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SUMMARY
The PoroTomo research team deployed two arrays of seismic sensors in a natural laboratory
at Brady Hot Springs, Nevada in March 2016. The 1500 m (length) x 500 m (width) x 400 m
(depth) volume of the laboratory overlies a geothermal reservoir. The distributed acoustic
sensing (DAS) array consisted of about 8400 m of fiber-optic cable in a shallow trench and
360 m in a well. The conventional seismometer array consisted of 238 shallowly buried three-
component geophones. The DAS cable was laid out in three parallel zig-zag lines with line
segments approximately 100 m in length and geophones were spaced at approximately 60
m intervals. Both DAS and conventional geophones recorded continuously over 15 d during
which a moderate-sized earthquake with a local magnitude of 4.3 was recorded on 2016
March 21. Its epicentre was approximately 150 km south—southeast of the laboratory. Several
DAS line segments with co-located geophone stations were used to compare signal-to-noise
ratios (SNRs) in both time and frequency domains and to test relationships between DAS and
geophone data. The ratios were typically within a factor of five of each other with DAS SNR
often greater for P-wave but smaller for S-wave relative to geophone SNR. The SNRs measured
for an earthquake can be better than for active sources because the earthquake signal contains
more low-frequency energy and the noise level is also lower at those lower frequencies.
Amplitudes of the sum of several DAS strain-rate waveforms matched the finite difference of
two geophone waveforms reasonably well, as did the amplitudes of DAS strain waveforms with
particle-velocity waveforms recorded by geophones. Similar agreement was found between
DAS and geophone observations and synthetic strain seismograms. The combination of good
SNR in the seismic frequency band, high-spatial density, large N and highly accurate time
control among individual sensors suggests that DAS arrays have potential to assume a role in
earthquake seismology.

Key words: Instrumentation, Seismic array, Seismic spectra, Seismograms, P waves, S
waves.

INTRODUCTION

Distributed acoustic sensing (DAS) for sensing ground motion has
been applied to geophysical studies (Parker et al. 2014; Bakku
2015). DAS technology has the potential to image the subsurface
using dense arrays whose spatial resolution is on the order of 10 m
and whose dimensions can be tens of kilometres given the relatively
low cost of fibre-optic cable and currently available interrogator and
processing technology. The flexibility of fibre-optic cable allows for

many possible geometric configurations. Its use for vertical seismic
profiling (VSP) in oil-and-gas reservoirs and CO, sequestration
sites has been demonstrated in several case studies (Johannessen
et al. 2012; Miller et al. 2012; Madsen et al. 2013; Mateeva et al.
2014; Miller et al. 2016). The fibre-optic cable can be permanently
cemented behind casing in a borehole to be used for repeat surveys.
Fewer examples exist of horizontal deployments. The University
of Wisconsin-Madison and Silixa Ltd. have conducted four trials
beginning with a 90 m layout on lake ice (Castongia et al. 2017),
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Figure 1. PoroTomo natural laboratory and DAS cable layout at Brady
Hot Springs. The boundaries of the natural laboratory are shown as a grey
rectangle. The surface DAS cable is shown by the blue line and geophones
are denoted with crosses. The injection, production and observation wells
are indicated with red, blue and green solid circles, respectively. A 340 m
long DAS cable was installed in Well 56—1. Highway 1-80 and service road
are denoted with solid and dashed green lines, respectively.

a 762 m layout at Garner Valley, California (Lancelle et al. 2017,
Zeng et al. 2017a), a 9 km array at the Brady Hot Springs, NV
geothermal site (Feigl & PoroTomo Team 2017; Zeng et al. 2017b)
and a 250 m array in an operating, underground limestone mine in N.
Aurora, Illinois (Wang et al. 2017). Likewise, Lawrence Berkeley
National Laboratory (LBNL) and Silixa have an extensive program
of deploying fibre-optic cable layouts of increasing spatial size for
monitoring carbon sequestration and permafrost sites using a 150
m receiver line and a 36 km array at the Otway (Australia) carbon
sequestration site (Daley et al. 2013; Freifeld e al. 2016; Yavuz
et al. 2016; Dou et al. 2017; Lindsey et al. 2017). A 17 km DAS
array at the Nevada Test Site has been reported by Mellors et al.
(2014).

This paper utilizes data from the Brady Hot Springs 9 km DAS
array together with a co-located array of 238 three-component geo-
phones (Fig. 1) to assess and correlate the different physical mea-
surements obtained with the two sets of arrays. Understanding the
relationship between DAS and geophone recordings is foundational
for plans to apply DAS in earthquake seismology. During the 15 d
of continuous recording in March 2016, both arrays recorded data
from an M, 4.3 earthquake, whose epicentre at Hawthorne, NV, was
about 150 km south—southeast of the field site (Fig. 2). The focal
depth was 9.9 km. The data from this earthquake are the basis for
examining how DAS records ground motion as a sensor for use in
earthquake seismology.

The paper is organized as follows. (1) First, a brief overview of
the Brady field experiment is provided. (2) Second, the principles of
DAS are described. (3) Finally, the different characteristics of DAS
are illustrated and compared with geophone responses for the M
4.3 Hawthorne earthquake.

DAS ground motion response to an earthquake 2021

BRADY HOT SPRINGS

The DAS array at Brady Hot Springs was deployed as part of a
large, coordinated hydrogeophysical experiment for Poroelastic To-
mography (PoroTomo) conducted over a two-week period in March
2016 in a geothermal field operated by Ormat Technologies (Feigl &
PoroTomo Team 2017). The field laboratory encompasses a volume
that covered a surface area of 1500 m x 500 m down to a depth
of 400 m (Fig. 1). The subsurface geology consists of several hun-
dred metres of alluvium beneath which is the geothermal reservoir
of layered Tertiary volcanic rocks that overlie Mesozoic crystalline
intrusions (e.g. Siler & Faulds 2013; Jolie ez al. 2015). Subsidence
has been measured using geodetic techniques and modelled using
elastic dislocations (Ali et al. 2016).

A variety of sensors were emplaced throughout the volume. The
8700 m DAS fibre-optic sensing array was installed horizontally in
three, parallel zig-zag patterns in a trench approximately 0.50 m in
depth (Fig. 1). The array included approximately 360 m of cable
emplaced in a borehole in the southwest corner of the layout. Re-
sults for the borehole DAS using a Vibroseis source are discussed
by Miller et al. (2018). DAS specifications included calibration
factors that converted field recorded raw data into physical units
of nanostrain per second. The array recorded continuously. DAS
data associated with the analysis of the Hawthorne earthquake are
available at the National Geothermal Data Repository (University
of Wisconsin 2016a).

A conventional, three-component array of 238 Fairfield Nodal
ZLand 3C seismometers also recorded continuously. Seismome-
ters were buried in shallow holes at a nominal depth of 0.3 m.
Nodal specifications included calibration factors that converted sig-
nal counts into physical units of micrometres per second. The Nodal
Zland 3C has a natural frequency of 5 Hz and a documented fre-
quency response,’ which transforms phase and amplitude of coil-
case velocity into ground velocity. At 5 Hz the phase response is
90° and it approaches polarity reversal (180°) at 0.1 Hz. The am-
plitude response decreases about 2 decades per decade of decrease
in frequency between 5 and 0.1 Hz. Nodal geophone data associ-
ated with the analysis of the Hawthorne earthquake are available at
the National Geothermal Data Repository (University of Wisconsin
2016b).

Both active source and ambient noise studies are underway for 3-
D, tomographic imaging of the experimental volume to determine
the ability of the DAS and/or seismometer arrays to image the
experimental volume (Matzel e al. 2017; Thurber et al. 2017; Zeng
et al. 2017D).

DAS RECORDING OF GROUND
MOTION

The ground-motion information contained in DAS data is examined
in this paper in physically meaningful ways by analysing them in
conjunction with the data recorded by the geophone array. First,
the physical quantity measured by DAS is described. Second, the
basic signal-to-noise characteristics of DAS data are presented using
the geophone as a benchmark. Then, several physical relationships
between DAS data and co-located geophone data are examined
using different cable segments.

1Zland 3C reference sheet: http://static.fairfieldnodal.com/assets/media/p
df/ZLand-3C-typical-specs.pdf and PASSCAL Instrument Center: https:
/Iwww.passcal.nmt.edu/content/fairfieldnodal-zland- 3-channel-sensor.
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Figure 2. Location of Hawthorne earthquake (M;, = 4.3, https://earthquake.usgs.gov/earthquakes/eventpage/nn00536374) 150 km south—southeast of Brady

Hot Springs.

DAS strain-rate data

Silixa’s DAS technology records ground motion as strain rate, €,
measured in the direction of the cable (Parker ef al. 2014; Daley
et al. 2015). Light pulses (typically 50-100 ns long) are sent into
the fibre at a rate that is typically one pulse every 100 us, that is, ata
frequency of 10 kHz. At each spatial sampling location x (channel)
and at each time ¢, the Silixa DAS interrogator passes the backscat-
tered light over a fixed distance (gauge length) L centred atx through
optical components that create a coherent interference signal. The
change in optical phase at each channel between successive pulses
is computed and represents an accurate proxy for change in length
of a gauge-length segment of fibre, centred at the corresponding
channel location. The data for our survey were calibrated in physi-
cal units by a gain of 11.6 nm radian~" of optical phase change to
obtain the change in displacement u between pulses over the gauge
length L between time steps # and ¢ + df (Daley et al. 2015).

[u(x—l—%,t-i—dt)—u(x—%,t—i—dt)]

—fulr+ 50 —ulx =50

Dividing by L and dt gives fibre strain-rate averaged over the
gauge length. The gauge length sets the spatial resolution of the
DAS array, which was 10 m in the PoroTomo survey. Typical value
ranges from 7 to 35 m (Mateeva et al. 2014). In theory longer gauge
lengths should lead to higher SNR but lower spatial resolution.
The spatial resolution is distinct from the spatial sampling, which
may be as small as 0.25 m (Miller et al. 2016) because Silixa’s
acquisition system oversamples both spatially and temporally to
provide denoised raw files (see Daley et al. 2015 for a detailed
discussion of the optical noise).

The Brady strain-rate data were provided as a 2-D array at 1 m
spacing between channels and 1 ms in time. The general practice of
time integration was adopted to convert strain rate € to cumulative
strain €. This processing step reduced optical noise.

Because strain rate is measured in the direction of the cable,
its amplitude decreases theoretically as cos’a (‘broadside effect’)

(1

(Mateeva et al. 2014), where « is the angle between the orientation
of the cable and direction of earth particle motion for a perfectly
coupled incident homogeneous compressional signal.

The DAS fibre cable in the Brady field is laid out in a zig-
zag pattern with 71 contiguous segments. To map the locations
of the DAS channels, ‘tap’ testing was performed at corners of
the cable layout. The channel number associated with a sharp tap
response was combined with its location by real-time GPS to provide
a fiducial point identifying a specific cable channel with its UTM
coordinates. Channels between tap-test locations were interpolated.
Because channels within 10 m of a corner in the cable layout are
influenced by the changing directional sensitivity, they are excluded
from analyses that assume a constant direction for a cable segment.
The DAS data were stored in contiguous 30 s files in SEG-Y format.
The delivered result of Silixa’s processing of raw field data at the
Brady site was about 45 terabytes of data.

Signal-to-noise ratio

An overview of the signal-to-noise ratio (SNR) characteristics of
DAS data in the time domain is shown in Fig. 3 for a 4 s window
around the P-wave arrival from the Hawthorne earthquake. Traces
from segments 60 through 71 comprise channels 6994 through 8671.
We estimate the earthquake SNR by comparing root-mean-square
(RMS) amplitudes in representative 1 s windows before and imme-
diately following the P arrival. For the raw strain-rate data (Fig. 3b),
this computation gives signal RMS = 0.40 microstrain s~!, noise
RMS = 0.09 microstrain s~! and an SNR = 4.4 or 13 dB. Be-
cause the raw signal is derived from optical interferometry, there is
a small sensitivity to vibration of the interrogator that results in an
easily estimated common signal present on all the DAS traces. After
time integration, which removes the interrogator system’s photonic
noise, and rejection of the common signal associated with interroga-
tor shake, the data accurately represent a running 10 m average of
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Figure 3. (a) DAS traces in (b) and (c) are for 12 cable segments shown in red on the cable map. Ray direction from Hawthorne earthquake is shown as blue
arrow. (b) Raw DAS recording of strain rate. Time is seconds after origin time of A/}, 4.3 Hawthorne earthquake. (c) Integration with respect to time of raw
DAS from strain rate to strain. Noise and P-wave signals were averaged within the red boxes to obtain SNR of 4.4 for strain rate and 30 for strain.

fibre strain (Fig. 3c). For the fibre strain, signal RMS = 6.9 nanos-
train, noise RMS = 0.23 nanostrain and an SNR = 30 or 30 dB,
a significant improvement over the strain-rate SNR. As is evident
in Fig.3(c), the noise in the strain signal consists substantially of
heterogeneous propagating environmental signal. The earthquake
arrival is similarly affected both by heterogeneity of the arriving
signal and heterogeneity of the coupling to fibre strain, particularly
at the corners of the zigzag deployment.

Next, we compared the SNR characteristics of several co-located
DAS channels and Nodal geophones. In order to compare the same
component of horizontal ground motion as DAS, the waveforms of

the two horizontal components of a geophone were rotated into the
direction of cable. A representative comparison is shown in Fig. 4 for
Nodal geophone N131 and DAS channel CH346 in the southwestern
part of the array at local coordinates X = 156.5m; ¥ = —1.6 m in
Fig. 1. The incident arrival from the M| 4.3 Hawthorne earthquake
is at an angle of ~35° relative to the orientation of the DAS cable
segment, which is parallel to the X-axis. The noise window (‘Noise’
in Fig. 4) was defined to be a 2 s long interval before the P-wave
arrival. The P and S windows were also chosen to be 2 s intervals
after their respective arrivals. The time-domain SNR is defined to be
the ratio between the maximum absolute value and the RMS scatter
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Figure 4. Example comparison of normalized DAS strain rate (blue) and raw geophone coil-case velocity (red) records for 2016 March 21 Hawthorne
earthquake. Boxes show the 2 s time windows that were used to obtain noise and signal for P- and S-wave arrivals. The geophone record was scaled to match
its peak amplitude to that of DAS. The inset map shows location of DAS segment (red line) and geophone (green triangle).
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Figure 5. Comparison of time domain SNR of P- (left) and S-wave (right) arrivals of co-located raw geophone coil-case velocity and raw DAS strain rate

records. Ratios of %, 1 and 2 are shown for reference as dashed lines.

during the noise window. For comparing the SNR obtained for
different DAS channels and nearby geophones, we accounted for the
angle o between the particle direction of the incident signal and the
cable direction. The DAS strain is proportional to cos’a, whereas the
geophone velocity is linearly proportional to cos «. A preliminary
beamforming analysis using the geophone array indicated that the
incident angles of P and S waves are only a few degrees from the
backazimuth to the earthquake. For CH346 the SNR uncorrected
for angle @ was 13 for the P wave and it was 37 for the S wave.
Dividing by cos’a and cos a for DAS and geophone, respectively,
the corrected SNRs were 21 and 58, respectively. For N131 the P-
wave SNR uncorrected for angle o was 22 and the S-wave SNR was
94. The corrected SNRs were 27 and 117, respectively. Based on
several dozen other comparisons, the time-domain P-arrival SNRs
for geophone records ranged for the most part between 0.2 and 2
times the time-domain SNR of co-located DAS records (Fig. 5a).

Although the range of SNRs was similar for the time-domain S-
arrival, a significant number of geophone SNRs were greater than
twice DAS SNRs (Fig. 5b), which may be related to the direction
of the S-wave polarization.

Because of the frequency-dependent response of seismometers
and DAS, the SNR is also frequency-dependent as discussed by
Daley et al. (2015). Therefore, we also computed a frequency-
domain SNR after obtaining the power spectral density (PSD) of
noise and signal as a function of frequency using Welch’s (1967)
method. The left side of Fig. 6 shows spectrograms for the 50
s windows recorded by Nodal N131 and DAS CH346 that were
shown in Fig. 4. The frequency content of the waveforms of the two
sensors are remarkably similar as a function of time. The right side
of Fig. 6 shows the power spectra for the 2 s noise, P-arrival, and
S-arrival windows. The P- and S-wave spectra contain more energy
below 10 Hz than at higher frequencies where all three spectra
converge.
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Figure 6. Spectrogram (left side) and power spectral densities (PSDs) for P-wave and S-wave arrivals and noise for raw Geophone N131 coil-case velocity

(top right) and raw DAS CH 346 strain rate (bottom right) records.

The frequency-domain SNR was defined to be the power ratio at a
given frequency. A comparison for the same example shown in Fig. 4
for the time domain SNR is shown in Fig. 7 for the frequency domain
SNR. The frequency-domain SNRs of DAS and the geophone are
very similar. The SNRs measured for the Hawthorne earthquake at
Brady were better than those Daley ez al. (2015) observed for active
sources. In their study, they employed data sets from an active-sweep
source to compare the quality of geophone and DAS records. After
stacking they investigated the SNR of DAS to geophones with the
result that DAS SNR was 18-24 dB lower. Compared with active
sources, an earthquake signal contains more low frequency energy
and the noise level is much lower at those lower frequencies (Fig. 7).
Therefore, the SNR in our case is better even without any stacking.

The quality of DAS sensitivity to ground motion at the approx-
imately 1 Hz frequency signal present in recordings of regional
earthquakes is shown in Fig. 8. Two low-pass filters with cut-off
frequencies of 1.0 and 0.5 Hz were applied to the raw data of co-
located DAS channel 0346 and geophone N131. The results show

that comparable P- and S-wave signals were recorded at frequencies
down to 0.5 Hz (Fig. 8).

DAS STRAIN RATE AS FINITE
DIFFERENCE OF GEOPHONE
PARTICLE VELOCITIES

Strain rate is defined mathematically by

de 9 (9
=20 _ 2 (2 2
ar — ot \ox

where u is the particle displacement in the cable direction x. The
definition of strain rate in eq. (2) combined with the fact that DAS
measures the average strain rate over the gauge length, L, leads to a
finite-difference relationship between strain rate as measured by a
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Figure 7. Comparison of frequency-domain SNR of P- (left) and S-(right)
wave arrivals for raw Geophone N131 coil-case velocity (red) and raw DAS
CH 346 strain rate (blue) records.

DAS channel and particle velocity as measured by a geophone:

épas (¥) = T fwz (Hdl = r fHLZ z;)x al
(3)

f"‘*’z 2 dug _ i+ 5)-a(x-%)
T Laadl= L :

This relationship was derived by Bakku (2015) for a plane acous-
tic wave propagating along the fibre-optic cable. Eq. (3) carries
assumptions of a homogeneous medium and long wavelengths with
respect to the gauge length. Eq. (3) states that the DAS-measured
strain rate is the finite difference of the particle velocity that is
recorded one-half gauge length on either side of the DAS channel
(Fig. 9, top). In other words, if there are two geophones whose com-
pensated records represent particle velocity, the strain rate recorded
by a DAS channel at the midpoint of the cable segment between
them equals the difference of the two (velocity) seismograms di-
vided by their separation distance. Eq. (3) can be generalized to any
pair of geophones spaced an integer number of gauge lengths apart
by repeatedly summing channels one gauge length apart.

For example, if there are four geophones and three DAS channels,
the sum of three DAS channels at x = -L, 0, and + L is equal to
the difference of geophones at x = + 3 L/2 and -3 L/2 divided by L
(Fig. 9, bottom). The intermediate geophones at x = -L/2 and L/2
cancel:

B(=L)+£(0)+&(L) = “CBHCH)

LD | i @
u(—— u(——

In general, the summation leads to cancellation of terms repre-
senting interior geophones leaving only the difference of geophones
at the end of a line segment of length nL when the seismic wave-
length is much larger than the length of the line segment:

¢ [——““;)L] o E[0] .. [—("-ZUL]

)
_ ) u(—*

The finite-difference relationship eq. (5) between DAS strain
rate and geophone particle velocity was tested along several cable
segments (Fig. 10 (left)). Waveforms of the two horizontal geophone
components were rotated into the direction of the fibre-optic cable to
obtain the same component of ground motion as the DAS channels.
The records of the DAS channels were converted to nanostrain
per second using the calibration factor 11.6 nanostrain per radian
supplied by Silixa. The first DAS channel used in eq. (5) is 5 m from
the first geophone in the + x direction whereas the last channel is
5 m from the second geophone but in the —x direction. The interior
channels used in eq. (5) were evenly sampled between the two ends
in 10-channel (one, gauge length) steps (Fig. 10 (right)). The cable
segment lengths vary from 20 to 100 m; thus, the number of DAS
channels in the summation in eq. (5) varies from 3 to 10. The
angle between the cable segments and the incident wave from the
Hawthorne epicentre varies between 13° and 67°.

For the comparisons, the raw waveforms obtained by the geo-
phones were converted from counts to velocity seismograms in
micrometres per second using the instrument calibration and fre-
quency response information provided by Fairfield Nodal. Both
DAS strain rate and geophone waveforms were bandpass filtered to
select frequencies between 1 and 5 Hz. Because the shallow struc-
tures on the highway and hill sides (separated by a service road)
are quite different (Zeng et al. 2017b), two series are shown for
different cable segments to investigate possible effects of different
incident wave azimuths and site conditions for DAS sensing ver-
sus geophones. Figs 11 and 12 show the comparison of the left-
and right-hand sides of eq. (5) for the configuration of geophones
and DAS shown in Fig. 10 for the highway and hill side traces,
respectively. Highway and hill side differences were not apparent.
The plots include a time shift that maximizes absolute value of the
cross-correlation coefficient between the two waveforms over the
50 s window. The time shift of 0.1 s or less includes effects from
several factors. Although the timing of both acquisition systems
was supposed to be synchronized via GPS, small time differences
are still present. Second, the location of DAS cable is not exactly
the same as the ‘co-located’ geophone, which introduces an addi-
tional time difference. Third, the phase response of the geophone
around the resonant/natural frequency is another factor that affects
the waveform.

The left-hand (DAS) and right-hand (Nodals) sides of eq. (5)
show high cross-correlation coefficients and very similar wave-
forms. The P- and S-wave arrivals appear distinctly for each sensor
type. The amplitudes for the first several cycles of the P waves are
also approximately the same. The S-wave comparisons are poorer
possibly due to interference from P-wave coda. The coda is as-
sociated with converted phases and locally scattered signals off
small-scale heterogeneities near the surface. The coda might affect
DAS differently than geophones because of differences in ground
coupling. Although both the geophones and DAS cable are buried
at similar depths of a few tenths of a metre, geophones are coupled
with a single spike whereas coupling over DAS’ 10 m gauge length
can be irregular due to heterogeneity of the backfill or near-surface
alluvium. Thus, the two sensors represent different spatial samples
of ground motion.

In summary, the raw waveforms of the Hawthorne earthquake
recorded by DAS and geophones appear very similar (Fig. 4). They
do, however, sense different physical variables, are coupled differ-
ently, and have different response functions. The Silixa DAS system
is configured to measure strain rate with a gauge length of 10 m.
Integrating time samples readily converts strain rate to strain. Def-
initions of strain in terms of displacement led to a finite-difference

220z 1snbny Lz uo 1senb Aq 2£2Z¥61/0202/E/E L z/e1onieB/woo dno-olwspeoe//:sdiy wolj pspeojumoq



% . DAS CH0346 P wave
-E Raw
£ 0
=}
g -1
£ 5 10 15
w Time (s)
~ 5 %x10%  N131 Pwave
D) Raw
g Op= e
3 -2
5 10 1
— Time (s)
£ 0.02 lpc1.0Hz
s 0 A/\/VV\
=}
g -0.02
g 5 10 1
w Time (s)
% 100 Ipc1.0Hz
g 0
-3 -100
5 10 1
~ Time (s)
"Q 1 x1073
g Ipc0.5Hz
P02 A
5 -1
<z 5 10 15
Time (s)
T‘é 5 Ipc0.5Hz
£o S AVAY
B} _5
5 10 15
Time (s)

[é)]

DAS ground motion response to an earthquake 2027

% 5 DAS CH0346 Swave
g Raw
Zo fiafray
=]
-5
s 30 35
w Time (s)
=~ 1 ><105 N131 Swave
o Raw
Eo "“v"’YW\(V“
] _1
25 30 35
— Time (s)
.= 0.1 Ipc1.0Hz
2 0 MV
=]
5 -0.1
g 25 30 35
W Time (s)
L': 2000 Ipc1.0Hz
g 0 vv\——’\’\/\/v—/\/\/\
-3 -2000
25 30 35
o Time (s)
§ 0.02 Ipc0.5Hz
! o\
g -0.02
vt 25 30 35
Time (s)
L': 200 Ipc0.5Hz
£ /N
-3 -200
25 30 35
Time (s)

Figure 8. Comparison of DAS CH0346 strain rate (blue) and geophone N131 case coil (red) waveforms for raw and low-pass P- and S-waves cut-off (Ip c) at

0.5 and 1 Hz.
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Figure 9. Top: Illustration of eq. (3) for two geophones spaced 1-gauge-
length L apart where a DAS channel located at the midpoint is the finite
difference of a pair of geophones particle-velocity recordings. The triangles
are geophones and the circle is a DAS channel. Bottom. Illustration of eq.
(4) for two geophones spaced 3-gauge-lengths apart in which case the sum
of the three DAS channels is equal to the difference of the two geophones
at the end of the segment divided by L.

type of relation between DAS strain and geophone particle velocity
(egs 3-5). Testing the equation with calibrated DAS and co-located
geophones produced similar amplitudes in many cases (Figs 11 and
12), which is surprising given the obvious differences in how the
two sensors are coupled to the ground. The reasonably good cycle-
for-cycle amplitude match deteriorates a few cycles after an arrival,
which is attributed to coda associated with near-surface scattering
that dominates the noise.

DAS AS STRAINMETER AND VIRTUAL
GEOPHONE

The concept of DAS as virtual geophones is based on the propor-
tionality between strain and particle velocity for a plane wave, where
slowness is the constant of proportionality (Benioft 1935). Benioff
(1935) and Mikumo & Aki (1964) used it to obtain phase veloc-
ity of surface waves from teleseismic earthquakes using data from
a station with a co-located strainmeter and seismometer. Benioft’s
‘linear strain seismograph’ was a 20 m rod that measured the relative
displacement of two piers using an electromagnetic transducer. Its
base line length is similar conceptually to gauge length in the DAS
array, although its two-point coupling to the earth is different than
the continuous coupling of DAS cable buried in a shallow trench.

Relationship between strain and particle velocity

The strain—particle-velocity relationship was presented in the con-
text of DAS by Daley et al. (2015) and Bakku (2015). For a plane
wave propagating in the x-direction, u (x, ) = A(x)e'*=*), As-
suming A (x) is constant,

9 19 I
e = - 422 _ 42 (6)
0x

c ot c
where //c = k/w is the apparent slowness in the cable direction
(also assumed to be constant), ¥ = du/dt is particle velocity as
measured by a conventional seismometer, and the sign is positive
when the cable channel number increases in the direction of wave
propagation. Eq. (6) will serve as the initial basis for comparing
a DAS channel with a co-located geophone. The proportionality
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Figure 10. Left: map showing locations of DAS cable segments (red) and geophone pairs used in eq. (5). The Hawthorne-to-Brady direction is shown as a
black arrow. Right: Geometry of each DAS cable segment and geophone pairs. The horizontal axis is distance along cable for each line segment.
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Figure 11. Highway side test of eq. (5). Compensated geophone ground velocity (red) and DAS strain rate waveforms (blue) were bandpass filtered between 1
and 5 Hz and aligned using the best-fit, time-shifted cross correlation. Both P- and S-wave arrivals are shown. On the left set of panels, the DAS and geophone
waveforms have been offset vertically for clarity. The geophone waveform has been divided by gauge length L according to eq. (5) so that both plotted traces
are in units of nanostrain per second. The cross-correlation coefficient (CC) between the two waveforms and the angle between the DAS cable segment and
earthquake arrival are shown. The middle column expands the timescale for the P-wave arrival and the right column expands the timescale for the S-wave
arrival. Top: cable segment CH498- CH541. Middle: cable segment CH398 — CH441. Bottom: cable segment CH1761-CH1815.

constant 1/c can be obtained using a phase velocity ¢ obtained from frequency-wavenumber (f~k) domain. The time domain approach
moveout in the time domain from traces recorded in a DAS cable will be used to convert a Nodal geophone trace to strain and the f~k
segment. Alternatively, it can be obtained as the ratio k/w in the domain approach will be used to convert a DAS channel trace to
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Figure 12. Hill side test of eq. (5). Compensated geophone ground velocity (red) and DAS strain rate waveforms (blue) were bandpass filtered between 1 and
5 Hz and aligned using the best-fit, time-shifted cross correlation. Both P- and S-wave arrivals are shown. See the caption of Fig. 11 for details. Top: cable
segment CH5434-5492. Middle: cable segment CH5900-CH5921. Bottom: cable segment CH7009-CH7102.

particle velocity. The comparisons will be limited by how the phys-
ical coupling of each sensor to the subsurface affects its recording
of ground motion.

Converting particle velocity to strain using time-domain
moveout

The apparent slowness is obtained in the time domain by track-
ing arrivals of a coherent phase of the P-wave arrival from the
Hawthorne earthquake along a DAS cable segment. The locations
of three geophones co-located with a DAS cable segment were cho-
sen for the test are shown in Fig. 13. The cable segments ranged
between about 50 and 200 m in length. The apparent P-wave phase
velocities ranged between 1124 and 1450 m s~! from the best-fitting
slopes obtained from the moveouts shown in Fig. 14. The apparent
P-wave phase velocity is mainly controlled by two factors: P-wave
velocity and incident direction. The ¥, in the top 50 m obtained from
tomography is about 1300 m s~! (Thurber et al. 2017), but strong
heterogeneity is also present. The lower frequency of an earthquake
arrival might also introduce uncertainty into picking the arrival. As
was done in the previous section, the co-located DAS channel and
geophone traces on a cable segment were bandpass filtered between
1 and 5 Hz after conversion from raw data to physical units. The
time-domain moveout velocities were used to scale the geophone
traces (compensated for instrument response) and convert them to
equivalent strain via eq. (6). The resulting comparisons between
the three co-located DAS channels and geophones are shown in
terms of strain for the P-wave arrival in Fig. 15 and for the S-
wave arrival in Fig. 16. Although two of the three examples for
each phase show comparable waveforms, the results are poorer vi-
sually and have lower cross-correlation coefficients than examples
of the finite-difference comparisons based on eq. (5) (Figs 11 and
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Figure 13. Three co-located DAS channels and geophones (red triangles)
were compared using eq. (6). DAS cable is shown in green line.
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Figure 14. The apparent velocities of the P-wave arrival measured from
raw DAS strain rate traces along cable segments near the three geophones
shown in Fig. 13. The grey-scale shading represents amplitude while three
individual traces are shown in blue. The apparent velocities are obtained
from the best-fit slopes shown by the red lines. (a) CH 0482-0688 is 1124 m
s~!. (b) CH 20682113 is 1452 m s~ !. (c) CH 8431-8643 is 1185 m s~ .

12). Given the small number of examples, no relationship could be
found between the fit and the spatial location (highway side or hill
side) of the cable segment.

We suspect that variable coupling along the cable segment adja-
cent to the co-located geophone may be responsible for the poorer
match, although variable coupling should also play a role in the
DAS-geophone comparison based on eq. (5). Controlled tests in
uniform medium with uniform coupling are needed to investigate
eqs (5) and (6) rigorously.

Converting strain rate to particle velocity in f~k domain

DAS strain-rate data can also be converted to particle velocity by
processing a cable segment in the f~k domain. As in the previ-
ous section, the raw DAS data were first converted to strain by
integrating with respect to time. The strain waveforms were then
Fourier-transformed in 2-D from the time—space domain to the f~k
domain. The transform coefficients A(k w) were scaled by k/w be-
cause multiplication by £ is equivalent to integration with respect to
the spatial variable x and division by w is equivalent to differentia-
tion with respect to the time variable ¢. Thus, integrating strain with
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Figure 15. Comparison of P-wave signals recorded by co-located DAS
(blue) channels and geophones (red) in which the geophone traces have
been converted to equivalent strain via eq. (5) velocities from Fig. 14. The
apparent velocities and ratios of RMS amplitudes of geophone and DAS are
shown in upper left corner of each panel.

respect to x converts it to displacement and differentiating the result
with respect to time converts it to particle velocity (eq. 2). There-
fore, we obtain particle velocity for each channel when (k/w)-A(k,w)
is inversely transformed back to the time—space domain. Note that
the procedure scales the Fourier coefficients A (k,w) by the slowness
k/w, which is summarized below as MATLAB pseudo-script:

= ifft2 (k/w) A (k, ), (7
where
Ak, w) = ff2 (e (x, 1)) (®)

The particle-velocity waveforms calculated by egs. (7-8) from a
DAS cable segment can then be used to compare co-located DAS
channels and geophones (compensated for instrument response and
rotated into the cable direction) directly. Egs. (7-8) convert a DAS
channel into a ‘virtual geophone.’

Out of 54 co-located pairs of DAS and geophones, we chose 6
to compare particle velocities calculated from egs. (7-8) with those
obtained from geophones (Fig.17). The comparisons span the whole
array. Because the noise level is much lower below 5 Hz, all wave-
forms were bandpass filtered between 1 and 5 Hz. Two series of
examples are shown: three pairs on the hill side (Fig. 18), and three
pairs on the highway side (Fig. 19). The DAS waveform has been
transformed to a particle velocity using the f~k transform described
by egs. (7-8) and the geophone waveform is scaled by dividing by
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Figure 16. Three S-arrival comparisons of co-located DAS channels (blue)
and geophones (red) for P-wave arrival using eq. (6) and apparent velocities
from moveout (not shown). DAS traces are strain and geophone traces
are ground velocity after compensating for instrument response. DAS and
geophone traces were bandpass filtered between 1 and 5 Hz after conversion
from raw data to physical units. The apparent velocities in m/s, ratios of
RMS amplitudes, and cross-correlation coefficients of geophone and DAS
signals are shown in upper left corner of each panel.

the ratio of the RMS amplitude of the geophone trace to that of
the DAS trace (G/D in the left panel). As with the comparisons
of DAS and geophones in the previous section, time-shifted cross
correlation was used to optimize the fit. The DAS virtual geophone
and geophone waveforms fit each other well for the first couple of
cycles in both the P and S windows. As with the DAS and geophone
comparison of eq. (5), converted phases and locally scattered sig-
nals due to small-scale heterogeneity near the surface might lead
to differences in the P-wave coda recorded by DAS with its 10 m
spatial averaging and geophones with their point coupling. Gener-
ally speaking, f~k scaling did not improve the waveform fit over the
direct comparison of DAS strain versus a co-located geophone’s
particle velocity. Sometimes f~k scaling introduced a phase shift
(e.g. N060), which might be due to changes in coupling along a
cable segment.

In summary, a DAS cable segment can be used to convert its
strain waveform into a particle-velocity waveform. Egs. (7-8) were
tested for the Brady array in two ways. In the time domain, apparent
velocities, and hence, its reciprocal, slowness, were obtained by
tracking the phase of an arrival along a cable segment. In the f~k
domain, slowness was obtained using a cable segment for the 2-D
Fourier transforms of egs. (7-8). The slowness was then used to scale
the DAS strain rate for comparison with geophone particle-velocity
waveforms (Figs15 and 16 and Figs 18 and 19, respectively). The
comparisons using calibrated values produced results significantly
worse than tests of the finite-difference eq. (5), as measured by cross-
correlation coefficients, although reasonably good matches were

DAS ground motion response to an earthquake 2031
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Figure 17. Six co-located DAS channels and geophones (red triangles) were
compared using eq. (7). DAS cable is shown in green line. The arrow is the
direction of the incident wavefield from the Hawthorne earthquake.

obtained for a couple of cycles after an arrival. One possible reason
is that the coda can contain several superposed signals with different
signs. The coda waves are associated with geologic heterogeneity,
such as small scatterers (e.g. Poletto ef al. 2016), which could affect
the DAS waveform differently than a geophone’s, because DAS
spatially averages over 10 m whereas the geophone is a point sensor.

SYNTHETIC STRAIN SEISMOGRAMS

Several synthetic strain seismograms were computed for the
Hawthorne event to guide interpretation of the empirical observa-
tions. The University of Nevada, Reno (UNR) generates a list of mo-
ment tensor solutions using the using the inversion code of Ichinose
et al. (2014). The code creates Green’s functions for the available
moment tensor solution (http://www.seismo.unr.edu/Earthquake
accessed on 12/3/17) to compute displacement seismograms for
any point in the region. The forward calculation used the 1-D West-
ern US velocity model of Ritsema & Lay (1995). The displacement
seismograms can then be rotated into the radial direction towards
the earthquake epicentre and pairs of seismograms half a gauge
length on either side of a DAS channel location can be differenced
in space to yield strain du/dx.

Comparisons of DAS and geophone waveforms were made with
synthetic strain seismograms for a segment of fibre that is approx-
imately aligned with the backazimuth to the earthquake (Fig. 20).
Waveforms from four DAS channels were selected and integrated to
yield strain. Also, waveforms from two geophones that are approxi-
mately co-located at the ends of the cable segment were rotated and
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Figure 18. Hill side test of eq. (7). Compensated geophone ground velocity (red) and DAS time-integrated strain waveforms (blue) were bandpass filtered
between 1 and 5 Hz and aligned using the best-fit, time-shifted cross correlation. In the left column, the DAS and geophone waveforms have been offset
vertically for clarity in the left set of panels. The middle column expands the timescale for the P-wave arrival and the right column expands the timescale for
the S-wave arrival. Top row: N026 and CH 5642. Middle row: N049 and CH 5558. Bottom row: N060 and CH 7107.

integrated with respect to time to obtain displacement and differ-
enced with respect to space to provide an alternate strain estimate.
These are plotted together with the synthetic strain seismogram at
the midpoint of the cable segment. As the synthetics are limited to
a maximum frequency of about 0.5 Hz, due to the relatively sim-
ple model, and the geophone’s corner frequency is 5 Hz, the strain
waveforms derived from them were band passed from 0.25t0 0.5 Hz.
Fig. 20 shows the filtered results, which are trace-normalized and
aligned by origin time.

The synthetic strain seismogram matches the geophone’s well,
except for the P wave, which is poorly recorded at these frequen-
cies by the geophone, although evident at higher frequencies. The
synthetics show a clear Rayleigh wave train about 60 s after the P,
which is likely pronounced due to the simple velocity model, as
more complex (and realistic) models tend to decrease the Rayleigh
amplitude. The DAS signals resemble the synthetics for the chan-
nels at the ends of the cable segment; the P wave, in particular, is
well matched. The slight difference in azimuth (<20°) between the
synthetics and the DAS does not have a significant effect on the
seismograms.

DISCUSSION

Both DAS and geophone arrays at Brady Hot Springs clearly
recorded the regional M; = 4.3 Hawthorne earthquake on 2016
March 21. Its epicentre was 150 km SSE (159°) from the Brady
natural laboratory. The co-located arrays provided the opportunity
to compare the signal-to-noise characteristics of DAS and geo-
phone data and to examine how their physical quantities are related
to each other. These results provide insights into the potential for
implementing DAS as a seismic array. A DAS array can contain
a very large number of time-synchronous sensor points at metre-
scale spatial density over distances that are tens of kilometres in
length. DAS, however, records only a single component of strain
and it is directionally sensitive. Theoretically, it has zero sensitivity
to broadside motion. Lindsey et al. (2017) found that DAS and a
broadband seismometer gave essentially identical estimates of main
body-wave arrival times, peak ground accelerations, and coda for
a M3.8 Alaska Range earthquake recorded 150 km away in Fair-
banks. They found as well that DAS did not record P-wave phases
as well as the seismometer. Phase identification can be problematic
using a single-component point sensor (Bormann et al. 2014) be-
cause polarization analysis, which is widely used to identify phase
or to suppress noise (Schimmel & Gallart 2003), cannot be used
with DAS data. Other factors influence the earthquake waveforms
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Figure 19. Highway side test of eq. (7). See caption of Fig. 18 for details. Top row: N134 and CH 874. Middle row: cable segment N141 and CH 2417. Bottom

row: N147 and CH 3017.
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Figure 20. Comparison of synthetic strain seismogram, DAS channels and
geophone finite difference.

recorded by a DAS array—optical system noise, signal and noise
strengths and spectra, near-surface heterogeneity, and coupling of
ground motion with the cable. The influence of the near-field geol-
ogy of the cable array is assessed by a map of time-domain SNRs
(Fig. 21) in which every tenth DAS channel is represented by a
dot and contours are based on the SNR of the east component of
geophones. The correlation between the two values suggests that
the SNR of DAS is controlled mostly by site effects. In general,
the central part of the ‘PoroTomo Natural Lab’ is a low-velocity
zone on tomography slices (Thurber et al. 2017) and also shows
low SNR. Another indicator of local heterogeneity was observed
by Miller ef al. (2018) in interpreting two VSPs in borehole 56—
1 located in the southwest corner of the array (Fig. 1). Distinctly
different statics corrections were required for two profiles in which
one Vibroseis source was to the northeast by 260 m and the other
source was 260 m to the southwest. Strong site effects dominated
directional sensitivity as we found no correlation between cable di-
rection and SNR (Fig. 22). The crosses denote the measured SNR
of the P-wave, which would be expected to vary only as a function
of cos?a, if directional sensitivity were the only variable. All the
P-wave SNRs should be a single value. However, the plot shows
that the measured SNR fluctuates widely for channels on cable seg-
ments for which cos?a is constant, which could be the result of
local heterogeneity or variable coupling of the cable to the ground.
A best-fit linear regression of SNR versus cos’a (red line) shows

220z 1snbny Lz uo 1senb Aq 2£2Z¥61/0202/E/E L z/e1onieB/woo dno-olwspeoe//:sdiy wolj pspeojumoq



2034 Wang et al.
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Figure 21. Time-domain DAS and geophone SNR map for (a) P-wave arrival and (b) S-wave arrival. Dots are the SNR of every 10th DAS channel and
contours are based on the SNR of the east component of geophones, which is a good approximation of site effects.
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Figure 22. DAS P-wave SNR (crosses) versus cos’a (red line), which corrects for directional sensitivity. The absence of correlation with cable orientation
relative to horizontal particle direction is evidence that site effects dominate the SNR.

that the deviations do not show any trend with broadside angle.

Variable near-surface geology, variable coupling, or the changing
direction of cable segments reduce wavefield coherency across the
array, but it appears that the first two possibilities dominate at the

Brady site.

CONCLUSIONS

The performance of overlapping arrays of 8.7 km of DAS cable and
238 geophones was studied using P- and S-wave arrivals from an
My = 4.3 earthquake whose epicentre was 150 km away. Both arrays
showed highly similar waveform traces in recording P- and S-wave
ground motion from the earthquake. The SNR of DAS cumulative
strain is improved over raw strain rate. The SNR of a single DAS
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channel was generally lower by a factor of two when compared to
geophones at earthquake body-wave frequencies of a few Hertz,
but increases at lower frequencies. The SNRs of both DAS and
geophones varied with local geological heterogeneity. The SNRs
measured for the Hawthorne earthquake at Brady were better than
observed for active sources.

A comparison of DAS strain waveform as a finite difference of
two geophone waveforms worked well in several test cases. Also, the
strain waveforms measured by DAS correlated well with particle-
velocity waveforms measured by geophones for the first couple of
cycles after an arrival. Apparent velocities were obtained both by
analysing DAS data in the time domain and in the f~k domain.
The amplitudes of the strain waveforms computed from geophone
waveforms were comparable to those of DAS waveforms, although
the waveforms themselves showed variable cross-correlation val-
ues. Synthetic strain seismograms can be a useful tool to provide
a controlled baseline for first-order comparisons. In general, the
physics of ground motion measured by DAS and geophones were
confirmed. DAS has significant potential for contributing to seismic
array analysis of regional earthquakes.
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