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Abstract

Natural Fractures are ubiquitous in several unconventional carbonate reservoirs in both the U.S. and around the world and these natural
fractures, even when sealed, can facilitate the propagation of induced fractures during hydraulic fracturing. This study is focused on correlation
of fracture types and fracture density to specific petrophysically-significant facies and to an established sequence stratigraphic framework in the
unconventional carbonate reservoirs of the “Mississippian Limestone” of the U.S. Mid-Continent region. Four fracture types are observed in
several cores from north-central Oklahoma: ptygmatic (folded) fractures, vertical extension fractures, shear fractures, and zones of mixed types
of fractures. Most of the fractures have been completely filled with predominantly calcite cement derived from basinal fluids based upon both
d"®0 and d"*C values as well as fluid inclusion homogenization temperatures and strontium values. Fractured zones are vertically
heterogeneous at various scales, indicating the variability of rock mechanical properties. At the millimeter scale, fractures are commonly
discontinuous and exhibit variable width. At the centimeter scale, ptygmatic fractures exhibit variable termination modes in relation to bedding
planes, suggesting mineralogical control of rock mechanical properties. At the meter scale, the highest fracture abundance corresponds to facies
with the highest calcite content. Such mineralogical control of fracture distribution, which is corroborated by the positive correlation between
calcite content and fracture density in a “fourth-order” sequence, further contributes to the general correlation of fracture abundance with
regressive phases of “third-order” sequences at the whole core scale, indicating the value of sequence stratigraphic approach in characterizing
fracture distribution.
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Natural fractures are common in several unconventional carbonate reservoirs in both the U.S. and around the world. P-Facies 1:

Although many are sealed, these natural fractures may assist in the propagation of induced fractures during hydraulic Glauconitic Siltstone - Fine Sandstone (a, b)
fracturing and, therefore, are an important component for characterizing and producing from these reservoirs. This study & Massive-bedded Siltstone (c, d)

is focused on correlating fracture types and intensity to petrophysically-significant facies and to an established sequence
stratigraphic framework in the unconventional “Mississippian Limestone” in north-central Oklahoma.

Four types of natural fractures are observed: ptygmatic, vertical extension, shear, and mixed types of fractures, with
the ptygmatic fractures being the most abundant type. Most of the fractures are sealed with calcite cement. Fractured
zones are both laterally and vertically heterogeneous at various scales, indicating variability in rock mechanics. Within
individual cores, fractures are commonly discontinuous and exhibit variable widths at the millimeter scale, as revealed by
thin sections and micro-CT imaging. At the centimeter scale, ptygmatic fractures exhibit variable termination patterns in
relation to bedding planes, suggesting a mineralogical control on fracture propagation and rock mechanics. At the meter
scale, the highest fracture abundance corresponds to facies with the highest calcite content, and consequently, to the
regressive phases of “third-order” sequences which are commonly defined by these facies. Laterally, fracture abundance
varies among individual cores, likely attributed to variations in the proportion of petrophysically significant facies, variations
in structural settings throughout the region, variable patterns in the evolution of rock mechanics, and clustered fracture
distribution related to the geographic separation of the cores. Although there is a potential mismatch between the present-
day fracture stratigraphy and the mechanical stratigraphy at the time of fracturing related to evolution of rock mechanics
(e.g., structural diagenesis), the sequence stratigraphic framework, which governs the distribution of petrophysically
significant facies and impacts the evolution of diagenesis and rock mechanics, can provide insight that may enhance the
L prediction of natural fracture distribution in these and other unconventional mixed carbonate-siliciclastic reservoirs.

J
Significance and Objectives

Why Care About These Natural Fractures?

P-Facies 2: P-Facies 3: P-Facies 4:

P-Facies 5:
Laminated Siltstone Burrowed Siltstone Bioturbated Siltstone

Massive-bedded and Hummocky Cross-stratified (HCS)
- Planar Laminated Packstone Gralnstone

" Core #3
Core #1

Core #4 Core #4

[P-Facies 1.1] Glauconitic Siltstone - Fine Sandstone (a, b) Core#3 o Core #4

. . . [P-Facies 5.1] Massive-bedded packstone-grainstne (a, b, c)
. . o . . ) - - - - - - H H . . . . . . .
1. Provide porosity and permeability to unconventional reservoirs = Mostly at Mississippian base; dark green in color; I—]—E ZT:;‘::U?OHL:;';a:gf’aSr::;StO“e [P-Facies 3] Burrowed Siltstone . . [P-Facies 4] Bioturbated Siltstone = Grayish-brownish in color; Massive-bedded with rare biogenic structure;
2. May provide planes of weakness, even when cemented, that may facilitate propagation of induced fractures = Glauconite, quartz, dolomite, phosphatic grains, pyrite; calcite-rich laminae: - ScaZt(t;re/-'d :Jr:-;lc)e)\'le burrows (Phycosiphon incertum, PHY; = Abundant mme-scale burrows (Phycosiphon incertum; PHY) = Peloids, bioclasts, quartz, feldspar;
= Distal outer ramp to basin ! .p 4 Lo . forming interconnected burrow network; [P-Facies 5.2] HCS - planar laminated packstone-grainstone (c, d, e)
Knowledge Gaps . ;i . = Scattered hummocky cross- = Occasionally clustered burrows (a) indicate variable energy / . ) ) ) o T )
. . . . . . . . . [P-Facies 1.2] Massive-bedded Siltstone (c, d) ificati : . Y = Variable mineralogy and bioturbation extent, and scattered = Abundant HCS and planar laminations (PL), and rare climbing ripples (CR) point to

1. Integration of fracture and mechanical stratigraphy into a high-resolution sequence stratigraphic framework is = Black in color: ve-bedded ) stratification (HCS) points to storm; water condition; HCS beds b d by Techich 10) and ol laminati ) . . . . )

lacki line in a limited understandi fth trolling fact f fracture distributi d limited Black in color; massive-bedded structure; = Quartz, feldspar, clay; = Brachiopod (BR), crinoid; quartz, feldspar, clay; Deas burrowed by fechichnus (TC) and p anar famination rapid sedimentation associated with frequent storm events;

ac Ihg, .resu nginalimite un. ers an. |r.1g of the controlling tactors ot fracture distri U on, and a mfnre imite = Quartz, feldspar, clay; - Outer ramp ~ Proximal outer r;m o c,IistaI mi’ddle ram' ’ (PL) indicate fluctuations in energy / water condition; = Scattered mud-rich and burrowed laminae/beds suggest energy fluctuation;

application of relevant datasets in predicting subsurface fractured zones on an exploration or production scale. \_ = Distal outer ramp to basin u p p = Proximal outer ramp to distal middle ramp = Sand bodies in proximal outer ramp to distal middle ramp )
2. The impact of structural diagenesis on rock mechanical properties, from both a temporal and spatial perspective,

adds additional uncertainty when interpreting the mechanical stratigraphy during the formation of the natural Idealized Vertical Facies Succession & Regiona] Depositional Model
fractures via the present-day distribution of natural fractures.

Fracture Type and Attributes - Abundance, Width, Height, Termination, and Spacing

Regional Depositional Model — Mixed Carbonate-siliciclastic, Distally Steepened Ramp (a) Total Eractura Count (b) Estimated Fracture Width (c) Measured Fracture Height
Objectives Inner Ramp 600 2036 600 2003
1. Examine the natural fractures in terms of type, abundance, and attributes (e.g., height, width, termination, spacing) 1000 -
with a multi-scale approach to reveal the character and distribution of the fractures. Outer Ramp - Basin §
2. Tie key attributes (e.g., abundance, average intensity, spacing) to an established sequence stratigraphic framework to S
examine the controlling factors of fracture distribution, and to enhance the prediction of naturally fractured zones. g 500 - 2 400 b
y g 3 3
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w [J] E
Data and Methodology S— 5 5
- kS k3]
Fracture IS
e Five subsurface cores (2091 ft in total) - facies, sequence stratigraphy, fractures at core scale i :x:’n 0 Type £ 200 x
e Thin sections - facies, mineralogy, fractures and fracture attributes at petrographic scale Fhmpotie  Shear Ezteg:sc;'n Mixed
@ Micro-CT imaging (2 core plugs) - three-dimensional view of fracture attributes up to 40 microns o 4 types of fractures — ptygmatic, vertical extension, shear, mixed
@ X-ray diffraction (calcite, quartz, bulk clay) - mineralogical control of fracture distribution \ Modified from © Mostly (sub)vertical and sealed with calcite cement . Widt(h Ra)nge Helg(l:;r:e;nge
Childress and . 0.1- 04- 07- 1.1- 14 17- 20- 30- 60- mm 0-  31- 61- 91- 121- 151- 181- 211- 501-
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Petrophysically Significant . R . ; ihi
'?t‘j‘P°'I — Faci);_s o (d) Termination Style of Fractures (‘23) Measured Fracture Spacing ®A 'arg? pr°p°rtf°“ of fractures exhibit an
5_:_:::; e | Average Mineralogy (0 800 — 50 estimated width of 0.1 to 0.3 mm (b),
Calcite | Clay |Quartz o a measured height up to 30 mm (c), and
Termination Style . -
5 b i ) 200 - a tapering termination style (d)
a N . N 600 n Tapering at top and base N
3 N . |- S [EA Abruptly terminating at top and/or base § 150 e Termination due to core edge and/or missing
o
0 soKilomeen ) inati iations i v i i 1
Lo 2 | = & | 2 400 H Tefmmi'r:‘::;rgg;eitte:pt:nvj;;mz in o c.orfe plleces is common (d)., suggesting the
) 2 2 N imitation of measured height as compare
3 2 limitati f d height d
0 Core Locations —A 1 = " = o] n Terminating at the core edge or due to J 100 " B K
e o oy MARIETTA BASIN R O s missing core pieces at top and/or base = to “true” height
and Campbel
@ P-Facies 1 to 5 — generally increasing calcite and 200 - 5ol
Study Area (b) - North-Central Oklahoma (OK) decreasing clay-quartz content indicate increasing ] ] ] e In fracture sets, measured spacing commonly
@ Depositional Setting: Cherokee Platform to the edge of Anadarko energy during deposition and increasing rock strength e 5 facies belts generally from middle to o Spacing Range ranges up to 10 mm (e), but sampling bias
Oklahoma during Early M|$$|$5|pp|an (a) Basin —relatively shallow & deep water . - . . outer ramp-basin 0 Termination & o- 11- 21- 31- 41- 51- 61- 71 {mim} due to narrow width of individual cores
@ Subtropical epeiric sea - a mixed carbonate- e Structural Setting: adjacent to Nemaha Fault Zone — complex fault ® A guide for defining sequence stratigraphic @ Debris flow deposits suggest slope 1 2 3 4 Style 10 20 30 40 50 60 70 80 should be considered
siliciclastic system distribution [ framework which is the basis for data integration (“distally steepened”) )L )
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Fracture Intensity in Sequence Stratigraphic Framework

— Depositional Dip (Basinward) N Depositional Strike tygmatic Fractures
Core #5 Core #4 Core #3 0 1.0ccurrence
Sequence Fract Sequence Fracture Total GR S?quence Fracture Core #2 Core #1
T:::II)GR Hierarchy | p Facies |f:ta:n:;:; T(ol::II)GR Hierarchy| p £ cies Intensity ?l::l) Hierarchy P-Facies Intensity Sequence S
s :df:-r' :::;r ) Frac::reszznea::regzﬂ; — :?d":'lﬁ “o‘:;':r Fracture:oMe;sur:::ass ey ;::'r" o‘:;':w Frac:urefoMe:osurea::1367 Ta::ll)GR Hierarchy | p .o Fracture Inten'sity T:)/::IDGR Hierarchy . Fracture Intensity Ptvematic fractures
ey [ Fractures Messurediiod oy, [ Fa Fractures Measured: 191 e Highly folded morphology along fracture length
0 100 200 |order”|orde: 0 100 200 |order”|order” 4
_ o ‘ I Ji occurring as singular (a) and sets of fractures (b)
I A = — @ May contain thin bundles (c)
A L I . - ® Commonly discontinuous at mm-scale (d)
— =
y = —
7 —— 7 " 1 " _;— 3 “2 I"nf'ﬂ )
‘[ - - - [ - re #1, pfacies 5
A I A = . . . . .
A =] - 3. Potential Reactions to Localized Stress and/or Structural Diagenesis
— —
- ] = - A = - - I L.
A — =
_ - -
1 =
= [
> T
- - - A = i - (
> 4 [ =5 ?
A — i
5 > ¥ Core #4, P-Facies 5 g s?p':cfs' 3 Core #5, P»Ifécies 4
A — — I Core #5, P-Facies 5 Core #3, P-Facies 5 Core #1, P-Facies 3
_ i - A =-r IS = Ptygmatic fractures Ptygmatic fractures
I — e Ductile deformation is suggested by increasing distortion along fracture length e Evidence of localized stress and/or structural diagenesis is suggested by
— C = when cutting through thin mud-rich, ductile layers (a) and variations in the direction of fracture propagation (a), brittle failure of
¥ - 0 7? I - by scattered micro-tepee (b, c) when protruding into these layers. fracture (b), and abrupt occurrence of highly fractured intervals (c).
- i " 1 1L . i i ; Vertical Extension Fractures Shear Fractures Mixed Fractures
==
== " @ Characterized by relatively @ Pinch-and-swell @ Co-existence of multiple
B L I = straight fracture walls structure types along one fracture
= @ Occur as singular (a) and sets (b) indicated by (this example: ptygmatic
- - S S . . . .
_ = A _ i I — of fractures thinning at and vertical extension)
- @ A few tall fractures contain void point of suggests variability and
= % I = space related to partial shearing evolution of rock
i :\ — mineralization (a) - reservoir mechanics (i.e., structural
N o
- - - ; permeability? diagenesis)
- A - - I __—f})— Core #2, Core #4, Core ?5,
S P-Facies 5 Core #4, P-Facies 5 P-Facies 5 P-Facies 3
e e} A ]
A i — w
A : Origin of Fractures
I - - [ %
; - I Compression
" " " = @ The ptygmatic fractures commonly occur in many of the unconventional reservoirs
- currently being worked in the continental U.S. (Gale et al., 2014), with a poorl
— 1 i - N ) 3 y being wor : ( ) poorly
A — N N A understood formation mechanism.
=3 = = I L = These fractures may be formed at a critical condition when the rock was
- - - — brittle enough to break but ductile to deform at a relatively early stage.
Fe Extensional R
L 4 I = — ;:;:'::; <« Mineralization = Ductile compaction of the mineralized fractures is evidenced by the intense
A —
S = _ distortion along the fracture length. In this sense, the tortuosity of the
- A - I ot = . fractures may serve as a measurement of compressive strain
o — Ramberg, 1959; Shelley, 1968).
i A - - Legend Y Y ( & v )
— I - Petrophysically-Significant Facies Sequence Stratigraphy ~ ~
== ) e e ominated equence Boundary e The vertical extension fractures, which are characterized by the relatively straight fracture walls, are inferred to be formed at both a relatively early (post-deposition) and
N e Boundary Between . . . o . o . . .
= I B Bioturbated Siltstone ECEZ‘:?L‘?E’EEJ:‘/’ late (post-burial) stage as the rock obtains sufficient strength to break via tensile stress (Olson et al., 2007), reflecting a sense of displacement perpendicular to fracture
al ‘A — — Burrowed Sitstone “Penneyhaniant shale wall and a pure opening mode (mode I; e.g., Olson et al., 2009).
—— A = R
- - - Laminated Siltstone - ” - . . .
— % I . I ‘ Massive bedded Ststone & @ In the shear fractures, the “pinch-and-swell” structure may reflect mode Il sliding with lateral shear stress being oblique to fracture wall (e.g., Olson et al., 2009).
| | | = Glauconitic Siltstone-Fine Sandstone
] L o b.m 1 0 ¢ *Vertical Scale in 50 ft @ Although the dominant stress regime can be difficult to determine for the mixed type of fractures, difference in rock mechanical properties (e.g., strength) and stress regimes
5 so e n “WDFD” - Woodford Shale; “Penn Shale” - “Pennsylvanian” Shale } L can be inferred where transformation of the fracture type occurs.
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Fracture Count, Average Intensity, and Average Spacing In Relation To Facies and Sequence Stratigraphy Fractures Related to Mineralogy Structural Diagenesis
Fracture Count vs. P-Facies Fracture Count vs. “3rd-order” Sequences FRACTURE INTENSITY XRD MINERALOGY (%) @ Temporal variations of rock mechanical properties (i.e., structural diagenesis) may result in the
600 — 800 e A detailed comparison between fracture count and whole- (PER FOOT) Calcite Quartz+Clay Core #4 present-day fracture distribution not reflecting the rock mechanical properties when the
Fr-acture Type 1489 1804 core XRD minera|ogy of Core #2 does not reveal any 0 5 10 15 20 (I, 2|0 4Io 6.0 8.0 20 40 6|0 80 100 “4th-order” fractures |n|t'|a||y formed (e.g., Gale et aI., 2004, Shackleton et aI., 2005; Laubach et al., 2010)
Ptygmatic . . . . ) 1 1 1 1 1 1 1 1 1 P-Facies
B shear correlétlve relation, likely attrlbuted to.poorIY defined ] /_//'v | N 1=~ 7 seduence @ Fracture intensity varies among sequences and individual cores (i.e., clustering of fractures),
= I vertical Extensi 600 — Fracture Type sampI!ng protocol .(once per interval with var!able ] b N partly due to variable proportions of P-Facies related to different parts (e.g., proximal vs.
= 400 e_mca xtension i [ sampling frequencies from <1 m to >2 m). This _ — N _ distal) of the depositional system, leading to variable potential for structural diagenesis from
S B viced = B sher commonly results in insufficient data in thinly bedded ] X ] % ] 4 ] a spatial perspective and, consequently, to variable fracture distribution. Various intensities
o % I s and highly fractured intervals. ] 7 \ > ] b / T of structural activities and different burial histories of the rock may also be responsible.
S S 400 ] ] n ]
g g B vixed @ To overcome this sampling issue, high-frequency x-ray B .2 ] > ] < h @ Co-existence of abundant “early” ptygmatic and “early-to-late” vertical extension fractures in
i C diffraction (XRD) data were collected from a “fourth- — ! P-Facies 5 suggests temporal evolution of rock mechanical properties.
200 ” : ] B N B et
200 - order fequencc'a ‘m Core 4. The results show a loosely _ ] g ] 2\ | - @ Because of high initial porosity-permeability, high-energy P-Facies 5 is susceptible to extensive
constrained positive correlation between fracture ] n h . calcite cementation following deposition which adds rock strength at a relatively early stage
intensity and calcite content, suggesting increasing ] >. 4 Ve— - D — and facilitates the formation of ptygmatic and “early” vertical extension fractures. As the rock
. calcite content leads to increased strength, even in i o further gains rock strength following burial, “late” vertical extension fractures formed.
P-Facies T T T T T T T T T T T T T T T Vertical Scale: 1 ft g g g ’
0 0 T n Ph R 5 Ph h|gher frequency sequences. 0 5 10 15 20 0 20 40 60 80 20 40 60 80 100
PF-1 PF-2 PF-3 PF-4 PF-5 Type rans_%resl'sl\;e e egl’:SSlle 6ase L Comparison between x-ray diffraction (XRD) mineralogy and fracture intensity in a “fourth-order” sequence in Core #4 ) @ Despite the potential offset between the present-day fracture distribution and the mechanical
Total 58 116 378 492 2048 otal: 631 otal: 248 stratigraphy at the time of fracturing, and a challenge in predicting an exact fracture count
Average Fracture Intensity vs. Facies Average Fracture Intensity vs.“3rd-order” Sequences Fractures Related to Bedding Structures due to a clustered fracture distribution, the correlative trend between fracture intensity and
3 40 facies, and relative positions in the sequence stratigraphic framework, the latter of which can
Fracture Type 6.6 ’ E : guide the prediction of grain texture, initial porosity, and mineralogy, can provide insight for
B Pygmatic 35 \ predicting the relative fracture abundance in the “Mississippian Limestone” play in this area. )

- Shear

- Vertical Extension

B - Mixed

Fracture Type
- Ptygmatic
- Shear

- Vertical Extension

- Mixed

3.0 Limitations

25 1. Geographic separation of cores (several to 10’s of km) results in a clustered fracture dataset.

2. Narrow core width (85 mm) omits widely spaced fractures, resulting in an incomplete picture of

20 lateral fracture distribution.

f]

1.5 3. Measurements of the fracture attributes can be equivocal.

Core #3, P-Facies 5 “True” fracture height is underestimated when the fractures terminate due to missing core pieces

Core #3, P-Facies 5

Core #5, P-Facies 3 P-Facies 5 Core #4, P-Facies 3

Average Fracture Intensity (per meter)
Average Fracture Intensity (per meter)

1.0 and/or at the core edge. This effect can be worsened by an orthogonal orientation of the core.
@ |n addition to mineralogy, attributes of mechanical units and interfaces (e.g., thickness) may control fracture height, termination, and spacing. Examination of “true” fracture width is limited by a 2-D view of the core surface and occasional
05 @ The ptygmatic fractures exhibit variable relations to bedding, indicating variability of rock mechanics and its effect on affecting fracture propagation. breakage of core along fractures and the angle of core surface intersecting the fracture plane.
0 P-Facies 0.0 - - The fractures are occasionally confined (a) within bed, but more commonly terminate within beds (b) and span across boundaries (c). 4. Poorly developed bedding structures and complex fracture arrangement result in a poorly
PF-1 PF-2 PF-3 PF-4 PF-5 Type Tran_s;gtrelsglgg Phase Reg:_e:sll\;e;hase Rarely, densely arrayed short fractures span across thin laminae seemingly related to chertified Zoophycos trace fossils (ZP in d, e). constrained relationship among fracture attributes (e.g., height, spacing) and bed thickness.
Total 1.2 1.5 4.0 2.7 9.1 otal: 5. otal: 5. L. .
- i . - - : : : . . : " : . Fractures terminating beneath the core surface cannot be captured in a core surface-based
: : . " ” e Confinement of fractures within relatively thin brittle laminae/beds (a, b) is related to internal deformation of ductile layers and the local opening/sliding of weak bedding planes, 5
Average Spacing vs. Facies Average Spacing vs.“3rd-order” Sequences Y (@ b) Y pening 8 &P investigation, illustrating the necessity of incorporating 3-D imaging techniques in reinforcing the

the latter of which reduces the stress singularity at the fracture tip and results in subcritical crack growth (e.g., Olson et al., 2009).

20 19.0 20~ 186 comprehensiveness of a core surface-based fracture dataset.

18.4 _ Waning propagation impetus at the fracture tip may be indicated by the decreasing width along the fracture length (b, c). 6. Detailed understandi cihe mi osical trol of the fracture distribution i h ib
. 3 . Detailed understanding of the mineralogical control of the fracture distribution is hampered by
g E @ More commonly, step-over of fractures into adjacent mud-rich, relatively ductile intervals (c) may be related to the strongly bonded nature of the contact | the non-systematic sampling protocol. )
o 15 215 which promotes fracture propagation (Cooke and Underwood, 2001), and with the non-elastic deformation within the ductile interval (Rijken and Cooke, 2001).
[ ‘C .
S é Decreasing rate of fracture propagation and decreasing effective confining pressure (Friedman et al., 1994), the latter of which may even transform the brittleness to ductility Key Points
& o in mudrocks (Nygard et al., 2006), may also be a responsible factor. . P ” .
v 10 510 1. Natural fractures are common in the Mlss!ssmplan leestong play in north-centra! Okla}homa.
g E \O Although affecting mineralogy of facies, alteration of brittle and ductile layer can play a key role in determining the mechanical behavior of mudrocks (Gross and Engelder, 1995). ) 2. Thle frgctures EXthIFdC?\n'antjr?t'gd pIOpu|at'lr:)nslljnbcertaln_gttrlt:jutes, although sampling bias
® s related to narrow width in individual core should be considered.
T o 3. Four types of natural fractures are identified, with the ptygmatic fractures being most common.
D 5 £ 5+ Fractures In Micro-CT Imaging 4. Fractures are commonly terminated beneath the core surface and exhibit variable width,
§ z illustrating the value of 3-D imaging in producing a comprehensive fracture dataset.
< Strength & implication of micro-CT imaging 5. Fracture abundance correlates with facies and sequence stratigraphy, illustrating the value of
P-Facies h di ional and high uti sequence stratigraphic approach in characterizing and predicting natural fracture distribution.
0 Tvpe 0 . . e Three-dimensional and higher-resolution 6. Integrating fracture data at various scales from seismic data, outcrop, core surface, thin-sections,
PF-1 PF-2 PF-3 PF-4 PF-5 yp Transgressive Phase Regressive Phase . . . . . _ X . K . R X !
DataPoints 14 15 83 08 303 Data Points: 143 Data Points: 460 (up to 40 micron in this study) imaging of and micro-CT imaging, accompanied with high-resolution mineralogy data would be most
) ) fractures beneath the core surface applicable to developing a comprehensive, scale-independent natural fracture dataset.

On-going work: micro-CT imaging; higher frequency sampling for mineralogy; tying fracture

abundance with rock mechanical data; measuring the natural fractures in a highly fractured
fracture dataset Mississippian outcrop; modelling the formation of ptygmatic fractures (laboratory);
comparative study with other unconventional reservoirs (e.g., Bakken play).

@ Naturally fractured zones are vertically heterogeneous and are controlled by P-Facies types and relative position within the sequence stratigraphic framework. supplement the 2-D core surface-based

e Higher fracture count and average fracture intensity correlates to:
(1) P-Facies 5 with highest average calcite content, related to the higher strength due to higher carbonate content (e.g., Gale et al., 2007; Zahm et al., 2010).
(2) regressive phases of “third-order” sequences. Because these sequences can be correlated sub-regionally with cleaning upward gamma-ray patterns,
the tie between fracture intensity and sequences provides a valuable tool to assist in the prediction of fractures in the subsurface away from cored wells.

@ Reveals mineralogy of fracture-filling

cement and aids in distinguishing between Acknowledgements

|

induced and naturally mineralized fractures — p—
@ There are exceptions to this pattern, illustrating the importance of rock data in predicting fracture distribution. Core #2; P-Facies 4 Core #2; P-Facies 5 ¥ - v @ Ii’\\ ” SMA NEWFIELD d =
- " ..
. . _ . . _ . . . —— S m_ evon e 4
The excelp.)lz:ul)n(;s mostl.y Sl.éf(ien when thedsequtler?ces are not capped by P-Facies 5, or when relatively abundant P-Facies 5 occur in the transgressive phases, Fractures in micro-CT imaging (two 1.5 inch-diameter core plugs from Core #2) SMllopet  ~vemcan enerov Chesaggfaklage MarathonOil  ENERGY Sa-msg
. most likely uTe to significant storm . er.>05|t|on: . . _ _ _ o @ Variable hues of gray reflect density of minerals - higher the density, lighter the gray color (e.g., Hu et al., 2014). M Maverick Brothers @ha arral Lovreov [ REDFORIK l@ Energy
- g ENERGY, LP
Highly fractured intervals may occur within P-Facies 3/4 in the transgressive phases, probably related to structural diagenesis and localized structural activities. Some fractures in a-1 & 2 are likely induced fractures filled with less dense material (e.g., drilling mud) as compared to fractures in b-1 & 2 which are filled with minerals with higher density (e.g., calcite). A Resources PENERGY ENERGY

Unit Corporation

L @ Fractures commonly terminated beneath core surface (a-2) and showing variable width in three-dimensional views (b-1). ) John Lorenz, FractureStudies LLC Julia F. W. Gale, Bureau of Economic Geology, University of Texas at Austin

@

\ e Average fracture spacing does not show distinct correlation with facies and sequence stratigraphy, reflecting a complex relationship among fracture attributes. }




