
Abstract 

Seismic events are parameterized by variables which describe properties of the sources (e.g. location coordinates, magnitude, moment tensor components, stress drop etc.). 

They can also be parameterized by other variables, which e.g. describe the environment in which the seismic event occurred (physical parameters of fractured rocks etc.) or de-

scribe the external conditions which pushed to rupture (preceding coseismic stress changes, parameters of the inducing technological process in case of anthropogenic seis-

micity etc.). Formally, seismic events can be parameterized by any set of variables as long as an unambiguous association between the events and these variables is predefined. 

In general such parameterizations are not comparable one to another and the metric of most of them is not Euclidean. The equivalent dimensions method (Lasocki, 2014) 

transforms all continues parametrizations of seismic events into their equivalent dimensions, which are uniformly distributed in [0,1] and have Euclidean metric. The method is 

based on the probabilistic equivalence. It is assumed that the intervals of original seismic event parameterizations are equivalent when the probability that the events will take 

values from these intervals is the same. Thence, the equivalent dimension of a seismic event parameter is the cumulative distribution function of this parameter. The distribu-

tion functions are estimated from the seismic events sample that is thought as representing the studied population of events. When no distribution model for a parameter is 

known the model-free estimation of distribution function is applied. 

We used the equivalent dimensions method to investigate what injection conditions promoted the formation of far-reaching coalescence of seismic fractures in the NW part of 

The Geysers Enhanced Geothermal System. Such a coalescence facilitates fluid migration, which when reaching a pre-existing fault can trigger a major rupture. The sample of 

1121seismic events that occurred from 12/2007 to 08/2014 was spatially linked to one injection well. The events were parameterized by the occurrence times, hypocentre coor-

dinates, magnitudes, and fault plane orientations (Martínez-Garzón et al., 2014). We formulated three conditions for building a far-extending system of linked seismic fractures: 

1. Closeness of hypocenters. The closer the sources are to each other, the higher the probability for them to coalesce. 2. Similarity of fracture plane orientation. The linked frac-

tures extend farther when their rapture planes are oriented more parallel. 3. Closeness of radii beginning at the open hole of the injection well on which hypocenters locate. The 

linked fractures reach farther from the open hole of the well when they locate on such radii which are close to each other. Consequently, the seismic events were represented 

by the hypocentral coordinates which were relevant for condition 1, the trend and plunge angles of the T and P axes of DC focal mechanisms which were relevant for condition 

2, and the angular coordinates of hypocenters in the spherical system beginning at the open hole of injection well which were relevant for condition 3. Arrangement of seismic 

sources was quantified by the mean distance between the events in the 9D space of these parameters, all transformed to equivalent dimensions. The smaller this distance is, 

the farther-extending coalescence of fractures can be formed. This mean distance was highly positively correlated with the injection rate. Contrary to intuition, high and slowly 

changing injection rates counteracted formation of far-extending linked fracture systems. 
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Source parameters: t, lat, lon, depth, M, [Mi,j], Es, Ds, r0  etc.  

Derived from source parameters of two or more events e.g.: interevent time - t, distance between this and the main shock - r, etc. 

Other having unambiguous association with seismic events e.g.  

Parameters of the environment in which the event occurs: e1, e2, e3  

Parameters of inducing technological activity for anthropogenic seismicity: I1, I2, I3 …  

………………………………… 

X= [t, lat, lon, depth, M, [Mi,j], Es Ds, r0 , …, t, r, …, e1, e2, e3, …, I1, I2, I3, …, …] 

 

Equivalent Dimensions  

(Lasocki, 2014) 
The transformation to equivalent dimensions  

enables comparisons between different parameters of earthquakes 

Parameters of seismic 

events 

 - the cumulative distribution function of the standard normal distribution 

h – the common smoothing factor e.g. (Kijko et al., 2001) the solution of the equation: 

Problem Parameters of seismic events are not comparable and may have non-Euclidean metric.  

Equivalent Dimensions 

— Assumptions 

Let seismic events be represented by the set of parameters Xk, k=1,..,p,. The population of these events is fully characterized by the 

probabilistic distributions of the parameters F(Xk), k=1,..,p. 

Two intervals of the parameter values, [xk,i,xk,j] , [xl,s,xl,t] are equivalent if Prob(XkÎ [xk,i,xk,j]) = Prob(XlÎ [xl,s,xl,t]). 

The parameters Xk, k=1,..,p, are continues random variables. 

Equivalent Dimensions  

Properties Every U is uniformly distributed in [0,1] 

{Ui=1,..p } has Euclidean metric 

The distance between the two seismic events, i, j , is: 

 

Technique The probabilistic models for earthquake parameters, F(Xk), are in general not known. 

If the earthquakes’ data are a representative sample of size n, replace F(Xk), k=1,..,p with their data-driven, kernel estimators (Silverman, 

1986): 

li – the local bandwidth factors e.g. (Orlecka-Sikora and Lasocki, 2005) 

          

How does the range of the seismically generated fluid      

migration pathways depend on the rate of injection?  

TWO EXAMPLES FROM THE GEYSERS GEOTHERMAL FIELD 
Tracking the growth of the injection-induced fracture 

networks 

Example 2 

Example 1 

Data (Martínez-Garzón et al., 2014; Kwiatek et al., 2015; IS EPOS, 2017)  

Site: Northwestern isolated part of The Geysers geothermal field of 

2 km x 2 km with two operational wells, Prati9 and Prati29.  

Time: from  Dec 2007 to Aug 2014 

Seismic Data: 1254 events in 2 clusters, M ≥ 1.37  

EQ-s parameters: occurrence time, t ; hypocentre coordinates (x, y, 

z); magnitude Mw ; DC mechanism (strike Φ, dip ρ, rake λ) ; for 353 

events also scalar seismic moment M0 ; stress drop σd ; source ra-

dius r0. 

Injection Data: Coordinates of open holes of Prati9 and Prati29 

wells, (xP9, yP9, zP9), (xP29, yP29, zP29);  

Daily injection volumes into Prati9 and Prati29  

Analyzed 1121 events in cluster A  
Phase F1:  

Dec 2007 – Mar 2010,  

Injections only into Prati9 

Phase F2:  

Apr 2010 – Jun 2013,  

Injections into Prati9 & Prati29  

Phase F3:  
Jul 2013 – Aug 2014,  
Injections only into Prati9  

The conditions determining the potential of seismicity for building far-reaching pathways: 

1. Closeness of hypocenters. The closer the sources are to each other, the higher the 

likelihood that they will connect; 

2. Similarity of fracture plane orientation. The system of linked fractures is more 

stretched when the rupture planes of the fractures are oriented more parallel. 

3. Closeness of radii, which begin at the open hole of the injection well and on which 

hypocenters locate. The system of linked fractures reaches farther from the open hole 

when the seismic sources are located on the radii close to each other. 

Parameterization of seismic events  

1. Closeness of hypocenters —> hypocenter coordinates: xk, k=1,2,3  

2. Similarity of fracture planes orientation  à trends and plunges of P and T axes:  tre_Xk, 

plu_Xk, k=1,2, where only three of them are independent. 

3. Closeness of radii, which begin at the bottom hole of Prati9 well 

    and on which hypocenters locate ->  

Seismic event = A point in 8D parameter space {x1, x2, x3, plu_X1, plu_X2, tre_X1 , }, 

all transformed to EQUIVALENT DIMENSIONS 

Quantification of the potential of seismicity for building far-reaching pathways  

For n events this potential is the average distance between the events in the 8D space: 

ZZ ↓ <=> The Potential ↑ 

   – the distance between hypocenters; 

  – the distance between focal mechanisms of the two events; 

  – the distance between the directions of radii from the Prati9 open hole, on which 

 the hypocenters of the two events locate; 

  – the smallest differences between 

 trends’ angles;  

 
  – the smallest differences between polars’ angles;  

 

  – the smallest differences between azimuths’ 

 angles.  

 

Analysis of correlation between ZZ and the mean injection rate  

1. The correlation analysis has been done separately for every injection phase.  

2. ZZ values have been calculated for 50-event window sliding by 10 events.  

3. The injection rate values are the daily injection volumes averaged over the times 

covered by the event windows, respectively.  

Results and conclusions  

Comparison of the time-variation of ZZ with the time-changes of average total 

injection rate   
1. ZZ significantly correlates with the mean injection rate in every injection phase.  

 In F1 the correlation is positive and immediate,  

 In F2 the correlation is positive. It takes maximum for 13 days lag,      

 In F3 the correlation is negative and immediate. Its significance is not ascertained 

 when rank correlation is used. 

2. When the level of injection rates is high (phases F1 and F2), higher injection rates 

reduce the potential for creating the far-reaching fluid migration pathways. 

 The increases of ZZ are not at the cost of increases of event magnitudes. 

3. In F1the average distance from the open hole of Prati9 well correlates negatively with 

the injection rate. In F2 such a correlation is not significant.  

4. In phases F1 and F3, the amplitudes of ZZ follow the amplitudes of injection rate into 

Prati9 well. In F2 they follow the summarized injection rates into both wells, Prati9 

 and Prati29.  

To map a build-up of the fracture network we need the 

information about:  

1. Fracture segment location 

2. Fracture plane orientation 

For this purpose, we select three earthquake parameters: 

1. r — the distance between the open hole of Prati9 well and  the 

event hypocentre. This parameter allows to track the reaction of 

rock mass to driving stresses of fracturing, which are assumed to 

propagate from the well out.  

2. def - the deflection as the angle between the position vector of 

hypocentre of seismic event and SHmax direction. This parameter 

allows the identification of activation of fracture networks        

potentially comprising linked fractures, which are preferentially 

aligned parallel to the stress field orientation (The analysed area 

of The Geyser). 

3. rot - 3-D rotation, the angle by which one double-couple (DC) 

earthquake source is turned into another arbitrary DC (Kagan, 

2007). Based on P and T axes orientations, we calculate the       

rotations of DC sources of events to the fault plane strike/dip/

rake: 26/45/-45, which compromises the prevailing orientations 

of fault planes in the study area. Similar rot  values indicated       

a similarity of fault plane orientations. 

Earthquake 

Parameter 

Distribution 

 Equivalent 
Dimensions 
Approach 

Nonparametric 
Kernel              

Estimation 

Parameter 

uniformly  

distributed in 

[0,1] 

Fracture network is characterized by distances between 

all pairs of seismic events (i, j):  

3D visualizations of fracture arrays from the first three clusters 

Results:  Clustering Analysis  Cluster Identification  
2D visualizations of fracture arrays 

from the first three clusters. Orange - 

31 fractures forming cluster 1, green - 

49 fractures forming cluster 2, blue - 61 

fractures forming cluster 3.  

Hierarchical tree of seismic events parameterized 

by r, def and rot transformed to EQD 

Connectivity 

Connections among fractures from the extracted 13 clusters in the three stages of        

injection, plotted in blue, pink and green, respectively. Intersections (nodes) are marked 

with green dots. Open holes of Prati-9 and Prati-29 injection wells are shown as yellow 

and pink diamonds, respectively.  

Nodes — the intersections 

of fractures 

The connectivity coefficient C - the ratio between the actually 

observed number of nodes in a cluster, and the number of    

possible nodes within the cluster: f(f-1)/2, where f is the number 

of fractures building the cluster (Albert and Barabasi, 2002). 

Family 
No. Stage 1 

Pre the peak injection 
Stage 2 

During the peak injection 
Stage 3 

After the peak injection 

FF  No F f N C No F f N C No F f N C 

1 
9 36 0 0.0% 28 378 8 2.1% 10 45 0 0.0% 

2 
8 28 2 7.1% 27 351 15 4.3% 9 36 0 0.0% 

3 
16 120 10 8.3% 23 253 8 3.2% 12 66 1 1.5% 

4 
5 10 1 10.0% 29 406 4 1.0% 16 120 4 3.3% 

5 
5 10 1 10.0% 14 91 6 6.6% 15 105 3 2.9% 

6 
8 28 0 0.0% 24 276 6 2.2% 16 120 4 3.3% 

7 
8 28 0 0.0% 28 378 13 3.4% 11 55 2 3.6% 

8 
2 1 0 0.0% 13 78 1 1.3% 11 55 1 1.8% 

9 
2 1 0 0.0% 29 406 12 3.0% 6 15 1 6.7% 

10 
10 45 2 4.4% 13 78 1 1.3% 4 6 1 16.7% 

11 
13 78 0 0.0% 24 276 4 1.4% 18 153 5 3.3% 

12 
4 6 0 0.0% 18 153 3 2.0% 3 3 0 0.0% 

13 
0 0 0  13 78 0 0.0% 5 10 0 0.0% 

Aggre-
gated 90 4005 51 1.3% 283 39903 295 0.7% 136 9180 108 1.2% 

FF—fracture family, No F -  number of fractures, f of all possible nodes, 

N– of nodes in FF, C—connectivity coefficient. Fluid injection for Cycle 1 

[10^3 m^3/day]: stage 1 - 5.2 , stage 2 –9.2, stage 3 -  5.2 , and for                

Cycle 2: stage 1 - 10.3, stage 2 - 12.7, stage 3 - 8.5. 

Conclusions 

Hypothesis test for difference in proportions 

indicates that the connectivity values in the 

stages before and after the peak injection 

are significantly greater than the connectivi-

ty in the peak injection stage. Test results: C 

stage 1 vs. stage 2: Z= 3.64, p = 0.00014: C 

stage 3 vs. C stage 2 – Z= 4.18, p < 0.00001; 

C stage 1 vs. C stage 3 – Z= 0.47, p = 0.32. 

The test results suggest that lower         

injection rates favour linking      

fractures, whereas higher injection 

rates inhibit such linking tendency. 
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