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Abstract Earthquake source parameters are crucial for assessing seismic hazard and understanding
earthquake source physics. However, source parameter estimation is challenging for small earthquakes because
they suffer notorious trade-offs with shallow attenuation. Borehole Distributed Acoustic Sensing (DAS) uses
fiber-optic cables to provide unprecedented spatial resolution for attenuation analysis and a closer recording of
the earthquake source. In this study, we use DAS in a vertical well in the Cape Modern geothermal field, near
Milford, Utah, to characterize shallow attenuation and estimate source parameters of microearthquakes

(0 < M < 1.7) that occurred during a stimulation. We directly correct the DAS instrument response and
directional sensitivity. We use along-depth spectral ratios to obtain a high-resolution Quality Factor (Q) profile
for P waves in the top 2,500 m. We find low Q at the near surface, and that attenuation primarily decreases with
depth, with less dependence on rock types, consistent with previous studies in California and Switzerland. We
use a single-spectral approach to estimate corner frequency, source radius, slip, magnitude, and spectral stress
drop over the limited magnitude range. The spectral stress drops do not show magnitude dependence, while their
variability might relate to fault heterogeneity or rupture variability. The DAS response-correction is channel-
dependent and can introduce biases in source parameters. We reduce potential biases by using channels with
similar responses and checking measurement consistency. We use the Empirical Green's Function for two event
pairs to benchmark the results. This work shows the potential of using DAS for understanding crustal
attenuation and characterizing microearthquakes.

Plain Language Summary Seismic hazard assessment requires a good understanding of earthquake
source physics and how seismic energy scales with magnitudes. This information is encapsulated in source
parameters such as the spectral stress drop, which is a measure of the static stress released during earthquakes.
However, characterizing small earthquakes is challenging because of potential biases from wave propagation
effects. The attenuation, which is often poorly known, is the main source of inconsistency in spectral stress
drops for small earthquakes. In this study, we demonstrate the potential of using a fiber-optic cable deployed in
the borehole with Distributed Acoustic Sensing (DAS) to analyze shallow attenuation and microearthquakes in a
geothermal reservoir. The downhole DAS provides an unprecedentedly dense seismic network in the subsurface
and a closer recording of the small earthquakes. We obtain the first high-resolution attenuation structure from
seismic observation. The near-surface high attenuation echoes the importance of accounting for shallow
attenuation when modeling the seismograms. The spectral stress drop variation likely characterizes the
subsurface heterogeneity or comes from more complex sources. We show that downhole DAS can provide new
attenuation observations in the crust and improve our ability to model small earthquakes if we carefully account
for the instrument response of the cable.

1. Introduction

To understand source physics and assess seismic hazard, we need to quantify and characterize the source of
observed earthquakes. These characteristics are earthquake source parameters. The source dimension and the
earthquake size are characterized by the corner frequency and magnitude, respectively. The shear stress released
on the fault during the rupture is the stress drop. For induced earthquakes, these parameters reveal the subsurface
response to human activities. In the Enhanced Geothermal System (EGS), stimulation induces small events that
illuminate the fractures. Microearthquakes (M < 2) carry information on the stress condition of the fault, the
energy released, and can reveal potential structural anomalies.
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However, source characterization for small earthquakes has proved challenging (see, e.g., review by Aber-
crombie, 2021; Abercrombie et al., 2025). The difficulty comes from many effects that are difficult to separate
from each other in seismic observation. The observed earthquake Fourier spectrum U(f) (f is frequency) can be
expressed in general by

U(f) = 8- P(f)- G(f) - 1(f), (1)

where S(f) is the source effect, P(f) and G(f) are the path and site effects that relate to wave propagation, and
I(f) is the instrument response. The path effect is travel-time dependent and varies with distances between the
earthquake and the station. The site effect occurs at shallow depths beneath a station and is common for all events
recorded at the station. For microearthquakes, attenuation is the major wave propagation effect that can result in
significant bias in source modeling. This is because attenuation dominates at the high-frequency amplitudes
(>10 Hz) where the corner frequency lies. Biases in corner frequency due to uncertainty of near-surface structure
have been found to be the most significant reason for inconsistency between spectral stress drop estimates in
different studies of small earthquakes (Abercrombie & Baltay, 2025; Abercrombie et al., 2025; Shearer
et al., 2025). Failing to account for the large shallow attenuation can result in trade-offs that lead to systematic
biases in corner frequency and spectral stress drop (Abercrombie, 1997; Abercrombie & Leary, 1993; Ahn
et al., 2025; Chang et al., 2023, 2025; Ko et al., 2012; Shearer et al., 2019).

The problem is, most of the time, we have very limited knowledge of seismic attenuation in the subsurface.
Previous studies measured attenuation using downhole geophones and seismometers and found attenuation to be
more dependent on depth than on rock type (Abercrombie, 1997). A very low Q at the surface, increasing rapidly
with depth (i.e., attenuation decreases), is observed at Parkfield (Jongmans & Malin, 1995), Cajon Pass in
Southern California (Abercrombie, 1997), and Basel in Switzerland (Bethmann et al., 2012). Still, the along-depth
attenuation is poorly constrained because the sensors are sparsely spaced (hundreds of meters apart). Because of
the lack of attenuation structure information, studies often have to make assumptions in earthquake source
characterization. Chang et al. (2025) demonstrated that failing to separate path- and site-dependent attenuation
can lead to systematic bias in corner-frequency estimates. Shearer et al. (2025) showed that different attenuation
corrections can result in widely different source spectra. To date, the spectral stress drop is still a largely un-
constrained parameter (Abercrombie & Baltay, 2025; Abercrombie et al., 2025).

Recently, advances in Distributed Acoustic Sensing (DAS) for earthquake seismology offer a great tool for
downhole monitoring (Zhan, 2020). The DAS captures the seismic waves as strain rate (or strain) along the fiber-
optic cable (Hartog, 2017). The cable can be installed behind the well casing and provide densely distributed
downhole sensors (a few meters spacing). The optic fiber needs lower maintenance compared to the electric
sensors (M. Li et al., 2015). Hence, we can use these fiber-optic cables to achieve dense seismic networks in the
subsurface. This gives us a great opportunity to resolve the along-depth attenuation with high spatial resolution. In
addition, the downhole cable allows us to observe microearthquakes in situ, minimizing the contamination from
wave propagation effects.

In this study, we use DAS in a vertical borehole to measure attenuation as a function of depth and characterize
source parameters for microearthquakes that occurred during stimulation in a geothermal field. These analyses
involve modeling the DAS amplitude spectra, which have been relatively less explored. Unlike geophones and
seismometers that measure particle motions, DAS measure “strain,” which is more sensitive to motion along the
cable direction (the directivity effect). The finite gauge length for measuring strain also causes a frequency-
dependent sensitivity. Both effects alter amplitudes, while the phase is not affected (Bakku, 2015; Dean
et al., 2017; Lindsey et al., 2020).

To avoid this complication in amplitude, DAS seismic applications have been focusing on phase analysis,
including detecting and locating earthquakes (e.g., Karrenbach et al., 2019; Lellouch et al., 2019; Zhang
et al., 2023; Zhu et al., 2023), structure imaging (e.g., Chang & Nakata, 2024; Correa et al., 2019; Martuganova
et al., 2024; Park, Jung, et al., 2025; Park, Nakata, et al., 2025), and time-lapse changes (e.g., Byerley et al., 2018;
Chang & Nakata, 2022; Daley et al., 2016; Mateeva et al., 2014). Studies that involved DAS amplitude focus on
low-frequency (<10 Hz), where only the directivity effect is important while the gauge length effect is relatively
small. These studies include earthquake magnitude estimation (Barbour et al., 2025; Gok et al., 2024; Lellouch
et al., 2021; Lior, 2024; Lior et al., 2023; Nayak et al., 2024) and fracture characterization (Jin & Roy, 2017,
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Figure 1. The workflow for analyzing shallow attenuation and modeling microearthquake source parameters in this study.
Gray boxes with a clipped corner are data and final results. Rectangles are processes—Yellow: Attenuation analysis. Blue:
Single spectral source parameter analysis. Orange: Empirical Green's Function (EGF) or spectral ratio source parameter
analysis. Green: Verification between single-spectral and EGF methods.

Rodriguez Tribaldos et al., 2024; Zhan, 2020), and using polarities for focal mechanism determination (Cole
et al., 2018; Baird et al., 2020; Luo et al., 2021; J. Li et al., 2023). Some studies used DAS data for source
characterization with a spectral ratio approach (Barbour et al., 2025; Chen, 2023; Lior, 2024). They used the
Empirical Green's Function (EGF) approach to remove the wave propagation effect and instrument response,
which has been shown to be effective. However, finding a suitable EGF for small events can be difficult, and the
EGF adds additional uncertainties (Abercrombie, 2015). Strumia et al. (2024) used a shallow buried horizontal
cable in a dry lake to characterize earthquakes of M 2.0-4.3 without EGFs. They estimated relative lateral
variability in shallow attenuation and then used it to constrain the source model. They also considered the cable
directivity but not the gauge length effect because their interested frequency range is lower than 10 Hz. They
showed the importance of considering local attenuation when estimating source parameters.

Similar to Strumia et al. (2024), here, we estimate attenuation and directly model the amplitude spectra to
constrain source parameters, including corner frequency and magnitudes. The difference is that we can directly
analyze variation in shallow Q with depth using a vertical cable. Also, we need to consider the gauge length effect
as our earthquakes are small (M < 2) and their corner frequencies are expected to be at high frequencies (tens to
hundreds of Hz) (Baltay et al., 2024; Kwiatek et al., 2014). We estimate source parameters by fitting the Brune
model (Boatwright, 1978, 1980; Brune, 1970). This direct modeling approach is the single spectral method
(e.g., Abercrombie, 1995; Ko et al., 2012; Yu et al., 2020). We use the two available event pairs to perform the
EGF spectral ratio analysis to help benchmark the corner frequency estimates. Eventually, we map the source
parameters of microearthquakes on the faults and discuss the potential implications of their variations.

This paper is structured into four sections. First, we introduce the microearthquakes at the Cape Modern
geothermal field. Second, we discuss the role of the DAS responses in the attenuation and source parameter
analysis. Third, we resolve the along-depth Q profile. Fourth, we perform the source parameter analysis by fitting
the Brune model and verify the results using the spectral ratio approach. Figure 1 summarizes the workflow of the
analysis.

CHANG ET AL.

30f22

85U801 7 SUOWIWOD BAIE8D 3ol [dde au Aq peuseAcb ase sejoie YO ‘8sn Jo se|nJ 10 AriqiT 8UlUQ /8|1 UO (SUONIPUOD-PUR-SLUB)/WOO" AS| 1M Ae.q 1 [pul Uo//:Sdhy) SUONIPUCD pue SWwie | 8L 89S *[9202/0T/c2] Uo Akeiqi]aulluo A3|IM ‘9/2yE08r9202/620T OT/I0p/u0d A8 1M Arelq i puljuo'sqndnfie//:sdny woly pepeojumod ‘6 ‘9202 ‘9SE669T2



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2026JB034276

(a) (b)
2024-02-14 10:34:46 -- 2024-03-06 19:27:55

le6
4.2640 . Events

e L] D_10B
. i 0 (This study)
BTN J .Y [ 16B

4.2635 A 120°W  110°W F_ll
F_2P
F 31
F_4T

Elapsed
\8 time (days)
300 20

10

4.2630 A

Northing (m)

4.2625 A

4.2620 o

333000 R
4.2615 334000  4.262 $0<&“

T T T T T E .
3.325 3.330 3.335 3.340 3.345 ast’ng (IT))
Easting (m) 1le5

Figure 2. Configuration of the wells and the microearthquakes in (a) 2D and (b) 3D. Inset in (a) shows the site location in
Utah (red dot). There are four L-shaped Frisco injection wells (F-11, F-2P, F-31, F-4T; color curves) and a vertical Delano
well (D-10B; red cross) that has a fiber-optic cable installed. The deviated production well (16B) is at the nearby FORGE
geothermal site. The color dots are the ~7,100 events that occurred during 27 stages of stimulation in wells F-1I and F-31.
The vertical and horizontal axes are 1:1. The example events are marked by the white (Event 1), the gray (Pair 1: Events 2,3),
and the magenta (Pair 2: Events 4,5) stars (Table S1 in Supporting Information S1).

2. Microearthquakes at the Cape Modern Geothermal Field

The Cape Modern geothermal field is near Milford, Utah. Figure 2 shows the 2.5 km X 2.5 km area that includes
four L-shaped Frisco injection wells and a vertical Deleno well (D-10B). The vertical well has a fiber-optic cable
installed. In the area of the map, thick basin sediments and volcanics cover a granite basement at 1,000-2,000 m
depth (Fercho et al., 2024). The granite reaches 200-225°C at 2,500-3,000 m depth, which is the target of
the EGS.

In February 2024, Fervo Energy performed the first stimulation in the L-shaped Frisco wells F-11 and F-3I (Dadi
et al., 2024). Each well was stimulated with 27 stages, spanning from mid-February to mid-March. They detected
and located ~7,100 microearthquake events within 1.5 km horizontal distance from the injection wells during
stimulation with magnitudes ranging from —0.6 to 2.9 (Nayak et al., 2026). The location was estimated using both
surface geophones, regional networks (Nakata et al., 2024), and borehole DAS by Fervo Energy. The dominant
focal mechanism is strike-slip with some normal faulting (Mohammadi et al., 2025), which is expected for the
Basin and Range extensional regime. The seismicity is likely due to reactivation of pre-existing fractures (Dadi
et al., 2024; Nakata et al., 2025). In this study, we are able to characterize ~1,800 events (M,, 0-1.7) with hy-
pocentral distance 0.7-2.2 km from the DAS channels used for source parameter estimation (1,800-2,400 m
depth; Section 5).

We focus on analyzing the downhole DAS (Silixa iDAS) in the vertical well D-10B. The cable is cemented
behind the casing. The DAS system has 1,600 channels (i.e., stations) with a channel separation of approximately
2 m. The gauge length (L) is 10 m. The sampling rate (fst) is 1,000 Hz. The raw DAS data is radian per gauge
length per second, and can be converted to strain rate (nm/m/s) by multiplying 2713 - fs¢/L for Silixa iDAS. We
use a modified 1D velocity profile based on a previous seismic survey (Miller, 2018) to window the arrivals for
picking and calculate travel time. Figure 3 shows the wavefield of a M,, 1.5 event (Event 1) recorded by the
vertical DAS cable and the picked P-wave arrivals. See Text S1 in Supporting Information S1 for details on
picking and windowing.
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Figure 3. A microearthquake event (catalog M,, = 1.5, Event 1): (a) Wavefield captured by Distributed Acoustic Sensing in
the vertical well D-10B. Channel spacing is 2 m. (b) Raw P-wave arrivals (normalized by the maximum amplitude), aligned
by the picked time (dashed line) of a kurtosis picker. We only show every 40 available picks for visualization.

3. Consideration of DAS Directivity, Gauge Length Effect, and Unit Conversion

We calculate the amplitude strain rate spectra using a multitaper method (Prieto, 2022). We use a P-wave time
window of 0.1 s, sufficiently long to capture the low-frequency spectrum. The preprocessing includes demeaning
(in space and time), detrending (in time), and tapering both ends of the trace (in time). The noise window starts
0.3 s before the P arrival with a duration of 0.1 s (Figure S1 in Supporting Information S1).

Figure 4a shows the DAS strain rate amplitude spectra. To convert the DAS strain rate to ground motion, we
consider the following effects: (a) the source effect, (b) the flat response (Figure 4b), including directivity effect
and a conversion from particle motion to its spatial gradient, (c) the gauge length effect (Figure 4c), and (d) the
attenuation (Figure 4d). We assume the channels are in the farfield of the event and thus plane waves. The source
is the far-field earthquake source spectra. Bakku (2015) showed both (b) and (c) and their combined version.
Here, we group these effects by their spectral shape and highlight the controlling factors so that it is easier to
understand how they cause potential biases for source parameter measurements later in the discussion (Section 6).
In this paper, we use the broad term “response” to include both (b) and (c).

The flat response (Figure 4b) represents how the particle motion (acceleration) amplitude of the wave is observed
as spatial gradient (strain rate) in the cable direction (described in Equation 3.4 in Bakku, 2015):

R, = 1/(5(0) . Vapp)a (2)

where @ is the incident angle (between the cable and the ray path). S(0) is the particle motion sensitivity for P
waves (S(0) = 1/cos(d)) and S waves (S(6) = 1/sin(0)). vy, is the apparent wave speed, used to convert
particle motion to its spatial gradient (see Equation 6 in H. F. Wang et al., 2018). v,,, can be estimated by dividing
the channel separation by the arrival time difference between channels, or v,,, = v/cos(6), where v is the wave
speed (unit: m/s). We use the former method to calculate the actual v,y;,. The later method might be subject to the
uncertainties of the velocity profile and the incident angle, although we test that both methods produce similar
results. The flat response is channel-dependent and frequency-independent.
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Figure 4. Earthquake P-wave spectra of the Distributed Acoustic Sensing strain rate data for Event 1 (catalog M,, 1.5) and the
observational effects (in addition to the source effect). (a) P-wave amplitude strain rate spectra (color) and noise (black). We
group the effects by their spectral shape: (b) The flat response that includes the cable directivity and a conversion from
particle motion to its spatial gradient (Equation 2). (c) The gauge length effect (Equation 5). The horizontal dashed line is the
cutoff amplitude (0.4) for water-level stabilization to avoid amplifying high-frequency noise when removing the gauge
length effect. (d) Cumulative attenuation effect (e~¥* with k in Equation 7) depends on Q and travel time. The colorbar
applies to all subfigures.
We can converts the strain rate (¢, unit: nm/m/s) to particle acceleration (i, unit: m/s%) by:
i = é¢/R; -107°. 3)
To convert acceleration to displacement (u, unit: m), we follow Lior and Ziv (2018):
u = i/2nf)’, @
where f is frequency.
The gauge length response (Figure 4c) is related to the frequency sensitivity due to the finite length for measuring
strain (described in Equation 3.5 in Bakku, 2015)

Ry = sinc(afL/Vypp), %)
where sinc(x) = S"‘T(") (be careful that some software packages might use a different definition). L is the gauge
length. R, also depends on gauge length and the apparent velocity, and is both channel and frequency dependent.
We can remove the gauge length effect by dividing the data by R,.

In the attenuation analysis (Section 4), we only consider R, because we only measure the relative spectral decay to
get Q. In the single spectral source parameter analysis (Section 5.1), we consider both R; and R, because we need
the spectra in the unit of m to fit the farfield source spectra model. In the EGF analysis (Section 5.2), we do not
consider both responses as the EGF accounts for the responses.
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Figure 5. Illustration of the attenuation analysis. (a) We use P-wave arrivals with an incident angle <30°. After removing the
gauge length effect, we stack P spectra every 20 m (red balls) and calculate the spectral ratio between channels separated by
160 m. (b) We fit the spectral ratio with an exponential function (Equation 6) between 20 and 200 Hz to estimate the Q
values. Depth intervals between shallower channels (smaller channel #) show a larger decay (lower Q) in general.

4. Calculation of the Shallow Attenuation Structure

We use the amplitude decay between P-wave spectra recorded at different depths to estimate Q along the vertical
well. As this method relies on the difference in frequency content at pairs of depths for individual events, it does
not rely on the assumption of any particular source model or high-frequency fall-off. We take a 0.1 s P arrival
window, demean (in space and time), detrend (in time), taper the trace (in time), and calculate the Fourier spectra.
Then, we perform a spectral point-wise quality control to retain the bandwidth with signal-to-noise ratio (SNR)
>3 (Viegas et al., 2010). We calculate v,,, by dividing the channel separation by the arrival time difference
between channels. Then, we remove the gauge length response by dividing the spectra by R, (Equation 5). To
avoid amplifying noise, we set a high-frequency cutoff amplitude at a water level of 0.4 for the gauge response
removal (horizontal dashed line in Figure 4c), and we discard channels where the cutoff frequency (where the
response drops below the water level) < 200 Hz. We only use arrivals with incident angles less than 30° as we aim
to characterize attenuation between channels. The travel time is calculated by ray-tracing (White et al., 2020)
using a modified 1D velocity model based on Miller (2018). To enhance SNR, we stack P-wave spectra by taking
the median P-wave spectra of every 20 m of channels. We take the median channel number, location, and arrival
times to represent each 20 m stack.

We calculate channel-wise spectral ratios between stacked P-wave spectra that are 80 channels (~160 m) apart to
find the attenuation in the interval in between (Figure 5). To be more specific, every P-wave spectrum of a 20 m
stack is divided by another 20 m stack that is 80 channels below. The 80-channel separation applies to the median
channel number of the stacks. We select this spacing and geometry to ensure resolvable attenuation in the depth
intervals, and stacking of similar signals to amplify the signal. This spectral division process is repeated with a
step of 10 m to have some overlap between measurements (the overlapping brackets in Figure 5a). We estimate
frequency-independent Q by fitting the ratios with the following equation (Anderson & Hough, 1984),

A= Age M0, 6)

where A is an arbitrary low-frequency amplitude, and At is the travel time difference between the two spectral
stacks. We only fit the ratios between 20 and 200 Hz (the minimum cutoff frequency in the gauge length effect
removal step). The corner frequency of the events should not affect the results because the channel-wise spectral
ratios remove the source effect. Also, the measured frequency band is higher than the corner frequency, as all
events are less than magnitude 2, for which we expect the corner frequency < 20 Hz for a spectral stress drop
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Figure 6. (a) Quality factor of the P wave (Q,,) from the attenuation analysis versus (b) density (p), (c) P-wave velocity (V,,),
and (d) shear-modulus (1) from the well log. Each blue dot is the median of measurements within 20 m. The error bars
indicate median absolute deviations. We extrapolate the Q values (hollowed circles) for the source parameter analysis in
Section 5. Shaded colors indicate geological formations (Fercho et al., 2024). (b) and (c) are from the well logs (Fercho

et al., 2024). (d) is calculated from well-log shear-wave velocity and p.

>2 MPa. We only consider frequency-independent Q in this study, as the decay on the spectral ratios appears to fit
Equation 6 well with a constant Q (Figure 5b).

Then, each channel has several Q measurements associated with the 20 m stacking and the 80-channels spectral
division. We take the median Q and the median absolute deviation for error. We compare Q with density (p),
P-wave velocity (V,,), and shear modulus () from the well logs. We smooth the well log using a 20 m window by
taking the median value and the median absolute deviation for each window.

We calculate the cumulated attenuation (k) along the ray path using (Hough & Anderson, 1988):

path >i

where tt; and Q; are the travel time and Q inside each layer, respectively.

For structures shallower than 300 m, the high-frequency signal is lost to the combination of high attenuation and
large gauge length effects due to the low velocity. We extrapolate shallow Q by assuming Q to continue the 100 m
scale decreasing trend toward the near surface. For structures deeper than 2,450 m, no event with low incident
angles is available. We extrapolate deep Q by assuming linearly increasing Q with depth, assuming Q = 70 at
2,700 m. This assumption is verified in Section 5.1.3, which shows no significant depth-dependence for corner
frequency measured by models constrained by such a Q assumption for individual events.

4.1. Attenuation Structure

Figure 6 shows the resulting 1D Q profile compared with density, P-wave velocity, and shear modulus from the
well logs. Above 500 m depth, the shallow basin fills and clay have low Q, p, and V,,. From 500 to 1,500 m, Q
generally increases due to sediment compaction with small variations of sub-layers. The granite basement is at
about 1,500 m depth with a sudden large increase in V), and u. Q and p also increase at the basement, but not as
much as the velocity and the shear modulus. This is consistent with previous borehole studies in Parkfield
(Jongmans & Malin, 1995), Cajon Pass in Southern California (Abercrombie, 1997), and Basel geothermal field
in Switzerland (Bethmann et al., 2012) that found depth, rather than rock type, being the main factor affecting Q.
Figure 7 shows the cumulative attenuation for an earthquake at 2,800 m depth and the general agreement with
these previous borehole studies. The cumulative attenuation increases rapidly toward the near surface.
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C —I_—L ________ JI 5.1. Individual Event Spectral-Modeling Approach
500 - : 5.1.1. Theory
: In this part, we model the strain-rate converted farfield displacement spectra
I i . (Q(f)) using the Brune source model (Boatwright, 1978, 1980; Brune, 1970)
< 1000 1 1= i ® This study combined with exponential attenuation (Anderson & Hough, 1984):
£ I [ — — Parkfield p &h :
— -l .
S 11 Cajon Pass Q
) 11 = = Switzerland Qf) = 0 - e, (8)
0 1500 - : i From extrapolated Q [T+ @) "
!
! where € is the amplitude at the low-frequency asymptote, f. is the corner
20001 | frequency, and n = 2 is the high-frequency fall-off rate. Using y = 1 or 2
1 does not change our results significantly. We assume y = 1 (Brune model),
| which gives a slightly better fit than y = 2 (Boatwright model) after all
2500 : T T T quality control (Figure S2 in Supporting Information S1). « is the high-
0.00 0.01 0.02 0.03 0.04 frequency attenuation parameter (Equation 7).
K (s)
The main problem with using such a single-spectrum approach is the large
Figure 7. Cumulative attenuation (k) (black curve) for an event at 2,800 m trade-off between the earthquake source parameters (€2, and f.) and the
depth. Values in the gray area are estimated based on extrapolated Q. Dashed attenuation (e.g., Ko et al., 2012), which includes both a travel time
curves are previous studies: Jongmans and Malin (1995) (Parkfield), component and a travel-time independent shallow site component (e.g., Ahn

Abercrombie (1997) (Cajon Pass, Southern California), and (Bethmann

et al., 2012) (Basel, Switzerland).

et al., 2025; Chang et al., 2025). Here we fix the attenuation using the Q
structure obtained above, and assume a gently increasing Q for depth between
the earthquake and the deepest station. We will analyze the channel dependence of the results to check potential
trade-offs and compare with the EGF approach to examine the Q assumption.

We calculate the seismic moment of each earthquake from the €, values using (Brune, 1970):

4mtpc3RQ
My = U—O ©)
#0
in which p = 2,790 kg/m? is the density, c is the P-wave velocity at the hypocenter, R is the hypocentral distance
that accounts for geometrical spreading, and Uy = 0.52 is the mean radiation pattern coefficient for P waves
(Madariaga, 1976). We calculate moment magnitude using (Hanks & Kanamori, 1979)

2

M, = 3 log,, My — 6.07. (10)

5.1.2. Data Processing and Quality Control for Single Spectral Approach

We calculate P-wave spectra using a 0.1 s time window with the same processing (demeaning in space and time,
detrending in time, tapering in time) and quality control (spectral point-wise SNR > 3) procedures in Section 4.
The 0.1 s window is chosen to avoid contamination of other phases, based on Abercrombie et al. (2016), which is
10 times larger than the source duration of most events with f. > 100 Hz. To check if the window causes biases to
the larger events, expected to have f. < 100 Hz, we also test using a 0.2 s window. We get similar stress drop
results for the larger events, but lower M,, and higher f. for some of the smaller events (see Text S2 in Supporting
Information S1), suggesting our choice of window is not causing significant bias, similar to the results of Ide
et al. (2003) (their Figure A2). We require the S wave to arrive after the selected P wave window. We consider the
flat response (R;) and convert the strain rate to displacement (Equations 3 and 4). We remove the gauge length
effect by dividing R,. Finally, we resample the spectra with constant spacing in the log-frequency space and keep
the spectra between 10 and 400 Hz. We stack the displacement spectra by taking the median amplitude at a
frequency among 20 m of channels, which slightly improves the amplitude stability, especially at the edges of the
frequency range where the SNR is the lowest (Figure S3 in Supporting Information S1). Figure 8 shows the
stacked displacement spectra. We take the median channel location and incident angle for each stack. We only
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Figure 8. (a) Response-corrected stacked P-wave displacement spectra for Event 1 (catalog M,, 1.5) and two single spectral
modeling examples (a) at 2,139 m depth and (c) at 2,323 m depth. Each spectral point is the median of 10 close channels
(which spans 20 m along the cable), where each individual spectrum of a channel has been through the point-wise SNR > 3
quality control, removed the gauge length and flat responses, and resampled in the log-frequency domain. We fit the Brune
model with estimated attenuation (black dashed) (Equation 8) to the stack spectra (blue) to determine the corner frequency (fc)
(vertical line) and low-frequency amplitude (). The white part inside the gray shades indicates the fitting range (20-400 Hz).
The blue shade is the standard deviation. When determining the median f. and €, for an event, we only include channels
between 1,800 and 2,400 m depth, which have lower misfits, and channels with incident angle <45° to reduce response-
correction-related bias.

retain stacks with median incident angle <45° to avoid response-correction related bias. Note that this criterion is
more generous than the <30° limit used for the attenuation analysis in Section 4. When measuring O, we want the
wave to travel in mostly the vertical direction, while here, we want to reduce the range of possible responses to
reduce correction bias. We estimate cumulative attenuation using Equation 7 for each stack. We use ray-tracing to
estimate the travel time spent in each Q layer for the cumulative attenuation between each channel stack and
source pair.

We use a least-squares approach (Newville et al., 2016) to fit Equation 8 to the stacked displacement spectra to
resolve f. and Q, (Figures 8b and 8c). We minimize the model misfit between f,;, = 20 Hz (2 times 1/time
window) and f;,,, = 400 Hz (0.8 times the Nyquist). Using a different frequency range does not change the results
significantly (e.g., 60—400 Hz; Figure S4 in Supporting Information S1). We remove results with large misfits
(reduced chi-square >0.02), large uncertainty (standard deviation >50% of the results), or f. that are too close to
the edges (>0.8 fi.x O <1.2 fii). We select a channel depth range for our analysis of 1,800-2,400 m. We prefer
this range because they have more low-misfit measurements (Figure S5 in Supporting Information S1). Shallower
channels suffer from the difficulty in separating a reflected phase at the basement (1,500 m depth). High
attenuation and lower medium velocity also severely limit the available bandwidth at shallower depths (blue
spectra in Figure 8a).

The f. and Q, measurements for each event form a distribution that has a central value (Figure S6 in Supporting
Information S1). We take the median f. and €, as the final results. We convert €, to moment magnitude
(Equations 9 and 10) and estimate source radius, slip, and spectral stress drop (Equations 12—14).

5.1.3. Channel Dependence

We check the consistency of measurements between channels to ensure no significant biases are involved.
Figure 9 shows how individual single spectral fitting measurements deviate from the final result. We divide all M,,
and f. measurements on the individual stacked spectrum at different channel depths by the final results of the
events. Note that we include only M,, and f. measurements that pass the quality control here. The majority of the
measurement (yellow) at individual channel depth aligns with the final results (M,,/M,, cyen and £/ event = 1),
which ensures the measurement consistency. The corner frequency has a slight channel depth dependence where
shallower channels tend to have higher f. measurements (i.e., f./f cvene > 1)

This channel dependence can result from uncertainty in response correction, which can cause trade-offs with
corner frequency and seismic moment in the Brune model. Inaccuracy in incident angle and apparent velocity can
systematically bias gauge length and flat response estimates between stacks of channels (Equations 2 and 5).
Hence, if we include measurements of a large range of incident angles, we cannot tell if the observed source
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Figure 9. Variation of (a) moment magnitude (M,,) and (b) corner frequency (fc) measurements along the cable in the single
spectrum approach. The x-axis is the channel depth to which the stacked spectra belong. The y-axis reports all single spectral
fitting measurements that pass the quality control (Section 5.1.2) divided by the final result (which is the median of channel
measurements) of the events. The color indicates the percentage of measurements at a given channel.

parameter variation is real or due to biases in response removal. Thus, we limit the incident angle to be less than
45°. If we include a larger range of incident angles, the depth dependence increases, and we risk having more
biases (Figure S7 in Supporting Information S1).

Uncertainty in Q can also result in over- or under-correcting attenuation that can cause trade-offs with f. (e.g., Ahn
et al., 2025; Ko et al., 2012; Shearer et al., 2025). If we use a larger Q, we get larger channel dependence for f;,
which signals potential trade-offs between f. and Q (Figure S8 in Supporting Information S1).

5.2. Verification of f, Using Empirical Green's Function Approach
5.2.1. Theory

Given the large uncertainties in estimating small earthquake source parameters (e.g., Abercrombie, 2021), it is
advisable to test whether other approaches result in similar estimates (e.g., Abercrombie et al., 2025; Ruhl
et al., 2023). The EGF method (Hartzell, 1978; Hough, 1997) uses a collocated small event, with a similar focal
mechanism, as an EGF. The spectral ratio of a target and an appropriate EGF event pair can isolate the source
terms without the need to model either the wave propagation effects or the directivity/unit-conversion/instrument
responses. However, the approach does need appropriate pairs of events, both with a wide frequency range of
signal above noise, to work well (Abercrombie, 2015). We find two good-quality event pairs and use them to
validate the estimates of f. from the single spectral method.

We model the spectral ratio as:

L+ (f/f)" v an
L+ (/)" |

Q) = Qm[

Q,, is the relatively low-frequency amplitude of the event pair. f.; and f, are the corner frequencies of the target
and the EGF events, respectively. Following the results of the single spectral analysis, we assume y = 1
andn = 2.

5.2.2. Data Processing and Quality Control for EGF Approach

We first find event pairs whose mutual distances are <100 m (location uncertainty) (Pairs 1 and 2). We require the
low-frequency amplitude ratio >2 and the magnitude difference >1.0 to allow proper determination of f
(Abercrombie, 2014, 2015). We align the P arrivals of the event pair in time by finding the maximum cross
correlation and cut the 0.2 s P arrival window. We require a cross-correlation coefficient (cc) >0.8 between the
target and EGF events' DAS raw waveforms filtered between 5 and 50 Hz (Abercrombie, 2015; Pennington
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Figure 10. Spectral ratio analysis using Empirical Green's Function (EGF). (a) Aligned P-wave waveforms (normalized)
of two target (blue) and EGF (red) event pairs (Pairs 1 and 2), filtered between 5 and 50 Hz. (b) Stacked spectral ratio
and the best-fitted model. Pairs 1 and 2 stack 277 and 43 available channels, respectively. Target corner frequency
(f;l) and standard deviation are the vertical blue line and shade. EGF corner frequency (vertical red line) is fixed, assuming a
constant spectral stress drop. The individual channel spectrum used for calculating the spectral ratios has passed the point-wise
SNR > 3 quality control and has been resampled in the log-frequency domain. (c) Comparison of the corner frequency
estimated by the spectral ratio and single spectral results. The gray dashed line is 1:1. The error bars for the single spectral results
are the standard deviation of all channel group measurements. The errorbar for the spectral ratio is the standard deviation of the
fitting. The size of the dots is inversely proportional to the misfit of the spectral ratio fitting. We require a cross-correlation
coefficient cc > 0.8.

et al., 2022) (Figure 10a). Note that this bandpass filter is only for calculating cc below expected corner fre-
quencies, and we do not filter the waveforms used in the later spectral fitting. Another quality control procedure is
similar to Section 5.1.2, but no response removal is needed. We divide the raw, recorded strain rate spectra of the
target event by those of the EGF. We resample the spectral ratios to equal spacing in the log-frequency domain.
Then, we stack all ratios.

We fit the stacked spectral ratios with Equation 11 to resolve Q, and f.; (Figure 10b). To avoid trade-offs between
f.1 and f;, (Shearer et al., 2019), we fix f., assuming a constant spectral stress drop of 37 MPa (median of the single
spectral method results). We require f.; < 0.6 f., for proper determination of f.;. We discard results with large
misfits (reduced chi-square >0.005).

We only find two well-recorded event pairs that meet the quality criteria we impose to obtain reliable corner
frequency f.; estimates for comparison with the single spectral f. results (Figure 10c). The corner frequencies
estimated by the two approaches are consistent and within the error bars (fitting standard deviation). f. of event 1
is 59 + 2 Hz using EGF and 57 + 2 Hz using single spectral method. f. of event 2 is 175 + 5 Hz using EGF and
203 + 65 Hz using single spectral method. This comparison implies that there are no large systematic biases due
to parameter trade-offs in the single spectral approach for these two events.
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Figure 11. Source parameter results. (a) Corner frequency (fc) versus seismic moment and moment magnitudes (M,,).
Constant spectral stress drop (Ac) values are marked by the black lines. Each point is the median of the channels. The color
indicates the kernel density of data points. Error bars are the median absolute deviation. We minimize model misfit between
20 Hz (f,;,) and 400 Hz (f,,..,) (bounded by the dark gray shades). We only retain f, measurements that lie between 1.2 f, ; and
0.8 fihax (bounded by the light gray shades). (b) Source radius. (c) Source slips assuming shear modulus (¢) = 20, 30, 40 GPa.
There are more small-radius, slow slip events.
5.3. Radius, Slip, and Spectral Stress Drop
For a circular crack, the source radius (r) can be estimated following Brune (1970), and Madariaga (1976):
r=kp/f, (12)
in which k is a constant that depends on the theoretical rupture model and f§ is the S-wave velocity at the hy-
pocenter. We assume k = 0.38 from (Kaneko & Shearer, 2015). From the definition of seismic moment, the
average slip of a circular source D is (Aki & Richards, 2002):
M,
D=—12. (13)
Tur
The granite basement has y = 25-30 GPa (Figure 6d). We estimate the slip with g = 20, 30, and 40 GPa to
understand how the slip might vary given a shift in p.
The spectral stress drop can then be estimated following (Brune, 1970; Eshelby, 1957; Madariaga, 1976):
7 M,
Ao =——. 14
167 (%)
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Figure 12. Spectral stress drop distribution in (a) 2D and (b) 3D. Earthquakes with successful spectral stress drop are
illustrated by color points (marker size proportional to moment magnitude). Gray dots are other events (same marker size).
See cross-section views along faults F1-F5 in Figure 13. The x, y, z axes are 1:1:1.

5.4. Earthquake Source Parameter Results

Figure 11a shows the spectral stress drop, magnitude, and corner frequency results from the single spectral
approach. Most spectral stress drops fall between 5 and 130 MPa, with the highest event density centering at
37 MPa. The absolute values fall within the typical ranges estimated for spectral stress drop for earthquakes over a
very wide magnitude range (e.g., Baltay et al., 2024). Community-wide work on improving spectral stress drop
estimates has shown that the relative variation between events is much better resolved than the absolute values
(Abercrombie & Baltay, 2025; Abercrombie et al., 2025). The distribution of spectral stress drop is impacted by
Jfmax> and our results exclude or underestimate spectral stress drops for some events below M,, ~ 1. The spectral
stress drops generally exhibit a constant range across magnitudes, without an obvious scaling relation with
seismic moment. We have a limited magnitude range (0 < M,, < 1.7), so it might be difficult to distinguish any
localized breakdown in self-similarity. To analyze events with lower magnitudes (M,, < 0), both a higher
sampling rate and sufficient high-frequency signal above the background noise are required.

The moment magnitude is consistent with independent estimates of magnitude using surface geophones and
seismometers, by time-domain integration of P or S waves, provided by a vendor (Figure S9 in Supporting In-
formation S1; cross-correlation coefficient = 0.6, mean M,, difference = 0.1 from a 7-test). We note that the
vendor-provided magnitudes are preliminary estimates based on personal communication with Fervo Energy, and
future work is required to make a proper comparison using more sophisticated processing flows. The surface
sensors cannot calculate f, because of insufficient SNR above 100 Hz (Figure S10 in Supporting Information S1).

The source radius follows a power law distribution (Figure 11b), which is consistent with the magnitude-invariant
spectral stress drop based on Equation 14. Half of the events have a radius less than 15 m, whereas the largest
event reaches 45 m. Assuming the simple source model, a constant rupture velocity, and a shear modulus of
30 GPa, the average seismic slip in the majority of events is approximately 0.5-5 cm (Figure 11c¢). Like the source
radii and the spectral stress drop estimates, these numbers will vary with varying temperature or shear modulus, or
the assumption of the source model.

Figure 12 shows the distribution of the spectral stress drop value we obtain. We separate the clusters into 5 vertical
fracture planes (F1-F5). Spectral stress drops on F1-F3 show that small-scale variability dominates with no
obvious spatial pattern (Figures 13a—13c). Such relatively small-scale variability is observed in most studies of
earthquake sequences (few to tens of km; Abercrombie & Baltay, 2025; Abercrombie et al., 2016; Kaneko &
Shearer, 2014; Ruhl et al., 2023; Vandevert et al., 2025; Yu et al., 2020). There is a lower spectral stress drop
cluster (Figures 13d and 13e) at the intersection of F4 and F5 on the southeast corner, possibly reflecting a damage
zone at the fault intersection. There are also some higher spectral stress drop zones, such as the cluster between
2,700-2,900 m on F4, surrounded by a smaller stress drop area, possibly showing fault heterogeneity. In the later

CHANG ET AL.

14 of 22

85US017 SUOLLILUOD SAIER.D (edtjdde au) Ag pauenob afe sape VO ‘esn J0 S3|nJ 10y Aiqi aUljuO A1 UO (SUOIPLIOD-PUE-SWBH WD A8 | 1M Afelq 1 U |UO//SdNY) SUO HIPUOD PUe SLLLB L 34} 835 *[9202/0T/E2] UO Aeiqiautjuo A8|IM ‘9L2rE08r9202/620T 0T/10p/uiod Ao |im Akeigijputjuosgndnfe//sdny wo.y papeoumoq ‘6 ‘9202 ‘95E669T2



A1 |
ra\“4A"
ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2026B034276

(a) F1 (b) F2

2500

3000

Depth (m)

3500

42620 4.2625 4.2630 4.2635 42620 4.2625 4.2630 4.2635 42620 4.2625 4.2630 4.2635
Northing (m) le6 Northing (m) le6 Northing (m) le6

F_1l My, (d) F4 (e)F5
F2P - 05 5
F31 = 10 s
F 4T e 15 35

2500

X X X X

3000

Depth (m)

3500

42620 4.2625 4.2630 4.2635 4.2620 4.2625 4.2630 4.2635
Northing (m) le6 Northing (m) le6

Figure 13. Vertical cross-section depicting spectral stress drop distribution along faults F1-F5 (a—e). Events within 100 m of
the fault line are plotted. The crosses are the injection wells. The horizontal and vertical axes are 1:1.

discussion, we discuss several potential factors that might affect the observed spectral stress drop, including
observational errors, pore pressure, stress condition, or fault heterogeneity.

We investigate whether the spectral stress drop estimates show any clear pattern of dependence on fault stress by
checking whether they correlate with fault orientation, depth, or adjacency to fluid injection. We compare the
spectral stress drop with the focal mechanisms calculated by Mohammadi et al. (2025), but find no significant
relationship (Figure 14a), consistent with the work of Ruhl et al. (2023). We observe a decrease in spectral stress
drop from 44 MPa at 2,500 m to 25 MPa at 3,000 m, then an corresponding increase beneath 3,000 m (to 65 MPa,
but with fewer measurements) (Figure 14b), suggesting increase in normal stress with depth is not a major factor,
but perhaps suggesting a dependence on higher attenuation or a changes in fault complexity near 3,000 m depth. A
decrease in stress drop in proximity to the injection site (a few km) has been observed in previous studies (Goertz-
Allmann & Wiemer, 2013; Yu et al., 2020), but if anything, we see the opposite trend (Figure 14c), where spectral
stress drop decreases from 44 MPa at 50 m to 36 MPa at 500 m. This may simply reflect the depth dependence
noted earlier.

(a) (b) (c)
No correlation cc=-0.1, p=0.00 cc=-0.1, p=0.00

102 4

Ao (MPa)
Ao (MPa)

10° 4 10° 4
-1.0 -0.5 0.0 0.5 1.0 2500 2750 3000 3250 0 500 1000 1500
Focal type Source depth (m) Distance to injection (m)

10°

Figure 14. Spectral stress drop versus (a) focal mechanism from Mohammadi et al. (2025), (b) source depth, and (c) distance
between source and the injection. Focal type in (a) is calculated following Shearer et al. (2006), where —1, 0, and 1 represent
normal, strike-slip, and reverse faulting, respectively. cc is the cross-correlation coefficient. We assume a p-value <0.05 is
statistically significant; otherwise, no correlation. The black curves are the median of the binned values. The bin width in each
subplot is +x/2 around the black dots, with x being the horizontal distance between the equally spaced black dots. The error bar
shows the median absolute deviation.
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6. Discussion
6.1. A High-Resolution Q Structure

To our knowledge, this is the first high-resolution Q structure for the upper 2,500 m crust from seismic obser-
vations. The Q is very low in the near-surface 400 m (Q < 30) (Figure 6). Q increases mainly with depth. At the
granite basement, Q slightly increases, but the increase is not as strong as the velocity increase at the lithological
boundary. The results agree with previous borehole studies in California (Abercrombie, 1997, 1998; Jongmans &
Malin, 1995) and Switzerland (Bethmann et al., 2012). They found Q < 30 in the top 500 m. They also found that
shallow attenuation is more affected by depth and overburden than by rock types. Our attenuation results
emphasize the importance of considering shallow attenuation when determining the shape of the source spectra at
high frequencies (Abercrombie, 1997; Abercrombie et al., 2025; Ahn et al., 2025; Chang et al., 2025; Shearer
et al., 2025; Strumia et al., 2024). More attenuation analysis using borehole or horizontally deployed DAS
(e.g., Strumia et al., 2024), possibly on different seismic phases, would provide new constraints for the attenuation
in the crust and improve other seismic applications, including source and site effect studies and earthquake hazard
analysis.

6.2. The Value of Understanding Shallow Attenuation for Source Parameter Analysis

Our spectral stress drop results lie well within the large range of typical observed stress drops from the community
study (Abercrombie et al., 2025; Baltay et al., 2024). The community study found spectral stress drop estimated
using different methods can span over six orders of magnitudes (0.001 to over a few thousands MPa), while the
apparent trend of magnitude-dependent stress drop likely reflects between-method discrepancies (Abercrombie
et al., 2025) and different attenuation corrections (Shearer et al., 2025), in particular, depth-dependent (Aber-
crombie et al., 2021) and site-dependent attenuation (Ahn et al., 2025; Chang et al., 2025). The spectral stress drop
scattering due to different methods and attenuation assumptions is much greater than any systematic difference
between induced and tectonic events (Abercrombie et al., 2025; Baltay et al., 2024). Here, the downhole DAS
provides a good way to quantify shallow attenuation for source parameter estimates. More future studies using
similar methods will help direct comparison of absolute or relative spectral stress drop between induced and
tectonic events.

6.3. Effects of DAS Response Correction on Spectral Analysis

The DAS cable directivity and gauge length effects need to be considered for spectral analysis. However, it is
difficult to completely correct all DAS responses because accurate correction depends on the uncertainty of
location and velocity (Equations 2 and 5). Hence, it is important to recognize how sensitive the analyses are to the
responses.

The Q results do not change significantly considering the gauge length effect or not (Figure S11 in Supporting
Information S1). This is probably because the gauge length effect is less prominent below 100 Hz (Figure 4c) and
has less influence on the frequency-independent Q we measure between 20-200 Hz.

The source parameters are more sensitive to the response correction. The magnitude depends on the low-
frequency amplitude and hence is affected mostly by the flat response (Figure 4b). Having a smaller incident
angle (for P waves) is advantageous when measuring M, as the amplitude needs less correction. The corner
frequency is estimated from the amplitude drop-off on the spectra, which is affected the most by the gauge length
(Figure 4c). Hence, a small gauge length and a higher incident angle (for P waves) are preferred when measuring
f.. In this study, we limit the range of incident angle to be less than 45° for estimating source parameters. This
reduces potential biases due to uncorrected or overcorrected responses. We also use reliable EGF estimates to
verify that no large bias is present in the corner frequency.

In this study, the limitation on characterizing f. of low magnitude events comes from low SNR at high frequency
due to not only background noise but also the gauge length effect, which poses an amplitude notch (Figure 4c).
The amplitude notch is less of a concern for deep borehole cables because the apparent velocity is higher (high
medium velocity and/or large incident angle) and the amplitude cutoff is above the Nyquist frequency. Shallow
cables (~100 m) are severely limited by the gauge length effect for spectral modeling at tens or hundreds of Hz
because of the lower apparent velocity (Abukrat et al., 2023). Lowering gauge length is a possible solution for
using shallow cables, but a small gauge length suffers a lower SNR (Hartog, 2017). With advances in the DAS
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interrogator, this can be improved in the future. We also need to use a higher sampling rate >1000 Hz for small
events.

Here, we do not consider the DAS amplitude saturation effect, as no amplitude clipping is observed in our data.
For larger magnitude events, larger gauge length, or slower pulsing rate of the interrogator, the amplitude might
clip because of cycle skipping of the phase shift measurement. We refer readers to Zhai et al. (2025) and van den
Ende et al. (2025) for the amplitude saturation issue of DAS.

6.4. Potential Uncertainty and Biases in Source Parameters

Although we try to minimize response and attenuation-related biases by comparing with EGF approach and
reducing measurement channel depth dependence, biases might still exist as (a) we only find two EGF pairs to
compare with, and (b) the assumption that f. should be consistent across channels might be incorrect considering
source directivity (Kaneko & Shearer, 2014). If we do not remove gauge length response, we obtain systemat-
ically smaller f. and the median stress drop decreases to 29 MPa (Figures S12 and S13 in Supporting Informa-
tion S1). If we assume a lower attenuation (interpolate Q below 2,450 m, assuming Q = 100 instead of 0 = 70
at 2,700 m), we also obtain smaller f. and a smaller median spectral stress drop of 22 MPa (Figures S14 and S15 in
Supporting Information S1). However, the general trend of constant spectral stress drop does not change in either
case. We encourage future studies with more available EGF pairs and deeper Q information to further investigate
microearthquake stress drops.

Source model variation and model misfits due to complex ruptures not captured by the simple model can cause
apparent scattering in spectral stress drop. We assume a simple circular crack with instantaneous rupture and a
w2 (n = 2) model. However, the events might deviate from this classic scenario, for example, having different
source geometry, rupture directivity, rupture speed, rupture mode, and spectral fall-off rate (Madariaga, 1976;
Kaneko & Shearer, 2015; Y. Wang & Day, 2017; Vandevert et al., 2025; Mosconi et al., 2026). A lower f. for P
waves might indicate that rupture speed is slower or 7 is higher than assumed (Kaneko & Shearer, 2015). While
classic crack-like rupture has been observed to follow n = 2, pulse-like or self-arresting rupture can have less
high-frequency energy and a larger n (Mosconi et al., 2026), and potentially multiple . (Y. Wang & Day, 2017).
Vandevert et al. (2025) found assuming n = 2 produces higher Ao than assuming n = 1.7 for events of the same
magnitudes. Trying to fit the complex sources with the simple model, the misfit might result in scattering apparent
f. and spectral stress drop. On the other hand, more complex ruptures can produce higher-frequency radiation but
less total slip, which can look like high stress drops when it is not (Calderoni & Abercrombie, 2023; Lee
et al., 2025).

6.5. Physical Implications of the Source Parameter Variability

Moving beyond potential observational error, variability in corner frequency and spectral stress drop might
indicate different pore pressures, stress conditions, and fault heterogeneity. We discuss these factors below.

Changes in pore pressure have been found to be the main mechanism for injection-induced earthquakes (Moein
et al., 2023). Elevated pore pressure reduces the effective normal stress and reduces stress drop (Shapiro &
Dinske, 2021). Also, the poroelastic stress perturbation might cause less critically stressed faults to fail near the
injection point (Goertz-Allmann & Wiemer, 2013). Both changes in pore pressure and poroelastic stress can cause
the stress drop to increase with distance to injection. However, we do not observe such a trend (Figure 14c);
although we note that it might be difficult to observe such a trend as the events contain multi-stage injection
effects.

Fault roughness and maturity have been hypothesized to affect earthquake stress drop, with events on a smoother
and more mature fault potentially having higher stress drop (Candela et al., 2011; Zielke et al., 2017). Repeated
ruptures on the same fault patch can reduce fault roughness (L. Wang et al., 2024) and cohesion (Shapiro &
Dinske, 2021), both of which increase stress drop over time. However, we do not observe an obvious temporal
stress drop pattern on the faults (Figure S16 in Supporting Information S1). Hence, the temporal fault smoothing
effect is not significant in the short time scale of 2-3 weeks. On the other hand, fault heterogeneity can result in
variability of stress drop among subfault patches (Madariaga, 1979). The asperities that have higher strength and
higher stress build-up can produce a concentrated large stress drop on the fault (Dreger et al., 2007). Previous
studies have observed high static stress drop on identified asperities surrounded by small negative stress drop
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areas (e.g., Asano & Iwata, 2011). This might also explain some of the high stress drop values we observed. Local
damage zones might show lower spectral stress drop (Moyer et al., 2018), such as the intersection between F4 and
F5 (Figures 13d and 13e).

7. Conclusion

We used DAS in a ~3,000 m deep vertical borehole in the Cape Modern geothermal field to analyze attenuation
and characterize microearthquakes during a geothermal stimulation. Borehole DAS forms an unprecedentedly
dense array that we use to characterize crustal attenuation structure and obtain in situ measurements of small
events.

Using the along-depth spectral ratio, we obtain a frequency-independent Q profile for P waves (Figure 6a). This is
the first high-resolution Q structure in the upper 2,500 m of the crust obtained from seismic observations. We find
low Q at the near surface (Q < 30 in the upper 400 m), and that attenuation decreases mainly with depth instead
of depending on rock types, both of which agree with previous borehole studies in Parkfield (Jongmans &
Malin, 1995), Cajon Pass (Abercrombie, 1997), and Switzerland (Bethmann et al., 2012). The cumulative
attenuation is consistent with these studies (Figure 7). The high attenuation at the near-surface emphasizes the
importance of considering shallow attenuation structure in source studies and ground motion analysis.

We estimate source parameters using a single spectral modeling approach. We directly model the DAS responses,
including directivity, unit conversion, and the gauge length effect. We also model attenuation using the Q profile
we obtained. We successfully resolved moment magnitude (M,, 0-1.7), corner frequency, source radius, slip, and
spectral stress drop. The large variability of our spectral stress drop results is consistent with that seen in most
previous studies (Abercrombie & Baltay, 2025; Abercrombie et al., 2016). Although some is likely an artifact of
the simplified modeling and related uncertainties, our analysis suggests spatial heterogeneity in fault stress is
perhaps the most likely cause, with pore pressure, pore-elastic stress, and temporal smoothing effects playing less
important roles. The spectral stress drop shows no dependence on magnitude between M,, 0 and 1.7 (Figure 11a),
showing no evidence of a characteristic nucleation size in this limited magnitude range.

The channel-dependent DAS responses can introduce additional biases if not accounted for properly. Removing
the response can be difficult as it depends on the accuracy in location and velocity (Equations 2 and 5). One way to
reduce response-related biases for analyzing spectral amplitude is to use cables with similar responses. Here, we
limit the incident angle (<45°) in single-spectral source parameter calculation to reduce the range of response
correction. We examine the measurement consistency between channels to check potential biases (Figure 9). We
also use two event pairs with good Empirical Green's Functions to benchmark (Figure 10).

We demonstrate that downhole cables have great potential for studying crustal attenuation, which will help us
understand earthquake observations. Future work includes investigating the Q structure at different locations and
for more seismic phases. There is also a need for more microearthquake source parameter studies using DAS to
facilitate comparison between different tectonic settings and between induced and tectonic events.

Acronyms

DAS Distributed Acoustic Sensing
EGF Empirical Green's Function
EGS Enhanced Geothermal System
Q Quality Factor

SNR Signal-to-Noise Ratio
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