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Abstract we combine earthquake spectra from multiple studies to investigate whether the increase
in stress drop with depth often observed in the crust is real, or an artifact of decreasing attenuation
(increasing Q) with depth. In many studies, empirical path and attenuation corrections are assumed

to be independent of the earthquake source depth. We test this assumption by investigating whether a
realistic increase in Q with depth (as is widely observed) could remove some of the observed apparent
increase in stress drop with depth. We combine event spectra, previously obtained using spectral
decomposition methods, for over 50,000 earthquakes (MO to M5) from 12 studies in California, Nevada,
Kansas and Oklahoma. We find that the relative high-frequency content of the spectra systematically
increases with increasing earthquake depth, at all magnitudes. By analyzing spectral ratios between
large and small events as a function of source depth, we explore the relative importance of source

and attenuation contributions to this observed depth dependence. Without any correction for depth-
dependent attenuation, we find a systematic increase in stress drop, rupture velocity, or both, with
depth, as previously observed. When we add an empirical, depth-dependent attenuation correction,

the depth dependence of stress drop systematically decreases, often becoming negligible. The largest
corrections are observed in regions with the largest seismic velocity increase with depth. We conclude
that source parameter analyses, whether in the frequency or time domains, should not assume path terms
are independent of source depth, and should more explicitly consider the effects of depth-dependent
attenuation.

Plain Language Summary The stress release (or stress drop) during an earthquake provides
information about the energy budget, and the slip and area of rupture, which are needed to investigate
earthquake triggering and rupture dynamics. Stress drop is also an important element of seismic hazard
forecasting since high stress drop earthquakes radiate more high frequency energy, resulting in stronger
ground shaking. As depth increases in the earth, the stress on faults increases because of the increased
weight of the rocks above. Therefore, many models predict that deeper earthquakes should have higher
stress drops. Deeper earthquakes radiate more high frequency energy than shallow ones, and some
studies have interpreted this as an increase in stress drop with depth. However, attenuation of seismic
energy as the waves travel through the earth is also depth-dependent, and this is rarely explicitly included
in analyses. We perform a combined analysis of frequency spectra from over 50,000 previously studied
earthquakes. We compare ratios of large to small magnitude earthquakes, from different depth ranges, to
separate the effects of depth-dependent source radiation from depth-dependent attenuation. We find that
depth-dependent attenuation can have a first-order effect and account for much of the previously reported
apparent increase in stress drop with depth.

1. Introduction

The stress release, or stress drop, during earthquake rupture has long been thought to be directly related
to the magnitude of the ambient stress (e.g., Byerlee & Brace, 1968; Scuderi et al., 2016; Sibson, 1974). For
example, in a rate-and-state frictional model of earthquake rupture, stress drop is a function of the normal
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stress, and also any changes in frictional effects with slip velocity (e.g., Dieterich, 1979; Marone, 1998). The
normal stress dependence is of particular interest because it implies that earthquake stress drop should
increase linearly with depth throughout the seismogenic crust, and so is quantifiable (e.g., Sibson, 1974;
Zoback & Harjes, 1997). Determining whether earthquake stress drop really increases with depth in the
crust is hard because of the large uncertainties in stress drop measurements; some studies have reported an
increase (e.g., Boyd et al., 2017; Hardebeck & Aron, 2009; Huang et al., 2017; Trugman, 2020) and others
have not (e.g., Allmann & Shearer, 2007; Shearer et al., 2006). The depth dependence of the source radiation
also has implications for seismic hazard; Parker et al. (2020) found that the intensity-based stress drops and
peak ground accelerations of the deeper aftershocks of the 2019 Ridgecrest earthquake are underpredicted
by existing ground motion equations.

Seismic moment is proportional to slip multiplied by the area of rupture, and so combining measured seis-
mic moment with an estimate of the rupture dimension (and hence area) allows calculation of the slip, and
thus the strain and stress release. To resolve spatial and depth variation of source parameters within the
crust, we must use the more numerous smaller earthquakes (<M4 or M5). For these earthquakes, source
dimension is estimated from the source duration (e.g., Mori et al., 2003), or by modeling the spectral shape
(e.g., Brune, 1970) and so assumptions of both geometry (typically circular) and rupture velocity (typi-
cally constant or linearly increasing with depth) are required for stress drop calculations (e.g., Kaneko &
Shearer, 2015).

As seismic velocities increase with depth in the earth, it seems reasonable that the rupture velocity would do
the same, perhaps as a relatively constant fraction of the shear wave velocity. Marty et al. (2019) found both
the release in stress and the rupture velocity to increase with confining stress in laboratory models. Studies
of stress drop as a function of depth usually investigate whether reasonable increases in rupture velocity
with depth are sufficient to explain any apparent trend; for example, Shearer et al. (2006) and Allmann and
Shearer (2007) found that the expected rupture velocity increase was sufficient to compensate for any appar-
ent increase in stress drop, whereas Huang et al. (2017), Boyd et al. (2017), and Hardebeck and Aron (2009)
found the increase in stress drop they observed to be too large to be an artifact of increasing rupture velocity.

Unfortunately, both the rupture dimension and stress drop of small earthquakes are very hard to measure,
largely because of the difficulty of removing the effects of propagation through the earth from the recorded
seismograms (see Abercrombie, 2021 for a review). The attenuation structure of the earth is not sufficiently
well known at the relatively high frequencies needed to resolve small earthquake source parameters, and so
empirical Green's function (EGF) approaches have become popular for isolating the source radiation (e.g.,
Abercrombie et al., 2017; Mori & Frankel, 1990; Ross et al., 2017). Source parameters obtained in this way
are thought to be the most reliable, but they can still be subject to large uncertainties and trade-offs due to
the limited frequency range of the signal, as well as the simplifying model assumptions (e.g., Abercrom-
bie, 2015, 2021; Shearer et al., 2019; Yoshimitsu et al., 2019). These problems affect both time and frequency
domain analyses, and the availability of an appropriate EGF event also severely limits the number of earth-
quakes that can be analyzed in this manner.

Prieto et al. (2004) and Shearer et al. (2006) introduced the spectral decomposition approach as a relatively
data-driven, model-independent method of obtaining consistent source parameter measurements for large
numbers of small earthquakes. This approach has since been used in many other studies, with various ad-
aptations and variations, to look for spatial and temporal variation in earthquake source parameters (e.g.,
Chen & Shearer, 2011; Hardebeck & Aron, 2009; Trugman, 2020; Trugman & Shearer, 2017). The underlying
separation of source, path and site effects is similar to that in other generalized inversion schemes (e.g.,
Bindi, Spallarossa, et al., 2020; Oth et al., 2011), but they differ in how they remove site effects that are com-
mon to all stations. Shearer et al. (2019) demonstrated how trade-offs between parameters remain a serious
problem in large scale inversion studies, because of the limited frequency bandwidth available. They also
concluded that relative parameters were better resolved than absolute values, a finding supported by the
comparative analysis of Pennington et al. (2021).

The spectral decomposition and generalized inversion approaches are powerful as they use recordings from
large numbers of earthquakes and stations to increase stability, but in doing so significant simplifications
are required to constrain the number of unknown parameters. The parametrization of attenuation and
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estimation of site effects used in these approaches implicitly assume that the attenuation experienced de-
pends only on the travel time from source to receiver, and is independent of the source depth of each earth-
quake. Complementary inversions, that make simplifying assumptions about the source to focus on the
attenuation structure (e.g., Eberhart-Phillips, 2016; Hauksson & Shearer, 2006), often find that Q increases,
and attenuation strongly decreases, with depth, as observed in deep boreholes (e.g., Abercrombie, 1997).
These results are consistent with earlier work by Hough and Anderson (1988) that showed significant depth
variation of Q in the crust. If Q increases significantly with depth, then the attenuation experienced by
waves from a deeper earthquake could be significantly less than that experienced by waves from a shallower
earthquake over the same length of travel time (apart from localized site effects). Ignoring this could po-
tentially lead to a depth-dependence in attenuation being interpreted as a depth dependence in stress drop.

A few studies have investigated explicitly including depth-dependent attenuation in the inversions (e.g.,
Edwards & Rietbrock, 2009; Edwards et al., 2008), finding that it can compensate for the depth increase in
stress drop which results from assuming attenuation is independent of source depth. Most studies have pre-
ferred a simpler parametrization where attenuation depends only on travel time, to minimize the number of
free parameters in the inversion (e.g., Bindi, Spallarossa, et al., 2020; Shearer et al., 2006). Goertz-Allmann
and Edwards (2014) compared the two approaches, and found that they needed to include frequency-de-
pendent Q to obtain agreement, under the assumption of attenuation independent of earthquake source
depth. Including depth-dependent attenuation in the inversion was able to compensate for the depth in-
crease in stress drop observed without it. However, they did not investigate the effects of explicitly including
depth-dependent Q in the spectral decomposition approach.

Here, we compile event spectra from previous studies and analyze them systematically to investigate wheth-
er we can distinguish between depth-dependent source and path effects. Our goal is to determine whether
previously reported increases in stress drop with depth could be an artifact of failing to correct fully for
depth-dependent Q. We do not attempt to calculate absolute stress drop estimates in all the different re-
gions. We begin by describing the event spectra that form the basis of our analysis, and the velocity models
that we use. We then relate our investigation of the depth dependence of spectral shape, and how we use
spectral ratios between different sets of earthquakes in specific magnitude and depth ranges to distinguish
between source and path effects. We find that a significant amount of previously reported increase in stress
drop with depth is an artifact of assuming no change in attenuation with depth.

2. Event Spectra From Previous Spectral Decomposition Analysis
2.1. Theoretical Background to Calculation of Event Spectra

We analyze the event spectra calculated following the general spectral decomposition method introduced
by Prieto et al. (2004) and Shearer et al. (2006) in the 12 studies listed in Table 1. The event spectra obtained
by this method are essentially the relative source spectra, averaged over all stations, after correcting for path
and site terms. At each available station, the amplitude spectrum of a time window of approximately 1 s
(depends on the study) containing the direct P wave from an earthquake is calculated and compared to a
similar spectrum of a preceding noise window. If the signal is larger than the noise by some threshold in
the required frequency range, then the spectrum is included in the decomposition analysis. Details of the
precise parameter values and thresholds are given in the original studies.

The aim of spectral decomposition is to isolate the contributions of the source, path and site effects in the
recorded spectra, taking advantage of the fact that stacking (or averaging) large numbers of spectra will
compensate for uncertainties from irregularities in individual observations. Each spectrum (X i ( f )) from
source i, recorded at station j can be considered a product of the source, path and site effects:

X;(£) = (1) s (1) <ty (£) <1y ()

where the site effect at a station (s, ( f )) is common to all events, (i j) (f ) is the travel-time dependent path
effect over path k, the event term (e, ( f )) includes the source and any site or local path effects common to
all stations, and r; is the residual. The travel time term (r,(; , (f))is typically discretized into 1 s increments
of travel time. Equation 1 is typically solved using a robust least-squares approach that varies by study;, iter-

atively solving for s, ( f), f(i.) (/) and ¢;( ), minimizing r;.
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To solve Equation 1, the general spectral decomposition method assumes no source directivity, or focal
mechanism corrections, and that the available stations provide a reliable average of the focal sphere (e.g.,
Kaneko & Shearer, 2015). At this stage in the analysis, there is no assumed spectral shape or model for
any of the terms, such as a Brune source model (Brune, 1970), or exponential attenuation (e.g., Ander-
son & Hough, 1984). In all implementations of the spectral decomposition approach considered here, it
is also assumed that 7, i) depends only on the source-receiver travel time, and is otherwise independent
of the location or depth of the earthquakes; no lateral or azimuthal variations in attenuation within the
study volume are considered. The calculation of independent attenuation functions for different travel-time
lengths allows for differences in attenuation for longer ray paths that on average are deeper, and hence the
attenuation per unit travel time is typically less for the longer travel-times (see Trugman, 2020, Figure S6,
for example). This is consistent with the pattern of attenuation observed in structures in which Q increases
with depth (e.g., see Figure 9a of Eberhart-Phillips, 2016). For recordings within only a few times the source
depth, paths of the same travel time can be very different for deeper and shallower earthquakes. The trav-
el-time term also contains the effects of geometrical spreading which can be distance dependent.

To extract the earthquake source spectra from the event spectra (e, ( f )), a further correction is needed to
separate out any site and local path effects that are common to all stations. In studies following the approach
of Shearer et al. (2006), this is accomplished using a global EGF or empirical correction spectrum (ECS),
typically based on the assumption that the source spectrum matches the Brune source model. Other ap-
proaches (e.g., Bindi, Spallarossa, et al., 2020; Oth et al., 2011) select reference sites at which they assume
there is no frequency dependent site response.

To avoid the inherent ambiguity and uncertainty in available approaches for site response correction, we de-
sign an analysis procedure that uses only relative parameters. In this way, site effects common to all events
effectively cancel out and do not influence our results. Here, we analyze ratios of the event spectra of pairs
of earthquakes that are the direct result of spectral decomposition following Equation 1, without applying
any assumed or empirical corrections. We cannot obtain absolute parameter estimates, but we can isolate
the causes of relative variation.

Each event spectrum represents an average for the earthquake over available stations at varying distances,
after removal of the site and travel-time dependent terms. It is impossible to invert or model these event
terms for any quantities that depend on travel time because there is no single travel time applicable to an
event spectrum. Inverting for depth dependent attenuation would involve going back to the original record-
ed spectra and performing a new type of inversion allowing for more variation in the travel-time terms, and
consequently increased free parameters, trade-offs and uncertainties. One aim of the work presented here is
to determine whether such an inversion may be required in future studies, and to find the balance between
potential bias from over-simplification and the lack of constraints for greater numbers of free inversion
parameters.

2.2. Data

We reanalyze the event spectra obtained from 18 separate spectral decomposition inversions in 12 analyses
of P-wave spectra listed in Table 1. These include regions of northern California, southern California, Ne-
vada, Oklahoma and Kansas, and include both natural tectonic and induced seismicity (Figure 1). Table 1
also shows the varying numbers of events, their magnitude and depth ranges, and signal frequency ranges
available for each individual study. Most analyses used surface recordings from regional seismic networks
(typically 100 samples/s data) and temporary deployments, but the analyses by Hardebeck and Aron (2009)
and Zhang et al. (2019) on the Hayward Fault and the San Andreas Fault at Parkfield, respectively, used
higher frequency shallow borehole network recordings. All analyses followed the same general decompo-
sition process based on Equation 1, except for the analysis of Landers aftershocks by Shearer et al. (2019).
Their analysis of a very dense (6 km) cluster of Landers aftershocks meant that there was so little variation
in travel time to each station, the 1(i.j) ( f ) term could be ignored, and the path attenuation was absorbed by
the station terms, s, ( f)-

Following Shearer et al. (2006) and Chen and Shearer (2011), we only include event spectra calculated
from at least 5 stations that meet the signal to noise threshold. As we do not include lateral variation in our
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Figure 1. Maps of the earthquakes used in the analysis. See Table 1 for details, and explanation of the legend IDs.

analysis, we also subset the events from a number of studies that included distinct populations of earth-
quakes (Table 1); the precise area polygons are provided in the Supporting Information S1. Following the
depth dependent analysis by Hardebeck and Aron (2009), we only investigate the earthquakes in their
study that occurred along the Hayward Fault. We also select two sub-regions from the Bay Area analysis
of Trugman and Shearer (2018), based on the SF-CVM regional 3D velocity model (Aagaard et al., 2020) to
minimize the effects of lateral variations in velocity structure: one including the San Andreas and Hayward
Faults, and the second in the Livermore Basin. The study of the Salton Sea region by Chen and Shear-
er (2011) included both shallow earthquakes related to geothermal energy production, and parts of the
southern San Andreas Fault with a very different hypocentral depth distribution. We select events in these
two separate regions, and also limit our analysis to earthquakes since 1989 due to changes at the time in the
recording network. Chen and Shearer (2011) applied different empirical corrections to the event spectra for
the pre and post 1989 earthquakes in their analysis, but as most earthquakes occurred in the later time pe-
riod, and we did not want to complicate our analysis with extra corrections, we simply discarded the earlier
earthquakes. For all other regions, we used all the earthquakes in the original studies that met the signal
to noise criterium. The numbers of earthquakes included from each study, in each sub-region are given in
Table 1, and range from 364 to 15,671, with a median of just over 2000.

For analysis of source parameters, we require consistent estimates of the earthquake magnitude; we can also
use the catalog magnitudes (M, ), but they contain significant uncertainties (e.g., Pennington et al., 2021).
As not all the original calculated values are available, we follow the original studies, to recalculate them. We
calculate the relative amplitudes of the low frequency spectra (using the same frequency ranges as the origi-
nal studies, given in Table 1). For consistency, we assume that at M, = 3, My, = M for all regions (following
Shearer et al., 2006), and so convert these relative moments into absolute estimates of seismic moment, and
moment magnitude.

3. Observations of Depth Dependence to the Shape of Event Spectra

As a first step we investigate whether the frequency content of the event spectra varies consistently with hy-
pocentral depth. All of the earthquakes considered here have been relocated using waveform cross-correla-
tion based methods, either in the original spectral decomposition studies, or earlier, and we use these same
published values (see references in Table 1). We then calculate the geometric mean amplitude of each event
spectrum in both a low frequency range and a high frequency range, and calculate the ratio between these
amplitudes as a measure of the spectral shapes. As the spectral shape also varies with earthquake magni-
tude, we plot the results in narrow magnitude bins for each region. Figure 2 shows that at all magnitudes,
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Figure 2. Ratio of high to low frequency amplitude as a function of earthquake depth for Ridgecrest aftershocks. The event spectra are divided into 0.2 Mw
unit bins on the basis of their relative moments. Each log-linear plot shows the ratio of the mean high frequency (15-20 Hz) to mean low frequency (2-5.5 Hz)
amplitudes of each event spectrum as a function of hypocentral depth (green circles). The running mean of 50 samples is also shown (dark green circles). The
two vertical dashed lines indicate the selected cut-off depths used to determine the “deep” and “shallow” earthquakes (Table 1). The pale orange lines are the
1D velocity structure (Lomax, 2020, see Table 1). The spectra of deeper earthquakes have more high frequency energy, but this could represent either increasing
stress drop with depth, or decrease in attenuation with depth.

the relative high frequency energy increases with depth for earthquakes in the Ridgecrest sequence (event
spectra from Trugman, 2020). This observation is entirely consistent with the increase in stress drop with
depth reported by Trugman (2020), although it is also consistent with an increase in rupture velocity with
depth, a decrease in attenuation with depth, or some combination of all three. Another example is shown
in the Supporting Information S1 (Figure S1). Figure 3 shows results for a single magnitude bin for all
studies and sub-regions, and reveals that a similar increase in relative high frequency energy is observed in
the other studies. Again, this result is consistent with the previously reported increase in stress drop with
depth. These examples use binning by moment-magnitude (the number of events in each bin are shown in
the Figures S2 and S3), but the results are essentially the same for local magnitude.

These systematic observations of depth dependent spectral shape could be caused by either variation in
source radiation (e.g., stress drop, rupture velocity), or in attenuation, or both. Before we attempt to distin-
guish between these competing effects, we investigate whether there is any relationship between changes
in spectral shape and local seismic velocity structure. We plot representative 1D velocity models for each
region in Figures 2 and 3. These models are derived from a variety of sources, detailed in Table 1, and are
selected to approximate the structure in the volume sampled by all the different ray paths from earthquakes
to stations in each region. In some regions, we are able to use specific velocity models derived from local
relocations and velocity inversions (e.g., Chen, 2016; Lomax, 2020; Rubinstein et al., 2018; Ruhl et al., 2016;
Thurber et al., 2006; Toth et al., 2012). For other regions in Southern California we estimate the mean 1D
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Figure 3. Ratio of high to low frequency amplitude as a function of earthquake depth for all study regions, for the example magnitude bin Mw2.2-2.4. As in
Figure 2, the dark green symbols are the running means, the vertical dashed lines indicate the depths used to select the “deep” and “shallow” earthquakes in
each dataset, and the orange lines are the 1D velocity structure (see Table 1 for sources). The increase in high frequency energy with depth is observed to some
degree in all data sets.

velocity structure by sampling each epicentral region within the Southern California Earthquake Center
(SCEC) Community Velocity Model version H15.1 (SCEC CVM-H15.1; Shaw et al., 2015) using the SCEC
Unified Community Velocity Model (UCVM) software (Small et al., 2017). For the Livermore and Bay Area
regions in Northern California, we similarly sample the USGS San Francisco Bay Region 3D (SF-CVM)
seismic velocity model (Aagaard et al., 2020). Also, in some regions we include two models for comparison,
either from similar studies (e.g., in the Salton Sea region) or for both sides of a major fault, as in the case of
the Hayward fault (following Hardebeck & Aron, 2009).

A visual comparison of the variation in high frequency content of the event spectra with depth, and the rep-
resentative velocity structures (Figure 3) suggests that the change in spectral shape is greater where there is
greater change in velocity structure; for example, compare the Hayward Fault, Livermore and Parkfield to
locations in Southern California. Kansas and Oklahoma exhibit a very rapid increase in velocity at shallow
depths, but these correspond to sedimentary layers that are not sampled by many earthquakes, and so it is
hard to see if there is any connection.

4. Investigation of Depth Dependent Path Effects Using Spectral Ratios
4.1. Hypothesis

The spectral decomposition analysis used to obtain the event spectra implicitly assumes that the along
path attenuation is dependent only on the travel time, and so does not depend directly on the depth of the

ABERCROMBIE ET AL. 8 of 22



A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB022314

(a) Same small EGF events for deep and shallow main events

Figure 4. Cartoon Cross sections in which velocity and Q increase with depth, showing stations (black triangles),
raypaths and groups of earthquakes (stars) considered. (a) Deep (dark red) and shallow (orange) larger events are
corrected for attenuation using all smaller (EGF events, red), independent of depth. (b) Deep (dark blue) and shallow
(pale blue) larger events are corrected for attenuation using deep (dark blue) and shallow (pale blue) EGF events,
respectively. This color scheme is used throughout the paper (e.g., in Figures 5-9) for clarity.

earthquake. If Q does increase with depth, then rays with the same travel time, but from sources at differ-
ent depth, could experience significantly different attenuation, as illustrated in the cartoon in Figure 4. If
this depth dependence is ignored, as in spectral decomposition or analogous, generalized-inversion based
approaches, then any variation in attenuation with depth will become part of the event terms, potentially
appearing as a variation in stress drop with depth. In this cartoon, and in our synthetic models, we assume
that the horizontal distance to the stations is greater than the focal depth, as is true for most stations used
in such source parameter analyses.

We devise an EGF approach to test whether variation in attenuation with depth could explain the increase
in stress drop with depth reported by a number of spectral decomposition studies. Our approach is illus-
trated by the cartoons in Figure 4; for each study, we consider a group of earthquakes that are shallow and
another that are deep. Then we calculate spectral ratios between large and small earthquakes, assuming that
the smaller events in each group serve as EGFs for the larger ones. We consider the case shown in Figure 4a
where smaller earthquakes of any depth can be considered EGFs for the larger events of any depth. We
compare this geometry to results where we use only smaller events of the same depth range as the larger
ones Figure 4b; that is, we use only deep small events as EGFs for deep large events, and only shallow small
events as EGFs for shallow large events. We refer to this geometry as using depth-specific EGFs to correct
for the depth-dependent attenuation.

To demonstrate the possible outcomes, we calculate three simple, synthetic examples in Figure 5. In Fig-
ures 4 and 5, we introduce a consistent color scheme that we use throughout the paper to improve clarity.
We consider the effects of either (a) attenuation decreasing (Q increasing) with depth, but stress drop re-
maining constant; (b) attenuation decreasing with depth and stress drop increasing with depth (by a factor
of 3 between the two populations); and (c) attenuation constant with depth (as assumed in previous spectral
decomposition studies) and stress drop increasing with depth (again by a factor of 3). We calculate synthetic
recorded spectra using Equation 2 which combines the simple, circular, Brune source model (Brune, 1970)
with exponential attenuation (e.g., Anderson & Hough, 1984).

x(f) = —Ho__or’

2
1+ [f] @
Je

The synthetic spectrum (X) is calculated from the seismic moment (M) and corner frequency (f,), over
frequency (f). The attenuation (¢*) = ¢/Q where ¢ is the travel time, and Q is frequency independent for the
purposes of clarity. We assume moment magnitude (My,) of 3 and 2, for the large and small earthquakes,
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Figure 5. Effects of increasing Q and stress drop (Ac) with depth on synthetic spectra in three example cases. Top row:
Brune spectra of large (M3.5, solid lines), shallow (pale blue) and deep (dark blue) events and small (M2.5, dashed
lines), shallow (pale blue) and deep (dark blue) events (red is mean of small shallow and deep) for (a) constant Ag, Q
increasing with depth, (b) Q and Ao increasing with depth, and (c) constant Q, Ac increasing with depth (parameters
in Table 2). Middle row: spectral ratios of deep large to deep small (dark blue), shallow large to shallow small (pale
blue), deep large to the mean of small (dark red) and shallow large to the mean of small (orange). (d) Constant Ao, Q
increasing with depth—difference between event ratios disappears when depth—dependent correction included, (e) Q
and Ao increasing with depth—difference between event ratios decreases when depth-dependent correction included,
and (f) constant Q, Ac increasing with depth—depth dependent correction has no effect. Bottom row: Comparison of
spectral ratios with and without depth dependent correction, (g) ratio of uncorrected deep/shallow ratios (red: ratio of
dark and pale red in (d) compared to similar ratio for corrected ratios (blue: ratio of dark and pale blue in (e). Triangles
show the mean values over the representative frequency range 2-20 Hz. (h, i) The same comparison for the other two

example cases.

respectively, and ¢ = 10 s for all events in this simple example. We assume that the stations are sufficiently
distant that ray paths leaving the events travel nearly horizontally, such that the shallow-event rays spend
more time in the low-Q layers near the surface than the deeper events (see Figure 4). For the purposes of
this synthetic exercise, we simplify and approximate the attenuation difference using fixed #* values for the
deep and shallow events. The assumed parameters are given in Table 2. Varying the assumed geometry and
parameters of the model will obviously affect the shapes of the calculated spectra. The aim of our synthetic
example is simply to demonstrate the pattern of the effects, and show that they can be significant.

In all cases in the top row of Figure 5, we observe that the deeper events have relatively more energy at high
frequencies than do the shallow, consistent with the observations in Figures 2 and 3.
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Table 2
Source Parameters Assumed to Calculate the Synthetic Spectra Shown in Figure 5

f.(Hz) My,3(large)  f, (Hz) My, 2 (small)

Case Deep  Shallow Deep Shallow t'deep (s) 'Shallow (s)
a: Q increases with depth, Ao constant 5.6 5.6 17.8 17.8 0.0171 0.04
b: Q and Ac increase with depth 8.1 5.6 25.6 17.8 0.0171 0.04
c: Q constant, Ao increases with depth 8.1 5.6 25.6 17.8 0.04 0.04

Note. Values are calculated assuming the same travel time (10 s) for all events, and a corner frequency of 10 Hz for a
shallow My, 2.5. These values are purely illustrative.

The middle row of Figure 5 demonstrates what we would expect to observe using our EGF-based approach
for the different scenarios. Without any correction for depth dependent attenuation, there is a clear differ-
ence between the spectral ratios obtained for large deep and large shallow earthquakes in all cases (differ-
ence between the dark and light red curves, see legend). If attenuation varies with depth, then correcting
for this by using depth-specific EGFs (dark and light blue curves) significantly decreases the difference
between the deep and the shallow ratios; the blue curves are closer to one another than the red curves in
Figures 5d and Se. In the case of constant attenuation with depth (Figure 5f) but increasing stress drop,
the difference between the two blue curves is little different from that between the two red ones; the small
difference results from the varying corner frequency of the smaller EGF events because of the depth-de-
pendent stress drop.

The bottom row of Figure 5 essentially shows the ratios of the deep to shallow earthquake spectra with
(blue) and without (red) a correction for depth-dependent attenuation. These correspond to the ratio of the
two blue ratios and the two red ratios shown in the middle row. The triangles of the same color indicate the
mean value of the ratios in the frequency range 2-20 Hz, typical of the studies used in our analysis. When
stress drop is constant, but Q increases with depth (Figure 5g) the blue ratio is close to one, systematically
lower than the red ratio. When both stress drop and Q increase with depth (Figure 5h) then the blue ratio
is larger than one, but systematically lower than the red ratio. When stress drop increases with depth, but
Q is constant (Figure 5i) then there is no difference between the two ratios, except near and above the EGF
corner frequency.

For clarity in this simple example, we implicitly assume that both the shear wave velocity and the rupture
velocity are constant, independent of depth. If the rupture velocity increases with depth, perhaps as a con-
stant function of shear wave (or even P wave) velocity, then this would cause a deeper earthquake to have a
higher corner frequency than a shallower one, even if they both had the same stress drop. Hence, a constant
stress drop with depth could look more like the middle, or even the righthand columns of Figure 5, depend-
ing on the rate of increase in rupture velocity with depth.

‘We use the EGF-based approach described above to investigate the event spectra from the different spectral
decomposition studies. For each region, we stack the event spectra in different magnitude and depth bins
(by calculating the mean of the log spectral amplitudes), calculate ratios between large and small events
and compare the results to the middle and bottom rows of Figure 5. For simplicity, we first focus on the
systematic variation in the ratios and corner frequencies. In the Discussion, we explicitly look at the effects
of including varying rupture velocity. We use the consistent color scheme introduced in Figures 4 and 5
throughout the paper to improve clarity.

4.2. Application to Data

To investigate the causes of the varying spectral shape with source depth observed in the data (Figures 2
and 3) we stack the event spectra for all the earthquakes in magnitude and depth bins to obtain stable mean
spectra that we can compare following the approach outlined in the synthetic test (Figure 5). We stack the
data to focus on the systematic effects common to a population of events, rather than the variation between
individual earthquakes.
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Figure 6. Spectral ratios of stacked large to small Ridgecrest aftershocks, to investigate the effects of a depth dependent EGF correction. Compare to the
synthetic example in Figure 5. Each plot shows spectral ratios (solid lines) of the stacked large deep events to the stacked small deep events (dark blue), the
large shallow events to the small shallow events (pale blue), the large deep events to all the small events (dark red) and the large shallow events to all the small
events (orange). The title of each plot indicates the minimum Mw of the large and small events, both with a range of 0.2Mw. (a) For a constant Mw difference
between large and small earthquakes, and (b) for a constant-sized Mw for the small earthquakes. The dashed lines are the fits of the Brune omega-squared
spectral ratios to the average data ratios. The corner frequency of the best fitting ratio is given on each plot, with the number of larger events in the ratios in
parentheses (D = deep, S = shallow, and A = all). Thinner lines indicate less than 10 large or small events were included in the mean ratios. The blue (depth-
corrected) deep and shallow event spectral ratios are consistently closer together than the red ratios that assume no dependence of attenuation with depth
(compare to Figures 5d and 5e).

For each study we select a shallow depth range and a deep depth range (Table 1). These depths are guided
by the observed changes with depth of both the frequency content of the event spectra and the velocity
structure (Figure 3), and the need for sufficient earthquakes in the two depth ranges for stable stacking. We
perform our analysis comparing earthquakes from these two depth ranges, but to ensure that our results are
not dependent on these selected values, we also repeat the entire analysis simply dividing each data set at
its median value into a shallower and deeper event population. We do not try using the same depth ranges
for different data sets because the different earthquake populations have very different depth distributions
(Figure 3). Source spectral shape depends on earthquake magnitude and so we divide the earthquakes into
bins of 0.2Mw units to enable the averaging of stacking.

For each dataset, we stack the event spectra in each magnitude and depth bin by calculating the geometric
mean spectrum for each bin. We then calculate the ratios between pairs of large and small (EGF) events as
described in the synthetic example. For the ratios without any depth correction, we include earthquakes
from the entire depth range of the study (not just the deep and shallow ranges) in the stack of small EGF
events. We try all available magnitude bins, but only use those with at least five large and five small events.
The results for the Ridgecrest aftershock sequence are shown in Figure 6, and the results of other example
data sets are shown in the Supporting Information S1 (Figure S4). We select the magnitude bin for the EGF
events in two different ways. First, we use a constant magnitude difference (0.8 Mw units) between the
large and small events (top two rows of Figure 6). Second, we select one fixed Mw bin as the preferred EGF
and apply it to all Mw bins at least 0.8 Mw units larger (bottom row in Figure 6). One magnitude pairing
is therefore included in both (Mw2.6/Mw1.8 in Figure 6). We apply the two approaches to ensure that our
results are not dependent on the method of selecting the EGF, and they are also useful as a check on the
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uncertainties in our analysis. Clearly if earthquakes of different depth, in any Mw bin, have different stress
drops, then this will be true regardless of the exact magnitude of the EGF events.

Each panel of Figure 6 can be compared directly to Figures 5d-5f, to distinguish between depth-dependent
source and path effects. In all panels of Figure 6, the difference between the source spectral ratios for deep
and shallow events decrease when depth-specific EGF corrections are applied. In some cases, the deep and
shallow spectral ratios become almost indistinguishable (e.g., Mw3.2/Mw2.4) when using depth-specific
EGFs, resembling Figure 5d in which all the depth dependence is a consequence of attenuation. Most pan-
els of Figure 6 more closely resemble Figure 5e, exhibiting a significant decrease in depth dependence when
using depth-specific EGFs.

We then fit the spectral ratios (as shown in Figure 6) using the Brune source model:

442

1
c

which has been shown to work well for stacked spectra (e.g., Shearer et al., 2006, 2019); subscripts 1 and 2
refer to the larger event stack and the smaller event stack, respectively. Many of the datasets we consider
are unlikely to have sufficient resolution to separate completely the path and source effects (e.g., Shearer
et al., 2019), and so we fix the corner frequency of the stacked EGF events (denominator) in the spectral
ratios (f ,). We first assume a stress drop of 3 MPa (e.g., Abercrombie, 1995; Shearer et al., 2006) for the
smaller stacked events, and calculate the corner frequency following Madariaga (1976) and Eshelby (1957)

1/3
16Ac
fa= kﬂ[7 " ] @

assuming k = 0.32 and an average shear wave velocity, § = 3,500 m/s, for all depth bins and data sets. These
fits are shown in Figure 6, and for other example data sets in the Supporting Information S1 (Figure S4). We
then try different values to investigate their effects on our results, as discussed in the next section. We do not
expect our analysis to obtain the actual stress drops of the various event stacks; rather, we use the spectral
ratio modeling simply to quantify the systematic patterns that can distinguish between depth dependent
source and path effects.

5. Results and Discussion

The aim of our analysis is to distinguish between depth dependent source and path effects within the
event spectra obtained by spectral decomposition, which in turn is based on a simplified approximation
of path-dependent attenuation. Our results are also relevant to any EGF-based analysis, whether in the
frequency or time domain, indicating that depth should be included as a constraint in the selection of EGF
events (e.g., Abercrombie, 2015). Our approach involves comparing stacks of deep and shallow earthquake
event spectra, divided by smaller stacked EGF earthquakes selected either from the same depth ranges
(depth-specific EGFs to correct for depth-dependent path effects) or averaged over the entire depth range
(no correction for depth-dependent path effects). Figure 6 shows how using depth-specific EGFs systemat-
ically decreases the differences between the shallow and deep source spectra. Figures 7-9 show the results
for the datasets with the most earthquakes (see Table 1 for numbers) which are most robust, and also for
the Hayward fault analysis by Hardebeck and Aron (2009) that found a strong increase in stress drop with
depth. Following the color scheme in Figures 4 and 5, blue symbols represent measurements made with a
correction for depth-dependent path effects (i.e., depth-specific EGFs) and red symbols represent measure-
ments without a correction for depth-dependent path effects. The results from all the datasets are shown in
the Supporting Information S1 (Figures S5-S8).

Figure 7 compares the ratios of the deep and shallow, stacked, EGF-corrected, event spectra for different
magnitude bins, and can be understood by direct comparison with Figures 5g-5i. In most regions the red
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Figure 7. Depth differences in the event spectra: ratios of ratios—compare to Figures 5g-5i). Uncorrected for Depth
(red): The large deep and shallow events are divided by the same selection of small events, and so the difference
between the deep and shallow ratios is simply the ratio of the mean deep large event spectra to the mean shallow (each
ratio is the mean for a different large Mw bin). Corrected for Depth (blue): In this case, for each large Mw bin, the blue
curve represents the ratio of the (mean large deep spectra divided by the small deep spectra) to the (mean large shallow
spectra divided by the small shallow spectra); again each ratio is for a large Mw bin. The similarity of the slope of the
red curves in each region demonstrates that the difference in frequency content between shallow and deep events is
independent of magnitude. The smaller slope of the blue curves shows that using the correct depth small EGF events
can remove this depth-dependence to the frequency content, suggesting it is largely an attenuation effect.

ratios (deep, EGF corrected/shallow, EGF corrected, where EGFs are independent of source depth) increase
with frequency, suggesting the deeper earthquakes may contain more higher frequency energy than similar
sized shallow events, but this difference is systematically reduced by the use of depth-specific EGF events
(blue curves: deep, EGF corrected/shallow, EGF corrected, where EGFs are depth specific). This effect is
strongest in the Ridgecrest and Parkfield datasets. Comparison of Figure 7 with the synthetic examples in
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Figure 8. Comparison of mean amplitude ratios of deep/shallow for each region—compare to Figures 5g-5i. The symbols indicate the mean values of the red
and blue ratios shown in Figure 7, in the frequency range 2-20 Hz. Solid symbols represent ratios with at least 10 ratios, and open symbols those with at least
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and circles, and between different magnitudes is indicative of the uncertainties.
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Figure 9. Spectral ratio modeling results with and without correction for depth-dependent attenuation. The ratios of the calculated stress drop (proportional

to corner frequency cubed, fc?) of the deep to the shallow earthquakes are shown for each data set, with (blue) and without (red) a correction for depth-
dependent attenuation, plotted against the minimum magnitude of the large earthquakes. For example, the Ridgecrest plot shows the ratios of the cubed corner
frequencies for the different model fits in Figure 6. Solid symbols represent ratios with at least 10 ratios, and open symbols those with at least five; diamonds are
for a constant different in magnitude between large and small, and circles are for a constant sized small event range. For most data sets, the depth corrections
decrease the apparent difference in stress drop between the deep and small events, independent of the magnitude of the large or small events included.

Figure 5, shows most similarity with panels 5d and 5e; this implies that using EGFs from the correct depth
range can remove a significant amount of the apparent difference between deep and shallow earthquake
sources.

To quantify the effect of the different EGF corrections, we calculate the mean values of each of the blue and
red (with and without including depth-specific EGF corrections) ratios (Figures 8 and S6) in the frequency
range 2-20 Hz. These results can be directly compared to the synthetic models in Figures 5g-5i. In each
study, the amplitudes of the ratios without including an EGF correction for source depth (red symbols) are
systematically higher than those that do use depth-specific EGFs (blue symbols); the effect is weaker in
datasets that exhibit little depth-dependence of any kind. There is no obvious reason why any real increase
in either source properties or Q with depth would depend on either the magnitude of the larger events, or
the magnitude of the EGF events. Any variation between the different symbols of the same color is more
likely to represent uncertainties and variability from small populations of earthquakes, and the simplifying
assumptions used in the stacking. We interpret the observation that the blue symbols using depth-specific
EGFs are systematically closer to one in all cases, to indicate that much of the apparent difference in deep
and small earthquakes observed in event spectra is an artifact of not including depth-dependent attenuation
in the inversion.

The spectral ratio fitting confirms this result. Figures 9 and S7 show that after correction with the depth-spe-
cific EGF events, any increase in corner-frequency with depth becomes systematically smaller, and almost
negligible. Again, the variability of symbols of a given color indicates the uncertainties in the measurements.

5.1. Effect of Depth Range Selection

These results are all based on selecting representative depth ranges for the shallow and deep earthquake
populations. Although these selections are based on the velocity structures and the earthquake depth
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distributions, they are somewhat arbitrary and subjective. To ensure that they are not strongly influencing
the results, we repeat the entire analysis, but instead of selecting the depth ranges, we simply divide each
of the earthquake populations in half at their respective median depths. As shown in Figure S8a, there is a
small reduction in the effects of using the correction for depth-specific EGFs, compared to Figure 9. This is
expected as the two populations compared in Figure S8a include more intermediate depth events and are
less distinct. The general observation of decreasing difference (between shallow and deep earthquakes) fol-
lowing application of depth-specific EGFs remains clear and consistent across the entire dataset indicating
that our precise choices of depth are not affecting our main conclusion.

5.2. Effect of Spectral Fitting Assumptions

The comparisons using spectral fitting are consistent with the basic spectral observations in Figures 7 and 8,
but do involve assumptions and constraints that may affect the results. One significant assumption is the
value to which we fix the corner frequency of the EGF events (f,,) in the ratios. The limited bandwidth of
most of the data means that f, is very unlikely to be resolvable as a free parameter (e.g., Abercrombie, 2015;
Ruhl et al., 2017; Shearer et al., 2019); the majority of fixed and inverted f,, values are between 10 and
40 Hz. In our analysis, we assume that f,, is independent of the depth of the EGF earthquakes, and it is
possible that this assumption of depth independence may affect our modeling of the depth-dependence of
the larger earthquakes. We therefore perform a series of inversions to investigate the constraints and tests to
determine whether our results could be significantly biased by our assumptions.

First, we consider using a mean stress drop that is three times higher to calculate all values of f,,, regardless
of depth. This results in an almost identical variation with depth to that found with 3 MPa and shown in
Figure 9. This forced higher stress drop for the smaller earthquakes resulted in consistently higher corner
frequencies and stress drops for the larger earthquakes, but also significantly higher misfit variance in al-
most all datasets (Figure S9).

Second, we try fixing the stress drop of the deep earthquakes used to calculate f, to be a factor of 2, three or
5 higher than that assumed for the shallower groups of earthquakes. (This test also addresses the effects of
an increasing velocity with depth causing an increasing f,, with depth even if stress drop is constant.) This
resulted in the depth-specific EGF correction removing less of the depth dependence to the stress drop for
the larger earthquakes (e.g., Figure S8b). Comparison of the misfit variances from these tests (Figure S9)
shows that, on average, the observed spectral ratios in all datasets are consistently fit better with a constant
stress drop for the smaller EGF earthquakes, independent of depth, than with the depth-dependent assump-
tion. This is consistent with the visual comparison of the observed event spectral ratios in Figures 6 and 7.

Finally, we also try allowing f,, as a free variable in the spectral ratio fitting, but, as expected, find the re-
sults to be unconstrained. We conclude this using the same approach as Shearer et al. (2019). Stacked event
spectra of the same smaller earthquakes, from all depths, are used as EGFs for both deep and shallow earth-
quakes, when the effects of a depth correction are ignored. We obtain systematically different values for f,,
for the same event stack when it is used as the denominator for deep and shallow larger events. We do not
know which value of f,, is correct, but we do know that the same set of earthquakes should have the same
absolute value, independent of the events to which it is compared. Therefore, the different values obtained
indicate the lack of constraint in the spectral fitting, and so we limit our interpretations to the results of
fitting with fixed values of f,,.

5.3. Relationship Between Attenuation and Velocity Structure

In Figure 3, we compare the variation with depth of the average spectral shape of earthquakes in each
region with the local P-wave velocity structure. Although the S wave velocity is used in Equation 4, all the
spectra used in this analysis are calculated from P waves. Event spectra that extend over a wider range of
source-region velocity appear to show higher variation in frequency content. Since both attenuation and
velocity are related to material properties of the structure, then some relation between them is expected. For
example, Brocher (2008) and Eberhart-Phillips et al. (2014) showed that Q increases with velocity but there
is considerable scatter and no simple relationship.
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Figure 10. Comparison of relative source parameters with difference in P-wave velocity. The ratios of corner
frequencies between the deep and shallow earthquakes calculated using the approaches shown in Figures 9 and S7

are plotted against the ratio of the average P-wave velocity at the depths of the respective deep and shallow event
populations included. Color is by data set, with alternating symbols to ease distinction. Multiple symbols per data set
represent the different magnitude bins, and also the use of the alternative velocity models. (a) Without correction for
depth dependent attenuation and (b) with correction for depth dependent attenuation. The black dashed line represents
a constant stress drop with depth, if rupture velocity is proportional to P-wave velocity.

In Figure 10, we compare the corner frequencies of deep and shallow earthquakes of the same magnitude,
calculated assuming fixed, depth-independent, f,,, to the source region velocity. We calculate the mean
velocity in the depth range of the events in each population used in the spectral ratios, using the structures
in Tables 1 and S1-S10. We then plot the ratio of the deep and shallow source parameters against the ratio
of the deep to shallow source velocity for each spectral ratio. All points from regions with two alternative
velocity models (for example, both sides of the Hayward fault) are plotted twice. Figure 10a shows the rela-
tionship without using the depth-specific EGFs; there is a large scatter, but a general increase in apparent
corner frequency difference with increasing velocity difference can be seen. This increase is larger than
could be explained by a constant stress drop, even allowing the rupture velocity to increase proportional to
the P wave velocity (Equation 4, dashed line in figure). Figure 10b shows the same results after the spectral
ratios are corrected using the depth-specific EGFs. The differences with depth are smaller, and no longer
show any obvious dependence on source depth. Most of the variability is within the range that could be
explained by increasing rupture velocity with depth. This comparison suggests that although the velocity
structure is inadequate for a real estimate of attenuation, variation in velocity with depth could be used as a
first order indication of the depth-dependence of the attenuation (e.g., Eberhart-Phillips et al., 2014). Also,
if the difference in velocity with depth is known, then Figure 10 provides a guide to the size of the effect
depth-dependent attenuation could have on estimates of corner frequency.

5.4. Implications for Depth Dependence of Earthquake Stress Drop

Our analysis has shown that the increase in Q with depth can exert a first order effect on recorded seismo-
grams, that cannot be ignored when investigating changes in stress drop with depth. This result is in good
agreement with the earlier studies of Edwards et al. (2008) and Edwards and Rietbrock (2009) who demon-
strated the effects of including depth dependent attenuation on stress drop measurements. Our analysis
implies that much, if not all, the increase in stress drop with depth reported by previous spectral decom-
position studies could be an artifact caused by inadequate consideration of depth-dependent attenuation.

As pressure, and hence normal stress, increases with depth in the earth, it seems reasonable that the
stress release in earthquakes should increase also (e.g., Scuderi et al., 2016; Sibson, 1974). Otherwise, the
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differential stresses involved in faulting must somehow remain constant, despite the increasing pressure,
or the deeper earthquakes must release a smaller fraction of the peak differential stress. Whether we can
resolve real increase in stress drop with depth from existing earthquake recordings remains open to ques-
tion. Like previous work, our results are also subject to uncertainties, and depend on assumptions about the
corner frequency of the smallest earthquakes, and so some increase in stress drop with depth is well-with-
in the constraints. In the future, further work is required at the interface of attenuation tomography and
source modeling to investigate the real resolution of both, and to balance the need to account for spatially
(and temporally) varying attenuation, and different source geometries, without increasing the number of
free parameters well beyond the constraints of the available data.

To investigate resolution, and spatial variability, Pennington et al. (2021) performed a detailed comparison
of multiple methods of calculating stress drop. To address the possibility of depth dependent attenuation
in spectral decomposition approaches, they calculated different empirical correction spectra for the earth-
quakes in the basement to those in the overlying sediments. This significantly decreased the depth depend-
ence of the resulting stress drop estimates. They found best agreement between the various studies in the
central depth range of the events, within the upper kilometers of the basement. Zhang et al. (2019) investi-
gated the effects of using separate empirical correction spectra for earthquakes in different depth ranges in
their spectral decomposition analysis of borehole-recorded earthquakes at Parkfield. They too found that
after including changes in Q with depth, only negligible change in stress drop with depth remained. Ruhl
and Abercrombie (2020) implemented a similar approach for the Mogul earthquakes, and obtained similar
results that are consistent with the detailed, smaller scale EGF analysis by Ruhl et al. (2017) which found
no significant depth dependence to stress drop. These studies are a first step toward improving resolution of
the trade-off between source and path in spectral decomposition analyses, without simply adding so many
free parameters as to make the whole problem completely unconstrained. Using depth-dependent correc-
tion functions to account for changes in Q with depth is not fully satisfactory, however, as it comes after the
initial spectral decomposition in which the path terms are assumed to be independent of source depth, and
only depend on travel time.

Similar to the original empirically-corrected spectral decomposition analyses, the results of the generalized
inversion studies such as Bindi, Spallarossa, et al. (2020) and Oth et al. (2011) do not explicitly consider an
increase in Q with source depth. They too should be considered potentially biased in the same manner as
the spectral decomposition analyses. For example, at Ridgecrest Bindi, Zaccarelli, et al. (2020) obtained a
similar apparent depth dependence to stress drop as Trugman (2020) and also did not explicitly consider
an increase in Q with source depth. Bindi et al. (2021) performed a subsequent study and identified a com-
bination of depth and distance varying attenuation and stress drop increasing with depth that were able to
fit the observed spectra. Given the large trade-offs among the parameters this is not surprising, and they
did not investigate the uniqueness of their solution. Bindi, Spallarossa, et al. (2020) and Bindi et al. (2021)
also used variable time windows, each incorporating different combinations of P, S and coda energy, which
makes it hard to compare their results directly with the short P-wave windows used in the present analysis.
Parker et al. (2020) investigated the performance of ground motion prediction equations on the aftershocks
of the 2019 Ridgecrest earthquake and observed that the deeper earthquakes exhibited higher ground ac-
celeration, consistent with their having higher stress drop. Like the studies by Trugman (2020) and Bindji,
Zaccarelli, et al. (2020) of the same sequence, they did not include any dependence of attenuation on source
depth in their analysis. In empirical ground motion prediction, it is not essential to distinguish whether
source or path effects cause a trend when interpolating within a data set, but it is required to extrapolate
predictions to different regions, or larger magnitude earthquakes (e.g., Bommer et al., 2007).

The results of EGF studies in which a collocated small earthquake is used to compensate for all the path and
site effects should, theoretically, be unaffected by the tradeoffs between attenuation and source. In practice,
however, the lack of suitable EGF events, and uncertainties in their locations (especially depth) mean that
often an EGF may not fully compensate for the attenuation. Abercrombie (2015) and Kane et al. (2013)
showed how EGF selection can affect stress drop measurements; clearly if the EGF is imperfect, then not
only will the source spectral shape be biased, but the duration of the source time function will also be
affected, and so time-domain measurements are not immune to this trade-off. Huang et al. (2017) and
Boyd et al. (2017) both used spectral ratio approaches to investigate stress drop dependence on depth and
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tectonic setting, but had insufficient earthquakes to only use EGFs of similar depth to the main events. Boyd
et al. (2017) included the effects of increasing velocity and rigidity with depth on the estimates of seismic
moment, rupture velocity and hence stress drop, finding that stress drop increased with depth. However, in
their cluster-based analysis, they combined earthquakes from a similar range of depths and velocities as the
analyses revisited here, making no correction for the different source depths. It is possible, therefore, that
the increase in stress drop with depth that they reported is an artifact, or over-estimate. Unlike the other
studies discussed, Boyd et al. (2017) used coda wave spectra in their analysis. Mayeda et al. (2007) showed
that coda wave measurements are more stable, and less sensitive to spatial separation between main and
EGF events than direct wave measurements, but they did not specifically consider separation in source
depth. Coda wave generation is observed to vary with depth, especially in the shallow layers of the crust
(e.g., Voyles et al., 2019). Walter et al. (2017) included source depth in their selection of earthquakes for coda
wave spectral ratio analysis in Oklahoma. They observed an increase in stress drop with depth too large to
be easily explained as an artifact of attenuation or velocity structure, but for only a relatively small number
of events. Trugman and Savvaidis (2021) observed no clear depth-dependence in stress drop for seismicity
in the Pecos area of west Texas, though the large depth uncertainties of earthquakes recorded in this region
at present renders this finding unsurprising.

6. Conclusions

We investigate whether the increases in stress drop with depth reported by spectral decomposition earth-
quake studies are real, or potentially an artifact of neglecting to correct sufficiently for depth variation in at-
tenuation (Q). We combine the event spectra calculated for over 50,000 earthquakes (MO0-5) from 12 studies
in California, Nevada, Kansas, and Oklahoma. We analyze spectral ratios between large and small events as
a function of source depth, to explore the relative importance of source and attenuation contributions to the
observed depth dependence in high-frequency radiation and corner frequency.

We find that correcting the earthquake event spectra with depth-specific EGFs can remove most, if not all,
of the apparent stress drop increase with depth previously observed in the original studies. The largest cor-
rections are observed in regions with the largest velocity increase with depth. We conclude that source spec-
tral analyses, whether using spectral decomposition, EGFs, or any other approach, should not assume path
terms are independent of source depth. More explicit depth-dependent attenuation models or depth-spe-
cific empirical corrections are required to resolve real variation of earthquake source processes with depth
in the earth.

Data Availability Statement

This study uses the event spectra calculated in the published studies listed in Table 1, and cited in the
References. The original waveforms are available from the Southern California Earthquake Data Center
(SCEDC (2013): Southern California Earthquake Center (SCEC), Caltech, Dataset, https://doi.org/10.7909/
C3WD3xH1. The SCEDC and Southern California Seismic Network (SCSN) are funded through U.S. Geo-
logical Survey Grant G20AP00037, and SCEC), the Northern California Earthquake Data Center (NCEDC),
https://doi.org/10.7932/NCEDC, including the High Resolution Seismic Network (HRSN) https://doi.
0rg/10.7932/HRSN, operated by the UC Berkeley Seismological Laboratory, and the Nevada Seismic Net-
work (https://doi.org/10.7914/SN/NN). The other waveforms are available from IRIS, as follows: https://
doi.org/10.7914/SN/GS; UC San Diego (2013). Central and Eastern US Network. International Federation of
Digital Seismograph Networks (IFDSN). https://doi.org/10.7914/SN/N4; USGS Earthquake Science Center
(2009). NetQuakes. IFDSN. https://doi.org/10.7914/SN/NQ; Darold (2014) 4D Integrated Study Using Ge-
ology, Geophysics, Reservoir Modeling & Rock Mechanics to Develop Assessment Models for Potential In,
IFDSN. https://doi.org/10.7914/SN/ZD_2014; Oklahoma Geological Survey, 1978. Oklahoma Seismic Net-
work, IFDSN, https://doi.org/10.7914/SN/OXK; Nanometrics Seismological Instruments, 2013. Nanometrics
Research Network, IFDSN, https://doi-org/10.7914/SN/NX. The velocity structures used are cited in Ta-
ble 1, and included in the Supporting Information S1.
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