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Abstract 
 
Natural fractures are present in all unconventional targets in the Permian Basin and have the potential to 
impact wellbore design, completion operations and hydrocarbon production. We present an overview of 
natural fracture and in-situ maximum horizontal compressive stress (SHmax) orientations in 
unconventional reservoirs within the Permian Basin and discuss their spatial and vertical heterogeneity in 
occurrence and orientations across the Midland and Delaware Basins. 
 
Fracture characterization using image logs and cores has been performed on 61 wells to identify natural 
fractures (orientations, height, fracture fill, aperture) and drilling-induced borehole failures for SHmax 
orientations. Orientations measured from the image logs are used to determine local and regional fracture 
trends, and calculated fracture densities highlight the difference in fracture occurrence along wellbores. 
SHmax orientations are compared to observed fracture trends and used to predict hydraulic fracture 
orientations.  

Short, calcite-healed, strata-bound fractures are the dominant type within the basin, regardless of location 
or formation. Open fractures are far less common and have similar dimensions and orientations as the 
healed fractures. In general, fracture densities increase with depth, with the highest values occurring 
within the Wolfcamp Formation.  

Despite similarities between fracture character in the Delaware and Midland Basins, differences in 
fracture orientation exist. The Delaware Wolfcamp typically has two orthogonal fracture sets that rotate 
throughout the basin. This rotation is systematic with the most dominant trend striking NE-SW in the 
northern portion of the basin, an E-W striking trend in the central part of the basin, and a NW-SE striking 
trend in the southern portion of the basin. Throughout the basin, the present-day SHmax shows a similar 
systematic rotation, remaining parallel to the dominant fracture trend. In contrast, the Midland Basin hosts 
a single consistent NE-SW fracture strike with no observed regional rotations, while the present-day 
SHmax orientation trends E-W, oblique to the natural fracture trend.  
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A plausible cause for the different spatial character of both the natural fractures and in-situ stress trends 
between the Delaware and Midland Basins is the Central Basin Platform, likely acting as a mechanical 
barrier, separating the two basins’ tectonic and burial histories.  

This data set underpins a growing understanding of stress and fracture trends in the Permian Basin, and 
their relationships. These regional trends can be used to guide well planning and completion strategies as 
well as field development decisions. Because of the regional variations and heterogeneity of fracture and 
SHmax trends, Permian Basin wide generalities are not advised.  

 
Statement, Aims, and Objectives 
 
Natural fractures exist in all unconventional reservoirs in the Permian Basin, but regional understanding of 
fracture character, such as orientation, density, and aperture, is not well constrained. In typical naturally 
fractured reservoirs, fractures are a dominant influence on porosity and permeability (Nelson, 2001; Narr 
et al., 2006). Given available data, the unconventional reservoirs in the Permian Basin appear to behave 
differently. Where pre-stimulation permeability uplift from distinct natural fractures is likely low, their 
influence during the stimulation operations and influence on the complexity of the total stimulated volume 
may be significant. Understanding the fracture character is the first step toward answering the question of 
importance of the presence of natural fractures within completed intervals, as these pre-existing 
discontinuities may influence the overall post-stimulation permeability system for any given target. 
Previous published studies of natural fracture orientation data in the Permian were limited to sub areas 
(Poros et al., 2014) or did not cover the entire basin (Lorenz et al., 2002), limiting the regional 
understanding of the fracture system across the broader Permian Basin.  

This paper provides a robust characterization of the natural fractures in the Permian Basin and their 
relationship to the in-situ stress field at several different scales: 1. Basin-wide, to investigate regional 
similarities and differences within the Permian Basin; 2. Field-wide, separated by Delaware and Midland 
Basins to identify predictive trends; and 3. Formation-wide, to assess vertical changes in fracture 
character by formation. Combining all three scales of observation forms a more complete view of the 
natural fracture system and allows us to examine ways in which the natural fractures can be integrated in 
future well bore and completion optimization studies, used in basin or reservoir modeling, or applied to 
influence field development decisions within the Permian Basin.  

 
Materials and methods 
 
Sixty-one wells containing image logs were reprocessed and interpreted for this study. Of the 61 wells, 35 
are in the Delaware Basin, and 26 are in the Midland Basin. Image log coverage varies from well to well 
in the Delaware Basin depending on target intervals, but coverage is consistent in the Midland Basin. 
Fifty-seven of the wells with image logs are from vertical or near vertical wells. The remaining 4 are from 
horizontals. Most of the image logs are from wells with water-based mud systems and thus can be used 
to distinguish open and healed fractures.  

Core was also reviewed when available, totaling ~400 feet from 15 wells. None of the core was oriented 
and attempts to re-orient were unsuccessful. Regardless, calibration of image log observations with core 
resulted in higher confidence interpretations of fracture height, fracture aperture and fill, and calculated 
fracture density.   

The data derived from the image log and core were processed to calculate fracture density, defined as 
fracture surface area/borehole volume (Narr et al., 2006) and often referred as the P32 value (Dershowitz 
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and Herda, 1992). Fracture orientations were determined from image logs only. Strike rose diagrams, 
weighted to correct for sampling bias, were created for each well based on general formation tops and 
along the entire wellbore coverage.  

 
Results and discussion 
 
Fracture Character 

Fracture character across the Midland and Delaware Basin is similar regardless of location. Most of the 
fractures observed dip 75°-90° and are mineralized with calcite. Apertures measured from core range 
from hairline up to ~2 mm. For most formations, one dominant fracture trend exists. However, in the 
Wolfcamp and deeper formations two orthogonal fracture sets occur that are more prevalent in the 
Delaware basin than in the Midland Basin.  

Open fractures, though rare, are observed throughout the basin, but their occurrence is sparse (5,286 
healed vs. 240 open fractures). Some of the healed fractures observed in core have partially open 
pathways along the fracture trace. Most fractures show no evidence of offset in the image log or core. 
Their opening-mode appearance (Mode I), in addition to their steep nature (dipping ~80° to 90°), 
suggests that the fractures formed as joints.   
 
Regardless of fracture type and location, fractures in image log and core show the strong influence of 
mechanical stratigraphy. The majority of the fractures visually terminate against a bedding surface that 
acts as a mechanical boundary (Figure 1). The strata-bound fractures often occur in swarms within the 
vertical well data. The average fracture height as observed in the image logs or cores is ~2 feet tall, with 
ranges from 0.1 to 15 feet.  
 

 
 
Fracture Orientation 
 
Healed natural fracture orientations vary spatially across the basin and at depth. In the Delaware Basin, a 
systematic rotation in the dominant healed fracture set exists (Figure 2). In the northern portion of the 

 
Figure 1. Examples of natural fracture traces in image logs from the Permian Basin. Open fractures are blue; healed 
fractures are red. 
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basin, the dominant fracture set strikes NE-SW. In the central part of the basin, the dominant fracture set 
strikes E-W. In the southern portion of the basin, the dominant set strikes NW-SE (Figure 2).  
 
The healed fractures show consistent strikes and dips with depth, suggesting no rotation of fracture 
orientations with depth. In the southern portion of the Delaware basin, a second set is more common in 
the 2nd and 3rd Bone Spring than in the central and northern section of the basin.  
 
In the Midland Basin, regardless of the location of wells interpreted for this study, the dominant fracture 
set strikes NE-SW (Figure 2). The available data are skewed towards the western portion of the Midland 
Basin, near the Central Basin Platform, but the consistency of fracture orientations in wells in the east 
provides confidence that there is no rotation in the basin (Figure 2). The NE-SW orientation is dominant 
regardless of depth. A second set, striking NW-SE, is observed in some wells, orthogonal to the dominant 
set. Its presence is primarily limited to the Wolfcamp and is not commonly observed.  
 
Open fractures do not have the same distinct organization as the healed fractures in the basin, likely due 
to the small sample size.  
 
Fracture Density  
 
Fracture densities are calculated for each well by general formation top (Bone Springs, Spraberry, 
Wolfcamp, etc). In general, the deeper formations have higher healed fracture density as compared to the 
shallower formations in any given well. In the Delaware Basin, the Wolfcamp and deeper formations have 
comparatively higher healed fracture densities than the overlying formations due to the presence of a 
second fracture set. The Midland Basin has similar relationships in fracture density, though not as evenly 
distributed. Comparing the fracture densities across both basins, the Delaware Basin has ~2-5 times 
higher fracture densities than observed in the Midland Basin, likely reflecting differences in structural and 
burial history.  
 
Regardless of location or depth, open fracture densities are low compared to healed fracture densities. 
Many of wells have only one or two open fractures identified, if any. Because so few open fractures exist, 
density and orientation trends are likely statistically unrepresentative.   
 
SHmax Orientation 

Present-day SHmax orientations are determined from drilling induced tensile fractures (DITF) and 
wellbore breakouts identified in image logs. DITF are extremely common, and there is evidence of DITF in 
all formations through the entire dataset. They form parallel to SHmax. In image logs, the DITF appear as 
dark (electrically conductive) vertical or near vertical fractures that are 180° apart and occasionally 
observed as asymmetric en-echelon pairs or as bifurcating swarms that can obscure the processed 
image. Convincing wellbore breakouts were not identified in any of the wells used in this study. The lack 
of wellbore breakouts is likely due in part to high mud weights used while drilling that prevented the 
formation of breakouts or due to the high rock strength of the formation. It could also suggest a low stress 
anisotropy within the basin. 
 
In the Delaware Basin, the present-day SHmax orientation mirrors the dominant fracture trend, with NE-
SW orientations in the northern portion of the basin, E-W strike in the central part of the basin, and NW-
SE in the southern portion of the basin (Figure 2). There does not appear to be any SHmax rotation at 
depth, as orientations of SHmax are constant through the wellbore. In the Midland Basin, regardless of 
depth or location, SHmax strikes E-W (Figure 2). These results are in general agreement with published 
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data from the most recent updates to the World Stress Map (Heidbach et al., 2016) and by Lund Snee 
and Zoback (2018). 

 
Discussion 
  
The relationship between the healed natural fracture trends and present-day SHmax trends are curious. 
In the Delaware Basin, the dominant natural fracture trend is always parallel to SHmax and both trends 
rotate in the basin from NE-SW in the northern portion of the basin, E-W in the central part of the basin, to 
NW-SE in the southern portion of the basin (Forand et al 2017). This similarity suggests that the present-
day SHmax orientation likely was the same at the formation of the dominant natural fracture set. In 
contrast, the alignment of SHmax and natural fracture trends does not occur in the Midland Basin. In the 
Midland Basin, the SHmax orientation strikes E-W, and the natural fracture trend strikes oblique to it at 
NE-SW, suggesting that the natural fractures formed under a different paleo SHmax orientation. The 
relationship of present-day SHmax and natural fractures is outlined schematically in Figure 2. We 
hypothesize that the Central Basin Platform is behaving as a mechanical barrier, segregating regional 
fracture and SHmax trends between the basins currently and through time. The different orientation 
relationships in the basins likely reflect different tectonic and burial histories, separated by the Central 
Basin Platform. We suspect that the emplacement of the Ouachita-Marathon fold and thrust belt is likely 
the cause of the N-S fracture set observed in the Delaware Basin, influenced by local structures in some 
areas. The change in fracture density and occurrences of two sets in the southern portion of the Delaware 
Basin may be related to the proximity to the embayment of the Ouachita-Marathon thrust front (Arbenz, 
1989). However, no other constraints have been published regarding the timing of formation of the 
fractures.  

The impact of the natural fractures on production within the Permian is still matter of debate. We focus on 
the healed fractures because they are the dominant type and are systematically organized in the basin. 
Despite their calcite fill, the permeability contrast between the fracture and matrix is likely high enough 
that the healed fractures may be preferential hydrocarbon pathways, especially for the gas phase.  
However, the fracture system does not provide the enhanced permeability as seen in naturally fractured 
reservoirs, but likely affects the efficiency of hydraulic fracturing. Combining the dominant natural fracture 
character with the orientation of SHmax allows speculation on the efficiency of hydraulic fractures and the 
size of the total connected and stimulated rock volume. Figure 3 shows the relationship of two N-S 

 

 
Figure 2: Permian Basin wide SHmax orientation and healed fracture map. SHmax and healed fracture strike rose diagrams plotted 
are from all image depth coverage and not limited to any formation. Areas of high well density are marked on the map and a 
representative rose diagram is plotted. Large bold red lines on the healed fracture orientation map represent the dominant fracture 
trend. Bold pink arrows on the SHmax map represent the dominant SHmax orientation. Note the parallelism of natural fracture trends 
and SHmax in the Delaware Basin and the oblique orientation of SHmax to fracture strike in the Midland Basin. 
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oriented horizontal wells from the Delaware Basin and Midland Basin. Published microseismic results 
from the Permian show that hydraulic fractures grow preferentially in the direction of SHmax (Hull et al., 
2015). Conceptually, if natural fracture clusters are targeted for perforation and stimulation in the 
Delaware Basin, the hydraulic fracture would propagate parallel to the natural fracture trend. Conversely, 
in the Midland Basin, hydraulic fractures would grow oblique to the natural fracture clusters. The influence 
of natural fractures on the hydraulic fracture propagation and the final complexity of the stimulated volume 
will differ due to the relationship between natural fracture and SHmax orientations and geomechanical 
rock properties. The cartoon in Figure 3 represents a conceptual model that highlights the relationships of 
in-situ stress and natural fractures and how these relationships can be further leveraged to optimize well 
path planning and completion designs.  

 

Conclusions 
 
This fracture characterization study confirms the presence and character of natural fractures throughout 
the Permian Basin and the relationships that exist between the natural fractures and present-day SHmax 
orientations. In the Delaware basin the SHmax is parallel to the dominant fracture trend and rotates 
spatially in the basin, whereas the Midland basin has a consistent SHmax orientation that is oblique to the 
natural fracture trend. These observed relationships between natural fractures and SHmax have 
implications to well path planning, completion strategy and efficiency, stimulated rock volume, and field 
development plan decisions. Despite similar fracture characteristics (height, apertures, fill) between the 
Midland and the Delaware Basins, each should be treated distinctly to maximize the natural fracture 
system during field development. 
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