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Abstract 
 
Unconventional oil and gas reservoirs are typically produced by hydraulic fracture stimulation, yet the 
geometry and extent of the hydraulic fracture network is often poorly constrained. The Hydraulic Fracture 
Test Site (HFTS) project in the Wolfcamp Formation, Midland Basin, West Texas, was designed to 
improve understanding of hydraulic fracturing, and bridges the gap in scale between individual wells and 
the reservoir around the 11-well pad. A slant core taken through the stimulated reservoir volume provided 
direct information about hydraulic fractures and their interaction with natural discontinuities.  
 
Over 700 fractures were captured in 600 ft (182.9 m) of slant core including 375 E-W striking hydraulic 
fractures, two sets of natural, calcite-filled fractures (197 Set 1, striking NE-SW; 112 Set 2 striking WNW-
ESE), faults, drilling-induced fractures and core handling breaks. Bed-parallel natural fractures and 
partings are uncommon. Analysis of hydraulic fracture propagation direction from surface markings and 
fracture bifurcation reveals propagation may be in opposing directions for fractures in close proximity to 
each other. This observation may indicate nucleation of some hydraulic fractures occurs distant from the 
stimulated well perforation. Many (41%) Set 2 natural fractures are now parted (reactivated) compared to 
19% of Set 1, the difference possibly because Set 2 are oriented close to SHmax. The mechanism for 
reactivation is indeterminate in most cases and could be due to hydraulic fracturing, drilling, core-retrieval 
stress release, or core handling.   
 
The number of hydraulic fractures encountered in the core is far greater than the number of perforations 
in the hydraulic fracture treatment. This is likely due to bifurcation and to interaction with the natural 
fracture network. Hydraulic fracture density is highest around the stimulated wells as is density of 
microseismic events. There is high potential to use combined data sets from the core and from 
microseismic monitoring to gain further insights into hydraulic fracture network growth.  
 
Background 
 
The Hydraulic Fracture Test Site (HFTS) project in the Midland Basin, West Texas was designed to 
provide an improved understanding of hydraulic fracturing and proppant transport (Ciezobka et al., 2018). 
A key part of the project was the acquisition of a slant core through an already stimulated volume to allow 
direct observation of hydraulic fractures. The HFTS consists of 11 stimulated, 10,000 ft (3048.0 m) long, 
horizontal wells arranged in a staggered chevron pattern, ~660 ft (201.2 m) apart laterally and ~450 ft 
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(137.2 m) apart diagonally in the Upper and Middle Wolfcamp Formation. Downhole microseismic 
monitoring was used to record over 95% of the 400 total hydraulic fracture stages and used, in part, to 
plan the location of cores from the slant well drilled through the interval (Stegent and Candler, 2018). We 
analyzed fractures in the 600 ft (182.9 m) of recovered core (Gale et al., 2018), and collected and 
analyzed material in all open fractures to determine presence of proppant (Elliott et al., 2018). Here we 
discuss findings in the wider context of understanding hydraulic fracture growth at the scale of the 
wellbore and the stimulated volume around it. 
 
Aims and objectives 
 
The key aim of this study was to characterize hydraulic fractures in the slant core. There are two 
components of the work: (1) Comprehensive description and interpretation of all fractures in the slant 
core. This objective required development of criteria to distinguish between different fracture types, in 
particular between hydraulic fractures and drilling-induced fractures, which theoretically would share the 
same orientation. (2) Collection and analysis of all material found within open fractures, with the objective 
of locating proppant pumped during hydraulic fracturing of adjacent wells, some of which was marked 
with colored, resin-coated proppant grains. A further aim was to examine the potential interaction of 
hydraulic fractures with discontinuities such as natural fractures and bedding planes.    
 
Materials and methods 
 
Approximately 600 ft (182.9 m) of core was recovered: ~400 ft (121.9 m) in four continuous cores from 
the Upper Wolfcamp and ~200 ft (61.0 m) in two continuous cores from the Middle Wolfcamp. The cores 
were encased in aluminum tubing to provide stability during transportation. CT scans of the core were 
generated by CoreLabs, Houston, where the fracture description work was done; the CT scans were used 
to aid in mapping the fractures in the core. The aluminum tube was then cut open while leaving the whole 
core and fracture faces intact. Details of the core preparation methods are provided in Gale et al. (2018). 
 
We systematically collected information on depth, orientation, length and height, morphology and surface 
features, presence of proppant, and an assessment of fracture origin, with an estimate of certainty of 
interpretation. We also measured aperture-size of natural fractures and described their sealing cements. 
We included kinematic information for faults where possible. Fracture orientations were measured by 
Busetti and Farrell (unpublished HFTS report, 2018) and integrated with our fracture description. Each 
fracture has a unique identifying number.  
 
Material present in open fractures was collected by scraping or washing the fracture faces; the material is 
a combination of drilling mud, host rock fragments including shale fragments and calcite crystals from 
coarse carbonate facies and fracture cement, aluminum shavings from the sawn tubing, and proppant 
grains. Samples were washed with dish soap to remove the oil-based mud. We then wet-sieved the 
samples into four size fractions, air-dried, weighed, and imaged all size fractions for quantitative image 
analysis. Each sample is linked to the fracture from which it came by the fracture identification number. 
Further information on methods, in particular on the image analysis protocol used, is provided in Elliott et 
al. (2018).  
 
Results and discussion 
 
The most common fracture type observed in the slant core are barren, core-normal fractures, broadly 
trending E–W (Fig. 1). We interpret these as hydraulic fractures developing subparallel to SHmax which is 
E–W in this part of the Midland Basin (Lund Snee and Zoback, 2016). Orientations of measurable 
hydraulic fractures reveal an approximately 40° spread of dip azimuth, which may reflect local stress 
variations or branching geometries. Distribution of hydraulic fractures is heterogeneous, some 3 ft (0.9 m) 
intervals having up to eight fractures, and others having none; in the Middle Wolfcamp there is an interval 
of 12 ft (3.6 m) with no fractures of any kind. Clusters of two to four core-normal fractures in the space of 
a few centimeters are common and we interpret these as multiple hydraulic-fracture strands. In several 
examples, two or more hydraulic fractures are closely spaced but not quite parallel, and in a few cases 
bifurcation is observed and can be used to infer the direction of hydraulic-fracture growth. The greatest 
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concentration of hydraulic fractures occurs where the slant core is closest to the stimulated wells (Fairfield 
et al., 2018). Microseismic event concentration in these intervals was used to guide locations for core 
acquisition in the slant well; hydraulic fracture distribution in the core confirms the correlation between 
microseismic event density and hydraulic fracture density, at least on a coarse scale of 10s of meters.  
 
Many hydraulic fractures are single planar breaks with smooth surfaces (Fig. 1a), and some are stepped 
(Fig. 1b). Fracture faces in carbonate facies tend to be slightly rougher (Fig. 1c). Features on the fracture 
surfaces, such as twist hackles and plumose markings (e.g., Bankwitz and Bankwitz 2004), developed at 
the time of fracturing and are not related to the drilling process; they do not originate near the core margin 
and are not core symmetric (Fig. 1d). We are therefore able to distinguish between hydraulic fractures 
and drilling-induced fractures. Twist hackles mostly initiate at lithology changes and are orthogonal to the 
layer, gradually tapering out from the point of initiation. They may be used to indicate the local direction of 
hydraulic-fracture propagation (Fig. 1d). Multiple examples of twist hackles occur in the slant core—some 
suggesting local upward propagation, others downward, some large-scale eastward propagation, and 
some westward.  

 
 
Two sets of subvertical, calcite-filled, natural opening-mode fractures are present: Set 1 striking NE–SW, 
and Set 2 striking WNW–ESE (Fig. 2). Fractures may be fully sealed and intact, partly sealed and intact 
(with original fracture porosity), or parted. Two fractures, both Set 1, are parted but have euhedral calcite 
crystals on both fracture faces; the fractures were open in the subsurface. Natural, bedding-parallel 
fractures are uncommon, although the slant well is not optimally oriented to capture them. Those present 
occur along margins of concretions and have calcite and pyrite fill. Pyrite-filled fractures internal to 
concretions are also present. Other fractures in different orientations, filled with calcite and pyrite and 
having width-to-length aspect ratios that are generally greater than those for Set 1 and Set 2 fractures, 
are present in a few locations, mostly close to faults. Two types of fault are present: early, soft-sediment 
deformation faults and later, moderately dipping faults striking NW–SE with normal-dextral oblique slip, 
indicated by slickensides. The natural fracture array is typical of fractures in shale in West Texas (Gale et 
al., 2019) and elsewhere (Gale et al., 2014). 
  
Reactivation of natural fractures could be due to hydraulic fracturing, drilling, core-retrieval stress, or core 
handling. Reactivation of Set 2 natural fractures is more common (41%) than for Set 1(19%) possibly 
because Set 2 are oriented close to SHmax. The number of hydraulic fractures is far greater than the 
number of core perforations, and Shrivastava et al., (2018) in a modeling study of hydraulic fracture 
growth interpreted this to indicate the fracture network is made more complex because of interaction with 
natural fractures. 

   (a)        (b)         (c)          (d) 

      
Figure 1: Examples of E-W striking hydraulic fracture faces in the HFTS slant core. (a) smooth face with dried mud, (b) smooth face 
with a step (arrow), coated with wet drilling mud, (c) somewhat rougher but broadly planar face in a coarse carbonate facies, (d) fracture 
face with twist hackles originating at a change in lithology (along trace of bedding on the fracture face), indicating downward and 
eastward fracture propagation. Individual images from Gale et al. (2018).  
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   (a)                        (b)                          (c)           

        
 
Figure 2. Natural fractures in the HFTS slant core. (a) Parted, Set 1 fracture with patchy calcite on fracture face. (b) Intact, Set 2 
composite fracture with three en échelon segments, (c) Set 1 open fracture with euhedral calcite crystals on face indicating fracture 
was open in subsurface. Images from Gale et al. (2018).  

   (a)                                                      (b)    

           
              (c) 

 
 

Figure 3. (a) Sand on hydraulic fracture face — this is the up hole fracture of a pair or doublet — viewed up hole. (b) Sand pack 
in a complex hydraulic fracture approximately 1 cm wide viewed up hole. (c) Sand pack in complex hydraulic fracture adjacent to 
a concretion. Sand can be seen on the outer surface of core and multiple breaks are visible. Images from Gale et al. (2018).  
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Hydraulic fractures contain obvious accumulations of sand (proppant) in three locations, all within a more 
intensely fractured interval in the Upper Wolfcamp (Fig. 3). Sand occurs as patches on a fracture face 
with no drilling mud that is part of a HF doublet (Fig. 3a). The thickest sand pack occurs in a branched 
hydraulic fracture with sand in each branch (Fig. 3b). The total complex is approximately 1 cm thick. The 
third sand pack occurs close to a concretion in another complex hydraulic fracture (Fig. 3c). 
  
Sand was also found in all other open fractures, particularly the smallest size fractions of 63 to 250 μm 
(Elliott et al., 2018), and is present in the drilling mud in the core sleeve (Maity et al., 2018).This sand, 
however, likely does not represent the original proppant placement after hydraulic fracturing in every case 
because proppant would have been entrained in the drilling mud and redistributed during drilling of the 
slant core. The proppant packs in Figure 3 are thought to represent the original sand packs on the basis 
that drilling mud is absent (Fig. 3a) or limited (Figs. 3b, c) in these fractures.   
 
Conclusions 
 
A slant well drilled through the stimulated reservoir at the Hydraulic Fracture Test Site project captured 
over 700 fractures in ~ 600 ft (182.9 m) of core. The fractures include 375 E-W striking hydraulic 
fractures, two sets of natural, calcite-filled fractures (197 Set 1, striking NE-SW; 112 Set 2 striking WNW-
ESE), faults, drilling-induced fractures and core handling breaks. Bed-parallel natural fractures and 
partings are uncommon. 

Hydraulic fractures are commonly remarkably smooth planes. Some have surface markings such as twist 
hackles and plumose structure, from which hydraulic fracture propagation directions may be discerned. 
Hydraulic fractures commonly occur close together in pairs or clusters, where fractures are not quite 
parallel. We interpret this as an indication of bifurcation, which can also be used to infer propagation 
direction. Propagation direction varies even for fractures in close proximity to each other. This observation 
may indicate nucleation of some hydraulic fractures occurs distant from the stimulated well perforation.  

Reactivation of natural fractures has occurred but cannot be ascribed to hydraulic fracturing with 
certainty. Natural fractures oriented close to SHmax (Set 2) are two times more likely to reactivate than 
those oriented at a higher angle (Set 1).     

The greatest concentration of hydraulic fractures occurs where the slant core comes closest to the 
stimulated wells. Microseismic events were also elevated in these locations. Future work using relative 
timing and location of microseismic events together with the information from fracture faces in the core 
may yield more information on hydraulic fracture propagation. 

Sand packs were found in three locations and are interpreted as in situ proppant packs. Proppant at the 
smallest size fraction was found in all open fractures, but we interpret this as being partly due to 
redistribution of material during drilling of the slant core.      
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