to the Greece earthquake; F) MW 7.6 Alaksa STA/LTA; G)

Response of the 60s - 100 Hz ESPCD to the Alaska earthquake.

Figure 12: Receiver functions calculated for the MW 7.6 Alaska earthquake on 19th Oct. 2020.

A) 2.0 Hz RF for the 3C-WiNG system. B) 1.0 Hz RF for the 3C-WiNG system. C) 2.0 Hz RF for

the 60s - 100 Hz Giiralp ESPCD. D) 1.0 Hz RF for the 60s - 100 Hz ESPCD.

Figure 13: H-k stacking results. A) 60s - 100 Hz Giiralp ESPCD. B) 3C-WiNG system.
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