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Abstract
A complete microseismic event catalog with accurate source parameters can lead to a more thorough
understanding of the temporal and spatial variation of stress during hydraulic fracturing operations. We
detect, locate, and characterize repeating microseismic events by determining their source parameters such
as magnitude, stress drop, and rupture size, and analyze the continuous microseismic data recorded by
one borehole array during a hydraulic injection process. With an existing microseismic event catalog, we
first re-calculate accurate moment magnitude and stress drop using estimated source spectra for all events.
In addition, we detect and locate smaller events that show only clear S-wave arrivals using a template-
matching and waveform cross-correlation technique to identify repeating microseismic activities. We obtain
the template waveforms by stacking similar waveforms from repeating microseismic families. Among the
~1300 re-computed events, the moment magnitude calculated from the P- and S-waves spectra analysis
ranges between Mw −1.5 and −3.5. These events are located within a 700m by 200m area as much as 250m
deep. Our results indicate a fault radius on the order of one to six meters and fault slip between 10−5 to 10−3 cm
around the fracturing region. In addition, using a matching-filter technique, we detect and locate low signal-
to-noise ratio events that we consider repeating microseismic events. Our observations indicate that most
repeating families occur at later times in shallower layers. Also, we observe a strong magnitude dependence
of the stress drop, with larger magnitude events exhibiting significantly greater stress drops than smaller
ones, in contrast to tectonic events in California or Japan. Our estimations of source parameters provide
a key to a more in-depth understanding of the relationship between hydraulic fracturing and microseismic
activity.

Introduction
During hydraulic fracturing operations, geophones are installed in neighboring observation wells to monitor
microseismic events induced by the injection of fracturing fluid (Warpinski, 2009). To obtain the location
of microseismic events, the conventional method adapts P-wave polarization (i.e., particle motion for
incident angle) and S-P travel time difference (i.e., hypocenter distance and depth) methods (Eisner et
al., 2010; Fischer et al., 2008; Warpinski, 2009). The magnitudes of events are determined from the
maximum amplitude of S-waves. Since the magnitude of induced microseismicity is very small (i.e.,
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moment magnitudes range from −2 to −6) (Albright and Pearson 1982; Gibowicz et al., 1991) and normally
recorded by a single vertical array in a nearby area (e.g., within a few thousand meters), the accurate source
parameters of micro events can be obtained for only events with clear P- and S-wave arrivals. Although
studies have proposed a number of approaches to improving the accuracy of locating these events (Anikiev
et al., 2014), most events with only an S-wave arrival will be excluded because of their lack of clear P-wave
arrivals. Thus, to more accurately and thoroughly interpret the faulting geometry and the mechanism of the
hydraulic fracturing process, we must constrain the location of events without clear P-wave arrivals and
obtain accurate source parameters (e.g., event location, stress drop, and fault dimension) of the microseismic
catalog.

Many studies of natural earthquakes have observed repeating earthquakes that occur periodically in the
same area of a fault with highly identical P- and S-waves but different amplitudes (Nadeau and Johnson,
1998). The observations of repeating earthquakes are useful for studying temporal variation in the fault zone
(Uchida et al., 2016; Igarashi et al., 2003) and rebuilding a highly complete earthquake catalog by adding as
many as ten times the number of small magnitude events, such as foreshocks and aftershock sequences (Peng
and Zhao, 2009). For comparison, few studies have focused on the repeating events for induced seismicity
during the hydraulic fracturing process (Eisner et al., 2006). A recent study has applied a similar technique
to the hydraulic fracturing dataset to detect microseismicity with similar waveforms and S-P travel time
differences (Stuermer et al., 2012), but whether or not observations of repeating microseismic events can
be used to detect small magnitude-induced events remains unclear.

In this study, we identify repeating microseismic events with a waveform cross-correlation technique
during hydraulic fracturing operations and adapt the matching-filter technique (Caffagni, 2016) to detect
more repeating events that were originally not included in the catalogs. We also calculate accurate source
parameters of repeating microseismicity such as location, moment, moment magnitude, stress drop, and
fault zone dimensions. With such information, we can constrain the location of events with only S-wave
arrivals.

Data
We analyzed a three-hour continuously recording seismic dataset during hydraulic fracturing operations
in Argentina from events recorded by one borehole array located at a ~2,500 m depth from the surface
and ~1,000 meters apart from the induced seismicity active area (Figure 1). The vertical borehole array
consisted of 24 three-component geophones (12 levels double stacked) with a 4,000 Hz recording sampling
rate (Figure 1b). The dataset used in this study includes more than five hours of continuously recorded
waveforms and event waveforms from the catalog based on the triggering threshold of amplitude. The
catalog of triggered events includes magnitude and location information for ~1,300 microseismic events
with clear P- and S-wave arrivals. Although the dataset also includes surface arrays, we analyze only the
borehole dataset because the magnitude of its induced microseismicity is subtle (magnitude less than −1)
and a large percentage of the events were not recorded by the surface array. To organize the dataset, we
first read the original data, rotated the X and Y components to the E-W and N-S directions based on the
tool angles of each receiver obtained from perforation data, and converted the seismograms from voltage
to velocity and displacement for further analysis.



SPE-181654-MS 3

Figure 1—(a) Study area in the map view, (b and c) the cross-section view, and (d) the microseismic monitoring geometry

Methods and Results

Locations
To compare the locations with the triggered events catalog, we re-locate ~200 events with a high signal-
to-noise ratio of P- and S-waves. To locate each event, we obtain the S-P time difference of all 12 stacked
receivers based on the waveform cross-correlation among the arrival phase of the P- and S-waves. By grid-
searching the minimum S-P time difference of the observed and theoretical time with the 1-D velocity
model, we determine the distance between the receiver and the event hypocenter. Next, we estimate the
P-wave particle motion and identify the incident angle of each event. Finally, we combine the distance
and the incident angle and obtain the best source locations. The results show that both newly calculated
locations and catalog locations are similar but that their differences fall within the error ranges. Thus, for
the calculation of moment magnitude in the next step, we use the catalog locations for a closer comparison.

Calculation of corner frequency (fc) and amplitude spectra (Ω0)
To obtain the moment, moment magnitude (Mw), stress drop, and fault dimension, we compute the corner
frequency (fc) and amplitude spectra (Ω0) for the P- and S-waves. For detailed calculation steps, we first
convert the velocity seismogram to displacement seismograms (Figures 2a-b), calculate the amplitude
spectrum via a tapered FFT, and then from all 12 records, obtain the stacked amplitude spectrum (bold red
line in Figures 2c-d). Next, we compute the best fitting function between the stacked spectrum (red line
in Figures 2c-d) and a simple omega-squared source model (Brune, 1970, Prieto, 2007; Kane et al., 2011)
by assigning an assumed fc (i.e., inverted green triangle in Figures 2c-d). The final fc for each component
is obtained by the best fitting function (Shearer 2009; Stein and Wysession, 2009). Once we obtain an
individual fc for each of the three components of the P- and S-waves, we calculate the final fc and Ω0 (i.e.,
the flat blue line located to the left of fc) based on the average of the three-component observations. For
each event, we obtain fc and Ω0 for the P-wave and the S-wave.
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Figure 2—Example of velocity (a) and displacement (b) seismograms and spectra for
P- (c) and S-waves (d). The b-value calculation for the P-wave (e) and the S-wave (f).
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Next, we compute the moment (M0), the moment magnitude (Mw), and the stress drop (Δσ) for P- and S-
waves with the following equations. The moment (M0, N-m) is calculated by

(1)

where ρ is the density (2,600 kg/m3), c is the P- or S-wave velocity (3.4 or 2.1 km/s), r is the distance from
the source (m), Ω0 is the amplitude spectra (the amplitude with the frequency less than fc), and Uϕθ is the
radiation pattern (0.52 or 0.63 for P- or S-wave). Then the moment magnitude (Mw) can be determined by

(2)

The stress drop (Δσ, Mpa) is defined as

(3)

where fc is the corner frequency, κ is a constant (0.32 and 0.21 for the P- and S-waves, depending on the
assumed rupture velocity), and β is the S-wave velocity (2.1 km/s). In addition, we calculate the fault radius
(r, meter), r = κβ/fc, and the slip ( , meter),  = M0/μA, where μ is the shear modulus (μ = ρβ2) and A is
the area of the fault (A = πr2). Our calculation of Mw for the P- (Figure 2e) and S-waves (Figure 2f) show
ranges between −1.5 and −3.5. The b-value of Mw for the P-wave (i.e., b=1.90) is higher than that of the S-
wave (i.e., b=1.33). Observations of the magnitudes are similar to the magnitudes in the existing catalog.

Observations show that the stress drop depends on the magnitude for Stage 1.2. The larger magnitude
events exhibit larger stress drops by as much as 10 KPa (Figure 3). The stress drop for all shallower events
(i.e., between 2,500 to 2,620 km) has a median value of 1.9 Kpa while all deeper events (i.e., between
2,620 km and 2,800 km) exhibit a slightly smaller stress drop with a median value of 1.2 Kpa. In addition,
estimation of the radius of the source ranges from 1 to 6 meters (Figure 3e) while that of the slip of fault
ranges from 10−5 to 10−3 cm (Figure 3f). These results suggest that events with a larger stress drop tend to
take place more often in shallower layers than in deeper layers and occur at a later time of Stage 1.2 (Figure
3b-d). Since the shallower events (occurring at a later time) exhibit a slightly larger median stress drop
and a significant depth dependency effect between magnitudes and stress drops (Figure 3d), we suggest
that the shallow and deep layers each have unique characteristics. To further explore the likelihood of such
differences, we investigate repeating microseismic events in the next session.
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Figure 3—(a-b) Stress drop in the S-waves in the map (top) view and the cross section (bottom) view. (c-d) Time variation in the
stress drops of S-waves for stage 1.2 for depth (top) and Mw (bottom). (e) Moment vs. source radius. (f) Moment versus. slip.

Detection of repeating microseismic families
To detect repeating microseismic families, we apply the waveform cross-correlation technique and identified
repeating events with highly identical waveforms. We begin by cutting the time window for P- and S-waves
separately for 0.03 and 0.08 sec for all 1,288 triggered events listed in the catalog. Next, we compute the
cross-correlation for all combinations of all input events in each receiver component for P- and S-waves with
the GISM (GI Seismology Matlab Objects, http://www.giseis.alaska.edu/Seis/EQ/tools/GISMO/) package.
In other words, we identify a total of 72 (P- and S-waves, three components, and 12 receivers) outputs for
repeating families.

For the final selection, the repeating families (Figures 4a-b) meet the following criteria: (1) They have
highly similar waveforms with correlation coefficients greater than 0.85; (2) they contain at least three
repeating events; and (3) they exhibit common events shown in at least 43 station components (i.e., higher
than 60% among all detections). Once we detect a new repeating microseismic family, we stack all of the
repeating waveforms and obtain waveform templates for step 3.4.

http://www.giseis.alaska.edu/Seis/EQ/tools/GISMO/
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Figure 4—Example of repeating microseismic events for family #1 (a) and family #2 (b). The top panel of (a-b) shows
S-waves from distinct events with similar waveforms in the E-component of Receiver-12. The bottom panel of (a-
b) indicates stacked S-waves from all events in each repeating family. (c-f) The colored circles mark the locations

for all 35 repeating families in the map view (c), the zoom-in of map view (d), and the cross-session view (e-f).

Of 1,288 events, we detect 35 repeating microseismic families (Figures 4c-f), each of which consists of
at least three and as many as 46 repeating events. Most repeating families are located at shallower levels
between 2,500 and 2,600 km deep, and they occur during a later time of stage 1.2 (Figure 4e).

In particular, we identify two types of repeating families: One is a family in which most events have
similar magnitudes, and the other is one in which repeating events have different magnitudes (Figure 5).
For example, the event amplitudes of repeating group #1 can be separated into two groups with large (i.e.,
Mw is around −2) and small magnitudes (i.e., Mw is around −2.5) (Figure 5a). These repeating events have
similar waveforms (Figure 4a) but different waveform amplitudes. The spectra also show that these two
groups have different amplitude spectra and corner frequencies. Despite the two magnitude groups, all of
the magnitudes are proportional to the stress drop (Figure 5c).
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Figure 5—(a-b) The repeating microseismic events show two groups with different magnitudes. The time series show the
temporal variations of magnitude (a) and depth (b). (c) The S-wave magnitudes show dependency with a stress drop. (d) The

estimated fault radius for one repeating family. (e) Both groups have different amplitude spectra and corner frequencies.

Matching-filter technique for detecting new events
As we obtain repeating microseismic families, we can use the stacked waveform as the template in each
station component to scan the entire dataset continuously. Through this waveform matching-filter process,
we expect to detect new matched traces with a template with a highly similar waveform. We also assume
that the locations of newly detected events emanate from the same spot as the repeating family because of
their similar waveforms among all station-component templates (i.e., 72 templates).
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In each station component, we compute the correlation coefficient (CC) values between the template
waveform and ~3 hours of continuous waveforms with a shifting of one data point of the sampling rate
(i.e., 4,000Hz or 1/4,000 sec per point). We adopt the same calculation for all 72 station components with
the corresponding waveform templates (Figure 6a). Once we obtain the time series function of CC values
for all station components, we assume that a detected event has a minimum of nine times the median CC
value (Brown et al., 2008; Shelly et al., 2007) 72 receiver components. In addition, for deeper events (i.e.,
between 2,700 and 2,800 km) that are not included in the repeating families, we adapt the same detection
procedure to confirm whether more repeating events occur in deeper sections (Figure 4e). After we apply
the matching-filter technique, we detect considerably more events.

Figure 6—An example of newly detected repeating events. (a) Stacked templates show waveforms for different
station components in E-, N-, and Z-components for Receivers 1, 7, and 12. (b) One template event (top) and

a new detected event (bottom). The vertical red bar indicates the same length of amplitude. (c) The red circles
mark all events for repeating family #1. The light blue circles show all 1,288 events in Stage 1.2. (d) Newly

detected events. The red horizontal dotted lines represent a threshold of the correlation coefficient value of 0.8.

Discussion
Although the moment magnitude for the P- and S-waves show similar values, the stress drop of the P-
waves (i.e., range from 1 to 100 KPa) shows a significantly higher value than the stress drop of the S-
waves (i.e., range from 0.1 to 10 KPa). The weak or lack of P-wave arrivals could lead to an inaccurate
calculation of corner frequency and moment using P-wave. On the other hand, since the S-waves have much
larger amplitude and clear arrival times, the magnitudes and stress drop computed by them may provide
more accurate information about each event. Several studies have suggested that earthquakes of various
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magnitudes could have similar apparent stress (Ide and Beroza, 2001) while other studies have not observed
clear stress drop dependency on the event magnitude for natural earthquakes (Chen and Shearer, 2011).
In comparison, our finding suggests that small magnitude events exhibit significantly smaller stress drops.
Since we use a borehole array located close to the sources of microseismic events (i.e., within 500 m), our
determination could provide a better estimation of stress drop.

The current results show that most repeating families occur in the upper Vaca Muerta layers while only
a few repeating events take place in the lower layers. More work needs to be done to detect much more
repeated events, integrate with surface microseismic results and and other geological information to examine
their location of those repeated events vs. time to improve the interpretation of the microseismic results and
their relationship with the hydraulic fracture.

The new method of detecting repeating events reveals the source parameters of microseismic events with
only S-wave arrival. Figure 6b demonstrates a newly detected repeating event with one-tenth the amplitude
of the event from the catalog. With this approach we can obtain the location, the moment magnitude, the
stress drop, and fault dimensions for events even without P-wave arrivals.

Conclusions
We have adopted a series of approaches that constrain accurate source parameters during hydraulic
fracturing operations. In addition, we have obtained ~100 repeating microseismic families by applying
the cross-correlation technique from these events selected from an existing microseismicity catalog. By
combining repeating microseismic events and the matching-filter technique, these approaches are useful for
detecting other smaller magnitude events without clear P-wave arrivals. These observations provide new
insights that further our understanding of microseismicity related to hydraulic fracturing.
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