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Figure 7. Map of earthquakes used for the analysis results shown in Figure 8. Earthquakes were chosen to the west of the monitoring array over a two-month period to
limit azimuthal and temporal variability.
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Figure 8. Map of stations with plots of the phi orientations for each station. Phi orientations perpendicular to maximum horizontal stress can be seen at nearly all stations. ¢ and dt .

were calculated for earthquake-station pairs that had a clear shear-wave arrival with signal-noise ratio greater than 2 and rms energy on the horizontal channels twice as much as o " -97.8 -97.7 -97.6 -97.5 -97.4 -97.3 -97.2
rms energy on the vertical channel. (right) polar histogram of all anisotropy orientations, showing that a comparable number of orientations are both in line with the maximum 570 90 _* ] Longitude :
horizontal stress and perpendicular to the maximum horizontal stress. Maximum horizontal stress orientation identified by red arrow. SWK16 F lgu.r e 13. (lef t) Map of SL.lmner County, KS, showing the earthquake epicenters (blue dots) and
37 328 | X station locations (green triangles).
- ' ;%:?;érkanslas il B Figure 14. (top) Map of Sumner County, KS, showing the earthquake catalog color coded
Y/ {Carayell - _ S s temporally, where red are the oldest earthquakes and blue the most recent. Earthquakes can be
240 120 ol AN - . }- seen migrating towards the northeast.
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Figure 15. (top) Map of station and earthquake locations used for analysis of 570
120 270 90 Sumner County shear-wave anisotropy. Earthquakes were chosen based on clear
37 . 3 1 4 i 300 o shear-wave arrival and of magnitude 2 or greater
210 150
180 Figure 16. (top right) Plot of dt vs. time for Sumner county earthquakes, along with 240
1 km 240 120 downhole pressure monitoring in KGS well 1-28. (right) Plot of phi solutions
270 90 separated by time show change from a mix of phi solutions that are inline and 210 150 210 150
210 180 150 perpendicular to the maximum horizontal stress (green) to a mostly flipped phi 180 180
37 . 31 2 i solution in the later earthquakes (blue).
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37 31 | | | | | |  Temporal-spatial trends in the Wellington Earthquake Catalog (figure 14) indicate that seismicity is moving to the
' -97 45 97 445 97 44 -97 435 -97 43 _97 425 northeast over time. This trend is consistent with advancing pore pressure increase from high volume wastewater
' ' ' _ ' ' ' injections to the south and west.
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Effects of angle of |nC|dence on Shea r-wave an|sotropy results  Shear-wave anisotropy analysis shows ¢ values orientated parallel to maximum horizontal stress and perpendicular to it
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Figure 10. Plot of a 2D histogram of the data
from figure 9, showing more clearly the
volume of data per solution. No change in dt

Figure 9. Plot of geometric angle of incidence out to 60
degrees from vertical versus dt solutions corrected for
hypocentral distance. No major change occurs in dt out to 60

Figure 12. Plot of a 2D histogram of the data from figure
11, clearly showing the two trends in the yellow color,
depicting more solutions in that value. No change in @

Figure 11. Plot of geometric angle of incidence out to 60
degrees from vertical versus ¢ solutions in azimuthal
orientation. Two major clusters of ¢ solutions can be seen
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Abstract: Seismicity in the US midcontinent has increased by orders of magnitude over the past decade. Spatiotemporal correlations of seismicity to
wastewater injection operations have suggested that injection-related pore fluid pressure increases are inducing the earthquakes. We present direct
evidence linking earthquake occurrence to pore pressure increase in the US midcontinent through time-lapse shear-wave anisotropy analysis. Since
earthquake frequency increased in 2013 we observe that the orientation of the fast shear-wave has flipped from inline with the maximum horizontal
stress to inline with the minimum horizontal stress, a change associated with critical pore pressure build up. The time delay between fast and slow
shear wave arrivals has increased through time, indicating a corresponding increase in anisotropy induced by pore pressure rise. In-situ near-basement
fluid pressure measurements corroborate the continuous pore pressure increase revealed by the shear-wave anisotropy analysis over the earthquake
monitoring period.
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Shear-Wave Splitting Flips in Shear-Wave Anisotropy

Figure 1. Example of how Figure 2 (left) Modified from

| a shear-wave separates S Crampin et al(2002) shows that as
| into o fast and slow ° — ;: g.}i.gg pore fluid pressure increases to
B I f component in an c — 3=0,16,20 similar magnitude as the maximum
! anisotropic medium. From & _ g: g';g'gg horizontal  stress, the phi
o " Garnero. 2017, % — orientation can become flipped, as
= 3 ’ 2 seen in figure 3.
Y ©
'Lf’:}\\ e E#HE % Stress-parallel polarixations
s 5 >0 Figure 3 (right) Modified from
ﬁi"” g 9U°ﬂlps Crampin et al(2002) shows phi
\ E"" orientations that are both flipped
| 3_2 and in line with maximum
o horizontal stress, indicative of high
-3 pore fluid pressure.
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e Shear wave splits to “fast” and “slow” waves when it T S |
travels through an anisotropic medium OHi Ok Ohs  OHa OHs
* Fast shear-wave travels parallel to the anisotropy
e dtis the separation in time between the fast and slow WOrkﬂOW
shear-wave arrivals 1. Earthquakes near the shear-wave window with good SN and
¢ isthe orientation of the fast shear-wave (fig. 4) clear shear-wave arrivals were identified (fig. 4)
* |ncreasing pore pressure increases seismic anisotropy by h ol vzed in hod for £ ol
dilatation of fractures and results in increased dt 2. Sd ear;wave a(r;wa )'S analyzed in hodograms ftor first arriva
, S , _ identification (fig. 5
* |ncreasing pore pressure results in flipping the orientation
of ¢ by 90 degrees (figs. 5) . . : : :
3. Hodograms containing the first arrival are processed (fig. 6)
4. Processed first arrivals produce a ¢ and dt (fig. 8, 9 & 11)
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Figure 4. Example of local earthquake with p-wave arrival picked on Z channel in red and s-wave picked on horizontal channels in
green. This event meets the criteria of a clear shear-wave, signal to noise ratio above 2 and higher energy on horizontal components
than vertical component
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160 eigenvalue (A,) from Figure 3. in ¢ and 6t space. ) ) @) ) O
{10 Minimizing A, is the chosen mathematical way to < - | — £ = | — < = | — £ = | — < = ' |
140 |, return a covariance matrix that is closest to East channel East channel East channel East channel East channel
120 being singular. With no noise the covariance
D matrix will return A, as the only non-zero Figure 5. Hodogram plots of shear-wave first arrival. Each plot is 10 samples or 0.05 seconds.
= o0 eigenvalue (Silver and Chan, 1991). The white The first row has a shear-wave polarization of approximately west-east which is in line with the
S s marker (x) is the best solution and the white line maximum horizontal stress. The second row has a shear-wave polarization that s
= is an estimate of the 95% confidence interval. approximately north-south which is perpendicular to the maximum horizontal stress

Angles are from 0 °to 180 where 0°is west and
180°is east. This solution of approximately 60 °is
therefore 30 °west of north or 330 °.
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