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Key Points:  12 

• A theoretical description of strain far field radiation from a seismic rupture is introduced 13 

• Source parameters were evaluated from strain data for earthquakes in magnitude range 14 

0.3 − 4.3  15 

• DAS allows for investigation of source parameters and site effects with fine spatial 16 

resolution. 17 

 18 

Abstract 19 

Distributed Acoustic Sensing (DAS) is becoming a powerful tool for earthquake monitoring, 20 

providing continuous strain-rate records of seismic events along the fiber. However, the use of 21 

standard seismological techniques for earthquake source characterization requires the conversion 22 

of data in ground motion quantities. In this study we provide a new formulation for far-field 23 

strain radiation emitted by a seismic rupture, which allows to directly analyze DAS data in their 24 
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native physical quantity. This formulation naturally accounts for the complex directional 25 

sensitivity of the fiber to body waves and to the shallow layering beneath the cable. In this 26 

domain, we show that the spectral amplitude of the strain integral is related to the Fourier 27 

transform of the source time function, and its modelling allows to determine the source 28 

parameters.   29 

We demonstrate the validity of the technique on two case-studies, where source parameters are 30 

consistent with estimates from standard seismic instruments. When analyzing events from a 1-31 

month DAS survey in Chile, moment - corner frequency distribution clearly shows a self-similar 32 

behavior with average stress drop of  Δ𝜎𝜎 = (0.7 ± 0.4)MPa. The analysis of DAS data acquired 33 

in the Southern Apennines shows a dominance of the local attenuation that masks the effective 34 

corner frequency of the events. After estimating the local attenuation coefficient, we were able to 35 

retrieve the corner frequencies for the largest magnitude events in the catalog.  36 

Overall, this approach shows the capability of DAS technology to depict the characteristic scales 37 

of seismic sources and the released moment.  38 

Plain Language Summary 39 

A new formulation for far-field strain radiation from seismic ruptures is derived, leading to a 40 

direct interpretation of DAS (Distributed Acoustic Sensing) data to retrieve source properties 41 

(seismic moment and source size), via a spectral modelling. This approach is validated on real 42 

data recorded in two different tectonic environments, the Chilean margin and the southern 43 

Apennines, in Italy. Despite the unique directional sensitivity and peculiar signal characteristics, 44 

we demonstrated the high potential of DAS systems in characterizing the seismic ruptures over 45 

different space scales with accuracy increased by redundancy of information from the very-high 46 

spatial resolution in the recording of seismic waves.  47 

1 Introduction 48 

Distributed Acoustic Sensing (DAS) is an emerging technology in seismology that allows 49 

to get continuous recordings of seismic waves along an optical fiber. DAS systems exploit phase 50 

variations in the backscattered light to record the axial strain along the fiber (Hartog, 2017). 51 

Thus, a DAS system appears as a single-component seismic array, with main advantage to have a 52 

very dense spatial coverage of sensors and a single endpoint for the collection of data, the 53 



manuscript submitted to Journal of Geophysical Research 

 

interrogator, which sends and receives the laser pulses to measure the strain rate. Also, the 54 

availability of existing telecom dark fibers allows to investigate environments usually difficult to 55 

monitor, such as oceanic seafloors, volcanic flanks, and geothermal areas, over distances 56 

between a few and hundreds of kilometers (e.g., Sladen et al., 2019; Currenti et al., 2021; Tsuji et 57 

al., 2021). In the recent years, DAS technology has been successfully applied to seismology for 58 

earthquake location (Nishimura et al., 2021; Piana Agostinetti et al., 2022; Sladen et al., 2019), 59 

focal mechanism determination (Li et al., 2023), seismic velocity estimation (Lellouch et al., 60 

2019) and site effect characterization (Ajo-Franklin et al., 2019; Spica et al., 2020). 61 

While techniques based on time picking and polarity recognition can be directly applied 62 

to strain-rate data, determination of source parameters from DAS measurements requires further 63 

development, either processing data directly in the strain-rate domain or converting them into 64 

more classical kinematic quantities. 65 

To provide a macroscopic characterization of the source of a seismic event, one needs to 66 

determine the seismic moment, the radiated energy, the event size and the released stress drop, 67 

referred to as source parameters. Classical techniques for determination of source parameters are 68 

based on the modelling of body waves amplitude displacement spectra, that exhibit a flat level 69 

followed by a power-law fall-off (Brune, 1970; Madariaga, 1976; Kaneko & Shearer, 2014). 70 

Uncertainty in source parameters depends on the knowledge of the Green’s function, with a 71 

strong correlation between the anelastic attenuation and the source spectral fall-off 72 

(Abercrombie, 1995). This correlation can be correctly handled in the computation of 73 

uncertainties, using Bayesian approaches (e.g., Supino et al., 2019) or reduced, using small 74 

earthquakes as Empirical Green’s functions (EGF) (Prieto et al., 2004; Abercrombie & Rice, 75 

2005) or data driven attenuation functions (Oth et al., 2007). 76 

Different approaches have been proposed to apply classical strategies for source 77 

parameter estimation to DAS data, converting strain-rate data in ground motion quantities 78 

(acceleration, velocity, or displacement). When specific seismic phases dominate the DAS 79 

section, acceleration can be directly obtained from strain rate correcting for the apparent phase 80 

speed (Daley et al., 2016). The conversion to acceleration of dominant phases can be done using 81 

a slant-stack transform, that enables source parameter estimation, even in near real-time for early 82 

warning applications (Lior et al., 2021; 2023a). However, only locally dominant phases can be 83 
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correctly converted with this technique, while energy of smaller amplitude phases is smeared 84 

along the seismogram. This issue may become critical for some applications, since DAS data are 85 

more sensitive to slow, scattered waves (Trabattoni et al., 2022) and show reduced amplitude for 86 

phases travelling at high apparent speeds (Van Den Ende & Ampuero, 2021). Phase independent 87 

techniques were also developed for converting strain into ground motion quantities based on F-K 88 

rescaling (Wang et al., 2018) and space integration using deformation (Trabattoni et al., 2023). 89 

These techniques are sensitive to the rectilinearity of the cable and introduce low-frequency 90 

artifacts that must be filtered out. This may affect the low frequency content of the seismic 91 

spectra and bias the moment magnitude estimation. Nevertheless, they have been shown to 92 

provide reliable estimations of Wood-Anderson local magnitude, which requires an accurate 93 

displacement measurement above 1 Hz (Trabattoni et al., 2023). 94 

Relative measurements of source parameters can be performed directly in the strain 95 

domain using the EGF approach, when the seismic moment of a reference event is available 96 

(Chen, 2023; Lior, 2023b). However, this technique is limited to co-located events that differ in 97 

magnitude of at least one point (Abercrombie et al., 2017). Alternative approaches exploit 98 

correlations between measurements in the strain domain and source parameters. For instance, 99 

elastodynamic energy rate from strain was shown to scale with the kinetic energy rate from 100 

seismic sensors enabling for magnitude estimation from energy (Trabattoni et al., 2022), while 101 

peak strain-rate was demonstrated to correlate with local magnitude (Yin et al., 2023). 102 

In this study we develop a new strategy for computing source parameters in the strain-103 

domain, deriving an analytical formulation that links the source time function with the strain. 104 

This formulation allows to evaluate the source parameters inverting strain integral amplitude 105 

spectra. The manuscript is organized as follows. In Section 2 we present the new formulation, 106 

together with the inversion strategy and the estimation of the average radiation pattern 107 

coefficients, that account for the different sensitivity of the along-fiber strain with respect to the 108 

displacement. In Section 3, the new technique is validated through an application to real data for 109 

two case studies: a 150 km-long fiber offshore Chile and a 1.1 km-long fiber buried in a dry lake 110 

inside the Irpinia Near Fault Observatory.  111 
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2 Source modelling in strain domain 112 

2.1 Far Field source radiation 113 

Evaluating source parameters from native DAS recordings requires a new formulation 114 

that can directly digest dynamic quantities (i.e., strain or strain rate). This formulation can be 115 

derived from the far-field radiation emitted by a seismic source and recorded at a receiver at a 116 

hypocentral distance 𝑟𝑟 on the Earth’s surface. 117 

In a homogeneous medium, the far-field displacement associated with a seismic event 118 

and characterized by a source time function 𝐼𝐼(𝑡𝑡) (hereinafter referred to as STF) can be 119 

described in spherical coordinates, separating P and S contributions (Haskell, 1964): 120 

 
𝑢𝑢𝑟𝑟 =

𝛽𝛽2

4𝜋𝜋𝛼𝛼3𝑟𝑟
𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝜃𝜃𝜃𝜃𝑠𝑠𝜃𝜃 𝐼𝐼 �𝑡𝑡 −

𝑟𝑟
𝛼𝛼
�

𝑢𝑢𝜃𝜃 =
1

4𝜋𝜋𝛽𝛽𝑟𝑟
𝜃𝜃𝜃𝜃𝑠𝑠2𝜃𝜃𝜃𝜃𝜃𝜃𝑠𝑠𝜃𝜃 𝐼𝐼 �𝑡𝑡 −

𝑟𝑟
𝛽𝛽�

𝑢𝑢𝜙𝜙 =
1

4𝜋𝜋𝛽𝛽𝑟𝑟
𝜃𝜃𝜃𝜃𝑠𝑠𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃 𝐼𝐼 �𝑡𝑡 −

𝑟𝑟
𝛽𝛽�

 

 

(1) 

 

Here 𝛼𝛼 and 𝛽𝛽 are the P- and S-wave velocities respectively, while the STF depends on 121 

the retarded time due to wave propagation from the source to the receiver. We assumed a circular 122 

crack with fixed slip direction as source model (Madariaga, 1976). The spherical coordinates 123 

(𝜃𝜃 the colatitude; 𝜃𝜃 the longitude) are defined on a Cartesian reference frame 𝑊𝑊 centered on the 124 

fault, where 𝑥𝑥 and 𝑧𝑧 are the along-slip and fault-normal directions, respectively. Here, 𝑥𝑥 and 𝑧𝑧  125 

also represent the directions of the two couples of forces responsible for the earthquake rupture. 126 

The three angular functions in equation (1) are indicated respectively as 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑃𝑃, 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆, 127 

𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆, and correspond to the far-field components of the displacement radiation patterns. 128 

We derived equation (1) to evaluate the strain at the receiver (see Supplementary Text 129 

S1). Ruling out the contributions that decay faster than 1/𝑟𝑟 (far-field approximation), we obtain: 130 
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𝜀𝜀𝑟𝑟𝑟𝑟𝐹𝐹𝐹𝐹 =

𝛽𝛽2

4𝜋𝜋𝛼𝛼3𝑟𝑟
𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑃𝑃

𝜕𝜕𝐼𝐼 �𝑡𝑡 − 𝑟𝑟
𝛼𝛼�

𝜕𝜕𝑟𝑟

𝜀𝜀𝑟𝑟𝜃𝜃𝐹𝐹𝐹𝐹 =
1

8𝜋𝜋𝛽𝛽𝑟𝑟
𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆

𝜕𝜕𝐼𝐼 �𝑡𝑡 − 𝑟𝑟
𝛽𝛽�

𝜕𝜕𝑟𝑟

𝜀𝜀𝑟𝑟𝜙𝜙𝐹𝐹𝐹𝐹 = −
1

8𝜋𝜋𝛽𝛽𝑟𝑟
𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆

𝜕𝜕𝐼𝐼 �𝑡𝑡 − 𝑟𝑟
𝛽𝛽�

𝜕𝜕𝑟𝑟

 

 

(2) 

 

where 𝜀𝜀 is the far-field strain tensor in spherical coordinates. This representation 131 

preserves the separation between P and S contributions. 132 

Radial derivatives of the STF can be written as a function of their time derivatives: 133 

 𝜕𝜕𝐼𝐼 �𝑡𝑡 − 𝑟𝑟
𝜃𝜃�

𝜕𝜕𝑟𝑟
= −

1
𝜃𝜃
𝜕𝜕𝐼𝐼 �𝑡𝑡 − 𝑟𝑟

𝜃𝜃�
𝜕𝜕𝑡𝑡

 (3) 

where 𝜃𝜃 is the wave velocity at the receiver. Replacing (3) in (2) and computing the time 134 

integral of the strain 𝜉𝜉 = ∫ 𝜀𝜀𝜀𝜀𝑡𝑡, we get 135 

 
𝜉𝜉𝑟𝑟𝑟𝑟𝐹𝐹𝐹𝐹 = −

𝛽𝛽2

4𝜋𝜋𝛼𝛼4𝑟𝑟
𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑃𝑃𝐼𝐼

𝜉𝜉𝑟𝑟𝜃𝜃𝐹𝐹𝐹𝐹 = −
1

8𝜋𝜋𝛽𝛽2𝑟𝑟
 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆  𝐼𝐼

𝜉𝜉𝑟𝑟𝜙𝜙𝐹𝐹𝐹𝐹 =
1

8𝜋𝜋𝛽𝛽2𝑟𝑟
 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆 𝐼𝐼

  (4) 

In the equation above we omitted the dependence of the STF on the retarded time. For a 136 

1D layered model equation (4) becomes (Aki & Richards, 2002):  137 

 
𝜉𝜉𝑟𝑟𝑟𝑟𝐹𝐹𝐹𝐹 = −

𝛽𝛽𝑆𝑆2

4𝜋𝜋𝛼𝛼𝑆𝑆3𝛼𝛼𝑅𝑅𝑟𝑟
 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑃𝑃 𝐼𝐼

𝜉𝜉𝑟𝑟𝜃𝜃𝐹𝐹𝐹𝐹 = −
1

8𝜋𝜋𝛽𝛽𝑆𝑆𝛽𝛽𝑅𝑅𝑟𝑟
 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆 𝐼𝐼

𝜉𝜉𝑟𝑟𝜙𝜙𝐹𝐹𝐹𝐹 =
1

8𝜋𝜋𝛽𝛽𝑆𝑆𝛽𝛽𝑅𝑅𝑟𝑟
 𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑆𝑆𝑆𝑆 𝐼𝐼

   (5) 

with subscripts S and R indicating that the value is computed at the source and receiver 138 

locations. The strain integral is proportional to the STF as for the far-field displacement, enabling 139 

for the inversion of 𝜉𝜉 amplitude spectra to estimate the source parameters. It is worth to note that 140 
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equation (4) shows a larger sensitivity of DAS to the shallow velocity structure beneath the 141 

cable, as compared to the displacement. 142 

 143 

2.2 Spectral modelling 144 

To estimate the source parameters, we transformed eq. (5) in the frequency domain, to 145 

get the spectral amplitude 𝑋𝑋�(𝜔𝜔) = |𝐹𝐹𝐹𝐹𝐹𝐹�𝜉𝜉(𝑡𝑡)�|. Separating the source term �̃�𝑆(𝜔𝜔) from the 146 

propagation and site effect terms, respectively 𝐺𝐺�(𝜔𝜔) and 𝑍𝑍�(𝜔𝜔), leads to: 147 

 𝑋𝑋�(𝜔𝜔) = 𝐺𝐺�(𝜔𝜔) ⋅ �̃�𝑆(𝜔𝜔) ⋅  𝑍𝑍�(𝜔𝜔)   (6) 

The Green’s function 𝐺𝐺�(𝜔𝜔) for a layered medium and a frequency independent quality 148 

factor 𝑄𝑄𝑐𝑐 can be written as   149 

 
𝐺𝐺�(𝜔𝜔) = 𝐾𝐾�𝑐𝑐𝐴𝐴𝑐𝑐𝑒𝑒−�

𝜔𝜔𝑇𝑇𝑐𝑐(𝑟𝑟)
2𝑄𝑄𝑐𝑐 � (7) 

𝐴𝐴𝑐𝑐(𝑟𝑟) = 1/𝑟𝑟 is the geometrical spreading contribution and 𝐹𝐹𝑐𝑐(𝑟𝑟) is the source-receiver 150 

travel time for the selected phase 𝜃𝜃. The factor 𝐾𝐾�𝑐𝑐 writes: 151 

 
𝐾𝐾�𝑐𝑐 =

𝐵𝐵�𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹
8𝜋𝜋𝜌𝜌𝑆𝑆

1/2𝜌𝜌𝑅𝑅
1/2𝜃𝜃𝑆𝑆

5/2𝜃𝜃𝑅𝑅
3/2 (8) 

In the above formula, 𝐹𝐹 is the free surface contribution, 𝜌𝜌 the density, also evaluated at 152 

the source and receiver locations, and  𝐵𝐵�𝑐𝑐𝐹𝐹𝐹𝐹  the mean radiation pattern that averages the 153 

directivity effects of the different cable segments along all possible fault orientations. We assume 154 

𝐹𝐹 = 2. The radiation pattern is discussed in detail in the next section.  155 

For �̃�𝑆(𝜔𝜔) we adopted a generalized Brune model:  156 

 �̃�𝑆(𝜔𝜔) =  
𝑀𝑀0

1 + �𝜔𝜔𝜔𝜔𝑐𝑐
�
𝛾𝛾 (9) 

This function depends on the seismic moment 𝑀𝑀0 , proportional to the plateau level of the 157 

spectrum at low frequency, the corner angular frequency 𝜔𝜔𝑐𝑐 that separates the long wavelengths 158 

coherently propagating away from the crack from the interfering small wavelengths, and the 159 

decay spectral fall-off 𝛾𝛾. 160 
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Finally, the site term 𝑍𝑍�(𝜔𝜔) was assumed to follow and exponential decay (Anderson & 161 

Hough, 1984): 162 

 𝑍𝑍�(𝜔𝜔) = 𝑒𝑒−
𝜔𝜔𝑘𝑘𝑐𝑐
2  (10) 

where 𝑘𝑘𝑐𝑐 is local attenuation coefficient.  163 

Following Supino et al. (2019), we inverted the amplitude spectra with a probabilistic 164 

Bayesian approach (Tarantola, 2004) where the best parameter evaluation and uncertainties come 165 

from the integration of the a-posteriori joint Probability Density Function (PDF) in the parameter 166 

space. In the general formulation of the inverse problem, we can retrieve up to 5 parameters: the 167 

source parameters 𝑀𝑀0, 𝑓𝑓𝑐𝑐 = 𝜔𝜔𝑐𝑐/2𝜋𝜋 and 𝛾𝛾 (𝑓𝑓𝑐𝑐 is the corner frequency); the regional attenuation 168 

factor 𝑄𝑄𝑐𝑐 and the local attenuation coefficient 𝑘𝑘𝑐𝑐. The search for maximum of the PDF is 169 

performed using a basin-hopping technique on Markov chain paths (Supino et al., 2019). 170 

 171 

2.3 Radiation pattern 172 

The average description of the radiation pattern for the displacement (Boore & 173 

Boatwright, 1984) cannot be simply extended to fiber recorded strain, due to limited azimuthal 174 

sensitivity of the DAS. The cable allows to recover only one out of the six components of the 175 

symmetric tensor 𝜉𝜉, while a three-component instrument provides a complete description of the 176 

displacement. In the case of DAS, we averaged the radiation pattern over all the possible fault 177 

orientations, and also over all the possible directions of the fiber cable on Earth’s surface. 178 

A generic direction of a ray emitted from the source can be described by the take-off and 179 

azimuth angles (𝜃𝜃,𝜃𝜃), in the reference 𝑊𝑊 centered at the hypocenter. This ray intercepts a 180 

portion of the fiber at the Earth surface, whose local orientation can be described by a different 181 

couple of angles (𝜃𝜃′,𝜃𝜃′) in the same reference frame 𝑊𝑊. To account for these new additional 182 

degrees of freedom, the average is performed over the focal sphere and all the possible directions 183 

of the fiber relatively to the source. This yields: 184 

 
𝐵𝐵�𝑐𝑐𝐹𝐹𝐹𝐹 =

1
16𝜋𝜋2

� � � � |𝐴𝐴1𝑖𝑖𝑃𝑃(𝜃𝜃,𝜃𝜃)𝑐𝑐𝐴𝐴𝑗𝑗1𝑇𝑇 |𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃′𝜀𝜀𝜃𝜃′𝜀𝜀𝜃𝜃′𝜀𝜀𝜃𝜃𝜀𝜀𝜃𝜃
𝜋𝜋

0

2𝜋𝜋

0

𝜋𝜋

0

2𝜋𝜋

0
 (11) 
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Here the matrix 𝑨𝑨 accounts for the rotation of the spherical frame from (𝜃𝜃,𝜃𝜃) to (𝜃𝜃′,𝜃𝜃′) 185 

(see Supplementary Text S2). The terms 𝑃𝑃𝑖𝑖𝑗𝑗,𝑐𝑐 are the angular functions defined in eq. (2). The 186 

contributions associated with 𝑃𝑃 and 𝑆𝑆 = (𝑆𝑆𝑆𝑆 + 𝑆𝑆𝑆𝑆) waves can be separated. The integral (11) 187 

can be evaluated numerically, leading to: 188 

 𝐵𝐵�𝑃𝑃𝐹𝐹𝐹𝐹 = 0.2586
𝐵𝐵�𝑆𝑆𝐹𝐹𝐹𝐹 = 0.2518

 (12) 

As an example, we show in Figure S1 (Supplementary material) wave contributions 189 

recorded by fibers oriented along the three-coordinate axes of the reference frame 𝑊𝑊, as a 190 

function of the take-off and azimuth.  191 

 192 

3 Data and Results 193 

The proposed technique was applied to evaluate the source parameters on two different 194 

datasets. First, we considered DAS data recorded by a 150-km long marine telecommunication 195 

cable, located offshore the Chilean margin; then we applied the same technique to earthquakes 196 

recorded by a 1.1 km-long cable deployed in the Southern Apennines (Italy). 197 

3.1 Submarine DAS data offshore Chile 198 

DAS data in Chile were recorded during the month of November 2021, when an 199 

interrogator unit (OptoDAS – Alcatel Submarine Networks) was connected to a submarine fiber 200 

optic telecom cable, operated by the GTD group and linking Concón to La Serena. The DAS was 201 

able to sense 150km-long portion of the cable. A map of the cable is represented in Figure 1b. 202 

Data were processed using a gauge length of 8.16 m with a repetition rate of 625 Hz and a spatial 203 

sampling of 1.02m averaged over 4.08m. They were further decimated to a sampling rate of 125 204 

Hz and a spatial sampling of 65.28m. In Figure 1a an example of DAS recording along the cable 205 

is shown for a 2.9𝑀𝑀𝐿𝐿 event, along with a zoom on a record from a single channel. 206 

For the analysis, we focused on a subset of 55 events, whose local magnitude 𝑀𝑀𝐿𝐿 ranges 207 

between 2.5 and 4.3, also recorded by the seismic network from the Centro Sismologico 208 

National (CSN). These events are representative of the magnitude and distance ranges of 209 

earthquakes occurred during the period of the experiment. Origin times from CSN catalog were 210 

used as reference times to create three-minute-long DAS records. We individuated the S-wave 211 
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arrival time on single traces using the machine learning algorithm Earthquake Transformer (EqT) 212 

(Mousavi et al., 2020).  213 

 214 
Figure 1: (a) Space-time representation of the strain rate wavefield recorded at the fiber for a 2.9𝑀𝑀𝐿𝐿 event occurred 215 

on the 2021/11/19. The black line marks the channel, whose time signal is shown on the left side. (b) Event location 216 

(yellow star) with respect to the fiber section used in the analysis (filled red curve). (c) S-wave spectrum of the 217 

selected channel (blue points, gray open circles) and of the noise (gray points) are represented. The vertical lines 218 

individuate the frequency domain where the SNR is larger than the selected threshold and the inversion was 219 

performed. The red curve is the best-fit spectrum obtained from the inversion. 220 
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The associator GaMMA (Zhu et al., 2022) was then applied to evaluate the consistency of 221 

the S-picks along the fiber, based on the apparent wave velocity. Accuracy on the picks has been 222 

shown to be sufficient for extraction of the S window for spectral analysis (Scotto di Uccio et al., 223 

2023). The analysis focused on the inversion of S phase, which represents the dominant 224 

contribution since horizontally deployed fibers are poorly sensitive to P wave motion (Papp et al., 225 

2017; Trabattoni et al., 2022). 226 

Before inversion, the highest quality channels along the cable were selected based on their 227 

Signal to Noise Ratio (SNR). This latter quantity was evaluated by computing the ratio between 228 

the 90th percentile of the amplitude in a 6s window after the S arrival time, and the 90th percentile 229 

of the amplitude in a noise window of 20s before the origin time of the event. We selected channels 230 

with SNR>4, and we processed events only if the number of available channels was larger than 231 

200, that represents almost 1/10 of the total number of channels. Following this approach, we 232 

were able to estimate the source parameters for 37 events. 233 

To model the spectral amplitude expressed in eq. (8) we used 𝜃𝜃𝑆𝑆 = 4500 m/s and 𝑄𝑄 =234 

800 as provided by the tomographic model of Marot et al., (2014). Also, we set 𝜌𝜌𝑆𝑆 = 𝜌𝜌𝑅𝑅 =235 

2700 kg/m3 and the S-velocity at the receiver 𝜃𝜃𝑅𝑅 = 400 m/s, according to the analysis of f-k 236 

diagrams. The length of the signal used to evaluate the spectra depends on the event magnitude, 237 

to account for the size dependence of the source duration (Trifunac & Brady, 1975; 238 

Supplementary TextS3). This window also contains a small portion (10%) of signal before the S-239 

pick to account for uncertainties in the arrival times. 240 

In Figure 1c we represent the amplitude spectrum of a channel from the DAS records. 241 

The signal exhibits a clear plateau level at low frequencies and a decay in the high frequency 242 

band. For each channel the inversion is performed in a specific frequency band (delimited in the 243 

figure by the vertical black lines), where the spectral amplitude of the signal overcomes the noise 244 

of a factor larger than 3.5. Low SNR typical of DAS recordings (Lellouch et al., 2020) results in 245 

narrower frequency band to be used for the inversion, as compared to standard seismic 246 

instruments. 247 

Seismic moments and corner frequencies evaluated from the selected dataset exhibit self-248 

similar behavior at almost constant stress drop (Figure 2 a). Using the relationship from Keylis-249 

Borok, (1959): 250 
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and the geometrical factor of 𝐶𝐶𝑘𝑘 = 0.26 from Kaneko & Shearer (2014), the averaged 251 

stress drop could be estimated to Δ𝜎𝜎 = (0.7 ± 0.4)MPa. We also compared moment magnitude 252 

estimations with moment magnitude obtained from the inversion of seismic records from on land 253 

CSN stations. We found great coherency between estimates (Figure 2b). This indicates that the 254 

observed plateau level at low frequencies is representative of the event moment release and is not 255 

significantly affected by instrumental effects. Furthermore, we also compared moment 256 

magnitude obtained from DAS data with local magnitudes from CSN catalog (Supplementary 257 

TextS4) showing that our estimations are consistent with 𝑀𝑀𝐿𝐿 and that for this range of 258 

magnitudes the low frequency plateau is coherent with the energy content of the signal.  259 

 260 
Figure 2: (a) Corner frequency as a function of the seismic moment for the Chilean dataset, exhibiting a constant 261 

stress drop scaling, with average value of (0.7 ± 0.4)MPa and values ranging between 0.1 MPa and 10 MPa.  (b) 262 

Comparison between DAS and CSN moment magnitudes; CSN 𝑀𝑀𝑀𝑀 are obtained from inversion of seismic from in 263 

land stations for the same dataset. Estimations exhibit a scaling consistent with a 1:1 relationship. 264 

The consistency of the modeling of the amplitude decay with the event distance could be 265 

asserted by taking advantage of the dense spatial sampling provided by the DAS technology. For 266 

each event, we computed the residual for both 𝑀𝑀𝑤𝑤 and 𝑓𝑓𝑐𝑐 at each channel, by removing the 267 

average value estimated for the whole cable from the single channel estimate. We grouped 268 

residuals by hypocentral distances in bins of 1 km (from 20 to 150 km) regardless of their event 269 

or channel origin. The median and standard median absolute deviations for residuals were 270 

computed for each bin as a function of the hypocentral distance (Fig. 3). The estimations are 271 
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unbiased in the whole distance range. Only for distances below 40𝑘𝑘𝑘𝑘 the moment magnitude 272 

exhibits residuals slightly larger than zero; this overestimation of the geometrical spreading 273 

correction could be ascribed to possible uncertainty in event location. 274 

 275 
Figure 3: Analysis of the source parameters residuals as a function of the hypocentral distance. Bold lines represent 276 

the median of the residuals for each distance bin, while the error is represented as the Standard Median Absolute 277 

Deviation (SMAD). (a) 𝑀𝑀𝑤𝑤 residuals exhibit a slight bias at short distances (<40 km), while no other trend is evident 278 

at other distances. (b)  𝑓𝑓𝑐𝑐 residuals are unbiased, showing that the exponential decay as a model for regional 279 

attenuation well describes the spectral decay for a wide range of hypocentral distances. 280 

3.2 Southern Apennines DAS measurements 281 

In contrast to Chilean events, the Southern Italy DAS survey focused on smaller 282 

microseismic events (𝑀𝑀𝐿𝐿 ≤ 2.5), that represent a challenging test for the resolution of source 283 

parameters. The data were acquired during a 5-month experiment, involving a DAS interrogator 284 

(Febus A1-r) connected to a 1.1km-long L-shaped fiber optic cable, buried into a shallow trench 285 

(0.3m − 1.0m) in a dry lake near the town of Colliano (Fig. 4b). The instrument was set to work 286 

with a sampling rate of 200Hz, further downsampled to 100Hz, and a spatial sampling of 2.4m, 287 

with a gauge length of 4.8m (see more details in Trabattoni et al. (2022)). 288 

The site of the installation was near the emergence of the main segment of the normal 289 

fault system that generated the devastating 1980 𝑀𝑀 6.9 Irpinia earthquake in the Southern 290 

Apennines. The area is nowadays monitored by the Irpinia Near Fault Observatory (INFO), 291 

(Chiaraluce et al., 2022) that detected several dozens of events during the deployment period 292 
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(Fig. 4a). Figure 5 shows the recordings of a 𝑀𝑀𝐿𝐿2.3 event occurred on 2021/09/20 at 13:07:55 293 

and reveals the specific propagation pattern due to the shallow sedimentary layering, as 294 

described in Trabattoni et al. (2022). 295 

 296 
Figure 4: (a) Map showing the location of the fiber (white square) and the events recorded during the survey (red 297 

circles). The green point marks the event represented in Figure 5 (almost 20𝑘𝑘𝑘𝑘 away from the installation site). 298 

Panel (b) depicts the area contained in the white square, showing the L-shaped fiber (magenta line), with a kink in 299 

B, and the nearest INFO station COL3 (yellow triangle), located at less than 2𝑘𝑘𝑘𝑘 from the interrogator. The white-300 

pattern area represents the dry lake where the cable was buried for the experiment. 301 

 302 

As for the Chilean dataset, we considered events in the local bulletin (𝑀𝑀𝐿𝐿 from 0.3 to 2.3 303 

and epicentral distances up to ~60𝑘𝑘𝑘𝑘 from the interrogator unit) and extracted related DAS 304 

waveforms from the continuous data-stream. We selected the highest quality channels in the AC 305 

section of the cable following a procedure similar to what was described for the previous dataset. 306 
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 307 
Figure 5: The space-time representation of the strain rate wavefield recorded by the DAS system for a 𝑀𝑀𝐿𝐿2.3 event 308 

occurred on 2021/09/20. The black filled line marks the channel, whose time signal is shown on the left side, while 309 

the dashed black lines individuate specific points along the cable, shown in Figure 4b.  310 

 311 

For this dataset, we evaluated the source parameters for channels satisfying SNR>8 for 312 

26 events that meet that criterion for at least at 40 channels. We selected 5s time windows 313 

around the S-pick (from 0.5s before to 4.5s after the S-pick) of a nearby station (COL3, distance 314 

from the fiber < 2𝑘𝑘𝑘𝑘, see Figure 4b) to compute the amplitude spectra. 315 

By analyzing the spectra of the events along the fiber, we observed that the spectral decay 316 

following the plateau level starts around an apparent corner frequency of 5.5𝑆𝑆𝑧𝑧 (Figure 7b), 317 

irrespective of the event magnitude and location and of the channel along the fiber (Fig. 6a and 318 

7a). This decay can be ascribed to local site effects that are dominant in the spectral behavior 319 

because spectral decays due to the source and to the anelastic attenuation are both expected to 320 

show a cut-off frequency dependent on magnitude (source contribution) and distance (regional 321 

anelastic attenuation). Moreover, assuming an average values of the quality factor 𝑄𝑄 for the area 322 

(𝑄𝑄 = 230; Zollo et al., 2014;Amoroso et al., 2017) the spectral decay due to the anelastic 323 

attenuation is generally expected to start at frequencies higher than 5.5𝑆𝑆𝑧𝑧 for the range of 324 

hypocentral distances associated with events recorded at the fiber.  325 



manuscript submitted to Journal of Geophysical Research 

 

We modelled the local site effects using the local attenuation coefficient 𝑘𝑘𝑐𝑐, as described 326 

in eq. (10) (Anderson & Hough, 1984; Butcher et al., 2020; Ktenidou et al., 2014, 2015). To 327 

infer an average value for 𝑘𝑘𝑐𝑐, we selected small magnitude events in the dataset (𝑀𝑀𝑤𝑤 < 1.8) for 328 

which the source corner frequency is expected to be much larger than the observed cut-off 329 

frequency (Zollo et al., 2014). For these events, after removal of regional anelastic attenuation 330 

assuming 𝑄𝑄 = 230, we fit the logarithm of the amplitude spectra as a function of the frequency 331 

to evaluate 𝑘𝑘𝑐𝑐 for each channel and each event (Figure 6a). In Figure 6b, we represent the spatial 332 

variability of 𝑘𝑘𝑐𝑐 along the fiber. The local attenuation coefficient has its maximum in the central 333 

section of the cable, decreasing almost linearly toward the ends of the cable, and possibly 334 

mimicking the shape of the lake basement. We computed the median and the SMAD values from 335 

𝑘𝑘𝑐𝑐 single-channel averages, leading to 𝑘𝑘�𝑐𝑐 = (0.08 ± 0.02)s.  336 

 337 
Figure 6: (a) Example of the linear fit (red curve) estimated on the log-linear spectrum (blue circles) at a specific 338 

channel of the fiber to obtain a single-channel estimate of 𝑘𝑘𝑐𝑐. The spectrum is fitted in the frequency band where the 339 

SNR exceeds the imposed threshold of 3.5 (black vertical bars). (b) 𝑘𝑘𝑐𝑐 variability along the cable by the mean of 340 

average (blue bold curve) and standard deviation (shaded area). The dashed black line individuates the position 341 

where the cable kinks (Figure 4b). (c) Log-log spectrum at a fixed channel for a 𝑀𝑀𝐿𝐿2.2 event recorded on the fiber 342 

on the 2023/11/04 with the same color code described in Figure 1. The 𝑓𝑓𝑐𝑐 estimation is marked by a vertical green 343 

line.  344 

 345 
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The latter value was used in the source inversion of the largest magnitude events (𝑀𝑀𝑤𝑤 >346 

1.8) to remove local site effects from their observed spectra, thereby evaluating their seismic 347 

moment and source corner frequency. 348 

We compared source parameters estimation from DAS and INFO network seismic 349 

records (Figure 7). 𝑀𝑀𝑤𝑤 estimations from DAS are found to be consistent with the ones retrieved 350 

from the INFO network, obtained inverting local seismic records (Fig. 7a). The correlation 351 

between both estimates is lower than in the Chilean case. For Southern Apennines, this can be 352 

attributed to the short length of the cable that does not capture the variability of the 𝑀𝑀𝑤𝑤 estimates 353 

due the distance and azimuth.  Corner frequencies recovered from DAS saturate at 5.5 Hz 354 

without the site correction (gray dots) but are compatible with the ones obtained from INFO 355 

seismic stations when modelling the site attenuation (green dots, Fig. 7b).  356 

 357 

 358 
Figure7: (a) Moment magnitude comparison between estimates from DAS and from INFO network. Moment 359 

magnitude estimated from DAS data follows a 1:1 scaling (red line) with standard seismic station results. (b) Corner 360 

frequency comparison between DAS and local network. Without correction for local site effects (gray dots) DAS 361 

estimates saturate resulting in an apparent 𝑓𝑓𝑐𝑐 around 5.5𝑆𝑆𝑧𝑧. After the correction for local site effects (green dots), 362 

the two estimates become comparable.  363 

 364 

4 Discussions 365 

The new formulation of the far field strain spectra developed in this work does not 366 

require to convert waveforms from strain to velocity (e.g., Wang et al., 2018; Lior et al., 2021; 367 
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Trabattoni et al., 2023) and can be directly applied to raw DAS data. Signal manipulation during 368 

the conversion to kinematic quantities could modify the seismic spectra. For example, the low-369 

wavenumber accuracy of the conversion of the strain rate to displacement by direct integration is 370 

limited by the rectilinearity of the fiber (Trabattoni et al., 2023). Also, the use of the slant-stack 371 

transform for the evaluation of the dominant apparent velocity (Lior et al., 2021, 2023a), only 372 

allows to correctly convert the most energetic phase, and the spurious contribution of other not 373 

well-integrated, superimposing phases cannot be easily evaluated. The proposed strategy also 374 

disengages from the colocation hypothesis and the knowledge of parameters for a reference 375 

event, as required for EGF based approaches (Chen, 2023; Lior, 2023b) that also rely on raw 376 

DAS data. 377 

From the theoretical formulation, we retrieve an enhanced sensitivity of strain 378 

measurements to the shallow structure beneath the cable, with a dependence on the wave 379 

velocity at three-halves power instead of one-half, as compared to the displacement formulation. 380 

Knowledge of a-priori shallow S (and P) wave velocities is thus relevant to avoid biases in the 381 

estimation of the seismic moment. It is worth to note that this velocity also enters (as apparent 382 

velocity) in the conversion from strain-rate to acceleration (Daley et al., 2016).  383 

We also report average radiation pattern contributions which are more than twice smaller 384 

than the ones retrieved for seismometer records, in agreement to the lower and complex 385 

directional sensitivity of DAS to body waves (Martin et al., 2021). Moreover, the presence of 386 

additional nodes in the radiation pattern diagrams suggests cable deployments with changes in 387 

the fiber orientation, to improve the resolution in the source parameters.  388 

Finally, the proposed approach, when integrated in a probabilistic formulation, can be 389 

fully automated, with the quality of the solutions based on the shape of the a-posteriori 390 

probability density functions (Supino et al., 2019). Also, when extending this approach to the P-391 

waves, this strategy could be applied in real-time, when few seconds of early P wave signal are 392 

available (e.g., Caprio et al., 2011).  393 

Validation of this approach on Chilean dataset (𝑀𝑀𝐿𝐿 = 2.6 − 4.3) shows a reliable 394 

estimation of source parameters, comparable with results from standard seismometers. We do not 395 

observe any dependence of parameters on the hypocentral distance, showing that attenuation 396 

correction is consistent throughout the whole cable, enabling DAS to characterize the source of 397 
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events in wide range of hypocentral distances. Moreover, source parameters exhibit self-similar 398 

behavior with a mean stress drop of 0.7 ± 0.4𝑀𝑀𝑃𝑃𝑀𝑀, consistent with the values retrieved for 399 

events in Central Chile (Şen et al., 2015). 400 

In the second application we estimated source parameters for smaller size events (𝑀𝑀𝐿𝐿 =401 

0.3 –  2.3), using DAS data recorded on a much shorter (1.1𝑘𝑘𝑘𝑘) cable installed in the active 402 

tectonic environment of Southern Apennines (Italy). We found good agreement for moment 403 

magnitude estimates from DAS as compared to the ones from standard seismic stations. Because 404 

of the specific installation site (a dry lake), local attenuation plays a crucial role, masking the 405 

effect of the source size in the spectrum. Using a parametric EGF-based approach, we estimated 406 

an average local attenuation coefficient 𝑘𝑘�𝑐𝑐 = (0.08 ± 0.02) s that is comparable with the values 407 

estimated in very soft soils (Ktenidou et al., 2015). Also, the analysis of the variability of 𝑘𝑘𝑐𝑐 408 

shows linear trends with distance along the cable, coherent with the increase in attenuation with 409 

the distances from the tips of the basin (Trabattoni et al., 2022), and that can be correlated with 410 

the depth of the basin (Campbell, 2009). This indicates the possibility to use DAS to infer 411 

mechanical properties of the shallow layering, beyond the source parameters.  When removing 412 

this attenuation from the spectra of the largest magnitude events in the catalog, we were able to 413 

resolve the corner frequencies, that now result to be coherent with the estimates from velocity 414 

seismograms.  415 

Working with DAS spectral amplitudes, especially for time integrated strain data, 416 

displays unique instrumental noise, with coherent low frequency contribution that tightens the 417 

bandwidth where the signal can be inverted (Lior et al., 2023a). This issue is related to 418 

instrumental properties rather than seismic information in the signal, and could be mitigated with 419 

the evolution and increasing demand of distributed sensing sensors. However, for events for 420 

which we estimated both seismic moment and event size (𝑀𝑀𝑤𝑤 between 2.0 and 4.3) we report 421 

that the corner frequency lies in the middle of the frequency band available for the inversion, 422 

allowing for an accurate estimation of source parameters. This is demonstrated by the 423 

comparison with results from standard seismic instruments. For smaller magnitude events, we 424 

were able to capture only the flat level of the spectrum, preventing from the estimate of 425 

earthquake size. We might also expect a limitation in the use of DAS data for source parameter 426 

estimation for events with magnitude larger than 4.5 − 5.0 (not included in the analyzed 427 
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catalogs), where the expected corner frequency approaches the lower limit of the informative 428 

frequency bandwidth. In this case, the inversion could provide biased estimates for the moment 429 

magnitude, as compared to standard instruments.  430 

Consistency of estimates between DAS and seismic data guarantees that the contribution 431 

of secondary phases in the selected S-wave window, to which the DAS could be more sensitive, 432 

does not introduce significant biases in the retrieved source parameters. 433 

5 Conclusions 434 

In this work we estimated source parameters from a spectral inversion of DAS data in 435 

their native representation, based on a novel formulation describing the far-field radiation in the 436 

strain domain. The theoretical modeling displays an enhanced sensitivity to the velocity structure 437 

beneath the cable and the radiation pattern. 438 

Including this model in a probabilistic framework for the inversion (Supino et al., 2019) 439 

allowed us to estimate the moment magnitude and the corner frequency from two different 440 

datasets, showing consistent values when compared to authoritative catalogs. 441 

When analyzing data acquired from a 150𝑘𝑘𝑘𝑘 ocean-bottom dark fiber cable near the 442 

Chilean trench (𝑀𝑀𝐿𝐿 = 2.6 − 4.3), we found a self-similar behavior of the seismicity with an 443 

mean stress drop of  0.7 ± 0.4𝑀𝑀𝑃𝑃𝑀𝑀. Despite their natural variability, we report no biases of 444 

average estimations of source parameters with hypocentral distance along the cable.  445 

Application of the technique to microseismic data (𝑀𝑀𝐿𝐿 = 0.3 − 2.3) acquired in the 446 

Southern Apennines (Italy) represent a challenging test for the achievable resolution in the 447 

characterization of small earthquakes using DAS. We coherently estimated the seismic moment 448 

in the whole magnitude interval. Site effects were shown to dominate the high frequency part of 449 

the spectrum and need to be modelled and corrected for to retrieve the source extension. 450 

The two case studies presented in this work reveal the high potential of DAS for source 451 

characterization, while the dense spatial sampling could be a key ingredient for understanding 452 

source parameters variability and their relationship with the rupture behavior and the local 453 

structure. Nonetheless, fiber optic data require careful processing both for the peculiar signal 454 

properties, and for the large amount of data that requires efficient storage and processing. 455 

 456 
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