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Summary 

 

Our working group has performed a set of experiments 

designed to evaluate the challenges facing deep disposal of 

fluids in the Midland Basin.  These challenges include 

seismicity related to the injection process, and challenges in 

locating seismic events and characterizing them for causal 

analysis.  In this paper, we will address the technical 

conclusions and regulatory challenges that will define the 

road ahead for induced seismicity in the Midland Basin. 

 

Introduction 

 

Induced seismicity is a major issue in the Permian Basin that 

impacts both the Delaware and Midland Basins.  Howard 

County is underlain by a major Grenville age (~1.1 Ga) 

thrusted fold belt that extends both to the west and northeast.  

This buried structure is complex and is associated with many 

of the fault structures observed in the Ellenburger (EBGR) 

formation (Figure 1). 

 

HPK has undertaken a program of drilling horizontal EBGR 

saltwater disposal (SWD) wells in eastern Howard County 

with lateral lengths to 3,000 feet within the fractured porous 

EBGR formation. The purpose of drilling SWD wells 

horizontally is to intersect the natural fractures present in the 

EBGR that trend N60E by drilling roughly perpendicular to 

them. This increases dramatically the injection capacity 

while spreading out the disposed water across a much larger 

area at reduced injection pressures that are far below the 

fracture gradient of the formation.  Step Rate Test (SRT) 

results on the HPK horizontal EBGR SWD wells reveals that 

the EBGR shows excellent development of open subvertical 

fractures as evidenced in FMI logging. 

 

SM Energy (SM), HighPeak Energy (HPK) and Birch 

Resources (BIRCH) have been partnering for several years 

with ESG Solutions (ESG) in a 14-station private seismic 

array in Howard County and can detect and locate smaller 

earthquakes that are close to or below the detection threshold 

for the TexNet regional array or the USGS network (Figure 

2). This array provides timely information on events as small 

as M 0.7.  After several years of monitoring, the private array 

has helped to delineate local trends in seismicity and has 

allowed the partners to detect and separate background low- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Block diagram showing the structural 

configuration of the Grenville Front beneath Howard County 

and its relationship to deformation in the EBGR Formation. 

Diagram courtesy of Ben Davis, Endeavor Energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Map showing station locations in the Howard 

County private seismic array and earthquakes below M 2.0 

detected by the array. Interface courtesy of  ESG Solutions. 

 

level natural seismic activity from events that are related to 

SWD injection activities.  This thorough technical approach 

also provides a robust framework for determining which 

faults are active. 
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Methods and Approach 

 

Our working group consisting of HPK, SM, BIRCH, ESG 

and SensorEra have been working as a team to address some 

of the fundamental problems associated with induced 

seismicity in Howard County.  The goal of this effort has 

been to: 

(1) improve our understanding of the deep structure and 

tectonic setting of the EBGR formation and the Grenville 

basement structures that underlie the area,  

(2) test the effectiveness and signal quality of a new 

microelectromechanical system (MEMS) seismic station 

design provided by SensorEra by co-locating these stations 

adjacent to the existing private seismic array in Howard 

County, 

(3) locate local and large regional seismic events recorded 

during the SensorEra test program using the new HPK high-

resolution sedimentary basin velocity model for Howard 

County and compare these event locations, hypocenters and 

magnitudes to those determined by TexNet and the USGS, 

(4) utilize the new HPK P-wave and S-wave velocity model 

to evaluate acoustic wave propagation in Howard County to 

determine how the local geology and velocity structure will 

impact travel paths and cause errors in event locations, and 

(5) assess these findings from the viewpoint of the operator 

that is trying to dispose of produced water in a prudent and 

environmentally sound manner. 

 

The Howard County High Resolution Velocity Model 

 

As part of our regional work in Howard County, HPK 

constructed a countywide P-wave and S-wave velocity 

model appropriate for seismic wave propagation.  This 

model was constructed using carefully selected well logs 

with data from the Clearfork to the EBGR. The wells were 

edited and full petrophysical analysis was applied to assure 

high quality P-wave data and S-wave data where S-wave 

logs were available.  The P-S relationship from the wells 

with S-wave data was used to construct synthetic S-wave 

logs in the other wells.  The petrophysical data were 

integrated with the HPK regional surfaces for all major 

formations from the Clearfork to the Cambrian in depth 

domain.  A VSP velocity profile from a HPK well in the Flat 

Top area was used to construct the shallow velocity field 

above the Clearfork to extend the velocities to a high-

resolution topographic surface provided by The BEG at UT 

Austin.  

 

Because there are very few full penetrations through the 

EBGR, the average velocity for the EBGR formation in the 

HPK SWD wells was used to populate the EBGR formation 

layer in the model.  The model was extended below the 

EBGR into the Cambrian and Grenville section to produce 

the final velocity models.  The model provides a robust 

description of the P-wave and S-wave structure of the 

sedimentary section overlying the Cambrian Basement in 

Howard County.  When compared to the IASP91 crustal 

velocity model (Figure 3), it becomes clear that the 

differences in the shallow section for the two models will 

produce very different travel time computations for 

earthquake events that occur in the sedimentary section or in 

the shallow Cambrian basement just below the EBGR.  

These differences both in velocity and in formation layers 

will cause significant differences in earthquake locations and 

estimated magnitudes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Comparison of the HPK P-wave and S-wave 

models with the IASP91 crustal velocity model.  The HPK 

model merges with the ISAP91 model at 20 km depth.  For 

details, see Brooks et al (2023 and Fang et al (2023). 

 

Results, Observations and Conclusions 

 

The collaborative work of this team has revealed several key 

results that are worth reiterating. 

 

The EBGR formation under Howard County sits above a 

complex older Grenville tectonic front that may still be 

undergoing stress relaxation. Fault mapping reveals a 

complex set of fault structures in Howard County that trend 

N60E parallel with the known maximum horizontal stress.  

Without these detailed fault maps, correlating seismic events 

to known faults is not possible. 

 

Our work has shown that obtaining reliable event locations 

requires a robust velocity model that will determine 

accurately the event epicenters, hypocenters and estimated 
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TexNet reported results                        SensorEra re-processing results

Depth 
difference

Epicenter 
difference

ML (SensorEra

model)
ML (Texnet

model)
Depth 
(ground)

ML
Depth 
(ground)

Event

-4.45 km1.85 km1.992.093.25 km2.27.7 kmML2.2 8/18

-8.15 km0.81 km2.973.044.05 km3.112.2 kmML3.1 8/26

-4 km1.88 km2.082.184.1 km2.38.1 kmML2.3 9/19

-4.1 km0.95 km3.243.284.3 km3.48.4 kmML3.4 10/28

-5.85 km2.95 km2.602.632.75 km2.88.6 kmML 2.8 9/30

-7.95 km2.03 km2.182.212.75 km2.410.7 kmML2.4 9/30

B. Refined HypoDD locations

Reprocessed event locations Refined HypoDD locations

magnitudes.  The differences between the TexNet event 

locations and those determined using the HPK Howard 

County velocity model are quite significant (Table 1) and 

support the assertion that we must build a high-resolution 

basin-wide model that can be used by all parties in locating 

events consistently across the basin.  The relocation results 

using the Hypo DD double difference algorithm with the 

HPK velocity model (Figure 4) demonstrate that we can 

achieve a level of accuracy in our event locations to tie the 

events directly to a causative fault. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Event differences in depth and magnitude for 

TexNet events that were evaluated using the HPK velocity 

model in the SensorEra field trials.  Details can be found in 

Brooks et al (2023). 

 

The deployment of the SensorEra array in Howard County 

has demonstrated that the MEMS technology is well suited 

to provide low-cost, rapid deployment arrays that can be 

placed at the onset of seismic activity.  The wave 

propagation analysis that was performed with this work 

demonstrated that regional arrays that are far removed from 

local shallow seismic events at depths close to or within the 

sedimentary section can introduce distortions in the ray paths 

that can degrade the estimated event locations and 

magnitudes.  

 

Discussion 

 

The picture that has emerged from this work is that there is 

a clear relationship between deep injection and seismic 

activity that must be understood within the context of the 

local and regional geology of the EBGR formation and the 

basement structures including the Grenville orogenic belt.  

Our results support several findings with direct impact to 

induced seismicity and deep injection of fluids. 

 

First, we must work to characterize more completely the 

reservoir properties of the EBGR and its structural and 

tectonic relationship to the underlying Cambrian and 

Grenville basement. 

 

Second, it is clear that TexNet still does not have enough 

stations in the Midland Basin to accurately locate shallower 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Comparison of (a) conventional event location 

results, (b) events located with the Hypo DD Double 

Difference algorithm and (c) close up for the fault in the  

highlighted red box in (a).  Details can be found in Fleegal 

et al (2023). 
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A. Reprocessed event locations
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Vertical EBGR SWD
Radial Pressuring

Open Conductive Fractures

Horizontal EBGR SWD
Lateral Fracture Flow

Horizontal injection distributes fluids along 
conductive fracture systems that parallel the 
known faults under very low pressure 
instead of forcing the fluids radially outward 
at higher pressures

seismic events, determine the magnitude of completeness 

and detect background natural seismicity as evidenced by the 

analysis from the private array in Howard County.   

 

Third, the reliance on the IASP91 crustal velocity model, in 

the absence of an accurate sedimentary basin velocity model, 

has introduced significant errors into epicentral locations 

and hypocentral depths, leading to errors in estimated 

magnitudes.  These errors make it difficult to perform 

accurate MTI analysis for event characterization, fault slip 

analysis and seismic risk analysis.  They also raise questions 

about how regulators can assess the activity levels for SRAs 

and injection curtailments with inaccurate data. 

 

Fourth, the current TexNet earthquake catalog needs 

updating with revised magnitudes using the above-

mentioned basin-specific 3D velocity model that accounts 

for the local geology and shallow P&S velocity variations.   

 

The Future of Deep Disposal 

 

It has been suggested that deep injection in the EBGR isn’t 

viable because of the potential seismic hazard.  HPK’s use 

of horizontal EBGR SWD wells has demonstrated that the 

EBGR has the capacity for injection of large volumes of 

water if the wells are designed in harmony with the known 

physical and mechanical properties of the formation.  This 

requires a level of reservoir characterization similar to what 

is done for reservoirs.  These high flow rate – low pressure 

injectors require that the well be oriented nearly 

perpendicular to the conductive fracture systems to achieve 

the best performance (Figure 6).  By using this methodology, 

operators can reduce the injection pressures in their EBGR 

SWD wells and spread the water over a much larger 

reservoir volume that avoids the challenges created by high-

rate injection into vertical SWD wells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12:  Close up of EBGR formation in NE Howard 

County showing the concept of horizontal injection into the 

EBGR natural fracture systems. Modified from Figure 1.     

 

The purpose of disposal is to place the fluids into a formation 

that will prevent their escape and not complicate future  

oilfield operations.  The EBGR is the best candidate for 

permanent disposal. The results of our work suggest that 

deep injection remains a logical option for disposal of 

produced brines, but we must do a better job of managing 

these deep wells to avoid over-pressuring that can induce 

seismicity.  This requires that we first characterize the EBGR 

formation including its porosity, permeability, fracture 

gradient and fracture propagation pressure, and then design 

and manage our SWD wells to distribute the fluids across as 

much porosity and permeability as possible at pressures low 

enough that we do not induce seismicity.  

 

Dr. Mark Zoback stated at the 2022 SEG/SPE Injection 

Induced Seismicity Workshop in Austin, Texas that  

 

“We have a pressure problem, not a fluid volume problem”.  

 

If we design our EBGR disposal wells to distribute the water 

properly at low injection pressures, it will be possible to fully 

utilize the EBGR formation over large areas in the Permian 

Basin without inducing large seismic events.  
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