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Appendix A

A.1 Unified earthquake catalog
Table S1. Sources of parametric earthquake data for the DFW basin in our earthquake catalog.

Source Time-period Masgzliltglde Region/State M=
ComCat (ANSS) 2000 Feb 2023 varied CEUS 2.0
Mueller (2018) 1900 2018 proxy My CEUS 1.0
SLU (Herrmann et al., 2011) 1962 Feb 2023 My CEUS 1.5
TexNet 2017 Feb 2023 M, TX 1.0
TexNet Research ! 2019 2021 M X 1.0
Frohlich et al. (20106) 1902 2015 varied TX 3.0
NTXES 2 Oct 2008 Jul 2021 M north-central TX -1.3
Oklahoma Geological Survey (OGS) 1983 Feb 2023 | Mp/mure/My OK 1.0
Schoenball & Ellsworth (2017) May 2013 Nov 2016 varied 3 OK 0.7
Skoumal et al. (2019) ¢ May 2010 2016 M3 OK 1.8
Holland (2013) Jan 2011 Jan 2011 M3 south-central OK 1.8

lextension of the public TexNet catalog that includes earthquakes of limited manual review due to their smaller size

2extended version. Includes events from SMU (Quinones et al., 2019), Frohlich et al. (2012), ComCat, Ogwari et al. (2018), Scales et al. (2017), and
template-matched unpublished data from Michael Brudzinski.

3we used the proxy My, values already computed by Grigoratos et al. (2020a)

4employed template matching with relocations for newly detected events; added 0.38 My, units to each event following Kavoura et al. (2020)

A.2 Injection data

Our source of wastewater disposal data after 2008 within Texas was the B3 database. At the time of our analyses, it was
assumed complete till 2021. That said it also covered 2022, because B3 extrapolates trends from nearby wells in a proprietary
way to fill in any gaps. Our analyses required monthly injection rates, the coordinates of the well and in some basins the
target-formation. Only wastewater disposal wells were included; Enhanced Oil Recovery (EOR) wells were not taken into
account, given that EOR operations aim to stabilize, rather than increase, the pore pressure. The (true vertical) depth was
also collected, although not used explicitly, because all our analyses were in 2D.

Our sources of HF data within Texas were the FracFocus Chemical Disclosure Registry and the IHS Markit database.
Reporting to FracFocus started in 2011 and became mandatory after January 2012, whereas the IHS Markit database dates
back multiple decades and (within TX) is sourced from the Texas Railway Road Commission (RRC).

Our analyses required the start- and end-date of each HF stimulation, the coordinates of the stimulating well, and the
average daily injected fluid volume. The latter was obtained by dividing the reported total volumes by the duration of the
stimulation. The (true vertical) depth was also collected, although not used, because all our analyses are in 2D. When a frac-
job was reported by both FracFocus and IHS, we used dates and volumes from FracFocus and location and depths from
IHS. When aggregating the HF volumes into blocks, we used the midpoint between the well’s “heel” and “toe.”. More details
about the HF data are provided in the supplement.

Our pre-processing of the HIF data was based on the work of Grigoratos et al. (2022). FracFocus contains one fracture
job per entry, with start/end- dates, “Total Base Water Volume” (Volw), “Total Base Non-Water Volume” (Volo), true
vertical depth, and surface coordinates for each well. Records from IHS, on the other hand, have multiple entries per
fracture job, each with a single date and multiple fluid-types and volumes. We aggregated the IHS entries into fracture jobs
merging multi-row entries based on their 14-digit API and reorganized the volumes into the two classes adopted by
FracFocus (Volw, Volo). The biggest issue with IHS is the lack of a clear start/end- date for each stimulation. The single
date provided is assumed to be the start-date, even though for a significant percentage of the wells this was not the case.
Lacking any information on the end-date from IHS, we had to use the injected volume as a proxy for duration. To do that,
we used the regression derived by Grigoratos et al. (2022). No meaningful correlation was observed for Volo.

duration = 3, if Volw < 45000 bbls S1)
duration = 19 - log,,Volw — 85.4, otherwise
Usually, non-water based volumes (Volo) represent <1% of the total amount. However, according to IHS some TX

basins had larger (yet single-digit) percentages, for unknown reasons. That is why we decided to use as total volume the sum
of Volo and Volw.

A.3 Equations of earthquake recurrence models
At each block, the null hypothesis, with total likelihood Ly, assumes that all earthquakes are of tectonic origin and is
modelled using the classic Gutenberg—Richter (G-R) relationship:
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A = 10%ec=bm 2

where A is the rate of earthquakes with magnitude larger or equal to m, a. is the background tectonic activity rate above
magnitude 0 (in logio units) and b is the log—linear slope of the G-R relation (Gutenberg and Richter, 1956).

The alternative hypothesis, with total likelihood L1, assume a relationship exists between injection and seismicity. It is
governed by the following block-specific equations.

A[t] = (10%¢ec + vy, [¢] - 10%) - 1070™ (S3)

0 S4
tlag [t] =1 &9
v(t]

where t is time (in days or months), 2 is the block-specific Seismogenic Index (Shapiro et al., 2010) and v is the monthly
disposal rate for SWD (m?) or the daily injected volume for HF (m?3). The variable t.g is a proxy for the injection-rate-
dependent time-lag between injection and seismicity rate changes. For simplicity, it is assumed to be inversely proportional
to v (Grigoratos et al., 2020a), with 6 being the factor of (inverse) proportionality. Next, v, is derived from v and tig as
follows: each monthly/daily value of v is shifted in the future based on the corresponding value of ti, (rounded integer) on
that day/month 7 The two block-specific model-parameters, X and 0, are estimated using maximum-likelihood, assuming
that each month (or day) the declustered seismicity follows a non-homogeneous Poisson process with varying mean rate
A[t] (dtiven by injection). Finally, given that the time-lag for HF is usually a few days, we also tested (for comparison) a
constant time-lag tjq4, which we will treat as a model parameter that replaces equation $4 (only for HF). Given that almost
all HF-induced earthquakes happen either during or right after the stimulation (Grigoratos et al., 2022), for the HF analyses
we limited both t44[t] and tf,, to values between 0 and 14 days, to avoid overfitting in the presence of other triggering
factors (e.g. SWD).

Apart from the two free-parameters X and 6, two other parameters need to be defined a-priori to run the calibration, the
b-value and a... We should note that the actual b-value used in equations S2 and S3 to estimate A[t] at M equal to M. is not
critical, as long as the same value is consistently used for the calibration of X and 6 (or tlcag); we opted for a typical b-value
of 1. The value of a.c was set very low given the lack of tectonic seismicity in the region. Our results are not sensitive to the
awc value, because it is usually orders of magnitude smaller than the implied a-value from induced seismicity.

Given that the time-lag for SWD can be months or years, prior injection history is important when modelling a specific
time-period (Grigoratos et al., 2020b). Therefore, even though we perform the maximum likelihood regression for 2, 6 (and
Li, Lo) only during time-periods of low M, we processed all the available disposal data dating back to 2000 when simulating
(for any given value of 0) the time-dependent variable vi,,. In other words, the months considered in computing the total
maximum likelihood of each block can be a subset of the entire vi,[t] time-series, allowing the user to focus on specific time-
periods of interest.

Finally, to simplify things, since we were only interested in the p-values and not in seismicity rate forecasting, we did not
implement additional considerations related to the Kaiser effect (Shapiro and Dinske, 2007) in the SWD formulations. The
HF formulation never had such considerations to begin with, given how localized the effects of each new stimulation are.

A.4 Distributed SWD volumes
Although the Theis (1935) equation simulates fluid flow and the associated changes in pore pressure (i.e. head), we applied
it to the injection volumes because the Seismogenic Index model uses injection volumes as a proxy for changes in pore
pressure. Note that, here, the spatial and temporal distributing of the injection volumes is an attempt to model the effects
of pore pressure diffusion, and it is distinct from the seismicity time-lag modeled by equation S4.
Given a constant rate of discharge from a well (v in units of m3/s), the drawdown s (m) as a function of time since the
beginning of pumping (t) and radial distance from the well () is given by (Theis, 1935):

v (®e™
s[r,t] = hg — h[r, t] = m 2 Tdu (S5)
4Dt

where hy is the initial fluid head, h[r, t] is the head during pumping, T is the transmissivity (m2/s) and D is the hydraulic
diffusivity (m2/s). In our application, ¥ is injection rate rather than discharge rate and thus equation 6 provides the increase
in head rather than the drawdown. We use equation S5 to distribute the monthly injected volumes spatiotemporally before
we utilize them in equation 4. Further implementation details are provided in Grigoratos et al. (2020a).

The only parameter needed to compute the distribution factors is the diffusivity, D. Since the Theis equation describes
radial flow within a single layer, we cannot model the effects of the injection layer and the basement separately. Instead, the
parameter D represents the large-scale diffusivity that is often derived from seismicity migration analyses (Parotidis and
Shapiro, 2004). It is not identical to the diffusivity values often assigned to specific formations. Within Oklahoma the large-
scale D value ranges between 0.1 and 2 m2/s (e.g. Goebel et al., 2017). Grigoratos et al. (2020a) opted for D equal to 0.3



115  m?/s. Within the DFW atea, and specifically for the Ellenburger formation, Zhai & Shirzaei (2018) opted for a D equal to
116 0.7 m2/s, which is the upper value from the range of Hornbach et al. (2015).
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149
150  Figure S1. Map of the given investigated atea showing declustered seismicity (M = 2; black dots), gridded cumulative HF

151  stimulation-days and county/state borders. The black diamond indicates the Mw 4.0 Venus earthquake. Data between 2008
152 and September 2022.
153
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156 Figure S2. Map of the investigated area showing declustered seismicity (M 2 2; black dots), gridded cumulative injected
157 (a) or diffused SWD volumes (b,c). The large-scale diffusivity (D) value is 0.3 in (b) and 2 m2/s in (c) The black diamond
158  indicates the My 4.0 Venus earthquake. Data between 2006 and 2021. County/state borders are also mapped.
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Figure S3. Same as Figure 3, but using the non-declustered catalog.
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Figure S4. Same as Figure 4, but for D = 1 m?/s.
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173
174 Figure S5. Same as Figure 4b (D = 2 m?/s), but for the non-declustered catalog.



