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DAS systems for seismological applications
Sensing system based on optical fibre, traditionally used as a 
medium for communication systems, have recently been adopted 
also for geophysical applications (Posey et al 2000 and Hartog 
2017).

The optical fibre presents several advantages. First, it is easy 
to deploy and its deployment is less invasive with respect to the 
sensors traditionally used for seismicity and passive seismic 
monitoring. Second, the maintenance of a monitoring system 
based on fibre optics is far more cost-effective when compared to 
a network based on traditional seismometers.

Thanks to such advantages, the popularity and the adoption 
of DAS solutions for both geophysical and seismological appli-
cations have steadily increased over the last few years and the 
trend is continuing.

The use of fibre optics enables the acquisition of strain 
measures at a very high spatial resolution that can be exploited 
for monitoring natural or induced seismic events, to identify and 
characterize structural features such as faults or volcanic dykes 
(Jousset et al. 2018).

In an hydrocarbon exploration context, DAS systems 
deployed in wellbore can be exploited for the definition of the 
structural features at the reservoir scale (Henninges et al., 2021; 
Martuganova et al., 2021) or for an improved characterization of 
the reservoir elastic properties (Jousset et al. 2018).

The use of data acquired with DAS systems in a seismologi-
cal context is a topic being studied and explored by the scientific 
community. Recently Lior (Lior et al. 2021) has investigated 
the feasibility of localizing and characterizing seismic events by 
using the signal recorder with fibre optics: in their work Lior et 
al. have estimated the magnitude of eight seismic events recorded 
by a fibre optic cable installed on the Mediterranean seafloor. 
Other authors have evaluated the capability of estimating mag-
nitude and the stress-drop of a seismic event (Van den Ende and 
Ampuero, 2020; Lellouch et al., 2020; Lindsey et al., 2017) and 
also the possibility to build an early warning system entirely 
based on fibre optic sensors.

The conventional seismic sensors measure the ground shak-
ing in terms of displacement, velocity or acceleration, instead 
DAS systems measure quantities that can be assimilated to strain. 
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Introduction
Carbon capture and sequestration (CCUS), hydrogen storage 
and the exploitation of geothermal resources are part of the 
technology mix that is contributing and will contribute to the 
reduction of CO2 emissions and transition to more sustainable 
energy resources.

Besides the public and political debate in Europe about 
whether to label natural gas as a ‘green resource’, thanks to its 
relatively low environmental footprint (when compared to other 
hydrocarbons), many countries, including Italy, are already 
heavily relying on this resource to taper the transition from coal 
to renewables in electricity generation.

The aforementioned technologies have a point in common, the 
interaction with the subsurface pression regime during their normal 
functioning. As this interaction alters the stress field thus potentially 
affecting the geological formation and, in very specific situations 
inducing/triggering seismicity, the operators are asked to install 
and maintain seismic monitoring networks to ensure the safety of 
operations and integrity of the structures (above and below ground). 
Last but not least, operators are also interested in monitoring the 
natural seismicity and understanding its impact on the infrastructure 
(wells, pipelines, etc).. Several operators are evaluating innovative, 
cost-effective strategies to monitor the subsurface aiming at pre-
venting the potential risks associated with the onset of seismicity.

The recent advances in the development and in the adoption 
of the Distributed Acoustic Sensing (DAS) systems are particu-
larly relevant for the monitoring applications as the installation 
of this type of sensor has a limited impact on the infrastructure 
and, most important, can provide a spatial resolution and a data 
redundancy that is unachievable with traditional sensors.

In this work we review the state of the art on the use of fibre 
optics as a tool for seismological monitoring.

We emphasize the huge potential and the strength points of 
the DAS systems without forgetting to highlight the limitations 
and the issues that still deserve some attention.

We then present a feasibility study on the adoption of the 
multiple DAS systems for monitoring a gas storage field, mainly 
focusing on the seismological aspects, and discussing techniques 
and workflows for the analysis and the processing of the acquired 
data.
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concrete when the fibre is deployed in a well and can be concrete 
or some less consolidated material when the fibre deployed in 
a trench at the surface. Several studies have remarked multiple 
issues impacting negatively the coupling thus resulting in a data-
set with heterogeneous quality. Ultimately the uneven coupling 
further hinders the compensation of the cable directional effect.

Other than the geometry of the fibre and the way it is 
deployed, also the acquisition setup must be carefully designed. 
Particularly, the gauge-length is a parameter of paramount 
importance as it is intimately related with the spatial sampling 
and thus the achievable resolution. Its definition must be opti-
mized to match the scope of the acquisition and the operating 
conditions. For instance, when installing the fibre in a well the 
interactions with the casing and other completion structures can 
generate interference (e,g. ringing and standing waves) while 
the variations of the formation surrounding the wellbore (e.g. 
pression and/or temperature) can generate spurious signals, not 
directly linked to seismic events (Zhang et al., 2021; Zhu et. al., 
2021; Martuganova and Krawczyk, 2021; Lipus et al., 2021). The 
choice of the gauge length must take into account the possible 
sources of noise that can impact negatively the data acquisition 
process and facilitate the removal of the unwanted signals in the 
data pre-conditioning stage.

As already mentioned, a DAS system typically outputs a 
measure of the strain or the strain rate along the fibre optic 
cable. In order to be exploited in a seismological workflow, the 
strain measure must be converted into velocity or displacement, 
the units typically used by seismologist to compute seismic 
intensities, e.g. local and moment magnitudes. The conversion 
procedure requires a calibration against a measure performed 
with a ‘classical’ device such as short and long-period velocim-
eters. The calibration is a fundamental step that aims at ensuring 
the consistency and the reliability of the subsequent localization 
and characterization procedures (van den Ende et al., 2021; Zhu 
et. al., 2021). The conversion of signals acquired with DAS 
systems into signals corresponding to traditional measurements 
can be performed in the time domain or in the frequency-wave-
number transformed domain (Zhu et. al., 2021; Henninges et al. 
2021; Currenti et al., 2021). Despite the theoretical equivalence 
of the two approaches, the estimation of the apparent velocity 
and the amplitude corrections based on slant-stacking in the 
time-domain should be preferred to the F-K filtering as the latter 
is potentially more unstable and prone to numerical errors (Lior 
et al., 2021).

DAS recordings are suitable for both exploration and mon-
itoring applications. Despite some differences in the way DAS 
data are pre-conditioned and then exploited the consensus among 
the scientific community is that the fibre-optic technology has 
a huge potential (Wanget al. 2018, Agostinetti et al, 2021, Van 
den Ende et al., 2021). For what concerns the monitoring, which 
is the focus of this work, there is increasing evidence that the 
performance of the DAS system is comparable when not supe-
rior to the ones achievable with traditional sensors. In addition, 
simple pre-conditioning techniques (e.g. channel stacking, spatial 
sub-sampling and band-pass filtering) properly tailored on the 
targeted wavelength, enable us to tackle effectively both the event 
detection and localization issues.

Despite this important difference, many works have demonstrated 
that the conversion from the strain measured by the DAS system 
into a quantity more linked to the ground motion can be done in 
a reliable manner (Daley et al., 2016; Lindsey et al., 2020; Paitz 
et al., 2020; Wang et al., 2018). Without going into the physics 
and math details, the most common approach for conversion is 
based on the estimate of the apparent velocity and exploits the 
relationship between the deformation and the apparent velocity 
to obtain the true velocity (of the shaking).

Besides the conversion of the strain into a quantity which is 
representative of the ground motion, the adoption of a DAS system 
for seismological applications requires taking into consideration 
several other aspects ranging from the geometry and the position-
ing of the optic cable to the processing and the pre-conditioning of 
the acquired strain measurements (Jousset et al. 2021).

The geometry of the acquisition ‘array’ must be designed to 
guarantee an adequate coverage of the target and to enable the 
detection and the localization of events generated from all possible 
directions. The amplitude of the strain signal measured with a 
DAS depends on the wave’s incident angle with respect to the 
longitudinal axis of the optic cable. The well-known directional 
sensitivity must be taken into account when defining the geometry 
and the positioning of the acquisition system in order to optimize 
its azimuthal coverage (van den Ende et al., 2021; Agostinelli ed 
al., 2021, Henninges et al. 2021; Currenti et al., 2021).

The fibre optic cable can be deployed in a way mimicking 
a linear array of sensors or, alternatively, using a spiral config-
uration. The adoption of the spiral configuration is a strategy 
for counterbalancing the fibre optic directional effect described 
above and, if properly designed and implemented, allows the 
acquisition of a high quality dataset to some extent comparable 
with one acquired with traditional 3-component seismometers 
(Hindi et al, 2021).

Another practical aspect to consider is the coupling of the 
sensing element (i.e. the cable) with the surrounding medium, 
that can vary depending on the installation setup: it can be steel or 

Figure 1 Maps showing the location of the wells (black, red and blue dots) and of 
the simulated seismic events (green diamonds) used for the feasibility study. E1, E2 
and E3 are located at a depth of 4 km while E4, E5 and E6 have a depth of 2 km.
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As mentioned above, the DAS systems record only a 
component of the displacement: this represents a limitation for 
the standard seismological algorithms which are based on the 
availability of 3D data. To overcome this intrinsic limitation, the 
optical cable must be deployed in multiple directions in order to 
enrich and optimize the azimuthal coverage as well as to limit the 
directivity effect.

Although the potential and the limitations of the arrays 
implemented through the optical fibre deserve further study and 
investigations, there are already relevant and promising results 
for what concerns the detection of low SNR events (Li and Zhan, 
2018). These preliminary works suggests that, in the near future, 
multiple DAS systems used in a network configuration could 
complement and/or replace the current tools used for local and 
regional earthquake monitoring.

A feasibility study for gas storage monitoring
Given the latest advances of the DAS technology for seismologi-
cal applications, several players in the O&G industry are studying 
its adoption in the context of underground storage of fluids and 
compressed gases, such as methane, hydrogen and CO2. To 
ensure the safety of such industrial plants, an accurate monitoring 
of both natural and possibly induced events is requested by the 
regulatory bodies.
The potential of a seismicity monitoring strategy based on the 
adoption of DAS systems must be evaluated not only from a tech-
nological standpoint but also from a financial standpoint. In fact, 
the wells employed in the storage system are routinely equipped 
with fiber optic systems providing, for instance, measures of tem-
perature and pressure. The adaptation and/or the conversion of the 
existing fiber optic infrastructure for seismological applications 
and the related economic implications are extremely relevant for 
operators and constitute the rationale behind the feasibility study 
presented herein. 

Ideally, the monitoring system should be able to detect, locate 
and characterize the focal parameters of seismic events occurring 
in the reservoir and in a region of a few kilometres (1-3) around 
it, with a completeness local magnitude equal or better 0.5ML .

In the scenario chosen for the feasibility study, the reservoir 
for gas storage is relatively shallow. The monitoring network is 

Figure 2 Arrival times of the P-phases recorder by the fibre optic system installed at 3 wells. The colour of the markers maps the well at which the arrival is recorded (black 
for well T1, blue for T2 and red for T3). The origin of the time axis (i.e. t=0) is the origin time of the event.

Description X Y Z

E1

Hypocentre [km] 554.782 5017.484 4.000

Estimated [km] 554.789 5017.791 5.100

Uncertainty [m] 73.3 244.8 1304.8

Error [m] 7.1 307.1 1100.0

E2

Hypocentre [km] 553.368 5016.070 4.000

Estimated [km] 553.189 5015.791 4.500

Uncertainty [m] 209.5 271.9 699.3

Error [m] -178.7 -278.7 500.0

E3

Hypocentre [km] 551.953 5014.655 4.000

Estimated [km] 551.689 5014.291 4.600

Uncertainty [m] 469.9 479.8 811.5

Error [m] -264.5 -364.5 600.0

E4

Hypocentre [km] 554.782 5017.484 2.000

Estimated [km] 554.789 5017.491 2.000

Uncertainty [m] 64.2 71.9 244.2

Error [m] 7.1 7.1 0.0

E5

Hypocentre [km] 553.368 5016.070 2.000

Estimated [km] 553.389 5015.991 2.150

Uncertainty [m] 61.8 164.2 260.8

Error [m] 21.3 -78.7 150.0

E6

Hypocentre [km] 551.953 5014.655 2.000

Estimated [km] 551.489 5014.091 2.700

Uncertainty [m] 448.4 541.1 718.2

Error [m] -464.5 -564.5 700.0

Table 1 Table summarizing the position of events’ hypocentres and the results of 
the localization process. The results are expressed in terms of estimated location of 
the hypocentre, uncertainty and localization error.
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The results of the localization for the six events are reported 
in table 1. For each event the table reports the true coordinates 
of the hypocentres and the ones estimated by the localization. 
In addition, the table provides the uncertainty of the localization 
process and the localization error computed as the difference 
between the estimated and the true hypocentre coordinates.

Besides the inspection of the results reported in the table, 
an alternative way to QC the localization result is to display the 
shape of the volume that, according to the localization algorithm, 
contains the hypocentre of the seismic event.

For each point of the localization volume we define a quantity 
called Normalized Focusing Intensity (NFI). This quantity ranges 
between 0 and 1 and tells if the point is or not a possible hypo-
center. Only the points with value 1 are potential hypocenters 
while all the others having 0 or intermediate values are not. Basi-
cally the points having NFI equal to 1 match simultaneously all 
the given data-points (i.e. difference between the P-phase arrival 
time and the P-phase arrival time on the deepest sensor of T1 
well) while the remaining match only a subset of the data-points.

An example of sections of the NFI volume is shown in 
Figure  2. The image refers to the NFI volume created for the 
localization of the event named E3 which has a depth of 4 km. 
The slices at constant depth demonstrate how the NFI tends to 1 
in correspondence of the true hypocentre position and how NFI 
is maximum at 4 km depth.

A convenient and informative way to inspect and to assess the 
uncertainty of the localization proce is the use of 2D histograms. 
The histograms are obtained by integrating and normalizing 
the hypocentre volume along the three directions X, Y and Z. 
As such, the accumulation and the normalization along the Z 
direction provide a 2D histogram in the XY plane giving an 
indication of the spatial distribution – in the (X,Y) plane – of the 
hypocentre candidates.

made up by 3 vertical wells instrumented with DAS systems, 
with the geometry depicted in Figure 1. In the figure, the black 
cross indicates the centre of the gas storage field. The optical fibre 
cable is deployed as a linear array along the trajectory of the well 
and the acquisition system is configured to provide a strain meas-
ure with a spatial sampling of 50 m in the depth range between 
100 m b.s.l and 1600 m b.s.l. thus leading to the acquisition of 31 
data channels at each well location.

In order to test the capabilities of the network to localize 
correctly the seismic events, we have simulated 6 events with 
increasing distance from the centre of the gas storage field – 
black cross in Figure 1. The position of the events is indicated 
in Figure  1 with green diamonds; events E1, E2 and E3 have 
a depth of 4 km, while events E4 E5 and E6 have a depth of 
2 km. The exact coordinates of the simulated seismic events are 
reported in table 1 in the ‘Hypocentre’ row pertaining to each  
event.

The arrival time of the P-phases for all the 6 events is reported 
in Figure 2, where the colour is coding the well and the origin of 
the time axis is the origin time of the event.

The localization is performed using only the difference of 
the P-phase times with respect to the P-phase time measured on 
the deepest sensor of the T1 well. The localization engine tries to 
identify the region of the space that matches the time difference, 
the reference sensor and all the remaining ones within a given 
tolerance.

The velocity model used for the localization is the same 
used for the modelling of the arrival times: the uncertainties 
related to the knowledge of the velocity model and to the effect 
of the noise on the picking of the P-phase are embedded in the 
tolerance mentioned above. The localization algorithm translates 
the tolerances used for the time difference into uncertainties of 
the hypocentre position.

Figure 3 Sections at constant depth of the NFI volume 
resulting from the localization of the event E3. The 
position in the spaces which are possible hypocentre 
candidates are colored in white.
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spherical) causing the direction of arrival of the seismic P-wave 
to be generally not aligned with the straight line connecting the 
event and the sensor positions.

A practical way to overcome this limitation is to perform 
some ray tracing in order to identify the correct angle of incidence 
of the wavefront at sensor locations. The accuracy of the ray 
tracing, and of the velocity model employed, depends on the 
operating context. If the target of the monitoring is a basin type 
of reservoir, a 1D model might be sufficient. In case the objective 
is the monitoring of geothermal exploitation operations in a 
thrust-belt context a 3D modelling approach is more appropriate 
in order to take into account all the geological complexity of this 
type of setting.

An example of bi-dimensional histograms, computed for 
the localization of the event E3, is shown in Figure XYZ: light 
colours correspond to high density of candidates while dark 
colours indicate low density. Being histograms, the graphs is a 
proxy for the density of the hypocentre candidates. They can be 
alternatively interpreted as indicators of the probability of a point 
of being an hypocentre.

The 2D histograms complement and enrich the localization 
uncertainty provided in table 1: they go beyond the information 
about the spatial extent of the volume containing the hypocenter 
candidates and constitute an attempt to characterize its shape.

The localization procedure and examples discussed so far are 
based on purely kinematic considerations as they use the only the 
arrival time of the P-phases to identify the 3D region of the space 
where the seismic event originated.

Being based on kinematics, the localization can be performed 
regardless of any considertion on the amplitude the waveforms 
associated with the P-phase arrivals and regardless of the cor-
rections that must be applied to the signal recorded by the DAS 
system in order to compensate the fibre optic cable directivity.

Conversely, it is impossible to ignore the corrections men-
tioned when willing to estimate the magnitude of the seismic 
event.

Given an event originating at a certain location in the space, 
its P-phase recorded at a given sensor is oscillating, as a first 
approximation, along the straight line going from the position 
of the event and the position of the sensor. Based on this sim-
plistic geometrical consideration it is possible to estimate the 
angle formed by the direction of the arrival of the sismic event 
wavefront and the axial direction of the fibre optic cable and then 
proceed with the amplitude correction.

Figure 5 shows the effect the amplitude corrections on the 
hypotetical wavelets recorded for the E2 event. The correction 
is based on the simplified geometrical considerations mentioned 
above: the scale used for drawing the waveforms before the 
correction (upper part of Figure  5) is the same applied for the 
waveforms after the correction has been applied (lower part of 
Figure 5).

The procedure based on geometrical consideration does not 
take into account the effect of the P-wave velocity. In fact the 
sesimic waves propagate into a medium consisting of different 
formations having different velocity. The effect of velocity varia-
tions is such that it deforms the wavefronts (which are no longer 

Figure 4 Bidimensional histograms of the localization volume for the event E3. The graphs provide an indication of the density of the hypocentre candidates. Alternatively 
they can be seen as a proxy indicator of the probability of a point of being an hypocentre. Light colours correspond to high density of candidates while dark colour indicate 
low density.

Figure 5 At the top, the hypothetical waveforms recorded by the sensor of the 3 
wells in correspondence of the event E2. At the bottom, the signal recorded after 
having applied the geometric correction based on the position of the sensors and 
the position of the seismic event estimated by the localization process. The origin of 
the time axis (t=0) is the time of the event. The scale used for drawing the wavelets 
amplitude is the same before and after the application of the correction.
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The stage named FK cleanup exploits the data redundancy 
that comes with the fibre optic sensing systems and through filter-
ing techniques in the frequency-wavenumber domain it removes 
all the coherent and incoherent signals that are not useful for the 
monitoring applications. For instance, the waves that propagate 
downwards from surface are not representative of seismicity 
but rather coming from activities (noise) at the surface, and can 
therefore be removed (see the A region highlighted in Figure 8). 
The same applies to the waves that propagate in the casing and 
to the tube waves. It is important to notice that these two types 
of waves can propagate both upward and downward: they can be 
separated from the useful signal because they usually propagate 
too fast or too slow and thus show up precise regions of the FK 
domain (regions B and C in Figure 7).

Once the recordings have been properly treated and cleaned, 
it is possible to proceed with the identification and picking of 
the arrivals. Even if the data pre-conditioning compromises the 
picking of the event phases on some channels there should always 
be, thanks to the redundancy, enough information that allows us 
to perform a successful kinematic localization.

Once the location of the earthquake hypocentre has been 
estimated it is possible to use simple geometrical considerations 
or ray tracing to implement the fibre directivity compensation 
stage and to correct the waveform amplitudes for all the available 
channels.

The correction of the amplitudes is the latest stage to perform 
in order to enable the estimation of the magnitude of the seismic 
event.

Conclusions
Subsurface monitoring based on passive seismic technologies 
will have a major role to play during the implementation of the 
green transition as it will ensure the integrity of natural gas, 

Proposed workflow for processing of monitoring 
data and earthquake characterization
Based on the considerations exposed in the previous section 
it is possible to draft a general workflow aiming at processing 
– or pre-conditioning – the data acquired with the fibre optic 
and analysing them to fulfill the requirements of seismic  
monitoring.

The high-level scheme of the proposed workflow is reported 
in Figure 7, in the following we briefly describe each of the stages 
composing the workflow.

The first stage named DAS-specific corrections aimed at 
addressing all the manipulations that are needed to transform 
the quantity produced by the acquisition system into a phys-
ical quantity (i.e. strain or strain-rate). This stage should also 
compensate for the ‘gauge-length’ effect (Sayed et al., 2020): a 
side-effect process that actually executes the measure; there is a 
gain factor applied to the measure itself. That factor has the shape 
of a cardinal sine in the spatial frequency domain (Figure  8a) 
and its compensation might be unstable (Figure  8b). However, 
if the gauge-length is well designed and much shorter than the 
shortest wavelength of interest the ‘gauge-length’ effect is almost 
negligible (i.e. the operating conditions are the green rectangle 
in Figure 8a).

Figure 6 (a) cardinal sine function computed for a 
gauge-length of 10 m. The green rectangle highlights 
the zone where the gauge length effect is minimal 
or negligible and represents the optimum operating 
conditions. (b) gauge-length effect t compensation 
factor. For wavelengths sub-multiples of the gauge 
length effects the compensation factor tends to 
infinity leading to an unstable measurement.

Figure 7 Diagram of the workflow for treatment and analysis of seismological data 
acquired with a fibre optic system.

Figure 8 Synthetic FK spectrum showing a downgoing and an upgoing event 
recorder by a n hypothetic DAS system installed in a vertical well. Downgoing 
events show up in the A region; too fast and too slow upgoing events show up in B 
and C regions respectively.
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CO2 and hydrogen storage operations as well as the safety of 
geothermal resources exploitation.

The popularity of monitoring systems based on the instal-
lation of networks of DAS devices is increasing as fibre optic 
acoustic sensing provides an unprecedented data redundancy at 
affordable costs.

In fact the wells are already equipped with optic fiber systems 
and the possibility to convert the existing infrastructures into a 
seismological monitoring network is extremely appealing for 
companies operating gas storage fields.

The attractive financial implications mentioned above com-
bined with the rapid pace of the technological advances constitute 
the motivations behind this work in which we have reviewed the 
status of the art for what concerns the adoption of DAS systems 
for seismological applications, focusing on the geophysical 
aspect of the issue.

We have conducted a feasibility study exploring the employ-
ment of multiple DAS systems for monitoring a gas storage field 
and we have demonstrated how it is possible to localize and 
characterize a set of simulated seismic events. These studies are 
being conducted in partnership with Stogit SpA, one of the major 
players in the O&G sector, that is currently developing and eval-
uating technologies to improve the monitoring of underground 
gas storage.
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