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Abstract We present an earthquake source inversion using a single time series produced by integrated
fiber-optic sensing in a phase noise cancellation (PNC) system used for frequency metrology. Operating on a
123km long fiberbetweenBernandBasel (Switzerland), thePNCsystemrecorded theMw3.9Mulhouseearth-
quake that occurred on 10 September 2022 around 10 km north-west of the northern fiber end. A generalised
least-squares inversion in the 4 - 13 s period band constrains the components of a double-couple moment
tensor with an uncertainty that corresponds to ∼0.2 moment magnitude units, nearly independent of prior
information. Uncertainties for hypocenter location and original time are more variable, ranging between 4 -
20 km and 0.1 - 1 s, respectively, depending on whether injected prior information is realistic or almost ab-
sent. This work is a proof of concept that quantifies the resolvability of earthquake source properties under
specific conditions using a single-channel stand-alone integrated (non-distributed) fiber-opticmeasurement.
It thereby constitutes a step towards the integration of long-range phase-transmission fiber-optic sensors into
existing seismic networks in order to fill significant seismic data gaps, especially in the oceans.

1 Introduction

Fiber-optic deformation sensing promises to close im-
portant seismic data gaps. The most widespread tech-
nology, Distributed Acoustic Sensing (DAS), offers a
channel spacing in the meter range and a frequency
bandwidth from milli- to kilohertz (e.g., Hartog, 2017;
Lindsey et al., 2020; Paitz et al., 2021), which is often dif-
ficult to achievewith conventional seismometers. Using
specially deployed fiber-optic cables or leveraging exist-
ing telecommunication infrastructure, DAS has opened
up new opportunities in urban seismology (e.g., Dou
et al., 2017; Spica et al., 2020b; Fang et al., 2020; Bow-
den et al., 2024), volcanology (e.g., Jousset et al., 2018;
Klaasen et al., 2021; Jousset et al., 2022; Klaasen et al.,
2023), glaciology (e.g.,Walter et al., 2020; Fichtner et al.,
2023b,a;Hudson et al., 2021; Brisbourne et al., 2021) and
many others. While DAS is being used in underwater
applications (e.g., Sladen et al., 2019; Spica et al., 2020a;
Cheng et al., 2021; Lior et al., 2021; Igel et al., 2024), its
range limitation to typically several tens of kilometers,
still prevents the closure of the most prominent data
gap: the oceans.
Alternatives to DAS that potentially offer a longer

range have been developed in recent years. Theymostly
rest on the measurement of polarization (e.g., Mecozzi
et al., 2021; Zhan et al., 2021) or phase (e.g., Marra
et al., 2018; Bogris et al., 2022; Noe et al., 2023; Don-
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adello et al., 2024) in forward transmitted optical sig-
nals, thereby providing a single time series that in-
tegrates axial strain along the fiber. The integrated,
i.e., not spatially distributed, nature of the data compli-
cates the most fundamental seismological task: earth-
quake source characterization. Marra et al. (2018) pro-
posed several earthquake location approaches using ei-
ther bidirectional integrated fiber-optic sensors ormul-
tiple cables. However, none of these ideas has been im-
plemented so far.
Here we present an earthquake source inversion for

location, moment tensor and origin time using an inte-
grated fiber-optic sensing system based on active phase
noise cancellation (PNC) in metrological frequency dis-
semination (Husmann et al., 2021; Noe et al., 2023). De-
ployed on a 123 km long fiber link between the cities of
Bern and Basel in Switzerland, the sensing system co-
uses real-time corrections of deformation-induced fre-
quency shifts, which are a side product of themetrolog-
ical service, and hence allows simultaneous operation
without the need of additional devices.

2 Experimental setup
We briefly summarize the measurement system, re-
ferring to previous publications for details (Husmann
et al., 2021; Noe et al., 2023). At its origin, the fiber
network used here was established formetrological fre-
quency dissemination. It enables the dissemination of
ultrastable and accurate optical reference frequencies
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Figure 1 Summary of the PNC sensing experiment in the context of the M3.9 Mulhouse earthquake. (a) The PNC system
operates on a 123 km long fiber network segment (red curve). The upper inset focuses on the complex cable geometry in
the city center of Basel, which was accurately implemented in the spectral-element solver Salvus (Afanasiev et al., 2019).
The moment tensor estimate shown on the map was provided by GEOFON (Hanka and Kind, 1994), and the location by the
Swiss Seismological Service (SED, 2024). Broadband stations (black triangles) were used to adjust the 1-D Earthmodel of the
Alpine region by (Diehl et al., 2009) to our area of interest (Noe et al., 2023). The lower inset shows the PNC system. The laser
is part of the frequencymetrology infrastructure at METAS, and stabilized on an ultralow expansion cavity. The PNC consists
of coherent phase detection based on a Michelson-type interferometer, a feedback loop and a frequency correction ∆ν(t)
applied via an acousto-optic modulator (AOM). In Basel, part of the light is coupled out for local use in frequency metrology,
while the rest is reflected back by a mirror. (b) Raw and filtered times series of the correction frequency ∆ν(t). The red time
series has been computed with Salvus, using the earthquake source estimate from panel (a).

traceable to the SI definition of the second, from the
Swiss Federal Institute of Metrology (METAS) to user
laboratories performing precision spectroscopy mea-
surements. Temperature variations and deformation of
the fiber perturb the received frequency, thereby pro-
ducing phase noise that motivates the recent develop-
ment of PNC systems (e.g., Calonico et al., 2014; BACON
Collaboration et al., 2021; Cantin et al., 2021; Cizek et al.,
2022; Schioppo et al., 2022). Our PNC implementation,
illustrated in Fig. 1a, rests on a coherent optical phase
measurement and feedback loop acting on the optical
frequency. A continuous-wave laser signal is sent from
a local to a remote station. At the remote station, part of
the signal is coupled out for metrological applications,
and the remainder is reflected back to the local station
for comparison with the emitted signal. The frequency
shift, ∆ν, between in- and out-going signals is propor-
tional to the integral of axial strain rate, ε̇, along the
fiber of length L,

∆ν(t) = 4πν

c

∫ L

`=0
ε̇(`, t) d` , (1)

where ν = 190.7 THz and c = 204.2 · 106 m/s are the
emitted frequency and the speed of light in the fiber, re-
spectively.
Our PNC system operates on a 2×123 km loop, con-

necting METAS to the University of Bern (Fig. 1a). On
10 September 2022, the system recorded theMw3.9Mul-
house earthquake, located ∼10 km north-west of the
northern end of the fiber. As illustrated in Fig. 1b, raw
correction frequencies ∆ν, measured with 500 samples
per second, are on the order of several kHz. In the 6 -
15 s period band, where the signal-to-noise ratio (SNR)
is higher and observations can be compared to simula-
tions (Noe et al., 2023), ∆ν is at the level of few tens of
Hz.

3 Earthquake source inversion setup

The recording of the Mulhouse event allows us to quan-
tify the capability of an integrated fiber-optic sensing
system to constrain earthquake source parameters. For
this, we compute numerical Green’s functions and their
partial derivatives G with respect to source parame-
ters using the spectral-element solver Salvus (Afanasiev
et al., 2019). As Earth model, we employ the 1-D model
of the Alpine region (Diehl et al., 2009), slightly modi-
fied to better explain waveforms at nearby broadband
stations (black triangles in Fig. 1a) in the 3 - 30 s period
band (Noe et al., 2023). Furthermore, we implement to-
pographic variations and the complex fiber geometry.
Since the PNC time series has a useful SNR at periods
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Figure 2 Source inversion results for different choices of the prior model covariance CM = γ2 C0
M , with γ ranging from

0.1 (strong prior) to 10 (weak prior). (a) Maximum-likelihood source parameters. The prior model is shown as red beach
ball (location from SED (2024), moment tensor fromGEOFON (Hanka and Kind, 1994)). (b) ResolutionmatrixR (top row) and
posteriormodel covariancematrix C̃M (middle andbottomrows, corresponding todifferent color scale options). To facilitate
the interpretation, thematrix elements (C̃M )ij in the plot are divided by σ0

i σ0
j , where σ0

i =
√

(C0
M )ii are the prior standard

deviations of the baseline covariance C0
M .

between 4 - 13 s, we construct the observed data vec-
tor dobs by concatenating bandpass filtered versions of
the recording between 4 - 6 s, 5 - 7 s, ..., and 11 - 13 s.
The entries of the data covariance matrix CD are esti-
mated from thepre-event noise statistics in theseperiod
bands. Using dobs, we aim to constrain the origin time,
event location and the double-couple moment tensor
M, parametrized in terms of the five elementary mo-
ment tensors (Kikuchi and Kanamori, 1991)

M1 =

0 1 0
1 0 0
0 0 0

 , M2 =

1 0 0
0 −1 0
0 0 0

 ,

M3 =

0 0 0
0 0 1
0 1 0

 , M4 =

0 0 1
0 0 0
1 0 0

 ,

M5 =

−1 0 0
0 0 0
0 0 1

 ,

(2)

such that M =
∑5

i=1 miMi, with the unknown co-
efficients mi. We omit the sixth elementary moment
tensor M6 = I, which describes a purely isotropic
source mechanism that we exclude a priori. In terms
of mi, the moment tensor in Fig. 1a given by GEO-
FON (Hanka and Kind, 1994) is m1 = 7.77 · 1014 Nm,
m2 = −8.09 · 1013, Nm m3 = −1.73 · 1014 Nm, m4 =
−1.83 · 1014 Nm, m5 = 2.52 · 1013 Nm. The prior
model covariancematrixCM encapsulates prior knowl-
edge included in the inverse problem solution. To as-
sess how different choices of CM affect the solution,
we first define a diagonal baseline covariance C0

M with
entries (C0

M )11,...,55 = (1·1016 Nm)2 (moment tensor
coefficients), (C0

M )66,77 =(10 km)2 (northing, easting),
(C0

M )88 =(5 km)2 (depth) and (C0
M )99 =(0.5 s)2 (ori-

gin time). The prior model covariance used in various
inversions is then defined as CM = γ2 C0

M , with the
scalar γ ranging from 0.1 to 10. Taking the source pa-
rameters summarized in Fig. 1a as a reference, γ = 1
is what we already consider a slightly weak prior, rel-
ative to uncertainties reported in catalogs (Hanka and
Kind, 1994; SED, 2024). Hence, inversions with γ = 1
can be interpreted as updates of previously available in-
formation, whereas γ = 10 corresponds to inversions
where prior information from catalogs plays a minor
role. To estimate the unknown source parameters, we
perform a generalized least-squares inversion (Taran-
tola and Valette, 1982), which allows us to compute the
resolution matrix R and the posterior covariance ma-
trix C̃M , in addition to themaximum-likelihoodmodel.

4 Inversion results

Fig. 2 summarizes inversion results for different choices
of CM = γ2 C0

M with γ ranging from 0.1 to 10. De-
spite varying prior standard deviations by a factor of
100, maximum-likelihood moment tensor components
only differ within few tens of percent, hypocenter loca-
tion by few kilometers, and origin time by less than 1
s. In the case of realistic prior knowledge, i.e., γ = 1,
the resolution matrix R indicates that the mi=1,...,5 are
nearly independently resolved, whereas the space-time
constraints are blurred. This is also reflected in the
posterior covariance C̃M , which indicates larger inter-
parameter trade-offs for location and time than for the
moment tensor components. Posterior standard devia-
tions are around (1015)Nm for themoment tensor com-
ponents (∼0.2momentmagnitude units), ∼4 km for lat-
itude and longitude,∼1 km for depth, and∼0.1 s for ori-
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gin time.
The case of excessively weak prior knowledge, γ=10,

permits a location search radius on the order of 100 km,
time shifts of several seconds, andmagnitude variations
of around 1.5 moment magnitude units. Despite these
weak prior constraints, R is close to the unit matrix,
meaning that an error-free synthetic source inversion
would be capable of reproducing any input model al-
most exactly. Posterior covariances for themoment ten-
sor components and for depth are similar to those esti-
mated in the γ=1 scenario, suggesting that they are in-
deed constrained by the data and not by the prior. How-
ever, posterior standard deviations for the other param-
eters increase to ∼20 km for latitude and longitude, and
∼1 s for origin time.
Setting γ=0.1 produces an unrealistic case of exces-

sively strong prior knowledge that primarily serves to
test the proper functioning of the inversion procedure.
As expected, posterior covariances decrease substan-
tially because (apparent) certainty is enforced by the
prior. The resolutionmatrix R differs strongly from the
unit matrix because any estimated model is close to the
prior model, even when the data would favour a differ-
ent solution.

5 Discussion
PNC provides a single time series of strain rate in-
tegrated along the fiber, which seemingly precludes
source location by triangulation. The ability of PNC to
still constrain earthquake source parameters is rooted
in the measurement sensitivity of all phase transmis-
sion fiber-optic deformation sensors (e.g., Marra et al.,
2018; Bogris et al., 2022; Noe et al., 2023; Donadello
et al., 2024), which is proportional to the local fiber cur-
vature (Fichtner et al., 2022; Bowden et al., 2022). Fiber
segments with strong curvaturemake a larger contribu-
tion to the measurement than segments that are rather
straight. As thewavefield propagates along thefiber, the
ensemble of high-curvature segments therefore effec-
tively acts as a spatially distributedmeasurement array.
In this sense, the ∆ν time series may be interpreted as
a superposition of time series, with each individual one
contributed when the wave reaches a high-curvature
segment of the fiber. Hence, the geometric complexity
of our fiber-loop mimics a distributed array.
In addition to this geometric aspect, the resolvabil-

ity of source parameters results from the good SNR of
around 10 or above in a period range where we can nu-
merically simulate the data, and the proximity of the
event to the fiber. As for any other array, resolution
must decay as thedistance to the event exceeds the aper-
ture. A detailed study of how the cable geometry in-
fluences the effective array response function and the
position-dependent resolvability of various source pa-
rameters, is a topic of ongoing research.
Generalized least-squares inversions require prior

knowledge, which we extracted from existing earth-
quake catalogs. In future applications, the provenance
of prior knowledge will depend on the use case. When
PNCor other integratedfiber-optic sensors are operated
as stand-alone systems, prior information may most

easily and rapidly be obtained from a coarse grid search
with a simplified Earth model. In scenarios where inte-
grated fiber-optic sensors are part of a heterogeneous
sensing system, prior information may alternatively be
extracted from the standard inversion of seismometer
data or beamforming. Fiber-optic sensors would then
contribute additional data that further improve resolu-
tion.
This work constitutes a proof of concept that estab-

lishes the extent to which earthquake source properties
can be resolved under specific conditions using only a
phase transmission fiber-optic sensing system. One of
the next steps would be a systematic study on source
parameter resolvability as a function of fiber geometry
and event location. Future applications should not only
use significantly longer fiber-loops but also integrate in-
formation from additional fiber-optic systems, as well
as conventional seismic sensors in order to reach opti-
mal results and eventually contribute to the closure of
significant seismic data gaps.
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