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Figure 1. Map of earthquake clusters in Oklahoma (black dots) and wells 
(inverted triangles) within a radius of 50 km from the average location in 
each cluster.  

Lateral migration patterns toward or away from injection wells 
for earthquake clusters in Oklahoma  
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Figure 2. Sketch showing the new directivity migration parameter (κ) and 
the migration and well vectors to identify lateral migration patterns toward 
or away from multiple injection wells.  

•  Each cluster is characterized by a migration vector        defined 
as the direction from the midpoint of events in the first bin to 
the midpoints for subsequent bins (Figure 3). 

•  Significant changes of the azimuth of the migration vector (Δ𝛷 
> 45°) between repetitions from a bootstrap analysis indicate 
that the cluster does not have a prevailing direction of 
migration. 24 of 60 clusters were then excluded (Figure 3b). 

•  We also introduced a simple way to quantify the strong/weak 
migration through a migration coefficient χ = r/dmax, computed 
from the length of the migration vector (r) and the total length 
of the cluster (dmax). 

Figure 3. Migration analysis for cluster 52 showing results for a stable 
migration vector (a) and cluster 17 for an unstable migration vector (b). 
(a.1, b.1) Temporal evolution; earthquakes are divided into 10 temporal 
bins of equal duration spanning the period of the entire sequence. (a.2, b.
2) Length (r0) and azimuth (𝛷0) of the migration vector calculated using all 
events in the cluster. (a.3, b.3) Final length (r) and azimuth (𝛷) of the 
migration vector and their uncertainties. Small white triangles and small 
white squares depict the heads and tails of 100 migration vectors for the 
bootstrap analysis, randomly removing 10% of events in each repetition. 
The final migration vector is depicted by a black line from the tail (large 
white square) to the head (large white triangle). (a.4, b.4) Maximum 
cluster length (dmax) and migration coefficient (χ) with their uncertainties.  

Figure 4. Calculating the well vector for cluster 52 
considering the cumulative-injected volume 
weighting and D = 1.5 m2/s. (a) Well vector at the 
final time of the seismic sequence tmax. (b) Final 
length (rw) and azimuth (𝛷w) of the well vector 
and their uncertainties considering the injection 
midpoints during the whole seismic sequence (t 
increases in steps of 30 days); cases with 
significant changes of the azimuth of the well 
vector are excluded (Δ𝛷w > 45°) (c) Cumulative 
injected volumes for the wells associated with the 
cluster. 

Figure 5. Lateral migration patterns toward or away from injection wells characterized by κ-values. Clusters with strong migration are only considered (χ > 0.2) taking into 
account cumulative volume weighting (a) and injection rate volume weighting (b). Results are shown for each cluster according to the length of the well vector (a1, b1), the 
total weights assigned to the multiple associated wells based on cumulative injected volumes and injection rate volumes (a2, b2), and the equivalent magnitude (a3, b3). 
Average values and error bars (black squares and lines) are indicated for propagation toward (κ < 60°) and away (κ > 120°) from the injection point. Histograms are also 
shown including percentages values (a4, b4). Intermediate cases (60° < κ < 120°) are not considered (gray background separated by black dashed lines).  

Ø A comprehensive migration analysis is 
appl ied to decipher the potential 
relationship between direction of lateral 
earthquake migration of induced seismic 
events and the location of multiple 
injection wells. Different variables are 
considered to assess their influence in 
these lateral migration behaviours toward 
or away from multiple injection wells 
(Figure 5). 

Ø Migration away from injection wells is 
found for distances shorter than 5-13 km, 
while an opposite migration towards the 
wells is observed for larger distances 
(Figure 5a.1 and 5b.1), suggesting an 
increasing influence of poroelastic stress 
changes.  

Ø  This finding is more stable when 
considering cumulative injected volume 
instead of injection rate.  

Ø We do not observe any relationship 
between migration direction and injected 
volume or equivalent magnitudes. 
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3. RESULTS AND CONCLUSIONS   

2.1. MIGRATION VECTOR FOR 
EARTHQUAKE CLUSTERS  

2.2. WELL VECTOR FOR MULTIPLE INJECTION-WELL LOCATIONS  
•  Exploring the connections between injection wells and seismic 

migration patterns is key to understanding processes controlling 
growth of fluid-injection induced seismicity. 

•  Numerous seismic clusters in Oklahoma have been associated with 
wastewater disposal operations, providing a unique opportunity to 
investigate migration directions of each cluster with respect to the 
injection-well locations (Figure 1).  
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Note that a high N leads to a large cluster division where few (or none) events could be 114 
embedded in each bin. For each bin, a spatial midpoint of seismicity is determined by averaging 115 
epicentral locations, delineating the migration line of each cluster (Figures 3.a.2 and 3.b.2).  116 

Next, we define the migration vector (!!), as the direction from the midpoint of events in the 117 
first bin to the midpoints for subsequent bins. Each cluster is then characterized by the azimuth ! 118 
and length r of the migration vector (Figure 2). The notation !0 and r0 indicates that all events in 119 
each cluster were used to calculate the azimuth and length (Figures 3.a.2 and 3.b.2). To assess 120 
uncertainties associated with the calculation of the migration vector, we applied a bootstrap 121 
analysis. For each cluster, we calculated 100 migration vectors, randomly removing 10% of 122 
events in each repetition (Figure S1). The final ! and r are then defined from the average 123 
locations of the heads and tails of all migration vectors (Figures 3.a.3 and 3.b.3). We define the 124 
associated uncertainties as ε! = Δ!/2, where Δ! is the maximum difference of azimuths 125 
calculated from the bootstrap analysis, and εr as the standard deviation of r. Significant changes 126 
of ! between repetitions indicate that the cluster does not have a prevailing direction of 127 
migration (Figure 3b). Therefore, we only consider clusters with Δ! < 45° in further analysis. 128 
Based on this criterion, 24 clusters were excluded (Table 1 and Figure S2).  129 

 130 

Individual clusters are divided into two groups, strong migration and weak migration, according 131 
to their evolution with time. Chen et al. (2012) used for this purpose a statistical significance (sm) 132 
ranging from 0.5 to 1.0 to identify each migration group, establishing a fixed threshold value 133 
around 0.8 – 0.85. Using this criterion, the Oklahoma clusters reveal almost a parity division 134 
with around 40 – 50 % clusters belonging to group with strong migration (Haffener et al., 2018). 135 
We propose to quantify the significance of migration from the cluster geometry directly, 136 
calculating the ratio of the length of the migration vector (r) to the maximum length of the 137 
cluster (dmax) (Figure 3.a.4 and 3.b.4): 138 

 139 

! = !
!!"#

  (Eq.1) 140 

 141 

The migration coefficient (χ) ranges from 0 (no migration) to 1 (strong migration). Uncertainties 142 
for χ-values are calculated using the bootstrap analysis. We found a χ-value of 0.2 yields similar 143 
results as using sm to establish the separation among different migration groups (Figure 4).  144 

 145 

Well vector for multiple injection-well locations 146 

The association of seismic clusters to specific wells is crucial for determining whether clusters 147 
migrate toward or away from the fluid-injection point. Multiple injection points and the long 148 
history of injection in Oklahoma complicate this association for individual clusters. Similar areas 149 
in Alberta (Canada) had addressed this issue through spatiotemporal association filters, 150 
discarding wells potentially not associated with earthquake clusters based on a set of association 151 
criteria, for instance, epicenters of all temporally associated earthquakes must be within 5 km of 152 
the well pad surface location (Schultz et al., 2018).  153 
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•  The well vector       represents the direction 
where fluids were originated, which is defined 
as the vector from the 1st spatial bin point of 
the cluster (used previously to define the 
migration vector) to an injection midpoint 
(Figure 4). 

•  The injection midpoint is determined as the 
weighted centroid of locations of wells, taking 
into account the spatial distribution of wells, 
the temporal evolution of the injected 
volumes in all individual j wells, and the 
expansion of the diffusion front.  

•  We take into account cumulative volume 
(Figure 4 and 5a) and injection rate (Figure 
5b) from multiple injection wells, which leads 
to the weights in the forms of Vj(t-tD)/dj and 
ΔVj(t-tD)/dj, being tD=d2/4πD;  distance 
between each well and cluster (d) and 
diffusion coefficient (D). 
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Here, we propose a methodology representing multiple injection wells around each cluster using 154 
a well vector (!!) defined as the vector from the 1st spatial bin point of the cluster (used 155 
previously to define the migration vector) to an injection midpoint. The well vector is 156 
parameterized by the azimuth !w and length rw (Figure 2). The injection midpoint is determined 157 
as the weighted centroid of locations of wells, taking into account the spatial distribution of 158 
wells, the temporal evolution of the injected volumes in all individual wells, and the expansion 159 
of the diffusion front. Injected fluids can be associated with a cluster only if they have sufficient 160 
time to reach the location of the cluster. Considering a linear diffusion model, we approximate 161 
this time by the diffusion front (Shapiro et al., 2005) 162 

     !! = !!
!!",    (Eq.2) 163 

where D is diffusion coefficient and d the distance between the well and cluster. For the analysis, 164 
we use a representative value for the diffusion coefficient for Oklahoma area (D = 1.5 m2/s, 165 
Haffener et al., 2018). This corresponds, for example, to a delay time tD for the diffusion front of 166 
about 18 months for a well that is located at 30 km from a cluster (Figure S3). To account for the 167 
effects of diffusion, a well is associated with a cluster only if the fluid-injection started more than 168 
tD ago. Next, at each time instant t of the seismic sequence, the weight of an individual well j is 169 
adjusted according to reported injected volume. To account for epistemic uncertainties in the 170 
mechanisms for induced seismicity, we will proceed using cumulative injected volumes since the 171 
start of operation at each well, Vj(t-tD), on one hand, and the injection rate volume ΔVj(t-tD), that 172 
relates to the instantaneous magnitude of the diffusion front, on the other hand. Note that we 173 
consider ΔV as the volume injected each month and therefore t increases in steps of 30 days, 174 
consistently with the reporting period of injected volumes. Finally, the individual weights are 175 
adjusted to account for the expansion of the diffusion front such as a geometrical spreading 176 
effect. Assuming dominantly horizontal diffusion, we consider 2D expansion, which leads to the 177 
weights in the forms of Vj(t-tD)/dj and ΔVj(t-tD)/dj. To avoid singularities, we consider d = 1 km 178 
for wells with d < 1 km.  179 

Following this procedure, we obtain one injection midpoint for each considered time instant t 180 
and their average location then defines the final injection midpoint based on weights from 181 
cumulative injected volume and injection rate volumes, respectively. The procedure for cluster 182 
52 is illustrated in Figure 5 for cumulative-injected volumes and in Figure 6 for injection-rate 183 
volumes. We also define the associated uncertainties as ε!w = Δ!w/2, where Δ!w is the 184 
maximum difference of azimuths of individual well vectors, and εrw is the standard deviation of 185 
rw. Like for the migration vector, also here cases with Δ!w > 45° are considered unstable. Using 186 

this criterion, we found 36 stable cases when using the cumulative injected-volume weighting 187 
and 22 when using the injection-rate volume weighting (Table 1 and Figure S2).  188 

 189 

Directivity migration parameter toward or away from injection wells. 190 

To summarize our results of the comprehensive migration analysis considering multiple injection 191 
wells, we define the direction toward or away from injection wells by a parameter κ that 192 
represents the angle between the migration vector and the well vector: 193 

a) b) 

c) 

C52 

Cumulative injected volume for the wells associated 
with the cluster. 
Volume that did not affect the cluster due to 
diffusion constraints. 
Data available after the end of seismic sequence.   

Largest event in the cluster 
Cumulative seismic moment for the 
seismic sequence  

•  We introduce a new directivity migration parameter (κ) to identify 
and quantify lateral migration patterns toward or away from 
multiple injection wells, comparing the direction of representative 
migration vectors         and well vectors        (Figure 2). 
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Note that a high N leads to a large cluster division where few (or none) events could be 114 
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  (Eq.1) 140 

 141 

The migration coefficient (χ) ranges from 0 (no migration) to 1 (strong migration). Uncertainties 142 
for χ-values are calculated using the bootstrap analysis. We found a χ-value of 0.2 yields similar 143 
results as using sm to establish the separation among different migration groups (Figure 4).  144 

 145 

Well vector for multiple injection-well locations 146 

The association of seismic clusters to specific wells is crucial for determining whether clusters 147 
migrate toward or away from the fluid-injection point. Multiple injection points and the long 148 
history of injection in Oklahoma complicate this association for individual clusters. Similar areas 149 
in Alberta (Canada) had addressed this issue through spatiotemporal association filters, 150 
discarding wells potentially not associated with earthquake clusters based on a set of association 151 
criteria, for instance, epicenters of all temporally associated earthquakes must be within 5 km of 152 
the well pad surface location (Schultz et al., 2018).  153 
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κ-values range from 0° to 180° 

κ < 60° Migration toward the wells 

κ > 120° Migration away from the well   
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! = ∠ !!,!! .   (Eq. 3) 194 

κ-values range from 0° to 180°, with κ-values near 0° indicating an alignment among the 195 
migration vector and the well vector for a migration direction toward the injection wells. κ-196 
values near 180° indicate the opposite behavior, i.e., migration away from injection wells. We 197 
note that the migration vector is conditioned by the geometry of preexisting fault, which is 198 
inherently independent from the orientation of the well vector. For this reason, the migration and 199 
well vectors may be close to perpendicular (60° < κ < 120°), which means these cluster are a less 200 
appropriate choice to decide whether seismicity migrates toward or away from the wells. We 201 
classify values of κ < 60° as migration toward wells, and κ > 120° as migration away from the 202 
wells. A summary of all calculated parameters for each cluster is shown in the Table S1. 203 

 204 

Results 205 

Different variables are considered to assess their influence in these lateral migration behaviors 206 
toward or away from multiple injection wells. In Figure 7 we compare κ as a function of: i) 207 
length of the well vector, ii) the total weights assigned to the multiple associated wells based on 208 
cumulative injected volumes and injection rate volumes, and iii) the equivalent magnitude (sum 209 
of the seismic moments of the events in a cluster expressed as moment magnitude following 210 
Hanks and Kanamori, 1979). For this comparison and following analysis, we only consider 211 
clusters with strong migration (χ > 0.2): 25 of 36 clusters for the cumulative volume weighting 212 
(Figure 7a) and 14 of 22 clusters for the injection rate volume weighting (Figure 7b).  213 

Average values and their errors are calculated for clusters migrating toward and away from the 214 
wells to identify potential lateral migration patterns. Depending on rw, larger differences among 215 
these average toward (13 and 16 km) or away (8 and 10 km) values are observed for both 216 
weightings. However, no significant changes occur depending on the weighted volumes and the 217 
equivalent magnitude. Additionally, the histograms of κ-values for cumulative injected-volume 218 
weighting indicate that a small majority of clusters (60%) documents a migration away from the 219 
wells (Figure 7.a.4). 220 

 221 

Discussion  222 

Finding migration patterns for induced seismic events by fluid injection can help to understand 223 
preferred earthquake rupture processes. For this goal numerous cases under similar geological 224 
conditions and fluid-injection histories must be jointly considered to obtain robust results. 225 
However, each study area separately shows specific characteristics such as different geometries 226 
and (pre-) stress conditions of nearby known/unknown faults around the injection wells where 227 
many variables are involved. In this context, induced seismicity in Oklahoma has been well 228 
studied by many authors (e.g. Pollyea et al., 2018; Hinks et al., 2018) and seems a particularly 229 
useful case for our purpose due to the occurrence of a significant number of seismic clusters 230 
under similar conditions.  231 


