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Abstract Accurate estimation of earthquake source parameters—such as moment magnitudes, cor- Ven Joe T
en Joe lan

ner frequencies, and stress drops—is essential for improving seismic hazard assessments and understanding Handling Editor:
earthquake physics. In this study, moment magnitudes (M) are calculated for 31,581 earthquakes associ- Giusébpe7 petrillo
ated with wastewater injection in the Raton Basin (located along the border between northern New Mexico Copy & Layout Editor:
and southern Colorado) between 2016 and 2024 using radiative transfer theory to fit coda decay envelopes. Tara Nye
Our results show that it is feasible to estimate moment magnitudes down to My ~ 1 with coda envelopes

from a small local monitoring network. Significant differences were found between My and local magni- ecevea
tudes (M) for small earthquakes (M < 3.0). A linear relationship was optimized to convert My, to M : AUgUS;tylfj 2025
Mw = 0.7TMp, 4+ 0.96 and Mw = 0.73M, + 0.99 (for the events reported by the U.S. Geological Survey), Februa};’;';;;é
which can be applied in future studies of Raton Basin seismicity. We find that b-values calculated employ- Published:
ing different methods and using M, are approximately 1.0, while those using Mw range from 1.2 to 1.4. A February 24,2026
larger estimate of the b-value could influence interpretations of the statistical behavior of earthquakes associ-

ated with injection and consequently seismic hazard assessments based on a magnitude-frequency distribu-

tion. The potential differences between local versus moment magnitude-based earthquake statistics should

be considered in other seismically active regions.

1 Introduction et al., 2021; Liu et al., 2022; Gong et al., 2023) is the
local magnitude (My; Richter, 1935), which only re-
quires a source-receiver distance and a measurement
of the peak amplitude of a filtered seismogram. The

local magnitude scale was developed based on short-

Earthquake magnitude (M) is a quantitative measure-
ment of earthquake size. Different magnitude types
have been developed based on different principles: du-

ration magnitude, local magnitude, moment magni-
tude, surface wave magnitude, among others. Mag-
nitude metrics are important aspects of seismology
since: (i) they inform the public about the event size,
(ii) they are used to derive other source properties in-
cluding stress drop and radiated seismic energy (Pri-
eto et al., 2004), (iii) they help constrain frequency-
magnitude statistics that may provide insight into earth-
quake source processes (Bachmann et al., 2012), and (iv)
they are sometimes used for regulatory decisions such
as traffic light protocols for induced seismicity (Verdon
and Bommer, 2020).

The most commonly reported magnitude type for
the past several decades, and even for modern ma-
chine learning-based earthquake catalogs, (e.g., Tan

*Corresponding author: andresfpenacastro@gmail.com

period seismic instruments for events located in Cali-
fornia. With the increasing availability of seismic array
data covering a range of distances, Hutton and Boore
(1987) and Bakun and Joyner (1984) observed that dis-
tant stations tended to overestimate M, whereas closer
stations tended to underestimate M compared to in-
termediate distance stations (~ 100 km). To accom-
modate such distance-dependence, Hutton and Boore
(1987) and Bakun and Joyner (1984) proposed the addi-
tion of specific terms, estimated using regression anal-
ysis techniques (Joyner et al., 1981), to the original for-
mulation including: individual station corrections, a ge-
ometric spreading coefficient, and an attenuation coef-
ficient.

Since then, different studies have developed local
magnitude formulas that account for the local attenu-
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ation properties of a particular region (e.g., Di Bona,
2016; Ottemoller and Sargeant, 2013; Yenier, 2017; Kim
and Park, 2005; Chovanova and Kristek, 2018). My, de-
rived from regionally-calibrated formulas are reported
by many national or local seismic monitoring agencies.
Despite such widespread use of Mj, the consistency
and accuracy of My, are challenged by large variations
in estimates (Deichmann, 2006) from station to station,
influences of radiation pattern and rupture directivity,
and spatially variable attenuation structure. In addi-
tion, Deichmann (2006) highlights that M might not be
physically meaningful for small events, as the system-
atic and random errors in its determination are likely
greater than its variability relative to moment magni-
tude estimates.

Moment magnitude (M ; Hanks and Kanamori,
1979; Shearer, 2019) or potency magnitude (Mp; Ben-
Zion, 2001; Trugman and Ben-Zion, 2024) offers more
physics based measurements of earthquake sizes, both
relying on the estimation of the seismic moment (M).
Seismic moment can be estimated by waveform inver-
sions using Green’s functions from simple reference
models or by measuring the low-frequency spectral
plateau of seismograms ({2p). Moment magnitudes are
commonly reported for moderate-to-large earthquakes
(M > 4) butless often reported for smaller earthquakes
(M < 3; Alvizuri and Tape, 2016) due to the limited
signal-to-noise ratio at low frequencies (i.e., < 1 Hz)
necessary for waveform inversions that involve full mo-
ment tensor analysis.

For smaller earthquakes where full moment tensor
inversions are often unfeasible, other techniques have
been developed to estimate My or other source param-
eters. These techniques involve measurement of ) in-
cluding individual spectral fitting of body waves, spec-
tral decomposition, generalized inversion techniques
(Shible et al., 2022; Morasca et al., 2025), or coda wave
analysis (Mayeda et al., 2003; Eulenfeld et al., 2021),
amongst others. Such techniques have been applied
successfully to both natural and induced sequences,
such as the 2016-2017 Central Italy sequence (Morasca
et al., 2022; Kemna et al., 2021), the 2019 Ridgecrest
(Trugman, 2020; Mayeda et al., 2024) earthquake se-
quences, as well as seismicity associated with wastew-
ater injection (Kemna et al., 2020; Shelly et al., 2021),
hydraulic fracturing (Wang et al., 2020a), and enhanced
geothermal systems (Eulenfeld et al., 2023). These
studies provide essential insights into earthquake size,
stress-drop scaling, source heterogeneity, and rupture
complexity. Understanding these source parameters
(including My,) is a critical step toward improving haz-
ard assessments and mitigating the risks posed by in-
duced seismicity.

Induced earthquakes started to increase in the cen-
tral United States around 2009 as a consequence
of wastewater injection from oil and gas operations
(Ellsworth, 2013). One of the regions where this in-
crease in seismicity was first observed is the Raton
Basin, located along the Colorado-New Mexico border.
Prior to 2001, seismic activity in the Raton Basin was
minimal, with only a single M 4 event recorded be-
tween 1970 and 2000 (Rubinstein et al., 2014; U.S. Ge-
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ological Survey Earthquake Hazards Program, 2025). In
contrast, between January 2001 and January 2025, the
region experienced 19 M > 4 (U.S. Geological Sur-
vey Earthquake Hazards Program, 2025), including a
My 5.3 event in August 2011 (Barnhart et al., 2014; Ru-
binstein et al., 2014). Previous studies (Nakai et al.,
2017; Glasgow et al., 2021; Wang et al., 2020b; Stokes
et al., 2023; Jamalreyhani et al., 2025) have identified
that the seismicity is hosted by basement rooted fault
segments and studied the spatiotemporal evolution of
the seismicity and wastewater injection. However,
those studies only estimate My, for the largest events,
and all the other cataloged events only report Mj,.

In this study, moment magnitudes are estimated for
the Raton Basin from 2016-2024 to examine injection
induced seismicity and test small earthquake moment
magnitude estimation with a large seismic dataset col-
lected using a local seismic network. There is broad
motivation to understand if injection induced earth-
quake sequences can be distinguished from natural
tectonic sequences based on quantitative seismic at-
tributes (Cochran et al., 2024b). In some cases, espe-
cially with proximal recording during injection, there
is clearly different statistical behavior (e.g. Bachmann
et al., 2012; Kwiatek et al., 2019) for events that occur in
small areas (< 5km? ). In other cases, such as the Raton
Basin or the Sichuan Basin (China), earthquake statis-
tics at a local-regional scale appear similar to those
in natural tectonic settings (Glasgow et al., 2021; Wang
et al., 2020b; Lei et al., 2017; Jamalreyhani et al., 2025).
The study area provides an extensive earthquake cata-
log with ~90,000 events observed between 2016-2024,
among which the My, ~ 2.5-4 events are reported with
waveform-inversion based moment magnitudes. Using
earthquakes in the Raton Basin from 2016-2024, we de-
termine My, for tens of thousands of events and com-
pare them to M while estimating how these differ-
ences influence b-values in the Gutenberg-Richter rela-
tionship. This analysis aims to address three key ques-
tions: (1) How do My, estimates compare to local mag-
nitude M, estimates as magnitude decreases? (2) Is
there a simple scaling relationship between M and
Mw? (3) How do b-value estimates in the Gutenberg-
Richter law change when using M, versus My ?

2 Data and Methodology

2.1 Earthquake catalog and instrumentation

We use earthquake data from events reported in an up-
dated catalog (Jamalreyhani et al., 2025) of the Raton
Basin. A previous study (Glasgow et al., 2021) developed
an earthquake catalog for the same region, but it con-
tains fewer events because it analyzed a shorter time
period. Therefore, we only use events reported in Ja-
malreyhani et al. (2025). This catalog contains 95,993
events between August 2016 and July 2024. The events
were detected using all eight of the publicly available
broadband stations in the Raton Basin, which provides
about 30 km inter-station spacing. The broadband sta-
tions have a sampling rate of 100 Hz. Seismic phases
were obtained using a machine-learning phase picker
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(PhaseNet; Zhu and Beroza, 2018), trained with manual
picks from northern California to detect P- and S-wave
arrivals. Previously, Glasgow et al. (2021) showed that
PhaseNet performs well in the Raton Basin, detecting
phase picks within one tenth of a second in comparison
with 50,000 manual picks.

The earthquake locations were obtained using hy-
poDD (Waldhauser and Ellsworth, 2000) for relocated
events or the Rapid Earthquake Association and Loca-
tion method (REAL; Zhang et al., 2019) when they could
not be relocated. The events are located at depths be-
tween 0 and 14 km, and their magnitudes range from
-1 to 4.2. The local magnitudes reported by Jamalrey-
hani et al. (2025) were estimated in a similar fashion to
the classic method proposed by Gutenberg and Richter
(1956). The local magnitudes were estimated using the
equation from Glasgow et al. (2021):

My, =log,(A) + 2.561og,,(D) — 4.6 (1)

where A represents the maximum three-component
vector amplitude (in micrometers), and D is the dis-
tance (in km). The 3-component waveforms were fil-
tered from 0.01 to 40 Hz, corrected for instrument
response, and converted to Wood-Anderson displace-
ment. Moment magnitudes for 90 events are available
from full Moment Tensor (MT) inversions, where 27 are
reported by Glasgow et al. (2021) and an additional 73
were constrained by Jamalreyhani et al. (2025). The MT
inversions were performed using either the Time Do-
main Seismic Moment Tensor package (Dreger, 2003) or
a probabilistic waveform inversion implemented in the
open-source software package Grond (Heimann et al.,
2018). Both methods provide similar values of My, for
the same event with average differences of 0.08. We re-
fer to the set of events with moment magnitudes from
MT inversions as “M{!*”. Figure 1 shows a map of the
earthquakes and the seismic stations in the Raton Basin.

2.2 Earthquake moment magnitudes from
envelope inversion

The Qopen method (Eulenfeld and Wegler, 2016; Eulen-
feld et al., 2021) for coda envelope analysis was used
to calculate attenuation parameters (scattering and in-
trinsic), site amplification terms, and source displace-
ment spectra. Our objective is to obtain moment mag-
nitudes, and therefore we focus on the latter result of
the source displacement spectra. We chose the Qopen
method over others because coda-based approaches are
less sensitive to radiation pattern effects, its open ac-
cess software has been tested in recent publications (Eu-
lenfeld et al., 2023; Eken, 2019; Eulenfeld and Wegler,
2017), and it is well-suited to a small network of sta-
tions like we have for the Raton Basin. Additionally,
the Qopen method is based on a physical model and
does not require calibration or information from pre-
vious events. The method has been applied to investi-
gate source parameters at multiple regions with differ-
ent network geometries including the community stress
drop validation study of the 2019 Ridgecrest earthquake
sequence (Baltay et al., 2024), earthquakes recorded by
a local network in an enhanced geothermal system in
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Helsinski (Eulenfeld et al., 2023), earthquakes in the
Anatolian Fault Zone (Turkey) (Eken, 2019; Izgi et al.,
2020), and an earthquake swarm near the Czech-Ger-
man border region. An earlier version of the method
was used to investigate regional earthquakes in Ger-
many (Sens-Schonfelder and Wegler, 2006).

A complete description of the method can be found in
Eulenfeld et al. (2021) and Eulenfeld and Wegler (2016).
Here, we describe the key steps of Qopen.

The method is based on the radiative transfer the-
ory and uses Paasschen’s equation (Paasschens, 1997)
to calculate the Green’s functions. The synthetic S-wave
energy density envelopes (E;,,) in a given frequency
band can be described with the equation:

Egyn(t,7) = WRG(t,r,g)e ™" ()

where W is the spectral source energy of the earth-
quake, R is the site amplification factor at each sta-
tion, and e~** describes the exponential intrinsic damp-
ing that depends on the absorption parameter b. The
Green’s function (G(¢,r,g)) with scattering strength ¢
accounts for the direct wave and the scattered wave field
and is given by the approximation of the solution for 3D
isotropic radiative transfer of Paasschens (1997). The
synthetic envelopes are compared with the observed
envelopes (from the three-component filtered velocity
seismograms, ..), given by:

pYe_ (ac(t,r)* + H(ac(t, 7))
2CAS

Eobs(tar) = (3)

where H represents the Hilbert transform, p is the
mean mass density, C represents the energy-free sur-
face correction (equal to 4), Af is a specific frequency
bandwidth. We choose the following central frequen-
cies of the band-pass filters for the broadband array:
0.75, 1.06, 1.5, 2.1, 3.0, 4.2, 6.0, 8.5, 12.0, 17.0, 24.0, and
35.0 Hz. The lower central frequency limit was chosen
based on the theoretical corner frequency of the largest
magnitude event (M = 4.2) in our catalog which corre-
sponds to corner frequencies > 1Hz. The upper central
frequency limit (35 Hz) was chosen based on the largest
frequency when taking into account the width from the
central frequency (46.6 Hz) and the Nyquist frequency
(50 Hz) of the seismic instrument. Because the inver-
sion is performed in different frequency bands, the pa-
rameters W, R, g, and b are determined as functions
of frequency f. The spectral source energy W(f) is
converted to the S-wave source displacement spectrum

wM (f) with:
i = [,

where W indicates the radiated S-wave energy at a cen-
tral frequency f, while vs and p represent the mean
S-wave speed and medium density, respectively. We
adopted p = 2,600 kg/m?3 and v, = 3086 km/s, as used
in Glasgow et al. (2021) and Wang et al. (2020b). We se-
lected these values because they match those in the 1D
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Figure 1 Map of earthquakes and seismic stations in the Raton Basin region that extends across southern Colorado and
northern New Mexico, USA. Broadband seismic stations are shown as light green triangles with their respective names. Earth-
quakes from the catalog of Jamalreyhani et al. (2025) are plotted with red circles showing relocated earthquakes using hy-
poDD (Waldhauser and Ellsworth, 2000) and stars showing events with locations using REAL (Zhanget al.,2019). Yellow circles
represent events with M, > 2.5. The Raton Basin is highlighted with the dashed dark green contour. Inset on the top left

shows the United States, with the red rectangle indicating the study region.

velocity model at the depths where most events are lo-
cated. Then the source displacement spectrum is fitted
by a source model of the form:

A
ant(f) = (14 (£) ) g
with seismic moment M, and corner frequency f.
(Abercrombie, 1995). n is the high-frequency fall off,
and v is the shape parameter. For simplicity, we fix
to 2 and keep f., n, and M, as free parameters.

In this study, we used a direct S-wave window start-
ing 0.25 s before the S- arrival with a length of 4.5 s. The
coda window starts at the end of the corresponding di-
rect wave window and ends 100 s after the S-wave onset
or earlier if the envelope falls under a signal-to-noise
ratio of 2. Additionally, the coda is cut at the smallest

4

possible local minimum if the envelope at a subsequent
local maximum is larger by a factor of 3. This criterion
effectively removes any possible interfering aftershocks
or other large noise signals. We remove a station’s data
from the inversion if its coda window is shorter than 8
s (i.e., due to the signal-to-noise ratio dropping to 2 too
quickly). We discard a specific frequency band for an
event entirely if fewer than two stations remain after the
previous step. Data in the direct S-wave window are av-
eraged. Furthermore, observed and modeled envelopes
are smoothed with a 2-s long central moving average.
The equation

In Egps(t,7) = In Egyp (t,7) (6)

is solved in a least-squares manner.
The inversion can be summarized in the following
three steps: (i) Estimate intrinsic and scattering attenu-
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ation. The parameters b, g, R, and W are inverted indi-
vidually for each frequency band and earthquake using
the least-squares linear equation system. Because b and
g are properties of the medium, both values are fixed
for the following steps. Moreover, b and g can be con-
verted to Q-values (see Supplemental Figure S1). At this
step, we use only the events with M > 2.5 (shown as
yellow circles in Figure 1) to guarantee that the coda is
long enough to help separate the two attenuation mech-
anisms. (ii) Refine and align station site amplification.
Equation 6 is solved again only for R and W for each fre-
quency band and earthquake individually. To fix the co-
linearity between W and R, the site amplification factor
of a single station or the geometric mean of site ampli-
fication of all stations is fixed to 1. In our case, we fixed
the geometric mean to 1. The R-values are geometri-
cally averaged in each frequency band for each station
for the final step. We obtain site amplification for each
station and frequency band (see Supplemental Figure
S2). (iii) Calculate source displacement spectra, source
parameters, and moment magnitudes. Equation 6 is
again solved for values W using the fixed values g, b, and
R determined in previous steps. At this step, we used all
events in the catalog. The spectral source densities are
converted to displacement (Equation 5) and moment
magnitudes can be determined with Equation 5. Fig-
ure 2 shows observed and synthetic envelopes for a sin-
gle earthquake with a M, = 3.5 in the 4-8 Hz frequency
band and Supplemental Figure S3 shows the source dis-
placement fit obtained with Equation 5.

2.3 Gutenberg-Richter Law, Magnitude of
Completeness and b-values

The Gutenberg-Richter law states that earthquake mag-
nitudes are exponentially distributed as

log(N) = a —bM, (7)

where N is the number of earthquakes with magni-
tudes greater or equal to M. a describes the total
number of earthquakes, while the parameter b (also
called b-value) measures the relative number of large
earthquakes compared to small earthquakes. The b-
value is generally about 1 at a global scale or for its
two hemispheres (El-Isa and Eaton, 2014). At the lab-
oratory, local, or regional scales, several studies (e.g.,
Kwiatek et al., 2014; Goebel et al., 2013; Benz et al., 2015;
Thapa et al., 2025; Matsumoto et al., 2024) have shown
that the b-value exhibits significant spatial or temporal
variations. Such variations might be attributed to in-
teractions between fault structures and pore-pressure
(Shelly et al., 2016), differential stresses (Goebel et al.,
2013), faulting style (Schorlemmer et al., 2005), or pres-
sure and temperature conditions (Wiens, 2001).

Estimating the magnitude of completeness (M) is a
foundational step for calculating the b-values. The M¢
of an earthquake catalog is the lowest magnitude for
which all earthquakes in a region are reliably detected
by a seismic network. The b-value is sensitive to M¢,
an underestimation of M¢ may artificially lower the b-
value, while an overestimation of My reduces the us-
able data range and increases uncertainty.

5

Multiple methods have been proposed to obtain M.
We use the following approaches to determine Mc¢:
(i) the Maximum Curvature (MaxC) technique (Wiemer
and Wyss, 2000), (ii) the Goodness of Fit Test (GFT;
Wiemer and Wyss, 2000), (iii) M¢c by b-value stability
(MBS; Cao and Gao, 2002) and (iv) M by Coefficient
of Variation (MCV) techniques (Godano et al., 2024b)
that can be considered a generalization of Cao and Gao
(2002). For the M obtained with the MaxC technique,
we include a correction of +0.2 as suggested by Woess-
ner and Wiemer (2005). Additionally, we define the ac-
ceptable M range as the minimum and maximum val-
ues from these methods. Given that the choice of Mo
directly impacts the b-value, we focus on the M¢ ob-
tained by Godano et al. (2024b) method since the other
methods might generate overestimations or underesti-
mations of the Mo (Woessner and Wiemer, 2005), al-
though we confirm that our conclusions hold across all
methods.

Once we compute the Mc and its acceptable range
using the methods previously mentioned, then we pro-
ceed to estimate the b-value. We used multiple methods
to estimate the b-value: (i) the maximum-likelihood esti-
mation (MLE) method (Aki, 1965; Bender, 1983), which
states that:

_ IOglo(e) (8)
(M — Mec +9)

where M is the average magnitude of events, M is the
minimum (completeness) magnitude, and ¢ is one half
of the magnitude bin size (e.g. 0.05), which corresponds
to a correction for finite bin width (Utsu, 1966). Shi and
Bolt (1982) suggested the following formula for the stan-
dard deviation of by 1.5

N M2
o ¢Zi5v18\v41_ lf)w) )

where M, is the magnitude for event i above M¢.

(ii) The b-positive (b;) method (van der Elst, 2021)
uses the positive magnitude difference between succes-
sive events, and the b-value is obtained by:

byre =

logyo(e)
T (M - M)

where |M’| is the mean of the positive and successive
magnitude differences where M’ > M/ and M/ is a min-
imum magnitude difference threshold not lower than
the bin size. We use a M/ = 0.2 as suggested by van der
Elst (2021), but we show that other M/ valueslead to sim-
ilar results.

(iii) the b-more-positive (b4 ) method (Lippiello and
Petrillo, 2024) is an extension of the b, method that in-
cludes all possible magnitude differences (not only suc-
cessive ones) and is defined as:

logyo(e)

981018 (11)
(IM7]; = M)

biy =

where |M’|, denotes the average magnitude difference
forall AM = m;y; —m;, wherel > 1. My, is a threshold
value. We show that different M;;, values lead to similar
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Figure2 Fits between observed and modeled energy densities for the inversion of an M, 3.47 event in the frequency band
4-8 Hz. Displayed in each panel are the observed envelope (gray), smoothed observed envelope (blue), and smoothed syn-
thetic envelope (red). The mean of the observed and modeled envelopes in the S-wave window are indicated with blue and
red dots, respectively. Event ID (89677), network, station name, and distance to hypocenter are indicated in each panel.

conclusions. We use a value of I = 10, as suggested by
Lippiello and Petrillo (2024).

(iv) The K-M slope (KMS) method (Li and Luo, 2024; Li
et al., 2023) can be defined as the slope of the curve be-
tween event magnitudes (M) and connectivity degrees
(K, a parameter from topological analysis) in a seismic
sequence. As shown by Li et al. (2023), the K-M slope
obtained from visibility graph analysis is proportional
to the b-value. (v) A simple least-squares fit (LF) regres-
sion to the magnitude-frequency distribution (El-Isa,
2013; El-Isa and Eaton, 2014).

3 Results

3.1 Moment Magnitudes and relationships
with other magnitude types

From the original catalog of 95,993 events, we success-
fully obtained My, values for 31,581 events using the
Qopen method applied to broadband seismic data. This
subset of common events (n = 31, 581) is referred to as
ME°P" when My is derived from Qopen and as M 572
when referring to M), values reported in Jamalreyhani
et al. (2025). The magnitude range for M3°P°" is 0.42

6

to 4.43, while for M?72 it is -1 to 4.25. We were un-
able to determine My for alarge fraction of the catalog
(= 2/3) because the coda envelopes had low SNR (< 2)
or short coda durations (< 8 s). Figure 3a presents a
comparison between M3 and M5725, We observe
good agreement between MZ**" and M”25 for events
with M > 3, but note a systematic difference between
the two scales for events smaller than M;, < 3.

We also compare the events with M$**" in the Ra-
ton Basin reported in the Advanced National Seismic
System Comprehensive Catalog (ComCat; U.S. Geologi-
cal Survey Earthquake Hazards Program, 2025). There
are 1,124 common events between the Mg,"pe" and
ComCat events of any magnitude type. The ComCat
preferred magnitude type can differ by event; here,
we find matching events of the following type: 1,069
with local magnitude (M{“), 37 with short-period Lg
waves (M), and 20 with moment magnitudes (M)
We use the superscript ¢ to refer to the events in
ComCat. Moment magnitudes from MT inversions are
less commonly reported and are usually only available
for relatively large events. Table 1 provides a com-
plete overview of the magnitudes included in our study.
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Variable name Description Number of events Magnitude Range
M‘;QV"W" Moment magnitudes obtained using envelope inversions in this study. 31,581 0.42-4.43
MT Moment magnitudes using moment tensor inversions reported by Ja- -
My malreyhani et al. (2025); Glasgow et al. (2021) o 2.32-4.22
Subset of events with local magnitudes reported by Jamalreyhani et al.
SJ25 . B
Wl (2025) that also have a moment magnitude from M‘%"pe". 31,581 1.04-4.25
Moment magnitudes derived from moment tensor inversion of the
MSE whole seismogram at regional distances reported in Comcat (U.S. Geo- 20 3.2-43
logical Survey Earthquake Hazards Program, 2025).
The original magnitude relationship defined by Gutenberg and Richter
MEe in 1935 for local earthquakes reported in Comcat (U.S. Geological Sur- 1,069 0.3-4.8
vey Earthquake Hazards Program, 2025).
Magnitude for regional earthquakes based on the amplitude of the
Mﬁg Lg surface waves as recorded on short-period instruments reported in 38 14-34

Comocat (U.S. Geological Survey Earthquake Hazards Program, 2025)

Table1 Summary of magnitude scales used in this study, including their descriptions, number of events, and magnitude

ranges.

Comparisons between M7’**" and ComCat magnitudes
(Figure 3b-c) reveal trends similar to those observed
with M77%5: good agreement for events around M ~ 3
but increasing divergence for smaller events (M < 2.5).
The other ComCat magnitudes (M and MG¢) and

MMT also align well with M$"*", closely following the
1:1 line.

We examine more closely these differences and
agreements between M7"*" and all the other magni-
tude types. Figure 3d shows the distributions of differ-
ences (AM) between the MVQVOP “* and all other magni-
tudes with box-plots. The median values and interquar-
tile range (IQR) varied across magnitude differences,
with the highest value observed for MFP*" — M§7%5
(median = 0.82, IQR = 0.40), followed by M 37" — MEC
(median = 0.62, IQR = 0.28), M{7P" — MGS (median
= 0.34, IQR = 0.19), M3 — M, +°C (median = 0.15,
IQR = 0.18), and M{}T (median = 0.1, IQR = 0.12), re-
flecting systematic scaling differences between the lo-
cal magnitude scales and M3°"". The IQRs were nar-
rower for M3P" — MMT and M3*" — MSC, indicat-
ing consistency between different moment magnitude
estimations.

The large differences between My, and M|, presented
here have been observed in other regions (Ross et al.,
2016; Moratto et al., 2017) and are theoretically ex-
pected as a consequence of a combination of factors
(Deichmann, 2006, 2017): anelastic attenuation, which
removes much of the high-frequency energy of small
earthquakes, and the instrument response of the Wood-
Anderson typically used to estimate local magnitudes.
Notably, even when comparing My, estimates derived
from different methodologies, small but consistent off-
sets, similar to what we report (AM = 0.15), persist. For
example, Shelly et al. (2021) suggested that differences
of 0.1-0.2 are common between different (waveform-
modeled) My, estimates, and Holt et al. (2021) reported
similar differences (~ 0.2) between My, from coda
methods, moment tensor inversions, and direct spec-
tral modeling methods for events in Utah (see Figure 11c
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in Holt et al., 2021).

We used Orthogonal Distance Regressions (ODR) to
quantify the relationships between M‘;?,"pe" and other
magnitudes (dashed lines in Figures 3a-c). We favor
ODRs over least-squares linear regressions because the
latter can introduce systematic errors in magnitude
conversion equations (Castellaro et al., 2006; Castel-
laro and Bormann, 2007). First, we examine the re-
lationships between M2 and M$7?5 and between
ME°P" and MEC. The relationships we determined are
MEoP™ = 0.70M$7%5 + 0.96 (gray dashed line in Fig-
ure 3a) and MIP*" = 0.73MEC + 0.99 (gray dashed
line in Figure 3b), respectively. These relationships sug-
gest that local magnitude calculations underestimate
the true size of earthquakes in the Raton Basin. The un-
derestimation is clear for small magnitude events; for
example, a M = 1 reported in ComCat could corre-
spond to a My = 1.7, as the event (local) magnitude in-
creases the differences between My, and M, decreases
as they approach M ~ 3. Our equation is most likely
valid for only events with M, < 3 and may not apply
for events with M > 3.5 as the difference between My,
and M, (0.2; Figure 3a) corresponds to typical uncer-
tainties observed in magnitude estimations. We do not
estimate an ODR for the relationship between M37*"
and MbCLi’; since we have a small population of events
(n < 40). We also use ODR to quantify the relation-
ship of M7, MCC and M}MT. Figure 3c (red dashed
line) shows the My, data and the relationship obtained:
ME" = My + 0.09, which indicates the good agree-
ment among the moment magnitude estimates.

3.2 Magnitude of completeness and b-values

We estimate the M (magnitude of completeness) and b-
values for the common events with M%7 and M 5725,
Figure 4 shows the magnitude-frequency distribution
of earthquakes for M$”/25(Figure 4a) and M3"" (Fig-
ure 4b). Table 2 shows the Mg results for all the
methods, which ranges between 1.2-1.4 for MV%OP “*and
0.5-0.7 for M;725. The M values obtained using the
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Figure 3 (a) Local magnitudes (M772) reported in Jamalreyhani et al. (2025) versus moment magnitudes (M‘;?,"pe") ob-
tained in this study. (b) Local magnitudes (M¢'“) reported in ComCat (U.S. Geological Survey Earthquake Hazards Program,
2025) versus moment magnitudes (M‘;?,oz’e"). Solid lines in (a) and (b) represent a 1:1 relationship. Gray lines represent or-
thogonal distance regression fits of M‘;QV"”@" =0.7M77% +0.96in (a) and M&J,"pe" =0.73ME° 4+ 0.99in (b). (c) Magnitude
comparison between moment magnitude estimates from Mv?,"pe"(y-axis) and other reported magnitudes (x-axis): MT
(light purple stars), MbCLg (purple squares), MSC (light green triangles). The solid black line represents a 1:1 relationship

while the dashed red line represents an orthogonal distance regression between M‘;?/"pe" and other My, from moment ten-
sor inversions. The inset at the bottom right is a histogram of the residuals for the regression with the root mean square
error (RMSE). The RMSE and overall bias (offset) of 0.09 is below 0.1-0.2, which are typical errors reported for an earthquake
magnitude. (d) Box-plots representing the distributions of the magnitude differences (A M) between Qopen My, and each
of the other reported magnitudes. The black dashed line on each box-plot represent the median value of each distribution. n
represent the number of events. The coloured boxes are limited by the first (Q1) and third quartile (Q3). The upper and lower
whiskers represent Q3 +1.5 the interquartile range (IQR) and Q1 —1.5IQR, respectively. The points that do not fall within the
box-plot or the whiskers are shown as white circles. Horizontal dashed red line shows AM = 0.
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Godano et al. (2024b) method are 0.5 for M77/2° and 1.2
for M3°P". Figure 4a shows that the b-values obtained
for M7 7/2° are approximately 1 (0.96-1.03), regardless of
the chosen method used to estimate such values. On the
other hand, the b-values obtained using M 2" range
between 1.25 and 1.37, depending on the method (Fig-
ure 4b).

We also examine the stability of the b-value estimate
with M. Figure 5 illustrates the b-values as a func-
tion of M¢ for M77/2° and MI?,OP ", The acceptable M¢
range is 0.5 t0 0.7 for M;7? (Figure 5a) and 1.2 to 1.4 for
M{°P™ (Figure 5b). The b-values determined using the
different methods across the range of acceptable M¢
are similar to those reported above with b-values ~ 1
for M77%5 and b-values ranging between 1.2 and 1.4 for
Mv?/open-

The b-positive (van der Elst, 2021) and b-more-positive
(Lippiello and Petrillo, 2024) methods are more robust
in comparison with the other methods we applied in
our study. However, the minimum magnitude differ-
ence (M[) parameter or the minimum threshold pa-
rameters (M;;) and how it affects the b-value estimation
has been investigated less. Figure 5c and 5d shows the
dependency of b, versus M/, and by versus My, us-
ing M$7%5 and MEP°", respectively, which shows that
there is some minor variability on the b-value depend-
ing on those two parameters. For example, applying the
b-positive method to M7 7/2?° with a M/, = 0.2 leads to
b = 0.96, while using a M{. = 0.5 results in b = 1.03.
Nevertheless, we note that b, and b, values are gener-
ally close to 1 when we apply it to M7 /25, while b, and
by, values are overall larger than 1.1 for MI;?,OPE".

4 Discussion

4.1 Differences between My, and other mag-
nitudes for other regions

Theoretical and simulation-based studies (Deichmann,
2017, 2006; Edwards et al., 2010) show that the break-
down between My, and M can be explained as an in-
teraction between the earthquake source, wave prop-
agation or attenuation effects, and the instrument re-
sponse, in particular the common conversion to a Wood
Anderson response as needed to compute M. Several
previous studies in different regions (e.g., Bakun, 1984,
Bethmann et al., 2011; Ben-Zion and Zhu, 2002; Ross
et al., 2016; Eken, 2019; Bindi et al., 2020; Malagnini
and Munafo, 2018; Moratto et al., 2017; Jost et al., 1998;
Archuleta et al., 1982) have observed deviations be-
tween My and My,. A few examples include: (i) Mu-
nafo etal. (2016) analyzed a high-quality data set of 1,191
small earthquakes in Italy, using random vibration the-
ory, and found that My, = %M 1, + 1.15 for events in the
0 < M, < 3.8 range, (ii) Bethmann et al. (2011) stud-
ied 195 events in Basel (Switzerland), applying spectral
fits (Abercrombie, 1995), and determined that My =
0.63M1, + 0.76 for events in the range of 0.7 < M <
3.4, and (iii) Patton et al. (2025) investigated 85 earth-
quakes in Nevada using the Coda Calibration Tool (CCT;
Mayeda and Walter (1996); Mayeda et al. (2003); Barno
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(2017)) and established that My, = 0.81M + 0.47 for
events with 0 < M, < 3.0. For other relationships be-
tween moment magnitudes and local magnitudes iden-
tified in various regions, we recommend the follow-
ing studies to interested readers: Dost et al. (2018);
Dahm et al. (2024); Deichmann (2006); Hanks and Boore
(1984). We highlight that the studies described above es-
timated My using different methods: spectral model-
ing of direct P- or S-waves (Scherbaum, 1990; Abercrom-
bie, 1995; Edwards et al., 2010), moment tensor inver-
sions in the time or frequency domains (Ichinose et al.,
2003; Heimann et al., 2018), or coda envelope inversions
(Mayeda et al., 2003; Mayeda and Walter, 1996; Eulen-
feld et al., 2021), but all concluded that M # My, for
events M < 4.0.

The My, obtained ranges between 0.42 and 4.43. We
show that for low magnitudes (My, < 2.5) there could
be a ~ 1 unit magnitude difference between M7"*"
and the M7/25 or between MIP" and MSC. We
find that M3P" = 0.70M$7%% + 0.96 and MZP" =
0.73M ¢ 40.99. The slopes we obtain are nearly identi-
cal to what has been shown is theoretically expected for
small earthquakes(Hanks and Boore, 1984; Deichmann,
2006), which should scale as log My ~ M, which trans-
lates to My, ~ (2/3) M.

These linear relationships suggest that M; may sig-
nificantly underestimate the true size of small earth-
quakes in the Raton Basin, assuming My, is a more re-
liable measure of earthquake size. For example: an
earthquake with an estimated M, 1.0, using Equation 1,
might be as large as a My, 1.66. While these relation-
ships provide a basis for converting M, to My, in future
studies of the Raton Basin, their application requires
caution: for events with M; < 1.5, the mean absolute
error (MAE = 0.23) and root mean square error (RMSE
= 0.18) indicate that significant magnitude uncertainty
is expected when converting My, to Myy.

We also compare our M{7"*" estimates with other
My, estimates from MT inversions (Figure 3c). We ob-
tain a regression of MV?,OPE" = My + 0.09, which in-
dicates a large agreement between both estimates with
a RMSE of 0.096. The offset of 0.09 and RMSE below
0.2 are typical errors obtained for earthquake magni-
tude estimations (Shelly et al., 2021) and suggests that
My determined with Qopen are reliable. A few re-
cent studies have also compared My, between differ-
ent methods: (i) Holt et al. (2021) estimate My, us-
ing the CCT and spectral modeling of direct S, phases
(Pang et al., 2020) for the Magna, Utah, earthquake se-
quence for 280 events, (ii) Eulenfeld et al. (2021) com-
pute My, using Qopen, Grond (Heimann et al., 2018),
and source displacement spectrum from the direct on-
set of P- and S-waves for the 2018 West Bohemia (Czech-
German border) earthquake swarm that contains 150
seismic events, and (iii) Morasca et al. (2022) compare
My estimates using the spectral amplitude decompo-
sition approach also known as Generalized Inversion
Technique (GIT; Castro et al. (1990); Andrews (2013))
and the CCT for 247 events in Italy. All of these studies
have shown that there is general agreement (differences
smaller than 0.13) on My, obtained with different meth-
ods. Less agreement is found among different methods

SEISMICA | volume 5.1| 2026



SEISMICA | RESEARCH ARTICLE | Small earthquake moment magnitude and implications for frequency-magnitude scaling of Raton Basin induced earthquakes

Method M for MEoP™ Mc for M77%
Maximum curvature technique (Wiemer and Wyss, 2000) with +0.2 correction 14 0.6

Goodness of fit test (Wiemer and Wyss, 2000) 1.2 0.5

M by b-value stability (Cao and Gao, 2002) 13 0.7

M by coefficient of variation techniques (Godano et al., 2024b) 1.2 0.5

Acceptable range 12-14 0.5-0.7

Table2 Summary of the magnitude of completeness (M) obtained with different methods for Mv?,"pe" and M772°. The
acceptable range is defined as the minimum and maximum values by all the methods.
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Figure 4 Cumulative magnitude-frequency distribution for (a) M7 72> and (b) M‘?,"pe". The red diamonds represent the
cumulative positive magnitude differences frequency distribution and respective fit with the b-positive method (van der Elst,
2021). The blue squares represent the cumulative magnitude differences frequency distribution and respective fit with the
b-more-positive method (Lippiello and Petrillo, 2024). The vertical gray lines represent the magnitude of completeness M¢
based on Godano et al. (2024b). Coloured lines represent the b values obtained with different methods: b, (b-positive; red
line), bps g (maximum likelihood method; orange), b s (K-M slope method; yellow), and by (least-squares fit; light pur-
ple). The b-values for the events with M5/ range between 0.96-1.03, while the b-values using M3 ranges between

1.25-1.37.

for the estimation of other source parameters such as
corner frequencies (f.) or stress drops (Ac) (Cochran
et al., 2024a; Baltay et al., 2024). Future research efforts
related to source parameters in the Raton Basin might
include: (i) use different methods (CCT, GIT, Qopen,
etc.) to compare stress drop estimates or (ii) use the
available nodal array dataset that includes 95 seismic
nodes (code network: 4E) and its respective earthquake
catalog (Wang et al., 2020b) to estimate source parame-
ters for even smaller events. We acknowledge that with
Qopen (Eulenfeld and Wegler, 2016) we can estimate f.
or Ao but for this study we decided to focus only on the
size of events (Myy).

4.2 \Variations of b-values across different re-
gions

In the Raton Basin, previous studies (Glasgow et al.,
2021; Jamalreyhani et al., 2025) have reported M¢ =~ 0
and b ~ 1, based on larger catalogs with local magni-
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tudes (n ~ 38,000 and n =~ 96,000 events, respectively).
For our analysis, we used a subset of 31,581 events for
which both M£/25 and MZ°P°" magnitudes are avail-
able. Although this is smaller than the full catalog (n =
95,993), a comparison of their frequency-magnitude dis-
tributions confirms that this subset does not bias our re-
sults. Asshown in Figure S4, significantincompleteness
in the subset occurs only for magnitudes M < 0, which
is well below the M for both the subset and the full
catalog. Furthermore, the distributions are highly sim-
ilar above M¢, and the b-values derived from them are
equivalent. It is uncommon to have such a large num-
ber of events (n = 31, 581) with My, available for b-value
estimation as we have here; prior studies with moment
magnitudes (Shelly et al., 2021; Ross et al., 2016; Bal-
tay and Abercrombie, 2025) have used far fewer events
(n < 10,000). This is a significant advantage as seismic
hazard analyses are often limited by catalogs that are ei-
ther declustered or culled with a high M¢ (i.e., Mc > 3)
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(vander Elst, 2021) as a function of M/, for M{;?,"pe” (red diamonds) and M 772 (black diamonds). The b-positive values range
between 0.9-1.06 for M 772 and 1.13-1.43 for M‘;C[z,"pe” depending on which M/, is chosen. (d) Same as in (c) but using the
b-more-positive method (Lippiello and Petrillo, 2024). The b-more-positive values range between 0.95-1.07 for M77/2° and

1.23-1.42 for M&z,‘)”e" depending on which My, is chosen.

(Valensise et al., 2024; Taroni and Akinci, 2020; Teng and
Baker, 2019).

Numerous methods exist for estimating M¢ (Wiemer
and Wyss, 2000; Cao and Gao, 2002; Godano et al.,
2024b; Lombardi, 2021; Godano, 2017; Wang et al., 2025;
Amorese, 2007; Ogata and Katsura, 1993; Taroni, 2023).
In this study, we tested four of these methods (see Ta-
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ble 2) on events with M5 725 and M&°P*", which yielded
M¢ ranging between 0.5-0.7 and 1.2-1.4, respectively.
This dependence of M¢ on the magnitude type is per-
haps expected as My, values are systematically higher
than M}, values, naturally leading to a higher M when
My is used. The accuracy of any M estimate is in-
herently dependent on the number of samples and the
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shape of the magnitude-frequency distribution. Fur-
thermore, the methods themselves have known biases:
the MBS method can overestimate M (Lombardi, 2021;
Zhou et al., 2018), while the MaxC method tends to un-
derestimate it (Mignan and Woessner, 2012; Zhou et al.,
2018; Woessner and Wiemer, 2005), often adding an
arbitrary +0.2 correction. The GFT method’s perfor-
mance is variable, potentially leading to either under-
estimation or overestimation depending on the dataset
(Woessner and Wiemer, 2005; Zhou et al., 2018). Al-
though the MCV method has been tested on various re-
gions (California, Italy, New Zealand, and Japan) and
synthetic catalogs (Godano et al., 2024a,b), its perfor-
mance in other tectonic settings requires further vali-
dation.

Figure 4 shows the b-values obtained with different
methods using the M¢ from the MCV method, which
in turns reveals the dependency of the b-value on the
magnitude type. With M77/25) the b-value is consis-
tently near 1.0, while with M3°P°", it corresponds to
values above 1.2 (Figure 4). This dependency persists
even when considering the full range of M estimates
from other methods: for M;7%, the b-value remains
stable around 1.0 (Figure 5a), and for M‘;?,Op " it varies
between 1.2 and 1.4 (Figure 5b). Ultimately, Figure 5
demonstrates that the b-value is inherently tied to the
magnitude scale, regardless of the specific M¢ or b
method chosen.

We now address some of the limitations of the meth-
ods used to estimate b-values. The by, r method (AKki,
1965) (and its modified formulations) has been widely
applied in previous studies of earthquake sequences
and high-resolution catalogs (Warren-Smith et al., 2017,
Spassiani et al., 2023; Pezzo et al., 2023; Tan et al., 2021).
However, the by/,r method may be subject to biases
(Marzocchi et al., 2019; Geffers et al., 2022) due to fac-
tors such as: (i) large binning sizes (0.2 or higher), (ii)
a dynamic range (the difference between the maximum
magnitude and M) of less than 2 magnitude units, or
(iii) a small population of events (n < 1,000). In the
Raton Basin, the by yields values of 1.03 for M7 725
and 1.37 for MI;?/OW" (orange lines in Figure 4), indi-
cating a significant increase between magnitude types.
This increase cannot be easily attributed to the biases
noted above as: (i) we used a binning size of 0.1, (ii) the
dynamic range in our dataset exceeds three magnitude
units, and (iii) our analysis includes a large population
of earthquakes (n > 10, 000).

The bk s method (Li et al., 2023), though less com-
monly used than b,/1.p, also suggests higher b-values
for My, compared to My, (1.35 versus 1.0; light orange
lines in Figure 4). Similarly, the least-squares regres-
sion method (by, ) shows an increase in b-values when
switching from M$7%5 to M P*", from 1.0 to 1.25. The
brr method is generally discouraged due to its tendency
to underestimate b-values (Castellaro et al., 2006; Sandri
and Marzocchi, 2007; Geffers et al., 2022), as it weights
high-magnitude events (small samples) the same as low
magnitude events (large samples). Nevertheless, some
studies continue to apply it (El-Isa and Eaton, 2014,
Ibéfiez et al., 2012). Despite its limitations, our results
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using by, are consistent with those obtained from other
methods.

Some of the most robust methods for estimating b-
values are the b, method (van der Elst, 2021) and the
b+ method (Lippiello and Petrillo, 2024) because they
are relatively insensitive to transient changes in com-
pleteness, such as short-term aftershock incomplete-
ness or evolving seismic network configurations. We
still observe that changing the magnitude scale from
M$725 to M " results in an increase in the b, from
0.96 to 1.25 and for the b, from 1.0 to 1.3. There
are several reasons why b-values in earthquake catalogs
may be underestimated or overestimated. In this study,
we tested multiple methods to estimate b-values for the
Raton Basin and found that the results differ depending
on whether M, or My, magnitudes are used.

The influence of magnitude scale choice on b-
values remains surprisingly understudied, despite well-
documented discrepancies between M and My for
small earthquakes spanning multiple regions and
decades. While a simple offset between scales might
not affect b-values, some studies have shown the oppo-
site: (i) Ross et al. (2016) found b = 1.22 using My, ver-
sus b = 0.93 with M}, for > 11,000 events in the San
Jacinto Fault Zone (California). (ii) Shelly et al. (2021)
obtained b = 1.18 (M) versus 1.60 (converted M, to
Myy) in northern Oklahoma and b = 1.06 (My) versus
1.40 (converted My, to My,) in Kansas, though both val-
ues were limited by small sample sizes (n < 100). (iii)
Frohlich and Davis (1993) found significant differences
between b-values for different teleseismic earthquake
catalogs when using different magnitude scales. (iv)
Baltay and Abercrombie (2025) did not report b-values
but show that the slope of the magnitude frequency dis-
tribution is ~ 1 with My, and ~ 3/4 with M, for a subset
of events that belong to the Ridgecrest 2019 earthquake
sequence. These findings align with our Raton Basin
observations, where b-values changes with the magni-
tude scale chosen. Therefore, we expect that other seis-
mically active regions might also have different b-values
if local magnitudes are used instead of moment magni-
tudes.

Different b-values (0.5-2.9) have been observed in re-
gions with induced seismicity (Mousavi et al., 2017). For
instance: (i) Kwiatek et al. (2015) observed a b-value
of 1.2 for a small cluster of earthquakes (n = 1,275),
with converted magnitudes from magnitude duration
to My, located in the northwestern part of the Gey-
sers geothermal field (California), (ii) Koztowska et al.
(2018) identified two groups of seismicity induced by
hydraulic fracturing in Ohio with b-values of 1.5 and
0.7 with My, (iii) Kwiatek et al. (2010) determined a b-
value of 1.26 for small mining-induced events in South
Africa with My, and (iv) McMahon et al. (2017) ob-
tained a b-value of 0.5 with relative magnitudes for the
2011 Prague, Oklahoma earthquake sequence likely in-
duced by deep wastewater injection. Moreover, there
will be some variability for b-value obtained by differ-
ent studies even for the same region for several rea-
sons: using different catalogs, using different magni-
tude scales, applying different methods for estimating
M and/or b-value. A clear example of such variability
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was shown by Gable and Huang (2024), where they de-
termine b-values using the by g (Aki, 1965) and the b,
method (van der Elst, 2021) for different catalogs of the
2011 Prague, Oklahoma earthquake sequence that con-
tain local magnitudes (Skoumal et al., 2019), moment
magnitudes (Cochran et al., 2020a), or relative magni-
tudes, and found b-values ranging between 0.57-0.99 de-
pending on the method and magnitude used. In the Ra-
ton Basin, previous studies (Jamalreyhani et al., 2025;
Wang et al., 2020b; Glasgow et al., 2021) have reported b-
values close to 1; we obtain similar b-values with M7/2°
on the range of 0.96-1.03, while we obtain b = 1.25-1.37
when using MZ°’°". Such increase in the b-value may
affect any previous probabilistic seismic hazard estima-
tions (Petersen et al., 2018), physics-based forecast seis-
micity models (Hill et al., 2024), or statistical analysis
(Glasgow et al., 2021; Wang et al., 2020b) in the Raton
Basin.

4.3 Implications, recommendations, and
some limitations

Higher b-values in the Raton Basin may indicate a de-
crease in the estimated seismic hazard, as they corre-
spond to a lower likelihood of large earthquakes. How-
ever, seismic hazard assessment in induced seismicity
regions remains complex, as small-magnitude events
can still have societal impacts. Some of the small earth-
quakes are felt by nearby towns, such as Trinidad, Col-
orado, and Raton, New Mexico. We found that 41 earth-
quakes were reported as felt! with responses ranging
from 1 to 15, according to the USGS ‘Did You Feel It?’
database (Wald et al., 2012), for events with local mag-
nitudes less than or equal to 3.0 during the same time
period covered in our analysis (2016-2024). Some stud-
ies (Langenbruch and Zoback, 2016; Langenbruch et al.,
2018) argue that, in regions of induced seismicity such
as Oklahoma, Kansas, and the Raton Basin, physics-
based models are preferable to probabilistic seismic
hazard analysis (PSHA) (Petersen et al., 2017, 2018).
This is because PSHA does not account for injection
rates at varying locations and times. Physics-based
models inherently depend on b-values and a monthly
earthquake rate for events exceeding a specific magni-
tude. Hill et al. (2024) developed such a model for the
Raton Basin, enabling the forecasting of induced seis-
micity in both space and time across the basin. While
it is difficult to assess how b-values might influence
such physics-based forecasts, the earthquake rate will
vary depending on the selected magnitude threshold
(and the magnitude scale used) according to our results.
For instance, if we only consider the events that have
both M$725 and MZ°"*" magnitude scales, there are
134 events with M77/2° > 2.5 whereas 326 events meet
the threshold of M3°P*" > 2.5 representing more than
double the number of events. Future PHSA or physics-
based studies in the Raton would benefit by taking into
account: (1) the influence of b-values on seismic haz-
ard forecasts and (2) the variability in earthquake rates

IWe excluded one event as the closest ‘Did you feel it?’ report is from a dis-
tance > 200 km. https://earthquake.usgs.gov/earthquakes/eventpage/
us1000jaql/dyfi/intensity-vs-distance,
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depending on the magnitude threshold and scale used
(e.g., My vs. M) when including small magnitude
events.

Estimated b-values close to 1 have been found in
some wastewater injection seismicity regions includ-
ing northern Oklahoma (Cochran et al., 2020b), south-
ern Kansas (Rubinstein et al., 2018), Guy-Greenbrier
(Arkansas; Mousavi et al., 2017), the Sichuan Basin
(China; Lei et al., 2019), and previously in the Raton
Basin using local magnitudes (Wang et al., 2020b; Glas-
gow et al., 2021; Jamalreyhani et al., 2025). In con-
trast, we obtained b-values in the 1.2-1.4 range, which
is higher than the commonly observed b ~ 1 in tec-
tonic settings. Moreover, b = 1 in conjunction with
other statistical analysis, such as nearest-neighbour
distances (Zaliapin and Ben-Zion, 2013a,b), Epidemic
Type Aftershock-Sequence models (Ogata, 1988), and in-
terevent time distributions (Kagan and Jackson, 1991),
has been interpreted as an indicator that the seismic-
ity in the Raton Basin (Glasgow et al., 2021; Wang et al.,
2020b) mimics tectonic settings (i.e., produces fewer
background events and more clustered events). We do
not attempt to reproduce all those analyses with the new
b-values, but we expect that the higher b-values might
indicate that some of the seismicity in the Raton Basin
might deviate from the statistical behaviour of regular
tectonic settings.

Another key factor in b-value estimation is the
number of events available in the earthquake cata-
log. Recently, detection techniques including machine-
learning (ML) earthquake phase detectors (Mousavi
et al., 2020; Zhu and Beroza, 2018) have enabled in-
creases in the number of earthquakes detected on a
seismic network by about an order of magnitude. Most
machine-learning based earthquake catalogs report lo-
cal magnitudes because the calculation is integrated in
several workflows (Zhang et al., 2022; Zhu et al., 2022).
Future studies would benefit from implementing meth-
ods to estimate My, when possible, as this would pro-
vide more accurate earthquake magnitudes. There are
several potential methods and open codes available to
estimate My, for small events. Here, we just mention
some of them and discuss their strengths and limita-
tions: (i) SourceSpec (Satriano, 2022) (ii) Qopen (Eulen-
feld et al., 2021), (iii) The Coda Calibration Tool CCT
(Barno, 2017) or (iv) generalized inversion technique
(Shible et al., 2022; Morasca et al., 2025). All of them
are generally limited by the signal-to-noise ratio (SNR)
in the time windows around the phase arrivals or the
coda duration. The seismic network geometry and the
source radiation pattern have large influences on My,
obtained with spectra from direct waves (Daniel, 2014).
On the other hand, the coda methods (i.e., Qopen or
CCT) are less sensitive to the radiation pattern (Mayeda
et al., 2003). However, they require a high SNR for
the entire coda duration, which might result in the ex-
clusion of multiple events from an earthquake cata-
log. Moreover, some assumptions underlying each of
the coda methods may not always be valid. The CCT
method assumes an apparent stress value, which is usu-
ally unknown for earthquakes in many regions, to con-
strain the high-frequency part of the spectrum. Appar-
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ent stress values might be obtained with a companion
software of the CCT, named Coda Envelope Ratio Tool
(CERT, based on Walter et al., 2017). Patton et al. (2025)
show that, when the apparent stresses of the calibra-
tion earthquakes are unknown, selecting different as-
sumed apparent stress values in the CCT methods af-
fects the estimated My for events with M < 3. More-
over, the CCT method requires a set of events with well-
calibrated My, from other methods such as MT inver-
sions. The Qopen method has the advantage of using
a physical model of the scattering process, but the at-
tenuation parameters represent average values of the
entire crustal layer (Eulenfeld and Wegler, 2016). The
GIT method can disentangle the source spectra, attenu-
ation, and site amplification effects, but it seems more
robust to obtain a site response factor in comparison to
source and attenuation terms (Shible et al., 2022). Ad-
ditionally, the GIT method requires testing the optimal
inversion scheme on each dataset (parametric or non-
parametric). We provide links to each of these methods
in the Data and Resources section.

5 Conclusions

We applied a coda envelope fitting method (i.e., Qopen)
(Eulenfeld et al., 2021) and estimated the moment mag-
nitudes My, for 31,581 earthquakes in the Raton Basin
(Figure 1). We compare our My, estimates with those
from a previous study (Jamalreyhani et al., 2025) and
events reported in ComCat and find that local magni-
tudes underestimate the size of the events relative to
moment magnitudes (Figure 3). Linear relationships
were developed between My, and other local magni-
tudes that could be used in future studies in the Ra-
ton Basin. The M results agree well with My, es-
timates from moment tensor inversions and those re-
ported in ComCat. Extending the use of My, to smaller
magnitudes with Qopen coda envelope fitting provides
a different perspective on basic earthquake statistics
in the Raton Basin. The derived frequency-magnitude
relationship b-values using the My, scale are 1.2-1.4,
in contrast to ~ 1 for My scales. The magnitude of
completeness also increases from 0.7 to 1.3 when we
change the magnitude scale from M to My . Other
seismically active regions might have different b-values
and M if they are calculated with local magnitudes
rather than My . The results suggest that broader use of
the coda envelope My, for low-magnitude earthquakes
could provide new perspectives on earthquake statistics
and better facilitate comparison across localities.

Data and Resources

Waveform data and metadata used in this study are
publicly available through the Incorporated Research
Institutions for Seismology Data Management Center
(IRIS DMC; http://ds.iris.edu/ds/nodes/dmc/). The seis-
mic networks are: TA (https://doi.org/10.7914/SN/TA),
CO (https://doi.org/10.7914/SN/C0), and YX (https:
//doi.org/10.7914/SN/YX_2016).  Additional data pro-
cessing and plotting were performed using ObsPy
(Beyreuther et al., 2010), NumPy (Harris et al., 2020),
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pandas (The pandas development team, 2020), PyGMT
(Tian et al., 2023) (a Python wrapper for the Generic
Mapping Tools; Wessel et al., 2019), and Matplotlib
(Hunter, 2007). Methods to estimate My, are available
in the following links: SourceSpec (https://github.com/
SeismicSource/sourcespec), CCT (https://github.com/
LLNL/coda-calibration-tool) and its companion CERT
(https://www.osti.gov/biblio/code-105734), Qopen
(https://github.com/trichter/qopen), and GIT (Python
version: GitPy, https://gitlab.rm.ingv.it/inversion/gitpy).
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