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Summary 

 

 Although there is a statistical correlation between 

basement earthquakes and waste water injection in north-

central Oklahoma, the actual physical mechanisms for such 

correlation is poorly understood. We hypothesize that 

injection wells close to faults in the Arbuckle disposal 

reservoir influence the volume of water that can be 

injected, with sealed faults resulting in lower volumes and 

open fractures in larger volumes of injected fluid. To 

evaluate this hypothesis, we correlate simple radial 

pressures estimated from the well head pressures for each 

well with azimuthally limited fault set volumes and find 

that the highest correlation is related to East-West trending 

attribute lineaments. We find little correlation with either 

total density of lineaments in the seismic volume or with 

initial reservoir pressure.  

 

Introduction 

 

 Injection of fluids into the subsurface has been 

linked to seismic events at least since the mid-1960s 

(Evans, 1966). Several authors have made spatiotemporal 

correlations of earthquakes with fluid injection activities 

across the US, Canada and the rest of the globe. Van der 

Baan and Calixto (2017) analyzed the relationship of US 

and Canada oil production to increased seismicity, finding 

“no State/Province-wide correlation between increased 

seismicity and hydrocarbon production, despite 8-16-fold 

increase in production in some States”. Weingarten et al 

(2015) found that, out of several injection parameters 

analyzed, waste water injection rate correlates the best to 

increased seismicity in different locations of the US mid-

continent region. Atkinson et al, (2016) finds 

spatiotemporal correlations of earthquakes to hydraulic 

fracturing projects in western Canada. Similarly, Zang et al, 

(2014) analyzed induced seismic events in different 

tectonic European settings due to injection of fluids into 

geothermal reservoirs. 

 

 Most authors agree in that geology plays an 

important role in triggering or inducing earthquakes (Walsh 

and Zoback, 2015; Ellsworth, 2013; Davis and Frohlich, 

1993; van der Baan and Calixto, 2017). Among geological 

factors, naturally, fault mechanisms are some of the most, if 

not the most, important parameters to study. Faults not only 

represent potential zones of weakness, but also a potential 

conduit for flow into the deeper basement. 

 

 As far as induced and triggered earthquakes, the 

current hypothesis is that “injection into basal sedimentary 

strata increases pore pressure in the deep subsurface, which 

subsequently reduces normal stress along basement faults 

that are hydraulically connected to the injection horizon 

and induces slip on faults that are oriented in directions 

prone to slip under prevailing stresses” (Kroll et al, 2017). 

It is unclear whether fluids reach the deeper earthquake 

locations (with some triggering at depths below 6 km 

(McNamara et al, 2015) below the basement top) or 

whether it modifies the stress in some other way.  

 

 3D seismic data acquired for exploration purposes 

can be a powerful tool to map faults on regional scales. 

However, correlation of seismic attributes to well data 

requires an appropriate hypothesized mechanism. For 

example, Guo et al, (2012) presented a workflow to 

quantitatively correlate production of oil and water from a 

reservoir with negative curvature anomalies with karsting. 

 

 We present here a workflow to correlate injection 

parameters to seismic attributes that indicate fault 

orientation and density.  

 

Hypothesis 

 

 Following Guo et al, (2012) we hypothesize that 

open natural fractures or fractures opened through 

hydraulic activity act as dominant fluid conduits in the 

reservoir. We can estimate of such fracture networks using 

3D seismic data. Nissen et al, (2009) found fracture sets 

with different orientations to have undergone different 

diagenetic alteration. Alternatively, the present-day stress 

regime may result in fractures having different orientations 

exhibiting different permeabilities. Thus, we hypothesize 

that faults with specific orientations or other properties 

affect injection parameters such as injection rates and 

cumulative injected volumes of water.  

 

Data available 

 

 A wide azimuth seismic survey acquired in 2014 in 

Payne County, Oklahoma, covering 220 mi2 with a bin size 

of 82.5 x 82.5 ft. and 14 injection wells with well logs 

within the survey area.  

 

 Daily and monthly injection rates, as well as tubing 

pressure and completion data, is available for most of the 

wells.  
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Geologic background 

 

 The Arbuckle Group in Oklahoma was deposited 

during Ordovician times, when most of the State of 

Oklahoma was covered by shallow seas.  

 

Figure 1. Map with the geological provinces of Oklahoma (from 

Johnson, 2008). Red star denotes location of data set. Line DD’ 

corresponds to cross-section of Figure 2. 

 

 Figure 1 shows the location of the seismic survey 

within the geological provinces of Oklahoma. The location 

of the study is within the Anadarko Shelf, represented by 

shallow and relatively thin sequences, as observed in 

Figure 2 

 

Figure 2. Geologic cross section across major geologic province 

map (modified from Johnson, 2008). 

 

Theory and methods 

 

Azimuthally limited fault sets 

 

 Seismic attribute analysis provides a powerful tool 

to image faults within a survey and characterize them in 

terms of azimuthal orientation and dip magnitude.  Even 

though finer details such as fracture network commonly fall 

below seismic resolution, we assume that faulted regions 

(which can be properly imaged) also have a higher density 

of fractures and fracture networks, since one process 

precedes the other.  

 

 Machado et al, (2016) show that seismic voxels 

within a survey can be represented by a fault probability 

through the application of the Laplacian of a Gaussian 

filter. In doing so, we can determine the dip azimuth and 

magnitude of linear discontinuities within the survey 

(Figure 3). 

 

 

Figure 3. Depth slice at 6000 ft. through a directional Laplacian of 

a Gaussian (dLoG) attribute of the available seismic data set, at the 
approximate location of the basement top. Color bar indicates 

orientation of discontinuities. An opacity curve has been applied to 

the dLoG attribute to render transparent discontinuities in the data 
set, to highlight their orientation.  

 

 Once the azimuth of linear discontinuities has been 

determined, their relative density per orientation can also 

be computed for further analysis. For the current project, 

we computed the azimuthal fault density seismic volume 

for 12 different azimuthal orientations, ranging from –90° 

from the north (East-West orientation) to +75° at 15° 

increments. Figure 4 shows the result of four such 

orientations. 

 

Cigar probe 

 

 The cigar probe tool allows to estimate a statistically 

representative value of a given seismic attribute for each 

well with perforation ranges that fall within a seismic 

volume. The user defines a cylinder with a given radius and 

depth ranges around each well in the survey. Each seismic 

voxel that falls within the limits defined by the cylinder 

will be statistically analyzed to generate a single attribute 

value for the well.  

 

 Cigar probe assumes that each perforation in the 

well acts as a point sink (for fluid production) or point 

source (for fluid injection). The Green’s function of a point 

fluid source in a 3D homogeneous body is 1/R. Assuming a 

linear system, the production (or injection) volume from a 

well is a linear sum of that from each of the perforation 

locations (Figure 5). For multiple perforations, the flow is 

simply the integration of multiple responses giving the 

shape of a cigar (Verma, 2016) 
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Figure 4. Depth slice at 5740 ft through the Azimuthal Fault 

Density attribute inside the Arbuckle Group. The number on the 

bottom left corner of each image corresponds to the fault 
orientation evaluated. 

 

 With the cigar probe tool, we were able to assign an 

azimuthal fault density attribute value for the 14 injection 

wells available within the seismic survey, for each 

orientation considered. In other words, each well has 12 

azimuthal fault density values associated (one for each 

orientation considered). These values were used for 

correlations with injection parameters. 

 

Statistical relationship with injection parameters 

 

 Having 12 azimuthal fault density values for each 

well in the survey, two analysis methods were developed to 

establish correlations with injection parameters. In one 

case, we can add all the attributes values from each well for 

a given azimuthal orientation. We call this value “regional 

total azimuthal fault density”, and it represents the total 

fault density of the analyzed region for a given orientation. 

We can then use these values as weighs for injection 

parameters, under the assumption that the orientation of 

lineaments in the seismic survey will affect the 

performance of such variables.  

 In the second case, we sum all the azimuthal fault 

density attribute values for all orientations being considered 

on each well. We call this value “well total azimuthal fault 

density”, and it represents a relative value of the total 

density of faults within the area defined around the given 

well bore. We then plot these values against injection 

parameters to find potential correlations, as well as against 

formation thickness. 

 

 

Figure 5. Illustration of the cigar probe workflow. The flow 
(production) to each perforation can be approximated by the 

impulse response of the Green’s function 1/R2. All sections are 

assumed perforated, and each point on the well is producing 
equally. Integration of all the points to along the wellbore path to 

get the weighted average property can be correlated with the 

production (from Verma et al, 2016).  

 

Results and discussions 

 

 Figure 6 shows the results of the correlations of the 

weighted initial reservoir pressure versus azimuth. The 

initial reservoir pressure was weighted using the regional 

total azimuthal fault density value. There is a clear 

dominance for the azimuth -90° East-West for the initial 

reservoir pressure value, implying that faults and fracture 

networks oriented in this direction are open and serve as a 

flow conduit, through which pressure stabilizes through the 

ongoing fracture creation process. This orientation is 

consistent with the Sh (maximum horizontal stress) 

measured by image logs in Oklahoma 
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Figure 6. Histogram of weighted initial reservoir pressure versus 

fault azimuthal orientation. Initial reservoir pressure has been 
weighted based on the regional total azimuthal fault density values. 

 

 In contrast, Figure 7 shows no correlation between 

initial reservoir pressure and the total azimuthal density of 

faults. The lack of correlation may indicate that the system 

was in a state of pressure equilibrium prior to the injection 

of fluids and that such activity did not generate a significant 

amount of new fractures in any of the wells, or at least not 

in a way that was recorded in the seismic survey. Another 

possibility for the lack of correlation is the presence of 

vuggy porosity within the Arbuckle Group. Such porosity 

masks the fluid change of the seismic volume in response 

to the continued water injection it has been subjected to for 

years. 

 

 

Figure 7. Initial reservoir pressure vs weighted average of 

azimuthal fault density for all azimuths. 

 

Conclusions 

 

 The physics of triggered and induced seismicity is 

complicated. Although several authors have conducted 

statistical analysis of earthquake hydraulic fracturing, waste 

water disposal or geothermal activities, most of these 

results show location specific spatiotemporal correlations. 

Nevertheless, most authors coincide that geology must play 

an important role behind the triggering or inducing of these 

events. 

 

 To better understand the relationship of faults with 

waste water injection parameters, we use a seismic volume 

from Payne County, Oklahoma. Computing geometrical 

attributes, we can map the azimuthal orientation and 

density of lineaments within the seismic volume, most of 

which are assumed to be faults or fracture network zones. 

We find a high correlation of initial reservoir pressure with 

an orientation of -90° with respect to the North. Such 

correlations may imply a preferential orientation of open 

faults within the survey that may enhance fluid injection if 

serving as fluid conduits in the formation. 

 

 The presented method is not without flaws: for the 

current project, basement depth exceeds the small spread 

approximation, which prevents AVO analysis to be 

performed on the data; the Arbuckle Group is composed 

mostly of carbonates, with high levels of vuggy porosity, 

which prevent from important fluid changes to be 

noticeable in the seismic survey; and we are also trying to 

find correlations between macro features (such as faults) to 

micro features (such as pressure changes in the rock). 

Nevertheless, given adequate and available information, the 

current workflow presents an interesting method for 

correlating seismic attributes to well data. It is important to 

keep potential biases and limitations in mind when 

performing such correlations, since they can seriously 

affect the outcome of the research endeavor. 
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 Documentation of the cigar probe algorithm can be 

found under http://mcee.ou.edu/aaspi/documentation.html 


