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ΔX = 10 km

ΔY = 10 km

Within the cell, we determine 
whether there has been 

and whether there 
were in the cell

or “ ”
Every cell that contains at least 

one HF well

contains at least one M>3 that 
follows HF well within 3 months

probability that operations in a 
10-km cell may induce seismicity



associated with 
HF wells from 
more detailed 
site-specific 

studies

The screening 
methodology 

identifies 
cells having 

associated 
events

The regionally averaged 
cellular hit rate:
Rh = NHit/Nactive

= 67/1825 ~ 0.04

4523 cells

67 “Hits” 1825 “Active”



1500 independent simulations of the regional 
seismicity pattern (1985-2015) – 270 M≥3.0

How many of the hits (67 hit cells of 1825 active 
cells) might be obtained by random chance?

Randomly-distributed events

[5 95]th percentile: [11 33] /1825 

At least 34(=67–33) cells are actually 
hits at 95% confidence level

What if we use spatially-clustered model?

{ hydraulic fracturing just happens to coincide with 
areas that are prone to seismicity? }

Clustered Analysis – smoothed seismicity

[5 95]th percentile: [20 48]/1825 

At least 19(=67–48) cells are actually 
hits at 95% confidence level

 the occurrence rate of events in a short 
time window following HF treatments is 

too high to be coincidental

The number of times each cell is 
picked as a “Hit”

clustering the likelihood of the synthetic 

events in space, according to their 

observed clustering in the catalogue



To test the hypothesis that disposal wells are involved in triggering the 
seismicity, we identified all disposal wells within each of the .

(out of 67) hit cells: with significant 
activity that pre-dates the seismicity (minimum disposal volume, prior 
to seismicity initiation, is at least as large as that involved in typical HF 
operations in the area).

(out of 67) cases for which a disposal well might play 
some role.

HF or D or HF+D or Production or Tectonic



Occurrence of similar 
sequences in the area, pre-dating 
the HF activity (earthquakes occur 
regularly)

Abrupt continuation or 
stoppage of a sequence (less 
diagnostic for disposal)

Sequence featuring increasing 
distance from well with time (fluid 
pressure will diffuse to greater 
distances with increasing time – best 
for disposal wells)

HF window

Production?

Figure shows earthquake occurrence vs. time

Earthquakes (M>2)



Randomly distributed events HF-associated

T [days]

t [days]= Σti, i=1:n

t1 t3t2 t3

T [days]

t [days]= Σti, i=1:n

t1 t2

events occur sporadically in both 
space and time and some 

coincidental association may exist 

events occur mostly within HF 
windows and tightly correlated in 

time with HF operations

-characterizes the degree of event clustering within HF windows 



 For , DR~1; we will get 
approximately the same fraction of events within HF windows as 
the fraction of time covered by HF windows.

 For , DR will increase with increasing clustering 
in HF windows, as the number of events meeting the HF 
temporal criterion increases, while the denominator is constant.

𝐷𝑅 =
 𝑛 𝑁

 𝑡 𝑇



Seismicity as a function of time 

migration of seismicity in time from an 
injection well 

migration of seismicity in time 
and space from an injection well 

Examine DR for each hit cell: use Monte Carlo simulation to determine whether DR 

falls within the range that might be expected by chance). 

Also examine whether association with disposal appears likely.

This cell is classed as HF-associated (high DR)

Purple bars show HF windows



Seismicity as a function of time 

migration of seismicity in time from an 
injection well 

migration of seismicity in time 
and space from an injection well 

This cell is classed as disposal-associated 

Purple bars show HF windows



Seismicity as a function of time 

migration of seismicity in time from an 
injection well 

migration of seismicity in time 
and space from an injection well 

This cell is classed as HF+D-associated 

Purple bars show HF windows



The confidence of 
the association with 
hydraulic fracturing 
and disposal in each 

hit cell

67 active cells in 
which HF operations 

occurred

44

8

2

13

𝐿 =  𝐷𝑅 − 𝜇 𝐷𝑅

DR is the value of the 
discrimination ratio as 
calculated from the 
observations in a cell

μ is the mean value of 
DR that is expected by 
random chance

Cells colour-coded 
based on strength of 
association 




