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Abstract 
 
Depositional fabrics in drill-cores acquired from unconventional shale and tight hydrocarbon reservoirs 
have been extensively investigated in recent years. In contrast, structural fabrics in cores from 
unconventional reservoirs have received comparatively little attention. This is surprising because 
structural fabric likely has significant influence on the behaviour of the multi-stage hydraulic fracturing 
typically used to stimulate horizontal wells in these plays. Here, we document, describe and interpret a 
range of natural and induced structural features observed in cores acquired from the siltstone-dominated 
Montney Formation in western Canada. Natural structural features observed include horizontal faults and 
fractures, sub-vertical fractures, complex fault/fracture networks, and sub-vertical stylolites. These natural 
structural features reflect a complex history of structural and stress evolution in an overall compressive 
tectonic regime. Induced structural features observed include horizontal planar breaks, saddle structures, 
lip structures, petal structures, centerline fractures and vertical micro-joints. These induced structural 
features reflect the complex interplay of core drilling and retrieval with rock type and in-situ stress. Vertical 
micro-jointing, previously identified as a form of natural in-situ cleavage, is recognized in the studied 
cores as a tensile failure fabric induced by stress release and differential horizontal core dilation in 
combination with transient gas trapping in tighter rocks during coring operations. 
 
Statement of the background 
 
The Early Triassic Montney Formation hosts a world-class resource of unconventional gas and 
hydrocarbon liquids in the Western Canada Sedimentary Basin. Economic exploitation of this formation 
requires multi-stage hydraulic fracture treatment of horizontal boreholes. An understanding of rock fabric 
is an essential part of designing strategies for optimal well spacing/stacking and effective hydraulic 
fracture stimulation. Fracture geometry and complexity can be influenced by the dynamic interaction of 
hydraulic fractures with natural discontinuities (e.g., Potocki, 2012), with possible effects such as near 
wellbore fracture tortuosity, difficult fracture initiation, high breakdown pressure, reduced stimulated rock 
volume, restricted height growth, impeded proppant delivery, and consequently decreased hydrocarbon 
production. On the other hand, fracture complexity may generate high surface area close to the wellbore 
that is beneficial to hydrocarbon production. Core-based structural observations and measurements, such 
as those presented in this study are critical to understanding the nature of borehole-scale structural 
fabrics (both natural and induced) and their role in influencing effective hydraulic fracture geometry. 
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Aims and Objectives 
 
The aims of this study are (1) to characterize the wide range of natural and induced structural fabrics in 
cores from the Montney Formation and (2) to demonstrate that spatially varied structural fabric can be an 
important factor to consider in well path planning, completion/stimulation strategy, and well spacing and 
stacking decisions. 
 
Materials and methods 
 
Observations on Montney structural fabric in this study are based primarily on macroscopic visual 
examination and logging of conventional unslabbed drill-cores. Guidelines for the recognition of natural 
and induced fractures described by Kulander et al. (1990) and Lorenz and Cooper (2018) were followed. 
None of the studied cores were mechanically orientated at the time of coring. Restoration of selected 
segments to in-situ orientation was accomplished using one or more of the following methods: (1) 
matching induced fractures such as petal and saddle structures to known in-situ stress directions (e.g., 
Bell et al., 1994), (2) rotation of bedding to horizontal in a deviated borehole, (3) matching slickenlines to 
in-situ stress directions determined in the same borehole by other means (e.g., wellbore breakouts), (4) 
matching features observed in core to counterparts in an image log from the same borehole. The 
observed intensity of fractures (or other planar features) was corrected to compensate for directional 
sampling bias using the methods of Narr (1996) and Wang (2005). CT scans were conducted on two 
cores and integrated with the macroscopic visual examination and logging of fractures/discontinuities. 
 
Results and discussion 
 
Natural structural features observed in Montney cores include sub-vertical fractures, horizontal 
fractures, horizontal faults, complex fault/fracture networks, and sub-vertical stylolites. Horizontal faults 
are distinguished from horizontal fractures partly on the basis of slickenlines that are indicative of slippage 
and displacement: slickenlines can be present on faces of the former and are absent in the latter.  

Sub-vertical fractures are generally mineralized with calcite and their vertical distribution correlates with 
low core-gamma values (Fig. 1a and b). Most of these fractures are substantially filled with calcite, but 
some are partially filled and may be permeable in-situ. Calcite-filled fractures are almost invariably 
confined to well-cemented beds less than approximately 2 m thick (Fig. 1c and d). Natural fractures that 
are pyrite-filled, anhydrite-filled, pyrobitumen-filled (Wood et al., 2018) and unmineralized (Fig. 1e) are 
also present, but uncommon in the cores studied. 
 
Horizontal fractures with calcite mineralization are rare to common in Montney cores. In some cases, 
calcite has druzy habit (Fig. 1f and g) indicating that the fracture is permeable in-situ (at least locally). 
Horizontal fractures filled with solid bitumen/pyrobitumen are also locally present in the Montney 
Formation (Wood et al., 2018), and are generally concentrated in finer grained beds (fine- to medium-
grained silt) with higher amounts of clay and/or solid bitumen/pyrobitumen (high TOC). 
 
Horizontal faults are characterized by bedding-parallel polished faces with subtle to prominent 
slickenlines (Figs. 2a, 3a). They are most frequently present within or at the boundaries of argillaceous or 
bituminous beds with high core-gamma values. These structural features appear to be the same as those 
documented by Davies et al. (2014) in the Montney (and other formations) and termed "polished slip 
faces". In cores with in-situ orientation references, slickenlines consistently strike SW-NE, parallel with 
maximum horizontal stress (cf. Davies et al., 2014). Some horizontal faults with slickensides have patchy 
calcite mineralization. 
 
Complex fault/fracture networks are rarely observed in core and comprise low-angle, micro-thrust faults 
(Fig. 2d-f), and imbricate slices that have the form of micro-duplexes (Fig. 2a-c). Steeply dipping (sub-
vertical) stylolites are also rare (Fig. 2g and h). In cores with in-situ orientation references, stylolites 
consistently strike NW-SE, perpendicular to maximum horizontal stress. Stylolites observed on core faces 
show apparent loss of rock on the order of 1 cm (Fig, 2i). 
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Figure 1: Examples of natural fractures in core from the Montney Formation. (a) Portion of core gamma log from BC Well 1. (b) Dip 
magnitude of mineralized fractures observed in core over same interval. (c) Calcite-filled fracture at core depth 2544.82 m. Core 
diameter = 76 mm (3 in). (d) CT scan showing faint image of calcite-filled fracture at core depth 2550.95 m. (e) Natural, steeply 
dipping, through-going, unmineralized fracture from BC Well 2, core depth 2183.68 m. Core diameter = 76 mm (3 in). (f) Euhedral 
calcite in a horizontal fracture, BC Well 1, core depth 2573.06 m. Core diameter = 76 mm (3 in). (g) Close-up of area denoted by red 
rectangle showing druzy calcite with likely in-situ permeability. 
 

 
 
Figure 2: (a) Side-view of deviated core with brecciated zone between two horizontal surfaces showing bedding-parallel slip. BC 
Well 5, core depth 3725.45 m. Core diameter = 64 mm (2.5 in). (b) Close-up view of brecciated zone showing imbricate slices of 
rock. (c) Same view highlighting traces of bounding surfaces of imbricate slices (yellow lines). (d) Faulted interval in Alberta Well 1, 
core depth 2155.32 to 2155.39 m. Core diameter = 76 mm (3 in). (e) Slickensided surface of hanging wall of small-scale fault #3 at 
core depth 2155.34 m. (f) Close-up view of dashed red rectangle showing siltstone lamination and complexity of micro-faulting in 
footwall of fault #3. (g) Down-hole view of vertical stylolite in core from BC Well 3. Core diameter = 89 mm (3.5 in). Paired fractures 
are offset across the stylolite due to volume loss. (h) Side-view of stylolite in laminated siltstone at core depth 3343.82 m in BC Well 
4. (i) Same view as (h) but with rock digitally slid back to align depositional laminae. 
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The assemblage of horizontal fractures and faults, sub-vertical stylolites, and micro-thrust faults has 
overall characteristics (form, orientation) consistent with a natural structural fabric created in the strongly 
compressive tectonic regime of the Laramide orogeny. 
 
Induced structural features observed in Montney cores include horizontal planar breaks, saddle 
structures, lip structures, petal structures, centerline fractures and vertical micro-joints. These features 
reflect the complex interplay of core drilling and retrieval with rock type and in-situ stress. 
 
Macroscopic characteristics of vertical micro-jointing, a distinct fabric in some cored intervals (Figs. 3, 4), 
include: (1) located mainly at core breaks through thin beds with relatively high clay content, (2) 
comprises vertical joints with lateral spacing on a mm- to cm-scale, (3) joint faces lack mineralization or 
slickelines, (4) generally located within an oval-shaped core interior leaving an un-jointed outer rim, (5) 
only rarely extend from the interior all the way to the exterior of the core (Fig. 4b), (6) some joint traces 
curve toward the perimeter of the core, (7) joint traces are oriented NW-SE, perpendicular to slickenlines 
on the polished slip faces of horizontal faults (Fig. 3). 
 
CT scans reveal that micro-jointing, although most readily observed within thin, clay-rich beds, is also 
present within intervening low-porosity silt-rich beds. In clay-rich beds the micro-jointing is generally less 
than a centimetre in height (approximately 80% being less than 5 mm), and lateral spacing (mm- to cm-
scale) is inversely proportional to height. In adjacent silt-rich beds micro-joints typically have wider (cm-
scale) lateral spacing. 
 
The micro-joints recognized in this study appear to be very similar to structures documented by Davies et 
al. (2014) in the Montney (and other formations), and identified as a form of natural cleavage. Geometric 
characteristics of these features, however, such as curvature toward the core exterior (Fig. 4a) and 
development within an oval-shaped central zone in the core (Fig. 4c), clearly indicate that micro-jointing in 
the studied cores is a structural fabric induced artificially after the core was cut. This fabric might 
represent a rare macroscopic form of “microcracks” that commonly open up perpendicular to in-situ 
maximum horizontal stress during the anelastic strain recovery (Teufel, 1983). 
 
The micro-jointed fabric likely formed in response (at least partially) to stress release while tripping the 
core to surface. Some micro-jointed intervals, however, show evidence suggesting they initiated at (or 
close to) the core-drill bit: asymmetric plumose propagation patterns consistent with bit torque are 
observed on some horizontal breaks. Thus, at least some of the micro-joints could have been expressed 
after the core was cut, but before it detached from the rock mass. In this case, tensile stresses sufficient 
to exceed the rock strength would have developed near the bit. This is consistent with several studies 
suggesting a tensile stress zone can develop at the base of the core stub (Kaga et al., 2003; Hakala, 
1999; Li and Schmitt, 1998). Alternatively, the evidence for torque on the core could reflect rotational 
shear induced by core spinning while tripping to surface. 
 
Micro-joint development is likely influenced by the complex interplay of several factors. Core depth plots 
(Fig. 4d and e) suggest that micro-jointing preferentially forms in rocks with low matrix porosity (< 4%) and 
permeability, and is rare in rocks with higher porosity (> 4%). Thus, gas trapped in the interior of low 
porosity/permeability core intervals produces transient over-pressuring, and this coupled with differential 
horizontal dilation, leads to the creation of micro-joints by tensile failure. Tensile stresses at the base of 
core stub might provide a pressure differential that drives initial expulsion of gas into the drilling mud. 
Additional gas escape while tripping the core to surface may further augment the micro-joint fabric. 
 
Not all stratigraphic intervals with low matrix porosity (< 4%), however, exhibit micro-jointing fabric: the 
example shown in the lowermost 25 m of the core depth plot in Figure 4d is a basal Montney zone which 
has higher clay content than other zones. Rocks in this zone are likely more ductile and compliant, and 
thus less prone to tensile failure and development of micro-jointing. 
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Figure 3: Core segment with polished slip face and slickenlines on top surface (a) and micro-joints on bottom surface (b). Slickenline 
and micro-joint traces are approximately perpendicular. Alberta Well 2, core depth 2441.58 m. Core diameter = 76 mm (3 in). 
 
 

 
 
Figure 4: (a) Micro-joints with curved traces in Alberta Well 1, core depth 2065.63 m. Core diameter = 76 mm (3 in). (b) Rare 
through-going micro-joints in Alberta Well 3, core depth 2512.77 m. Core diameter = 76 mm (3 in). (c) Typical micro-joints confined 
to oval-shaped central region of core. Yellow arrow denotes long axis of oval. White arrow is perpendicular to micro-joint trend. BC 
Well 1, core depth 2617.14 m. Core diameter = 76 mm (3 in). (d) Core depth plot of break frequency (number per meter), porosity 
(orange solid line) and hydrocarbon-filled porosity (HCFP, red dashed line) for BC Well 1. (e) Core depth plot for BC Well 2. 
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The occurrence in core of micro-jointing adjacent to horizontal faults with polished slip faces (Fig. 3) 
suggests different lithological responses to tectonic compression followed by stress relaxation. Thin, clay-
rich and/or bituminous beds provided planes of weakness for failure by shear slippage, oriented NE-SW, 
in response to compression. Adjacent silt-rich beds with more brittle and stiff properties, on the other 
hand, became highly stressed during compression. These highly stressed siltstone beds were therefore 
pre-conditioned for tensile failure and formation of micro-joints when stress is instantaneously relaxed 
during coring operations. It is noteworthy that these Montney micro-joints have a consistent NW-SE 
orientation (cf. Davies et al., 2014) whereas random, radial or concentric distributions are more typical of 
tensile failure cracks formed during core retrieval (e.g., Byrne et al., 2015; Ashena et al., 2016). 
 
Hydraulic fracture geometry in the Montney Formation is strongly influenced by structural rock fabric 
(Potocki, 2012; Rogers et al., 2014; McLellan, 2016; Sanders et al., 2018). Mechanically weak bedding 
planes and horizontal faults/fractures promote hydraulic fracture networks with bedding-parallel elements 
induced by opening/dilation and shear slip at bed boundaries and polished fault faces. Bedding-parallel 
elements introduce near wellbore fracture tortuosity that can result in fracture initiation difficulty, high 
breakdown pressure and restricted fracture height growth. Bedding plane slip induced by hydraulic 
fracturing across polished faces in the Montney can also cause well casing damage (Sanders et al., 
2018), and potentially acts as a focal mechanism for some induced seismicity events. 
 
The distribution of micro-jointing on core depth plots (Fig. 4d and e) indicates that Montney stratigraphic 
zones can have significantly different geomechanical properties. Such differences, although potentially 
difficult to detect by conventional logging methods (e.g., Poisson’s ratio, Young’s modulus) due to limited 
range in composition and porosity, are important to recognize and can have significance for hydraulic 
stimulation. Integration of data from fracture stimulation, microseismic, petrophysical logs, production, and 
pressure monitoring indicates that Montney structural fabric can strongly influence hydraulic fracture 
geometry. Zones with simple structural fabric, characterized in core by paucity of both weak bed 
boundaries and micro-jointing, tend to produce simple bi-wing fracture geometry. Zones with complex 
structural fabric, characterized in core by high intensity of both weak bed/lamina boundaries and micro-
jointing, tend to produce complex fracture geometry. High surface area generated close to the wellbore in 
complex hydraulic fractures may be an important beneficial factor contributing to the high production of 
hydrocarbon liquids obtained from many siltstone-dominated Montney zones with low matrix permeability. 
 
Conclusions 
 
Cores acquired from the Montney Formation exhibit a wide range of both natural and induced structural 
fabrics. Natural structural discontinuities reflect a complex history of structural and stress evolution in an 
overall compressive tectonic regime. Induced structural features reflect the complex interplay of core 
drilling and retrieval with rock type and in-situ stress. Structural fabric is an inherent geomechanical 
characteristic that can be difficult to discern from traditional petrophysical logs, but it is important to 
recognize because of its potential for complex dynamic interaction with hydraulic fractures. This study 
shows that documentation of structural fabrics in core enhances the reservoir characterization of 
unconventional reservoirs and provides insights for greater understanding of hydraulic fracture geometry. 
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