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ABSTRACT

A multi-scale reservoir characterization on the fine-grained (< 62.5 microng)lagiod
lithologies of the Wolfcamp A was completed in the Texas portion of the Delaware Basin. The
depositional and diagenetic controls on the fine-scale variations in reservoir rock propenies w
investigated from basin to pore-scale. This research is comprised of three magsbikegional basin-
scale characterization of the sedimentological, reservoir quality and stratigraphiexitieg|2) an
investigation into the compositional and diagenetic controls on the pore network systenideritified
reservoir facies, and 3) insight into the geologic controls on silica cement teznnlate implications
on mechanical and petrophysical properties. As no published literature exists on the Wolfcathe A i
Delaware Basin, the sub-regional basin-scale investigation relied on a high-resolutionto@iasetde a
fundamental geological foundation for subsequent studies. A detailed facies analysis was based on eight
:ROIFDPS $ FRUHYV T LQWHJIJUDWHG ZLWK EXON PLQHUDORJ\
further supplemented with thin-section petrography. The Wolfamp A is comprised of ninedineagr
silicliclastic and four carbonate facies. These facies were associated with a differerfit depositional
processes that include: carbonate debris flows, high and low-density carbonate andtgilicidbédity
currents, transitional flows, dilute turbulent wakes and hemipelagic suspension settling. Hightiné
siliciclastic facies were defined as potential reservoir rocks, based on TOC values.¢%), and
mineralogical composition and consistency, the result of the different depositional processes and
subsequent early diagenesis. Despite sedimentological and compositional variability, tiegore-
distributions and volumes for all reservoir facies are strikingly similar, clesized by unimodal
distributions, (2-200 nm), within the coarse meso-to fine macropore range. Pervasive, pre-compaction
silica cement altered the reservoir facies to have similar storage potential and contiyiisdoarbon
transport. The compressibility and permeability of the different depositional resicies respond

variably to changes in confining stress. The variable rock behavior is diagenetically edriiyolhe
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relative volumetric abundances of pre-compaction silica cement textures. The silica testoees and

their abundances are depositional facies-specific and are related to the geologic faatorgrtidhe

primary grain assemblages and early diagenetic pathways for silica precipitation. Althocaigiz@o
distributions and volumes are similar for the reservoir facies, the pore networksraétbedded facies

will respond differently during hydrocarbon production and associated pressure decrease. Knowledge of
these rock property behaviors provides insight to assist completion effectivenesseamdljyoimprove

reservoir production.
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Figure 2.12 Calcareous silty mudstones (Images A&B) and argillaceous calcareous siltstones
(Images C&D). A) Moderately sorted calcareous silty mudstone that is comprised of
clay to silt-sized calcareous and siliceous grains. The calcareous grains are heavily
fragmented and diagenetically recrystallized. B) Fine-to medium sand-sized brachiopod
and mollusk fragments. The rest of the grain constituent is comprised of clay-sized
grains, which include radiolarians and detrital quartz. Grains are dispersed throughout a
diagenetically influenced matrix. C) An argillaceous calcareous siltstone which is
comprised of fine-to medium sand-sized brachiopod and mollusk fragments. The
biosiliceous grains are radiolarians, foraminifera, and siliceous sponge spicules. D)
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Argillaceous calcareous siltstone that is comprised mainly of silt-sized detrital and
calcareous bhiogenic grains. The calcareous grains are highly fragmented and
diagenetiCally AIEIE. ..........oe e 35

Figure 2.13 Petrographic images of the grain assemblages and textures of the burrowed silty
mudstones (Facies 4) (Images A&B), and burrowed argillaceous siltstones (Facies 4a)
(Images C&D). A) Clay and silt-filled horizontal burrows align with the sub-parallel
laminated microfabric. Detrital quartz grains are the principle grain component, uniformly
dispersed throughout the clay and organic-rich matrix. Agglutinated foraminifera,
radiolarians and siliceous sponge spicules comprise the biogenic siliceous grains. B) Well-
developed clay and silt-filled burrows that are accentuated by the dark organic matter. The
horizontal burrows are more abundant in the clay-sized detrital quartz laminae. Silica
cement is prevalent throughout the horizontal burrows. Minor radiolarians were identified.
C) Silt-sized detrital quartz grains are the principle grain component in this bioturbated
argillaceous siltstone. The horizontal burrow featured in the central part of the image is
infilled with detrital quartz grains, and is encompassed by organic matter. D) A well-
developed and preserved silt-filled horizontal burrow in this burrowed argillaceous
siltstone. Detrital quartz, organic matter and some authigenic minerals are the
compositional components Within the DUITOW. .............viiiiiiiiiiiiiiires e 36

Figure 2.14 Petrographic images of the grain assemblages and textures of the bioturbated silty
mudstones (Facies 5) (Images A&B) and the bioturbated argillaceous siltstones
(Facies 5a) (Images C&D). A) Minor preservation of a clay-filled burrow, in a highly
disrupted clay matrix (white dshed line). Clay-sized detrital quartz grains are thelprincip
grain component in this bubioturbated silty mudstone. Minor occurrence of radiolarians
and sponge spicules. B) Detrital quartz grains are the predominant component in this
organic-lean bioturbated silty mudstone. Two partially preserved burrows (black dashed
lines) occur within the highly churned matrix. The burrows are infilled with clay-sized
detrital quartz grains, and surrounded by wispy organic matter. C) Highly churned fabric
of this bioturbated argillaceous siltstone, that has been significantly influenced by
diagenesis (i.e., Fe-dolomite, turquoise stain). A partially preserved burrow (black
dashed line) is the central part of this image, encompassed with organic matter around the
outside. This burrow is infilled with clay to silt-sized detrital grains, and has been
extensively cemented. Minor radiolarians were the only identified bio-siliceous grain
component. D) Highly churned bioturbated fabric that has been diagenetically modified.
There is no preservation of biogenic structures. The primary grain component is silt-sized
detrital quartz grains, with minor biosiliceous radiolarians distributed throughout the
matrix. Wispy organic matter is present, with a potential terrestrial organic matielepart
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Figure 2.15 Petrographic images of the grain assemblages and textures of the Wolfcamp A carbonate
facies. Skeletal wackestone-packstones (Facies 7) (Images A&B), Grain-Dominated
Bioclastic Packstone-Grainstones (Facies 8) (Images C&D), Mud-Dominated Bmclasti
Packstones (Facies 9) (Images E&F). A) Unsorted skeletal wackestone that consists of
silt to coarse-sand sized calcareous grains. Grains include, echinoderm fragments, spines
and crinoid plates, many are highly fragmented. Grains are in a muddy matrix.

B) Skeletal packstone comprised of highly micritized grains, many are unable to be
identified. Crinoidal columns, crinoids and foraminifera are the grain fragments that
couldbe identified. C) The grains in this grain-dominated bioclastic packstone have been
significantly micritized, and are not identifiable. Peloids comprised the majorthe of

grains, others include a chambered foraminifera and crinoid plates. Grains have been
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cemented together by silica cement. D) Unsorted grain-dominated bioclastic grainstone

is comprised of silt to fine-sand-sized grains. The grains have been diagenetically altered,

by significant micritization and silica cementation. The identifiable grains are echinoid

spines, crinoid column, bryozoan, tubiphytes and echinoderm fragments. E) This mud-
dominated bioclastic packstone is comprised of coarse sand-sized rugose coral pieces that
have been diagnetically altered. The coral pieces float within a clayey-micriticx.matri

F) The coarse sand-sized grain fragments include rugose coral, echinoderm fragments. The
rest of the grain sizes range from silt to fine-sand-sized and include tubiphytes, estracod

and other unidentifiable grains. ... 38

Figure 2.16 Core and petrographic images of carbonate debris flows and contacts. A) The chaotic
fabric is shown by the various orientations of the mudclasts and the high-angles of some of
the incorporated clasts. B) Various sized carbonate clasts C) Shear structures and
soft-sediment deformation features. D) Minor erosive contact formed between the

underlying silty mudstone and overlying grain-dominated packstone. E/F). Minor erosive
(070 3] r= 1] K= TP 40

Figure 2.17 Key reservoir rock property trends compiled from six wells and displayed by box and
whisker plots. The petrophysical properties were determined by the GRI method, from
several commercial laboratiories and are considered largely inaccurate. A) Distinct
difference between the eight fine-grained siliciclastic facies and their respeotirage
TOC (wt.%) values. Significant variability in TOC occurs for all facies. B) For each well
the TOC (wt.%) was compiled for all mudstone-siltstone facies (i.e., facies 1-5a). TOC
variability exists between wells for all facies. C) For each well, the porosity vakres w
compiled for all mudstone-siltstone facies. Significant variability occurs between the wells
(i.e., Well 5 and 7). D) For each well, the permeability values were compiled for all
mudstone-siltstone facies. Significant variability occurs between wells (i.e., Well 5.a48 7)

Figure 2.18 Geochemical data obtained from hand-held XRF to determine clastic influence on
TOC, and the predominant mode of silica in the siliceous and silty mudstones, from
five wells. A) TOC versus (Al/Ti) ratio graph, shows that clastic dilution of TO§€ ma
have occurred in the silty mudstones from Wells 5 and 7. B) Si (wt.%) versus Ti (wt.%)
graph delineates detrital, biogenic and bimodal silica modes for the five different wells.
C) Map of the study wells and associated silica modes. The sub-regional distribution of the
silica modes does elucidate clear detrital sediment iNPUt SOUICES. ..........ccoovviiiiviiiiiiieeeeeenninnns 43

Figure 2.19 Kerogen maturity, type and quality for all Wolfcamp A fine-grained silicicfastis,
from the six wells with source rock analyses. A) The maturity of the kerogen in Wells
1-6 occurs within the oil-generating window. Kerogen maturity in Well 7 occurs within
the late oil to early wet gas condensate window. B) A modified van Krevelen diagram
shows that kerogen type in the Wolfcamp A is Type Il and Type Il/lll. C) Kerogen
quality is mixed Type II/lll (oil-gas prone) and Type Ill (gas prone). D) Terrestrial
organics were imaged in the bioturbated argillaceous siltstones (Facies 5a). In Well 5
(Ward County), calcitized plant fragments were observed in the silty mudstones
(FACIES 18). ..uueetteeiiieee ettt ettt e e e oo 4ottt et e e e e e e e e bbb e et e e e e e e e e e e bbb rrer e e e e e e e aaas 45

Figure 2.20 Reservoir quality facies of the Wolfcamp A are defined by TOC content and mineralogical
composition and consistency. A reservoir quality facies hierarchy was developed for the
Wolfcamp A to account for the variability that occurs at both temporal and lateral scales
ACIOSS the DEIAWAIE BaSIN, TEXAS. ..iruiiriei ettt ettt et e et r ettt e et e st rea e e reearenns 48
Figure 2.21 A) Sediment gravity flow processes of the Wolfcamp A. ... 52
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Figure 2.21 B) Complexity of the depositional setting is that there are numerous entry points for
carbonate and clastic sediments to enter the selV-WULFWHG EDVLQ «&%F «««««««

Figure 2.22 A) A comprehensive diagram that includes: an idealized hybrid event bed and the divisions
associated with this transitional flow (modified from Haughton et al. 2009), core from the
study area that displayed the divisions of the idealized hybrid event bed, petrographic
images of each facies with bulk mineralogical data and TOC values. ............ccccccoeeiiiiiininnen. 61

Figure 2.22 B) A longitudinal schematic that captures the rheological evolution that occogstieri
transitional flow (modified from Kvale et al. (2016).. ......covveieiiiiiiiiiiiiiiieeeeee e 62

Figure 2.23 Discrete variations in facies changes are highlighted on the facies log, and each of the
different bulk stratigraphic intervals have a corresponding facies pie to highlight the
varying proportions of facies. Significant changes were observed in some of the cores. ....... 65

Figure 2.24 Facies distribution for the Wolfcamp A cores. Wells 1 and 2 do not have comparable
ENICKNESSEE ...ttt e e e e et e e e e e e e e e e e e e e e e e e e e raaaaas 66

Figure 2.25 Distribution of depositional processes for the Wolfcamp A cores. Wells 1 and 2 do not have
comparable thiCKNESSES ......ocoi i ——————— 67

Figure 2.26 A compiled stratigraphic log for each core with comparable Wolfcamp A thicknesses. The
suite of logs captures the facies, the up-scaled mudstone-siltstone packages and the
reservoir quality facies. The compiled logs captures the sedimentologicadiraphit and
reservoir quality complexity that occurs on the vertical scale. The potential vertigktar
(red dashed lines) vary significantly between the COres. . ........cccccvvvviviiieeiieeiieeeeeens 68

Figure 2.27 Core photographs from two study area cores from (Wells 5 and 7), and the supplementary
core from (Well 8) that are stratigraphically dominated by hybrid events beds. The sub-
UHIJLRQDO GLVWULEXWLR QCétripateX td the itefized®HBB vBrtidal[ L P D O
section, there is significant variability in facies stacking patterns, occuraedce
thicknesses. The hybrid event bed character is significantly different in each well................. 71

Figure 2.28 Compiled statistical HEB analysis of two study area cores from Well 5 and Well 7, and
the supplementary core from Well 8.The significant variability in the character of the
hybrid event beds within a single core as well as between cores is highly challenging for
reservoir characterization. Hybrid event beds have the potential to be highly productive
with three reservoir quality facies, or can be very challenging for reservoirlatiom
due to carbonate occurrence and thiCKNESSES. .......cooviiiiiiiiiiiiiiie e 74

Figure 3.1 Distribution of fine-grained resource plays in North America. The formations used in th
pore size distribution comparison are bolded. The Delaware Basin is outlined in red
(modified from EIA; 2011). oot e e e e e e e e e e e 91

Figure 3.2 Production graphs of the Wolfcamp Formation at the Delaware Basin scale, and in the
counties of interest. A) Oil production from the Wolfcamp Formation in the Delaware
Basin, compared to other commercially successful fine-grained plays (EIA, 2018).
B) Daily oil and gas production from the Wolfcamp Formation in the area of interest. ......... 92

Figure 3.3 Various analytical methods used to measure pore characteristics and thewaespecti
limitations. The techniques that were used in this study are bolded (modified from Bustin
et al., 2008 and MUNSON, 2015). .....cviiiiiiiiiiiiiiiiieeeeee e 94
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Figure 3.4 The Delaware Basin is structurally bound on three sides by basement uplift features, th
western Diablo Platform, the eastern Central Basin Platform, and the Marathon-Ouachita
fold and thrust belt to the south. The northern extent of the Delaware Basin is delineated
by the Northwest Shelf (Asmus and Grammer, 2013). .......uuuuiiiniiiiiiirrir e 97

Figure 3.5 Stratigraphic nomenclature used in the Delaware Basin, Texas study area. In this study,
placement of the informal lithostratigraphic units of the Wolfcamp are based on previous
literature (Baumgardner et al., 2016; Chapter 2). ... 98

Figure 3.6 Depositional processes in the Wolfcamp A reservoir facies (modified from Haughton et
al., 2009; Porten et al., 2016; Southern et al., 2017; Chapter 2)...........cccccvivrieieeeeeneeiieeeee, 99

Figure 3.7 The Wolfcamp A reservoir facies hierarchal classification scheme, developed in
Chapter 2, to manage the extensive lateral and vertical variability in composition and rock
property parameters. The classification is based on two identified controls on reservoir
guality, average TOC values and mineralogical composition and consistency. The
classification has been modified with bulk compositional values from the samples used in
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Figure 3.8 The study area across the Texas Delaware Basin, covering portions of Reeves, Pecos and

Ward Counties. Six Wolfcamp A cores were sampled for this study (blue circles). ............ 101
Figure 3.9 Pore classification scheme developed for this study (modified after Sing et al., 1985 and

MUNSON (2015). ciiiieiiiiiiieeieieiieer s s e e s s e e e s e s e e e e e e aaaaaaaaaaaaaaaaaaassaseeeeseeereeeeseeeeeens 104
Figure 3.10 Ternary diagram of the Wolfcamp A reservoir facies. ..........cooccuviiiiiiiiieiiiiiieeee e 108

Figure 3.11 Thin-section photomicrographs of authigenic microcrystalline silica in the differen
Wolfcamp A reservoir facies. (yellow arrows= matrix-occurring silica cement, daek bl
arrows= dolomite, light blue arrowd=e-dolomite). A) In this siliceous mudstone, the
radiolarian is replaced with fibrous textured chalcedony, and the foraminifera are
replaced with intergrown microcrystalline silica crystals. Abundance of matrix silica
cement. B) In this calcareous silty mudstone, the matrix-occurring silica cement is
pervasive, and is locally overprinted by other authigenic minerals. C) The silt-filled
horizontal burrow is largely cemented by silica, and partially overprinted by dolomite
cement (Facies 4a). D) Matrix is substantially silica cemented, with minor authigenic
overprint by Fe and non-Fe dolomite cement. The (opal-A) radiolarians were replaced by
a more stable form of silica (FACIES 5a)...........ccooiiiiiiiiieeeeeeee s 116

Figure 3.12 SE-BSE images with corresponding EDS to identify the authigenic minerals present and
their spatial relationships. High-resolution BSE images of argon ion-milled aampl
(G, H, L) were used to highlight authigenic textural characteristics. (yellow
arrows/circle= matrix-occurring silica cement, clusters of silica cement, ligét bl
arrows= dolomite cement, red arrows= calcite cement dtrl qtz.= detrital quartz,
py= pyrite. A/B) Early silica replacement of a foraminifera and extensive overprinting
of the clay matrix by silica cement has occurred in this siliceous mudstone. Later-stage
albitization of detrital quartz grains and silica cement (white arrows). C/I3) Thi
siliceous mudstone is diagenetically characterized by: early matrix silica cement,
locally occurring calcite cement, partial replacement of silica cement by later-stage
dolomite (light blue circle), dolomite cement, and late replacement albite. Twoldetrita
guartz grains are fused together by silica (white arrow). E/F) The dominant diagenetic
minerals in this calcareous silty mudstone include: matrix-occurring silica cement where
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the crystals are largely intergrown and calcite cement. G/H) Displacive delfbtatk
dashed lines), euhedral dolomite and zoned euhedral dolomite crystals are the different
dolomite textures that occur in this calcareous silty mudstone. Within the matrix, the
silica cement crystals occur in a range of sizes, and are also sutured onto a detrital
guartz grain (white arrow). I/J) Extensive matrix-occurring dolomite cement has
overprinted the previous silica cement in this bioturbated silty mudstone. Locally,
later-stage albite has replaced the silica and dolomite cement (white dashed line). K)
Different pyrite morphologies in this silty mudstone include, framboids, clusters of non-
cohesive euhedral crystals (red arrow) and individual euhedral pyrite crystals (orange
arrows). L) The pyrite framboid is comprised of loose euhedral crystals, and precipitated
significantly later than the matrix-occurring silica cement. ............cccoeeeeeii, 117

Figure 3.13 Thin-section photomicrographs of authigenic forms of non-ferroan and ferroan calcite in
the different Wolfcamp A reservoir facies. Other authigenic minerals are annotated to
display the different diagenetic relationships. A) In this silty mudstone, non-ferroan
calcite has replaced some of the siliceous sponge spicules, which had been previously
replaced by silica (red arrows). Calcite content in this facies is minor. B) Argillaceous
calcareous siltstone has numerous calcareous skeletal fragments dispersed throughout a
matrix that has been recrystallized to a clayey-micrite. C) This calcareous silty
mudstone displays significant silica replacement and matrix-occurring cement.

The original calcareous grains that were not replaced by silica were recrystallized with
non-ferrroan calcite (e.g., brachiopod in centre view), where the internal structure for

many grains has been obliterated. The matrix-occurring silica cement has been partially
overprinted by ferroan calcite. D) This argillaceous calcareous siltstone with an

abundance of calcite recrystallized brachiopods, brachiopod spines, calcareous sponge
spicules, foraminifera and bivalve fragments. Some of these grains display partial to

complete replacement by ferroan-calcite, following recrystallization by non-ferroan
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Figure 3.14 Thin-section photomicrographs of authigenic forms of non-ferroan and ferroan dolomite
in the Wolfcamp A reservoir facies. A) Ferroan (turquoise stain) and non-ferroan
(clear stain) dolomite has cemented a horizontal silt-filled burrow within this bedrow
argillaceous siltstone. B) Partial to complete grain replacement by ferroan doloimite is t
most prevalent form of authigenic dolomite in this calcareous silty mudstones. The
ferroan dolomite has replaced biogenic silica (radiolarians) and calcareous grains (i.e.,
calcareous sponge spicules). Fe-dolomite also occurs throughout the matrix as a cement.
C) Non-ferroan and ferroan dolomite cement a well-preserved silt-filled burrow, in this
bioturbated argillaceous siltstone (black dashed line). The dolomite cements occur
throughout the matrix. D) Ferroan-dolomite is pervasive in this bioturbated silty
mudstone, both as a grain replacement and as a matrix cement. Euhedral, non-ferroan
dolomite crystals are scattered throughout the highly churned matrix...........ccccccoeevviiiiinnnne. 120

Figure 3.15 Kerogen maturity, type and quality from the six wells included in the study. A) The
maturity of the kerogen from Wells 1-6 are in the oil generation window. The maturity
of the kerogen from Well 7 is in the late-oil to early wet gas-condensate window. B) This
modified van Krevelen diagram (Dembicki, 2009) shows that Type Il and Type llI
kerogen are predominant for the Wolfcamp A reservoir facies. C) The quality of kerogen
in all samples is Oil aNd gaS PrONE. .........uuiiiiiiiiie e 125

Figure 3.16 The diverse types and morphologies of mineral-associated and organic-matter hosted
pore space, that were identified in the oil-generating reservoir quality faciggdma
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were taken on flat, ion-milled surfaces. A) Pore space in this siliceous mudstone includes:
slit to-slot-shaped clay-hosted (black arrows), intermineral pores between authigenic
silica crystals, variably developed pores within the primary OM, and minor pore
development within the secondary (migrated) OM. B) The two types of interparticle

pores that occur in this calcareous silty mudstone are intermineral and clay-hosted.
Intermineral pore space is predominantly developed between dolomite and authigenic
silica crystals. C) OM-mineral interface pores occur between a detrital quartz grain and
primary OM. A cluster of authigenic silica crystals has impeded the migration of
secondary OM (burrowed silty mudstone). D) The primary OM (likely algal in origin),

is encompassed by authigenic clays and silica, and has extensive development of
sponge-like pores (siliceous mudstone). E) In this silty mudstone, two discrete primary
OM particles occur. No mineral or OM-hosted pore space is resolvable at this resolution.
F) A primary OM particle with developed cracks, likely an artifact of sample preparation
(desiccation). Small sponge-like pores have developed in this calcareous silty mudstone.
G) An abundance of discrete, isolated sponge-like pores. Intergrowth (coalescence)
between the sponge-like pores has resulted in connected OM pores (calcareous silty
mudstone). H) Intermineral pores have developed from the complete evacuation of
secondary (migrated) OM between the authigenic silica crystals (calcareous silty
mudstone). 1) Development of bubble pores within the secondary OM................ccccevveeee. 127

Figure 3.17 The diverse types and morphologies of mineral-associated and organic-matter hosted
pore space, that were identified in the reservoir facies located in the late oil-early
wet-gas condensate window. Images were taken on flat, ion-milled surfaces.

(white dashed ling= clusters of authigenic silica). A) Secondary OM has migrated
through the clay matrix and enveloped early precipitated silica crystals and other

matrix components (silty mudstone). B) Secondary OM has migrated into previous
primary clay-hosted and intermineral pore space. Minor sponge-like pores have
developed in the secondary OM. Individual to clusters of authigenic silica are resolvable
at this resolution, and have propped open clay-hosted pore space (Facies 2). C) Pore
space at the interface between the primary OM and a detrital quartz grain (Facies 3).

D) Sponge-like pores in a piece of primary (algal-derived) OM (silty mudstone).

E) Sponge pores in terrestrial and secondary OM. F) Extensive sponge-like pore
development in secondary OM, has resulted in OM-mineral interface pores. Significant
diagenetic overprint by authigenic silica (silty mudstone). G) Extensive pore
development in previous intermineral pore space resulted in complete evacuation of
organic matter and returned back to intermineral pore space (argillaceous calcareous
siltstones). H) Complete evacuation of secondary OM due to excessive pore
development. Intermineral pore space and OM-mineral interface pores have developed
between the authigenic silica crystals (silty mudstones) 1) A lower magnificatigie ima

to display the pervasive distribution of secondary OM (calcareous silty mudstone). ........... 128

Figure 3.18 Pore network systems capture the interplay between sedimentology, mechanical,
chemical and thermal diagenesis. The culmination of these depositional and diagenetic
processes extend from basin to the nano-scale, and impact the overall production
potential of the Wolfcamp A reservoir facies. From high-resolution images, it is inferred
that mineral-associated (i.e., intermineral, between authigenic grains) and organic-matter
hosted pore space (i.e., secondary OM), both contribute to the pore network systems of
the Wolfcamp A reservoir facies, but that the pervasive precipitation of pre-compaction
silica cement had the most significant impact on the pore network systems. ...................... 129
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Figure 3.19 Characteristic LPGS isotherm profiles of the Wolfcamp A reservoir facies. A) Type |IB
nitrogen isotherm indicates that the mudstones and siltstones of the Wolfcamp A contain
mesopores with a highly complex pore network, displayed by the hysteresis profile (area
between adsorption and desorption branches). Hysteresis profiles indicate that nitrogen
condensed into and evaporated out of the pore bodies in a different sequence.

B) Type | CQ isotherm, indicative of micropores in the samples. ...........ccccoiiiiiiiiinenns 133

Figure 3.20 Box and whisker plots of BET specific surface area (left plot), calculated by intlegting
N2 isotherm, and total pore volume (right plot) of the Wolfcamp A reservoir facies.
All of the facies have highly variable surface areas and total pore volumes. Facies 4 and
4a (burrowed mudstones and siltstones) display the lowest variability, due to the low
sample size. Green triangle is the mean, orange line is the median (50%), top of the box
is the upper quartile and bottom of the box is the lower quartile. ................ccciiieen 135

Figure 3.21 Compiled pore size distributions of the siliceous mudstones, as determined by CO
(< 2 nm; left graph) and N2-200 nm; right graph) LPGS analyses. The dominant
pore size distributions for the siliceous mudstones is in the mesopore-to fine macropore
range (2-200 nm), with pore volumes of (0.0015-0.0027 ml/g). For figures 21-26, the
pore size distributions (x axis) and corresponding pore volumes (y axis), are colored by
the respective weight percent (wt.%) of the compositional component, for each
Wolfcamp A reservoir facies. A) Siliceous mudstones that have > 4 wt.% of carbonate
content have a lower volume of mesopore-to fine macropores. Carbonate content has a
partial influence on micropore volume. B) A crude association occurs between increased
guartz content and higher mesopore-to fine macropore volumes, with no influence on
micropore volumes. Graphs C (total clay content) and D (TOC), do not display controls
ON POFE VOIUMIES. ..coiiiiiieeieieeieeeteeee et a s e e e e e e e e e e e e e e s e eaaaaaeaaaaaaaaaaaaaeeeeaeeeeeeees 138

Figure 3.22 Compiled pore size distributions and volumes of the silty mudstones, as determined by
CO: (< 2 nm; left graph) and N2-200 nm; right graph) LPGS analyses. The dominant
pore size distributions for the silty mudstones is in the mesopore-to fine macropore range
(2-200 nm), with pore volumes of (0.020-0.042 ml/g). A) Pore volumes in the
mesopore-to fine macropore size fraction are not controlled by total carbonate content.
Higher micropore volumes are systematically associated with higher carbonate contents.
B) No discernable trend occurs with quartz content and pore volumes in the mesopore-to
fine macropore range. A systematic trend occurs between increased quartz content and
lower micropore volumes. C) No discernable trend occurs with total clay content and
pore volumes in the mesopore-to fine macropore range. A systematic trend occurs
between increased clay content and higher micropore volumes. Higher micropore
volumes are also correlated with higher thermal maturity samples from Well 7.

D) No trend between TOC and the mesopore-to fine macropore volumes. Thesampl
from the more thermally mature well (Well 7), have the highest micropore volumes and
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Figure 3.23 Compiled pore size distributions and volumes of the calcareous silty mudstones, as
determined by C&(< 2 nm; left graph) and N2-200 nm; right graph) LPGS analyses.
The dominant pore size distributions for the silty mudstones is in the mesopore-to fine
macropore range (2-200 nm), with pore volumes of (0.017-0.032 ml/g). A) Calcareous
silty mudstones that have > 4 wt.% of carbonate content have a lower volume of
mesopore-to fine macropores. Carbonate content has a partial influence on micropore
volume. B) No discernable trend occurs with quartz content and pore volumes in the
mesopore-fine macropore range. A systematic trend occurs between increased quartz
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content and lower micropore volumes. C) No discernable trend occurs with total clay

content and pore volumes in the mesopore-to fine macropore range. A systematic trend
occurs between increased clay content and higher micropore volumes. D) No trend

between TOC and the pore body volumes of the calcareous silty mudstones...................... 140

Figure 3.24 Compiled pore size distributions and volumes of the argillaceous calcareous siltstones,
as determined by CGQ< 2 nm; left graph) and NN2-200 nm; right graph) LPGS
analyses. The dominant pore size distributions for the argillaceous calcareous siltstones
is in the mesopore-to fine macropore range (2-200 nm), with pore volumes of
(0.015-0.027 mi/g). A) Lower total carbonate contents are associated with higher
volumes of both the dominant mesopore-to fine macropore size fraction and the fairly
insignificant micropores. B) For both size fractions no trends occur between quartz
content and pore volumes. C) For both size fractions no trends occur between total clay
content and pore volumes. Samples from Well 7, (late oil, early wet-gas condensate)
obtain the highest volumes in both pore size distributions. D) For both size fractions
no trends occur between TOC and pore volumes. Samples from Well 7, (late oil, early
wet-gas condensate) obtain the highest volumes in both pore size distributions. ................. 141

Figure 3.25 Compiled pore size distributions and volumes of the burrowed mudstone-siltstones, as
determined by C&(< 2 nm; left graph) and N2-200 nm; right graph) LPGS analyses.
The dominant pore size distributions for the burrowed mudstone-siltstones is in the
mesopore-to fine macropore range (2-200 nm), with pore volumes of
(0.017-0.027 ml/g). A) An apparent relationship exists between dolomite content and
volumes of mesopores-to fine macropores, resolved by petrographic observation of the
different authigenic forms. B) A strong systematic trend occurs between increased quartz
content greater volumes of mesopores-to fine macropores. C) No compositional
correlations occur between total clay content and pore volumes in the different size
fractions. D) Higher TOC contents (> 2.3) are associated with greater volumes of
MESOPOres-to fiNE MACIOPOIES. ......cooe i 143

Figure 3.26 Compiled pore size distributions and volumes of the bioturbated mudstone-siltstones,
as determined by CQ< 2 nm; left graph) and N2-200 nm; right graph) LPGS
analyses. The dominant pore size distributions for the bioturbated mudstone-siltstones
is in the mesopore-to fine macropore range (2-200 nm), with pore volumes of
(0.022-0.040 ml/g). A) Increased carbonate content is mainly covariant with greater
mesopores-to fine macropores. B) A strong systematic trend occurs between increased
quartz content greater volumes of mesopores-to fine macropores. C) No compositional
correlations occur between total clay content and pore volumes in the different size
fractions. D) No compositional correlations occur between total clay content and pore
volumes in the different Size fraCtioNS. ........coieii i 144

Figure 3.27 A-C) Comparison of pore throat distributions measured by Hg intrusion porosimetry
(black line-incremental intrusion on left y axis) and pore body distributions measured
by N> LPGS (blue line, dv(logd) on right y axis). LPGS and MICP provide a qualitative
comparison, as the technigues measure different parts of the pore structure. Both
methods show significant volumes of meso-to fine macropores. The siliceous mudstone
(A) has the highest volumes of pore throats/pore body distributions in the meso- to
fine macropore range. D) Comparison of pore throat distributions of six representative
Wolfcamp A samples. These samples provide coverage across the increase in thermal
maturity within the study area. Pore throat distributions are fairly comparable between
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samples, aside from the siliceous mudstone (Facies 1) from Well 6 (purple line) which
displays significantly greater pore throat volumes than the other reservoir.facies..... 146

Figure 3.28 The Wolfcamp A reservoir facies obtain significantly greater volumes of mesapores-t
fine macropores, compared to other North American fine-grained reservoirs. .................... 147

Figure 3.29 For all Wolfcamp A reservoir facies, the compiled pore size distributions and volumes
are colored by respective well depth (MD, feet). There is no correlation between depth
and pore volumes in any of the reservoir facies. ........ccccccviiiiiiiiiiii e, 149

Figure 4.1 A) Stratigraphic nomenclature used in the Delaware Basin study area. Informal
lithostratigraphic units of the Wolfcamp based on previous literature (Hamlin and
Baumgardner, 2012; Baumgardner et al., 2016; Chapter 2). B) Two Wolfcamp A wells
were sampled for this study (Well 2, Well 6).........coooriiiiiiiiee e 165

Figure 4.2 Structural and paleogeographic setting of the Delaware Basin during the Early Permian.
A) Structural elements of the Delaware Basin (Grammer et al., 2013).
B) Paleogeographic map of the Early Permian (modified from Blakey, 2011).
The Delaware Basin was located 5-10°N of the paleo-equator (dashed line) along the
southwestern margin of North America (Walker et al., 1995). .....ccooiiiiiiiiiiiiiiiiiee e, 166

Figure 4.3 Thin section photomicrographs of the textures, grain assemblages and fabrics of the
four Wolfcamp A reservoir facies examined in this study. A) This well-sorted siliceous
mudstone is comprised of a chalcedony replaced radiolarian, and microcrystalline silica
replaced agglutinated foraminifera. Clay-sized detrital quartz grains are dispersed
throughout the clay matrix. B) This moderately-sorted calcareous silty mudstone is
comprised of silt-sized, diagenetically replaced skeletal fragments that are distributed
throughout a clay matrix. Detrital quartz grains are scattered throughout the
diagenetically impacted matrix. C) This moderately sorted burrowed silty mudstone is
characterized by parallel to sub-parallel clay and silt-rich laminae that are horizontally
burrowed. The silt-filled burrows are accentuated by the organic matter. Clay to
silt-sized detrital quartz grains are the most common grain constituent. D) The clay
matrix of this bioturbated silty mudstone has been extensively churned, with some
remnant organic matter outlining a partially preserved silt-silled burrow. Demigatz
grains are the principal grain component in this facies. ...........cccccoeeiiiiiiii 173

Figure 4.4 Detrital quartz grains and their variable sizes, shapes, luminescence, and spatial
relationships with the different authigenic silica cement textures.
Cathodoluminescence (CL) is underlain with secondary electron (SE) to enhance the
textural features. (yellow arrows= matrix-occurring silica cement, white arrows=
amalgamated silica cement, blue arrows= potentially transported authigenic silica, black
dashed lines= boundary of detrital quartz grain, dtrl qtz.= detrital quartz). A) A strongly
luminescent red color of detrital quartz, with disproportional development of the
amalgamated silica cement texture. Amalgamated silica cement also occurs around
clay-sized quartz grains. Matrix-occurring silica is abundant. B) Weakly luminescent
red grains that are clay to silt-sized, with diverse textures of the amalgamated silica
cement. C) Moderate red luminescent detrital quartz grains with highly variable shapes
and sizes that are bound together by the grey silica cement. D) A vibrant red,
angular-shaped grain, with fractures filled with (transported) authigenic silica cement
E) A mottled CL fabric of a composite grain. The detrital quartz grains
(red luminescence) are sutured together by authigenic silica cement (grey luminescence)
Weakly mauve colored clay sized grains of authigenic silica are embedded in the clay

XXiii



matrix. F) A red and blue zoned quartz grain with amalgamated silica cement along the

edges. G) A mottled CL fabric of a composite detrital quartz grain that consists of pink,

mauve and grey luminescence. H) A pale pink detrital quartz grain with amalgamated
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Figure 4.5 Grain replacements of fragmented opal-A radiolarian walls with authigenic silica.
Other silica cement textures are annotated to display the micro-scale spatial
distributions of the authigenic silica forms and cement textures. All images are CL
underlain with secondary electron (SE). (yellow arrows=matrix-occurring silica cement,
white arrows= amalgamated silica cement, red arrows= detrital grain-binding silica
cement, dtrl gtz.= detrital quartz). A) A heavily fragmented piece of radiolaafin w
that has been fully replaced by authigenic silica. The replacement authigenic silica
has similar luminescence as the nxatrccurring silica cement. B) The piece of
radiolarian wall (bottom right) is replaced with surrounding detrital quartz grains and
authigenic silica. The silica replaced piece of radiolarian wall (top left) has
amalgamated silica cement developed along the replaced skeletal form. C) Replacement
of a piece of radiolarian wall with authigenic silica (grey to mauve), detrital quady (
and dolomite (blue). D) The replaced skeletal radiolarian piece has been fused to detrital
guartz grains, and comprises a part of the silica cemented detrital grain framework. Same
concept as image B. E&F) Full replacement by authigenic silica (grey and mauve
colored) of the SKEIEtal PIECES .........coiviiiiiiiiieiee e e e e e e aaaaaaaaas 179

Figure 4.6 The amalgamated silica cement texture has precipitated onto a variety of grains (i.e.,
clay to silt-sized detrital quartz grains, micas and replaced radiolarian walls). Other
silica cement textures are annotated to display the micro-scale spatial distribfitions
the different cement textures on these composite SE-Cl images. Images A and C have
corresponding electron dispersive spectroscopy (EDS) maps (B and D) to elucidate the
various elements. (yellow arrows=matrix-occurring silica cement, white arrows=
amalgamated silica cement, black dashed lines=boundary of detrital quartz grain, red
dashed lines= detrital grain-binding silica cement, dtrl gtz.=detrital quartz). A/B)
Amalgamated silica cement has precipitated onto different detrital quartz grains with
diverse shapes and sizes. The detrital quartz grain (bottom right corner), displays the
characteristic disproportional texture of this cement. Intergrowth of the amalgamated
silica and detrital grains results in the detrital grain-binding silica cement texture
(top right) (burrowed silty mudstone). C/D). Amalgamated silica has precipitated onto
the edge of a detrital quartz grain, with matrix-occurring silica in close association
(calcareous silty mudstone). E) Similar to image (A), but with less clay-sized detrital
guartz grains with amalgamated silica. Matrix-occurring silica is adjacent to the
amalgamated texture (bioturbted silty mudstone). F) A mica grain (dashed blue line)
displays the diverse texture of the amalgamated silica (burrowed silty mudstone). G) In
the central part of the image, all of the detrital quartz grains display the amalgamated
silica cement (siliceous mudstone). H) Amalgamated silica has precipitated onto
different fragmented pieces of previously silica replaced radiolarian walls (siliceous
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Figure 4.7 The matrix-occurring silica cement texture occurs as either individual orsohister
intergrown silica crystals. The variability in size and intergrowth between crystals
provides the microfabrics with micron-to submicron textural diversity as displayed
with the composite SE-CL images (A, B), and high resolution FE-SEM images of
Ar ion-milled samples (C, D, E, F). Due to the high resolution of the FE-SEM images,
it is not possible to texturally determine if most of the authigenic silica is
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matrix-occurring, or part of a more texturally complex silica cement. (yellow arrows=
matrix-occurring silica cement, red arrows= individual matrix-occurring silicstaly

black arrows= individual or clusters of silica crystals that have grown in between clay
platelets, white arrows= amalgamated silica cement, white dashed lines= clusters of
matrix-occurring silica crystals, black dashed lines= boundary of detrital quartz grain).
A) Mauve luminescent CL character of individual and clusters of silica crystalsrénat
scattered throughout the clay-matrix (calcareous silty mudstone). B) The clay matrix is
overprinted with matrix-occurring silica crystals that are < 2 microns in diameter
(bioturbated silty mudstone). C) The intergrowth between matrix-occurring silica
crystals is variable. Some silica crystal boundaries are discernable, where significant
intergrowth results in micron-scale clusters (siliceous mudstone). D) Matrix-aagurri
silica has propped open clay particles and hydrocarbons were able to migrate in.

A cluster of silica crystals has fused onto two detrital quartz grains (i.e., amaggamat
silica texture) (calcareous silty mudstone). E) Diagenetic fabric is comprised largely

of clusters of silica crystals with diffuse crystal boundaries (siliceous mudstone).

F) The variable sizes and shapes of the intergrown crystals create a microfabric that is
pervasively overprinted, and displays micron-to submicron textural diversity (siliceous
100 £ (o] 1= ) 184

Figure 4.8 The interlocking silica cement is the initial composite cement texture of tlwaiolf
A reservoir facies, and is not associated with detrital grains. The initial composite
cement is comprised of extensively intergrown matrix-occurring silica and silica
replaced biogenic grains, as displayed on the composite SE-CL images. The other
silica cement textures are labelled to highlight the micro-scale spatial distnuti
and the affiliation between textures. (yellow arrows= matrix-occurring silica cement,
white arrows= amalgamated silica cement, white dashed lines= interlocking silica
cement, red dashed lines= detrital grain-binding silica cement, black dashed
lines= boundary of detrital quartz grain). A) An extensive and intricate authigendc silic
framework that is 60 microns in diameter. Intergrowth between silica crystals has largely
resulted in a mass of silica (burrowed silty mudstone). B) Highly discontinuous, and
spatially isolated interlocking silica cement textures. Authigenic carbonates (lbug ar
have been incorporated into this framework (burrowed silty mudstone). C) Similar to
image A, the initial composite cement has created an exclusively authigenic microfabric
framework that is 65 microns in diameter (burrowed silty mudstone). D) The microfabric
is characterized by largely discontinuous and spatially isolated interlocking silica, and
detrital grain-binding silica that displays higher continuity (bioturbated silty mudstod&)

Figure 4.9 The detrital grain-binding silica cement is the final composite cement texture of the
Wolfcamp A reservoir facies. The complete composite cement is comprised of the
earlier authigenic silica forms and cement textures. The composite SE-CL images
(A, C, E, G), with corresponding EDS maps (B, D, F, H) display the textural
characteristics of these detrital grain-binding microfabric frameworks.

(yellow arrows= matrix-occurring silica cement, white arrows= amalgamated silica
cement, white dashed lines= interlocking silica cement, red dashed lines= detrital
grain-binding silica cement, black dashed lines= boundary of detrital quartz grain).
A/B) This grain-binding silica cemented framework has significant textural

variability because of the different shapes and sizes of the incorporated detrital quart
grains (siliceous mudstone). C/D) Several well-developed detrital grain-binding silica
cemented frameworks are grouped in the top of the image, where the majority of
silt-sized detrital quartz grains occur. Theses frameworks are absent in thepantral

of the image, which corresponds with an abundance of matrix-occurring silica and an
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isolated interlocking silica cemented framework (siliceous mudstone). E/F) Continuity

of the microfabric framework is achieved with this detrital grain-binding framework

(siliceous mudstone). G/H) In this microfabric, the complete composite silica cemented
frameworks highly discontinuous, due to the lack of detrital quartz grains, which is

associated with the increased occurrence of matrix-occurring silica cement, isolated

detrital quartz grains, and an isolated framework of authigenic silica cement (burrowed

SIItY MUASTONE). .. ————— 190

Figure 4.10 The four Wolfcamp A reservoir facies have different rock compressibilities and
associated permeability values. The most favorable rock properties occur in the
hemipelagic siliceous mudstones, defined by low compressibilities and higher
permeability values. The other Wolfcamp A depositional facies are more compressible,
with compressibility values an order of magnitude higher than the hemipelagic siliceous
mudstones, and have correspondingly lower permeability values. .............cccocvveviiiieinininnnns 193

Figure 4.11 A paragenetic sequence of the successive phases of silica cement precipitation in the
hemipelagic siliceous mudstones, which results in the abundant development of the final
COMPOSILE SIlICA CEMENT IEXIUIE. .. uutiuriiiiiiiit e e e e e e e e e e e e e e e e e e aaaaaaaaeaaaaaeaaeeees 199

Figure 4.12 For each of the four Wolfcamp A reservoir facies, thin-section photomicrographs,
composite SE-CL images (collected at 2000x and 5000x), and semi-quantified
volumetric abundances of the predominant detrital grain-binding silica cement are
accompanied with measured rock properties. The different volumetric abundances of
the silica cement textures resulted in significantly variable microfabric framework
between the depositional facies, which is displayed by the reservoir rock properties. ......... 202
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Figure B.1 High resolution images of Ar-ion polished rock chips. A-D are samples from the oil
window, and E-H are samples from late oil-early wet gas condensate...............cccccvveveeeennn. 279

Figure B.2 Compositional covariations between the siliceous mudstones from Wells 2, 3 and 6, and
measured petrophysical properties (GRI Method). Negative covariations between
increased quartz content and lower permeability and porosity values. Well 3 (bottom)
displayed positive covariations. Higher quantities of calcite and dolomite resulted in
negative covariations in Wells 1-2. In contrast, siliceous mudstones in Well 5 displayed
positive covariations between dolomite content, and the measured rock properties. ............. 280

Figure B.3 Compositional covariations between the silty mudstones from Well 7 and Well 5, and
measured petrophysical properties (GRI Method). Negative covariations between
increased quartz content and lower permeability and porosity values in both wells.
Well 5 increased dolomite content negatively covaries with porosity. Calcite content
appears to have no influence on the measured porosity. The samples from Well 7
displayed positive covariations between increased clay content and porosity and
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Figure B.4 Compositional covariations between the calcareous silty mudstones from Wells 5 and 7,
and measured petrophysical properties (GRI Method). The permeability of the calcareous
silty mudstones are positively impacted by increased total clay content, combined
influence of increased total carbonates (with stronger control exerted by caloités
negatively impacted by increased quartz and feldspar contents. Porosity is not impacted
by quartz and total clay content. Increased dolomite content is the predominant carbonate
phase that negatively impacts porosity values, where calcite content appears to have no
strong influence. The different covariations that occur between the same minerals but
different petrophysical properties strongly suggests that (something about dolomite and
pore space) infills pore space that is not effectively connected and therefore does not
impact permeability. The strongest relationship is the negative covariation with wolomi
content. The samples from Well 7 displayed positive covariations between increased clay
content and porosity and permeability ValUES. ... 282

Figure B.5 Compositional covariations between the argillaceous calcareous silty mudstones from
Wells 5 and 7, and measured petrophysical properties (GRI Method). Positive
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quartz content occurred in the four siliceous mudstone samples from Well 3 (A), the
burrowed mudstone-siltstones (B), and the bioturbated mudstone-siltstones (C). May be
due to the silt-sized, rigid detrital quartz grains that preserved interparticle poee sp
during mechanical compaction. Negative covariations between lower porosity and
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permeability values and increased total carbonate content occurred in the siliceous

mudstones from Well 2 (A), Well 1(B), and Well 3 (not shown), and the burrowed,
mudstone-siltstones (C). Positive covariations occurred between dolomite content and the
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CHAPTER 1
INTRODUCTION

1.1 Research Motivation and Objectives

Significant exploration and development of North American hydrocarbon-bearing mudrocks (<
62.5 microns) has occurred over the last decade, accompaniezhwitneased appreciation for the
multiple scales of heterogeneity that influence reservoir quality propertiesse lithologies. The
pervasive exploitation of fine-grained reservoir lithologies has exceeded oustandang of the
geologic controls on reservoir distribution and production, which has likely misguidextagiqu
practices and contributed to inefficient reservoir development. From admatrperspective,
characterization of reservoir distribution and application of predictive capabilitiepésied by a lack of
insight into the depositional and stratigraphic architecture developed by fine-grainedrdegtiawity
flow processes. From a mescale perspective, numerous studies have focused on characterization of the
depositional and diagenetic heterogeneity that controls hydrocarbon storage, transport and mechanical
behaviors (e.g., Bjorlykke, 1999; Aplin et al., 2006; Laubach et al., 2009; Peltonen et al., 2009; Thyberg
et al., 2010; Taylor and Macquaker, 2011; Macquaker et al., 2014). Reservoir quality characterization
conducted at the pore-scale is at a critical intersection, where advancements in understanding the nano
scale controlganonly enhance reservoir production, if there is direct applicability to larger -beedie
development. With significant advancements in analytical microscopy techniques, a substantial am
of published literature has provided excellent observations of the sub-micron reservoexityyrgoh
important yet challenging aspect of reservoir characterization (e.g., Milliken et al., 2012IVi2l0&én
and Olson, 2017, Loucks et al., 2012; Loucks and Reed, 2015; Lohr et al., 2015). Observations provide a
working foundation, however isolated studies do not advance reservoir characterization if there is not a
direct linkage to quantitative assessments that substantiate the observations,ramagpelicabléo

larger-scale development practices.



DespitetheLQQXPHUDEOH FKDOOHQJHV LQ PXGURFN VA\VWHPV 1RU!
significant petroleum resources is undeniable. Since 2008, natural gas production from shaleg#s and t
oil in the United States has increased 54%, from 16% to 70%, and total crude oil production aasdncre
48%, from 12% to 60%. In 2018 alone, production of natural gas increased by 12%, and crude oil
production increased by 17%, with daily production near 11.0 million barrels per day (EIA, 2018; 2019).
Prolific production from the Delaware Basin in west Texas and New Mexico, is predominantly
responsible for the growth in crude oil produced in the United States (EIA, 2019). Heightened operator
interest and drilling activity in fine-grained resource plays in the Delaware Basin, has been driven by
multiple liquids-rich horizontal targets of the Wolfcamp and Bone Springs formations, and oggiteol
advancements in drilling techniques and hydraulic fracturing.

This research is focused on the potentially prolific hydrocarbon-bearing Wolfcamp A in the
Texas portion of the Delaware Basin, which was assessed to have technically recoverable oil and gas
resources of (13.2 BBL, and 26.5 Tcf; Gaswirth et al., 2018). Despite significant operaity, dlot
geologic complexities and controls on reservoir quality of the mixed carbonate-siliciatdigties
Wolfcamp A, have posed challenges to reservoir characterization across the Delaware Basimasvhi
hindered the ability to high-grade areas for exploration and development (Thompson et al.,2018). T
date, no comprehensive reservoir characterization studies exist, which afforded the opportanityto
the first basin- to pore-scale investigation of the controls on reservoir quéliy @folfcamp A in the
Delaware Basin, Texas.

In this research we advance current understanding of the geologic controls on reservoir quality of
the Wolfcamp A, with critical findings that are applicable to the development of other mudraaksyst
Three complimentary topics comprise this researcamiilti-disciplinary, sub-regional basin-scale
characterization of the sedimentological, reservoir quality and stratigraphic coneglexithe temporal
and lateral scales. This contribution establishes a foundation for the subsequent research campleted (i
Chapters 3 and 4), and for future exploration and development efforts, 2) an integrated, sub-regional
investigation into the compositional and diagenetic controls on the pore network systeens of t
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Wolfcamp A. Elucidation of the hydrocarbon storage potential and flow pathways will benexfitaies
development strategies, and calculation of reservoir volumes. Additionally, the comparison of dominant
pore size distributions between the Wolfcamp A and other commercially successful mudrocks may
substantiate the assessments of the significant hydrocarbon production potential, and 3) to advance
current research of authigenic silica in mudrocks, we provided the first detailed clizatoteof the
different microcrystalline silica cement textures, their respective volumetric aiceslin different
Wolfcamp A reservoir facies and the direct implications on reservoir rock prodedmgpressibility and
permeability). Several geologic factors were highlighted to be the predominant controls oluthetrc
ahundans of the different silica cement textures. Insight from this research will have dpkcations

for currently targeted basinal mudrocks that contain a significant component of opal-A, Viitatapp

to more efficient reservoir development.

The combined effects of this research, advance current understanding of exploration, hydrocarbon
production potential and effective reservoir development of the Wolfcamp A. The culmination of our
research on the Wolfcamp A in the Delaware Basin, Texas provides evidence that with continued
exploration and development of organic-rich fine-grained lithologies, adequate characteatati
reservoir quality controls and rock properties relies on the convergence of qualitative artdtoyganti
datasets. Integration is critical to effectively translate the sub-micron-scale olossriathe

implications on rock properties that are significant to basin-scale reservoir deeakop

1.2 Synthesis of Thesis Objectives and Deliverables
In this dissertation, the reservoir quality of the fine-grained lithologies dibitcamp A are
investigated using a multi-scale approach. A synthesis of the three principle reseas;lasogiscussed

above, and the deliverables from each topic of investigation are addressed.

1.2.1 Sub-Regional Reservoir Quality Characterization and Challenges
The principle objective is to provide a foundation for subsequent studies (i.e., Chapters 3, 4), and

assist exploration and development efforts on the Wolfcamp A in the Delaware Basin, Texas. This



entailed a multi-scale reservoir evaluation to characterize the sedimentologicabiregelity and
stratigraphic complexities which included these fundamental components:

1) geologic description of facies, 2) measured rock properties of defined facies, 3) defined
reservoir quality facies using a hierarchal approach, 4) associated depositional ptocaktsses, 4)
examination of the impact of different depositional processes on reservoir quaditaalEation of the
regional distribution (characterized at the vertical extent) of facies, deposjiioeakses and rock
properties, to discern any regional trends or discrete changes that occur across the study area. T
culmination of this research topic has provided substantial evidence that the reservoiethatiaot
challenges of the Wolfcamp A requires a novel approach, in combination with extensive research on

architecture built by fine-grained sediment gravity flows in mixed carbonate-sititicbystems.

1.2.2 Sub-Regional Investigation into the Pore Nevork Systems

This research provides the first sub-regional, integrated investigation into theepeoek
systems of the heterogeneous Wolfcamp A reservoir facies. The main objectives of this stlidypare:
delineate the varying controls of mineralogy, organic matter content, texture, authigena piiases
and thermal maturity on the pore microstructure of each Wolfcamp A reservoir Bhdiesharacterize
the pore size distributions that control porosity and permeability and lastly, 3) to conduct a prgliminar
pore size distribution comparison between the Wolfcamp A reservoir facies to other ecipomica
significant mudrock reservoiis North America, to provide viable reasons for the significant

hydrocarbon production potential of the Wolfcamp A stratigraphic interval.

1.2.3 Geologic Controls on Silica Cement Textures and Impact on Reservoir Rock Properties

The primary objective of this study is to advance and improve the current research on authigenic
silica in mudrocks. To meet this objective, a highly integrated study using two cores, was completed on
four Wolfcamp A reservoir facies. This research provided the first detailed idatifi and
characterization of different silica cement textures, and their micro-scale spatialtens in a

currently developed mudrock reservoir. Critical insights were elucidated from evaluatiegpbetive



volumetric abundances of the different silica cement textures to rock properties thgieaedive to
completion effectiveness and reservoir producibility (i.e., permeability, sensafyitgrmeability to

changes in confining stress, and rock compressibility).

1.3 Thesis Structure

The results of this study are presented as three standalone manuscripts, which address the topics
previously presented. Chapter 2 establishes the foundation for the subsequent research completed in
Chapters 3 and 4. Collectively, the main contributions from each of the chapters are complimentary, and
provide a complete reservoir characterization from basin- to pore-scale that hasimnglicatfuture

exploration and development of the Wolfcamp A in the Delaware Basin, Texas.
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CHAPTER 2
A MULTI-SCALE CHARACTERIZATION OF THE SEDIMENTOLOGICAL, RESERVOIR
QUALITY AND STRATIGRAPHIC COMPLEXITIES OF THE WOLFCAMP A,
DELAWARE BASIN, TEXAS.
Abstract

This research provides the first sub-regional, characterization of the oil and gas-prene, fine
grained basinal deposits of the Wolfcamp A, in the Delaware Basin, Texas. The detailed chatranteriz
of the sedimentological, reservoir quality and stratigraphic complexities at the téanmbiateral scales,
established a foundation for future research on the Wolfcamp A. Detailed core analysis was completed on
approximately 1400 feet from 7 cores across Reeves, Ward and Pecos counties. One core (321 feet)
outside of the main area was included to gain insight into sedimentological changes. Facies analysis wer
supplemented with bulk mineralogy, petrography and geochemical analyses. The Wolfcamp A is
comprised of nine fine-grained siliciclastic and four carbonate facies, which varfycsigity in
distribution, thickness, stacking patterns, and reservoir quality. Reservoir facies virsed daked on
TOC content and mineralogical composition and consistency, resulting in a hierarchy of eight potential
reservoir quality mudrock facies. The stratigraphic record of the Wolfcamp A &yatgminated by
different sediment gravity flow deposits that entered the semi-restricted basindroenous
orientations. This culminated into the complex vertical arrangement of interbedded carbonate debrites
high and low-density carbonate and siliciclastic turbidites, hybrid event beds, dilute turbuleraneak
hemipelagic facies. The depositional processes associated to the carbonate and siliztitesstiarfyely
account for the variability in reservoir quality and continuity. Clastic dilutioh@E€, kerogen type,
organic matter production and destruction, and increased carbonate content impacted the compositional
controls on reservoir quality in the mudrocks. Increased abundances of carbonate facies corresponds with
reduced reservoir facies occurrences and thicknesses. Due to the highly interbedded facies that oft
occur below well-log resolution, this study was restricted to core-based reservaatetiaation.
Potential vertical reservoir targets change markedly, due to the distributiorickmes®sof the
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carbonates, which likely impede hydraulic stimulation and hydrocarbon production. The mdisasigni
challenge to reservoir characterization of the Wolfcamp A is the inability to takesvtegitured at the
vertical scale and extrapolate into the lateral dimension. Due to the inability &dlyatenstrain facies,
reservoir prediction requires a novel approach, coupled with extensive research on thedapositi
architecture constructed by fine-grained sediment gravity flow processes in a mixed cashioitdestic

system.

2.1 Introduction

Recent exploration and development of fine-grained resource plays in the Delaware Basin, Texas
has been driven by multiple liquids-rich horizontal targets of the Wolfcamp and Bone Springs formations
Despite immense drilling activity in the Delaware Basin and the resulting prolific prodpiie
geologic complexities of the Wolfcamp succession have posed significant challenges to reservoir
characterization across the Delaware Basin, and thus the ability to high-grade areglefatieax and
development (Thompson et al., 2018

This study provides the first sub-regional multi-scale reservoir characterization ofpiner!
mudrock-siltstone lithologies of the Wolfcamp A in the Texas portion of the Delaware Basinudie st
areais located in Pecos, Reeves and Ward counties in west Texas. The principle objectivieesédnih
is to detail the different levels of sedimentological, stratigraphic and reservaty gaahplexities on
both the lateral and temporal scales in the Wolfcamp A, providing a foundation for subsequemit reserv
characterization research. To address the challenges of identifying the controls on reseityoia qual
multi-scale reservoir evaluation was required, which entailed: 1) geologic descriptamiest 2)
measured rock properties of defined facies, 3) related depositional processes to the dedget) faci
examination of the impact of different depositional processes on reservoir quality,aanevaluation of
the regional distribution of facies, depositional processes and rock properties, to eenihizsie
geological complexity of the Wolfcamp A requires a novel reservoir characterization apgroack

reservoir characterization of the Wolfcamp A, will significantly benefitdgearch focused on



depositional and stratigraphic architecture constructed by fine-grained sedimentfipavirocesses in

a mixed carbonate-siliciclastic system.

2.2 Previous Work

Previous regional stratigraphic work in the Permian Basin has primarily focused on correlating
Pennsylvanian and Permian-aged strata in the Midland Basin, specifically carbonate platforms and
shelves where significant hydrocarbon production has occurred updip from the deep basinal mudrocks
and siltstoneéMazzullo and Reid, 198€andelaria et al., 1992; Mazzullo, 1995; Playton and Kerans,
2002). Earlier research has indicated that correlations of Wolfcampian shelf to basin depdsfisalt
due to the transitional platform architecture resulting from high-frequency glacioesstalevel
fluctuations and tectonic pulses from an earlier continental collision (Ross, 1988;jliMdand Reid,
1989; Wright, 2011; Wahlman and Tasker, 2013). The previous work on the up-dip shelf environments
does not translate into an understanding of the finer grained basinal facies, which are thtaoyetdor
oil and gas exploration. This study does not address &heisin relationships, but demonstrates the

heterogeneity and relative occurrence of basinal deposits in the Wolfcamp A across the Delaware Basin.

2.2.1 Regional Lithologic and Chronostratigraphic Framework

First invoked by operators in the Midland Basin, the lithostratigraphic nomenclature of the
Wolfcamp Shale has been applied in the Delaware Basin (Hamlin and Baumgardner, 2012; Baumgardner
et al., 2016a). The Wolfcamp Shale refers to the stratigraphic interval between the base ofyihg over
Leonardian Bone Springs Formation, and the top of the underlying Pennsylvanian-aged Strawn Formation
(Desmoinesian). Although the lithostratigraphic sub-divisions are operator-dependent, a common scheme
divides the Wolfcamp Shale into four operational units from top to base (Wolfcamp A-D), based on
petrophysical well-log signatures that occurs between the informal divisions. This noorenslat
utilized in the current study (Figure 1).

A working chronostratigraphic framework in the Midland Basin has tied biostratigraphic age dat

to the Wolfcamp lithostratigraphic divisions based on a compilation of earlier fiséisearch (Wilde,



1975, 1990; Mazzullo and Reid, 1987,1989; Reid and Reid, ¥288lin and Baumgardner, 2012;

Wahlman and Tasker, 2013; Baumgardner et al., 2016a). Due to the absence of biostratigraphic age data

correlated to the subsurface basinal deposits of the Wolfcamp in the Delaware Basin, research from the

Midland Basin has provided a working chronostratigraphic framework for the Delaware (Baumgardner et

al., 2016). Lower Leonardian fusulinids have been documented in the Wolfcamp A, Wolfcampian

fusulinids recorded in the underlying Wolfcamp B and C units, and the Wolfcamp D dated as the Late-

Pennyslvanian (Baumgardner et al., 201B8ased upon this research, the Leonard shelf margin is

correlative to the basinal Wolfcamp A deposits, and the division between the northwest shelf and

Delaware Basin is delineated by the Abo reef trend (Broadhead et al), 2004
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Figure 2.1 Informal stratigraphic divisions of the Wolfcamp Formation in the Delaware Basin, Texas



2.2.2 Regional Geologic Setting

2.2.2.1 Structural Elements

The Delaware Basin is structurally bound by the Diablo Platform to the west, the Central Basin
Platform to the east, the Northwestern Shelf to the north, and to the south by the Malaittthadkh
(Figure 2A; Soreghan and Soreghan, 2013). The structural profile of the Delaware Basin is highly
asymmetric and deepens eastward toward the Central Basin Platform (Figure 2B). Tt rtsuctural
profile of the Delaware Basin is from extensive subsidence, attributed to initial loadivgaraton by
the Late Paleozoic continental collision between South and North America and topographic loading by
the Central Basin Platform (Yang and Dorobek, 1995; Hoak et al., 1998). Basement involved folding and
thrusting occurred during the Marathon-Ouachita Orogeny, which reactivated lines of weaknesses that
had been impacted by previous plate collisions and rifting events (Hills, 1984, 1985; Yang and Dorobek,
1995).

Considerable debate surrounds the influence of post-Permian tectonism (i.e., Laramide and Basin
and Range) on the structural evolution of the Delaware Basin from uplift and erosion (Hills, 1984, 1985;
Barker and Pawlewicz, 1987; Ewing, 1993; Yang and Dorobek, 1995; Hoak et al., 1998). Renewed
interest in post-Permian tectonism has emerged from the potential influence on thermal maturation across
the Delaware Basin, and the subsequent impact on the targeted Permian-aged resource playsefSchwartz
al., 2015). The thermal maturity of the Delaware Basin is anomalous, higher maturation occurs in the
shallower parts of the basin to the west, where lower maturation occurs in the deepest partsiof the ba
adjacent to the Central Basin Platform. Barker and Pawlewicz (1987) associated the higher heat flow and
maturity in the west with Tertiary-aged igneous intrusions, combined with subsequent reheatng of t
western Delaware Basin during Basin and Range extension. In contrast, Brown (2003) showed that higher
thermal maturity towards the west cannot be accounted for by modern day heat flow, even with
restoration of the eroded, post-Permian section (Brown, 2003). A topic that requires future beork t

resolved.
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Figure 2.2 A) Structural elements of the Delaware Basin (Asmus and Grama®y., BDRegional cross-section across the Permian Basin displays
the difference in subsidence and sedimentation between the Delaware and Midland Basins (IHS, 2015).
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2.2.2.2 Paleogeography and Climatic Transitions

The time period from Late Pennsylvania-Early Permian was dynamic in terms of paleogeography
and climatic transitions, which significantly influenced the evolution of the platfiaaingin reef
communities during deposition of the Wolfcamp Formation (Wahlman, 1988, 2002). During this time
interval, the climate transitioned in the latest Pennsylvanian from sub-humid icehouse menalitimre
arid, greenhouse conditions in the Leonardian during Wolfcamp A deposition (Tabor and Poulsen, 2008).
The climatic transitions have been associated with the northward advancement of Pangea, the waning of
the continental ice sheets and the overall long-term increase in atmosphe(iRygél et al., 2008;

Wahlman and Tasker, 2013)

During the Leonardian, the Delaware Basin was located approximately 5-10°N of the paleo-
equator, along the southwestern margin of the North American continent (Fi@oet&se and Langford,
1995; Walker et al., 199Blakey, 2014. The Delaware Basin was separated from the paleo-Pacific by
the Orogrande and Pedregosa sub-basins, where water renewal was restricted to the Hovey Channel, a

shallow narrow strait located at the southwestern end of the Delaware Basin.

2.2.2.3 Carbonate-Clastic Depositional System

The coexistence of reefal carbonate organisms that constructed the rimmed basin margins around
the Delaware Basin, along with significant clastic input, created a unique hybrid environment for
sediment deposition in the basin. High-angle reef-rimmed platforms were well-developed in t
Leonardian and correlate to platforms with defined shelf-slope breaks (Wahlman, 1988; Fitchen, 1997).
The resilient reef community was able to coexist with high inputs of detrital sediment onltisbogiee
transported by eolian and ephemeral river systems off of the platforms (Fit®8&h, Towards the
north, tedivision between the emergent northwest shelf and the basin was delineated by the Abo reef
trend (LeMay, 1960; Broadhead et al., 2004). Landward of the Northwest Shelf, the marine to eolian

transition was comprised of intertidal-supratidal environments associated with tidétsyuefstricted
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hypersaline lagoons and coastal to sand-dominated. Situated landward, migrating coastal dunesfields wer

predominant (Blakey and Middleton, 1983).
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Figure 2.3 Paleogeographic map of the Early Permian (modified from Blakey, 2011). The Delaware Basin
was located 5-10°N of the paleo-equator (dashed line) along the southwesigimah&torth America
(Walker et al., 1995). The Hovey Channel was a narrow channel that connected the CRdeivete the
paleo-pacific ocean (Panthalassa). The study area is located in the Delaware Basinbgehetgellow

star.

2.3 Study Area and Methodology
The study area is focused in the Delaware Basin, encompassing Pecos, Reeves and Ward counties

of west Texas (Figure 4). The focal area of interest is approximately 3,700 square ittiladditional
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core data coverage in adjacent Culberson County. A characteristic wireline log through tteen\y@\f
and the encompassing strata is shown in Figure 1. For this study, the lithostratigraphic divisons we
derived from the gamma ray and resistivity well log signatures, which delineate fairgtdisarkers
between the informal Wolfcamp divisions in the Delaware Basin (Figure 1). The top of theakholis
placed at a high gamma ray (~150 API) and resistivity spike that is generally consistenthacstsdy
area. The overall well log character of the Wolfcamp A is characterized by a serrated ggnhoga-r
profile that highlights the thinly-bedded mudstone-siltstone and carbonate lithologies evhi bigh
resistivity readings. The base of Wolfcamp A is defined by low gamma ray and high rgsistivit

carbonates, and the top of the underlying Wolfcamp B is marked by a high-gamma ray peak (~150 API)
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Figure 2.4 Five cores with sufficient coverage of the Wolfcamp A interval dhefisupplemented by two

cores with inadequate coverage. An additional core from Culberson County was ssstinfiemtological
comparisons with the seven main study area cores.
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2.3.1 Cores

Detailed facies descriptions were completed on approximately 1400 feet fronceez®mvith
variable stratigraphic interval coverage over the Wolfcamp A (Figures 4, 5). To appropriptahe the
heterogeneity and scale of facies occurrence and distribution, cores were described using a process-based
sedimentological approach. This approach described the physical, biologic and chemical cangfonent
ead facies and related them to the interpreted depositional processes. A supplementary 367 foot core
outside of the focal area, in Culberson County, was logged to compare sedimentological and depositional

processes in the northern Delaware Basin to the study area.

2.3.2 Petrographic Analyses

The facies defined from the cores were refined through an iterative process that utilized suit
much finer resolution data to finalize key recognition criteria for each depositioed. fRecognition
criteria was based on whole-rock mineralogical composition X-ray diffraction (XRD) andetiion
petrography to determine the intra- and extrabasinal grain assemblages, sedimentanysstdigenetic
components, textures and fabrics. Grain abundance and textural analysis was based on visual estimation.
The micro-scale facies analysis used 168 uncovered double carbonate stained thin sectiongvélien si
Thin sections were used to delineate and describe key recognition criteria of the difféesrthftovere
not observable at core-scale. Intra and extrabasinal grain components, texture, fabric andcauthigen

mineral phases were described to highlight the differences between each identified facies.

2.3.3 Bulk Mineralogic Analysis
Bulk mineralogical and clay fraction analyses were performed on 209 whole rock samples from
six wells. The samples were prepared for (XRD) and quantified using the Rietveld methoeldRietv

1967) at Core Laboratories.

2.3.4 Lithofacies Classification Scheme
The classification scheme for the siliciclastic facies utilizes an approach thadagusriteria

critical to reservoir quality studies, mineralogy and grain size (Figure 6). Thicigm lists the two
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most dominant mineralogical components in order of increasing abundance, followed by the grain size of
the rock. To avoid redundancy, if one of the mineralogical components is included in the textural name,
then it was removed from the beginning of the name. If sedimentary and biogenic structures were
consistently present and a defining feature of a facies, then the descriptor was placeafritieo
mineralogical components.

The distinction between mudstone and siltstone facies was based on the dominant grain size
fraction, determined from petrographic observations. The mudstone facies are defined by having at least
66% of the grains in the clay-size fraction (< 4 microns), and conversely the siltstoneraclessified
by having at least 66% of the grains in the silt- size fraction (4-62.5 microns). The carhoiestaife

named using the Dunham classification scheme (Dunham, 1972).

2.3.5 Energy-Dispersive X-Ray Fluorescence (ED-XRF)

A hand-held Niton XL3 energy-dispersive x-ray fluorescence (ED-XRF) analyzer was used to
obtain qualitative geochemical data on the elemental concentrations of select core sammesviells.
Measurements were taken by placing the Niton XL3 on slabbed core samples with the TestAll Geo mode
selected for each 120 second measurement. To ensure validity of the data collected, the ED-XRF
instrument was calibrated to a reference material with known elemental concentratiottstpsting as

well as throughout data collection to resolve drift in the data.

2.3.6 Organic Geochemistry

One hundred and fifty-four samples from six wells were prepared for Rock-Eval source rock
analysis that were performed at various commercial laboratories. Pyrolysis is usedasjyefcifithe
evaluation of source rocks, deriving a complete analysis of the source rocks ability to generate
hydrocarbons, and determination of the thermal maturation of the kerogen. Source rock analyses were

correlated to each facies to characterize kerogen type, quality and maturity over the study area.
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Figure 2.5 Cross-section of the Wolfcamp A cores used in this study. Coverage of tbenWgdA interval is displayed by the pink boxes. Apart
from Well 1 and Well 2 located in Reeves County, the six other coreglprmymparable coverage of the Wolfcamp A. Wolfcamp A and Wolfcamp
B tops were picked from core and well log signatures. Cored interval is highlighted in pink.

17



2.3.7 Petrophysical Properties

The Gas Research Institute (GRI) method uses crushed grains at a particle size of 0.85 to 0.5 mm
to measure porosity using a helium pycnometer, and matrix permeability using an unsteady state pressure
decay technique, with helium as the probe gas (Luffel andrni989). To maintain consistency
between the data sets from the wells, the clean-dry porosities and matrix permeabilities wereaused. O
hundred and forty-eight samples from six wells were used to tie petrophysical property measuoements t
the facies.

It is recognized that the petrophysical measurements were prepared and ran at several different
commercial laboratories, which can have a critical impact on the dataset; as concluded in prevésus stud
(e.g., Sondergeld et al., 2010; Peng and Loucks, 2016). This is due to the lack of standard procedures
regarding interpretation of the acquired GRI data (Sinha et al., 2012). Caution will be used with

interpretation of the petrophysical data.

Reservoir Quality Classification
Mudstone-Siltstones

Texture
(Sufix)

W (66%) grains clay-size fraction (<4 microns) m(66%) grains silt-size fraction (4-62.5 microns)
MW (33%) grains silt-size fraction (4-62.5 microns)  |m(33%) grains clay-size fraction (<4 microns)

Mineralogy
(Prefix)

Y

1. Two most dominant minerals
2. Ordered by increased abundance

Terms Descriptive Modifiers

(Prefix)

If mineralogical component is included
by textural name remove from beginning

1. Sedimentary/Bioturbation structures
2.Consistently present
3. Potential impact on reservoir quality

Figure 2.6 The facies classification scheme developed and used for this study.
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2.4 Results
2.4.1 Lithofacies Analysis

Nine siliciclastic facies and four carbonate facies were identified in the Wgiféa(Figure 7).
The defining characteristics of each lithofacies are described in Table 1.

Provided in the following sections are qualitative descriptions of each facies that inchides g
assemblages, sedimentary and biogenic structures, common diagenetic components and an overview
about facies relationships and stacking patterns. A subsequent quantitative rock property assiessment
the different mudstone-siltstone facies was completed to define a suite of parameters thatsdefivie re

guality facies in the Wolfcamp A.

2.4.2 Siliciclastic Facies

2.4.2.1 Siliceous Mudstone Facies )

The siliceous mudstones occur as dark gray to black, well-sorted mudstones composed
predominantly of clay-sized biogenic silica grains with a minor component of clay to silt-sizéal detr
grains. The biogenic and detrital grains are incorporated within a variably organic-seld;layer illite-
smectite clay matrix (Figure 8A,)BThe intrabasinal grain assemblage is visually more abundant than the
detrital grain components, and are comprised of biogenic siliceous foraminifera (agglutinated)
radiolarians, siliceous sponge spicules, calcitized plant fragments (observed in cora)andonk
descript calcareous fossil fragments (~< 2%). Extrabagmaais include angular to sub-angular clay to
silt-sized detrital quartz, micas and feldspars that are scattered throughout the matrix. The key
mineralogical component that delineates the siliceous mudstones from the other mudstone fgittis

is the low total carbonate content§%; Table 2).
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Mudstone and Siltstone Facies
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Silty Mudstone

Calcareous Silty

Silty Mudstone Mudstone

Siliceous Mudstone

Bioturbated
Silty Mudstone

Dolomitic Silty
Mudstone

Argillaceous Burrowed Bioturbated
Calcareous Siltstone Argillaceous Siltstone Argillaceous Siltstond

Carbonate Facies

Skeletal Laminated Mud-Dominated Grain-Dominated
Wackestone- Skeletal Bioclastic Bioclastic
Packstone Packstone Packstone

Wackestone

Figure 2.7 Nine mudstone-siltstone facies and four carbonate Wolfcamp A faceeglamified from core, thin-sections and bulk mineralogical
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analyses. Bulk mineralogical analyses were provided from six wells with 209 samples. Core image$omtsofength.
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Table 2.1 Wolfcamp A facies description from core and petrographic analyses.

Facies

Composition

Sedimentary Structures

Biogenic Structures

Diagenetic Components

Siliceous Mudstone
(Facies 1)

Mixed layer clay matrix (I/'S)
Biogenic and detrital clay-sized quartz grains
Minor silt-sized grains (feldspars, quartz)

Massive to faintly laminated

Rare clay-silt filled horizontal burrows
Planolites and chondrites

Microcrystalline quartz cement (grain
replacements of Opal-A micro-organisms, and
micropore filling cement)

Ferroan and non-ferroan calcite and dolomite
scattered in matrix

Pyrite framboids

Phosphate nodules

Silty Mudstone
(Facies 1a)

Same as siliceous mudstones
Greater detrital quartz content than biogenic

Massive to faintly laminated

None observed

Same diagenetic components as siliceous
mudstones (1)

Grain replacement by microcrystalline quartz
is less obvious

Calcareous Silty Mudstone
(Facies 2)

Mixed layer clay matrix (I/S)
Clay to silt sized biogenic and detrital grains
<15% Calcareous fragments

Massive to faintly parallel laminated
Rare ripple-laminae

Rare burrows

Same diagenetic components as siliceous and
silty mudstones (1, 1a)

Argillaceous Calcareous Siltstone
(Facies 3)

Mixed layer clay matrix (I/S)
Silt-sized biogenic and detrital grains
>15% calcareous fragments

Soft sediment deformation features

Rare burrows

Partial to full grain replacement by ferroan and
non-ferroan dolomite, calcite, silica and pyrite
Phosphate nodules

Burrowed Silty Mudstone
(Facies 4)

Mixed layer clay matrix (I/S)
Clay silt-sized detrital quartz grains
Minor calcareous grains

Weak to well-developed planar-parallel laminae

Clay to-silt filled horizontal burrows
Burrows can be poorly defined

Burrows are often cemented with ferroan and
non-ferroan dolomite and calcite

Matrix microcrystalline quartz cement

Pyrite

Phosphate nodules

Burrowed Argillaceous Siltstone
(Facies 4a)

Same as burrowed silty mudstone (4)
Increased silt-sized detrital quartz grains

Well-developed silty planar-parallel laminations

Laminae are accentuated by organics and burrows

Silt-filled horizontal burrows
Well defined

Same diagenetic components as the burrowed
silty mudstones (4)

Bioturbated Silty Mudstone
(Facies 5)

Mixed layer clay matrix (I/'S)

Clay-sized detrital and biogenic quartz
Higher total clay content than mudstone-
siltstone facies (~35 wt.%)

Minor calcareous grains

No preserved sedimentary structures

Rare, clay-filled horizontal burrows
Intensely bioturbated fabric

Same diagenetic components as burrowed
mudstones and siltstones (4, 4a)

Bioturbated Argillaceous Siltstone
(Facies 5a)

Mixed layer clay matrix (I/S)
Highest quartz and feldspar content (~65
wt.%)

No preserved sedimentary structures

Intensely bioturbated fabric

Same diagenetic components as burrowed
mudstones-siltstones and bioturbated silty
mudstone(4, 4a, 5)

Pervasive matrix microcrystalline quartz
cement

Dolomitic Silty Mudstone
(Facies 6)

Clay-rich

N/A

Silt-filled burrows-heavily bioturbated

Dolomitized

Skeletal Wackestone-Packstone

Silt to very fine sand-sized skeletal fragments
Silt-sized detrital grains
Low clay content

Partial Bouma sequences

Thalassinoides, chondrites, planolites

Mechanical compaction
Partial-full grain replacement: sparry non-

Increased clay content

on clay laminae

(Facies 7) ferroan calcite, microcrystalline quartz, ferroan
and non-ferroan dolomite and pyrite

i 4 Skeletal Wack Similar composition as Skeletal Wackestone- |[Soft sediment deformation: flame structures,

(Facies 7a) - Packestone (7) convolute laminations, minor dewatering features None Observed N/A

Grain-Dominated Bioclastic
Packstone-Grainstone
(Facies 8)

Silt to very fine sand-sized bioclasts
Silt-sized detrital quartz grains
Micritic matrix

Low clay content

None Observed

None Observed

Same as the skeletal wackestone-packstones

)

Mud-Dominated Bioclastic
Packstone
(Facies 9)

Silt to very fine-grained sand-sized bioclasts
Detrital quartz and feldspar grains
Clay matrix

None Observed

None Observed

Partial grain replacement by pyrite and
dolomite
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Figure 2.8 Petrographic images of the grain assemblages and textures of the silic#stoges (Facies 1) (A/B) and silty mudstones (Facies 1a)
(C/D). A) The biosiliceous grains in the siliceous mudstones are aadia$, agglutinated foraminifera and siliceous sponge spicules. These silica
replaced grains are scattered throughout an organic-rich clay matrix. B) Theegilazged, agglutinated foraminifera has pyrite and organic matter
within the internal structure. Clay-sized detrital quartz grains are disparsegiout the organic-rich clay matrix. C) Agglutinated foraminifera,
minor occurrence of siliceous sponge spicules and radiolarians are dispersed throughout gamicréean clay matrix of this silty mudstone.
Clay-sized detrital quartz grains are the predominant grains. D) Clay-sizéd| dptartz grains are the abundant grain component dispersed
throughout the organic-lean clay matrix of the silty mudstone. Biosiliogm@iss (i.e., recrystallized radiolarians and foraminifera), appear to be a
minor grain component.
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Table 2.2 Normalized average bulk mineralogical compositions of the mudstone and siltstonatfadi€@Owaverage and range for all samples.

" < aas Total Organic Carbon
0,
Average Bulk Mineralogical Composition (XRD) wt.% Content (wt.%)
: : ; ; Quartz &
Facies Calcite Dolomite K-Spar Plag. Quartz Pyrite |Total Carb.| Total Clay Average Range
Feldspars
Siliceous Mudstone
(n=50) 17 35 28 78 491 37 52 313 59.7 35 18-65
(sn":t; :;'”dsm"e 19 28 19 77 495 35 47 327 59.1 32 1165
(C;';:)m“s SIFy; Nutistone 108 47 22 67 453 34 152 268 54.2 29 1257
&'f:';cews Caloampous o0l sag 58 11 51 408 24 306 20 47 24 09-34
Burrowed Silty Mudstone
(n=12) 32 44 22 79 49 33 76 30 59.1 2 04-27
Burrowed Argillaceous Siltstone
(n=11) 36 11.5 22 97 442 33 15 255 56.1 16 09-28
a‘::‘z';bated SH¥ Mudstons 07 6.3 16 76 455 26 7 35.7 54.7 16 09-25
Bioturbated Argillaceous
Siltstone 09 31 25 75 549 17 B 29.4 649 1.3 06-2.9
(n=13)
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The siliceous mudstones appear massive to faintly laminated in core and thin-sections, the light-
colored laminae is mainly characterized by clay-sized detrital quartz, and biosiliceoss Bigiire 9G,

). Siliceous mudstones form gradational to sharp color contacts that are conformable aitiadl flat w
underlying facies. The siliceous mudstones generally ievaalcareous silty mudstones (Facies 2). The
nature of the top contact of the siliceous mudstone is variable depending on what the overlying facies is
and ranges from erosive to-scoured or sharp (Figures 9G, |, 10D, K,). Preservation of the siliceous
mudstone is highly variable.

The most abundant diagenetic mineral in the siliceous mudstones is microcrystalline silica, which
occurs as grain replacements of biogenic siliceous organisms and matrix-occurring cementeThe mor
minor diagenetic minerals include ferroan and non-ferroan varieties of dolomite and calcitearehi
dispersed throughout the matrix, individual euhedral pyrite crystals and framboidal ggmigza]ly < 8-

20 microns in diameter), and the local occurrence of phosphate nodules (Figure 11A).

2.4.2.2 Silty Mudstone (Facies 13

The dark gray to black silty mudstones occur in only two of the seven wells in the main study
area. The distinct difference between the siliceous and silty mudstones is the dominant siimde of
The silty mudstones are predominantly characterized by clay to silt-sized detrital gaisutz\ghereas
the siliceous mudstones are mainly comprised of biogenic siliceous grains (Figure 8@e D). T
intrabasinal grain assemblage is comparatively minor )2&nd consists of biogenic siliceous
agglutinated foraminifera, radiolarians, siliceous sponge spicules, calcitized plant fragrheetsgd
only in core) and non-descript calcareous fossil fragments (< 2%). The predominant extrgbaisimna
include angular to sub-angular quartz, micas, and feldspars. The silty mudstones are mingrajegical
similar to the siliceous mudstones (Table 2).

The sedimentary structures, contact relationships and diagenetic minerals foy theidgtones

are equivalent to those previously described for the siliceous mudstones (Figures 9F, 10A, E-F, I-J, L).
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Sedimentary and Bioturbation Structures

Contacts

Silty Mudstone
Siliceous

Mudstone _ _WSiliceous Mudstone —w

Figure 2.9 Sedimentary structures, biogenic features and contacts of the silicltlasitbgies of the
Wolfcamp A. (A/B) Bioturbated argillaceous siltstone that displays the variougbation structures that
occur in the disrupted fabric. Mantle and swirl bioturbation structures (bfagWs) were made by worms
that drag sediment through unconsolidated layers (Schieber et al., 1999)n(€dE9, the burrowed silty
mudstone displays horizontal silt-filled burrows. The silt-filled burrows are highlidhytegpaque organic
material as shown in the petrographic image. D) The bioturbated silty mudstonedmaficasily churned
fabric where no original sedimentary structures are able to be iderffiddsharp non-erosive contact is
formed between the silty mudstone and overlying burrowed argillaceous siltstortee G)ntact between
the siliceous mudstone and overlying bioturbated silty mudstone is sharp and non-ertmgigraflational
contact occurs with the overlying siliceous mudstone (white arrow). H) Téwaatbr of the contacts
between the bioturbated and burrowed siltstones are displayed in the petrognageicTihe contacts are
sharp and not erosive. I) The contacts between the bioturbated and underlying siicdstame is sharp
and not erosive.
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Sedimentary Structures Contacts

e

n Skeletal Wackestone-
Packstone ‘

A erosive

Figure 210 Corephotos and petrographic imagessetlimentary structures, textures and contacts that are characteristic of the skeleisiome-
packstones (Facies 7) A) Coarse-grained (Ta) division overlies the erosivedrdaat between the silty mudstone and the carbonate. B) Parallel-
wavy laminated (Tb) division. C) Fine-scale ripple structures form thedf¥ision. D) Highly amalgamated and condensed turbidite divisions were
identified in this skeletal wackestone-packstone. E/F) Fine-scale turbidite divistomsdentified above a sharp to minorly scoured contact) G/H
Fining upward textures after the coarse-grained (Ta) division. I) A highly erbasal contact occurs at the top of the silty mudstone (Facies 1a)
and at the base of the skeletal wackestone-packstone. J/K) The scoured contacts betwassifaaigsd at the micron-scale. L/M) The core and
petrographic image highlight the variability in contacts that occur bettheeskeletal wackestone-packstones and the underlying facies. The
contacts here are sharp to minorly erosive, as compared to those in |, J, K.
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Figure 2.11 Common diagenetic mineral phases in the mudstone-siltstones and carbonaté tfaeies
Wolfcamp A. A) Microcrystalline silica replacement of previous opal-A radiolagansforaminifera, and
matrix cement. Pyrite replacement of the previous diagenetic silica replagamasat(siliceous mudstone).
B) Kerogen incorporated into an agglutinated foram that has been replaced witbrysi@lline silica
cement (siliceous mudstone). C) Non-ferroan dolomite partially to complefalgced calcareous grains
and an earlier replacement phase of microcrystalline silica on a radiolarianenkmmf dolomite also
occurs as matrix cement (calcareous silty mudstone). D) Late-stage pyrite compfaselgs a radiolarian,
which was previously replaced by microcrystalline silica. Calcite cemensaspaévalent (argillaceous
calcareous siltstone). E) Extensive pyrite replacement of a foraminifera. Rypiscement occurs
throughout the matrix. Microcrystalline silica has replaced prior biosiliceous gnadhsccurs throughout
the matrixas cement (argillaceous calcareous siltstone). F) Overprinting of ferroanitdodmah possible
microcrystalline silica cement in the churned fabric (bioturbated acgitius siltstone). G) Partial pyrite
replacement of skeletal fragments (skeletal packstone). H) Microcrystalline s#placement of a
chambered foraminifera (grain-dominated bioclastic packstone). Microcrystalice reiplacement of
skeletal fragmentgmud-dominated bioclastic packstone)
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2.4.2.3 Calcareous Silty Mudstone Eacies 29

The calcareous silty mudstones are dark brown to gray, moderately-sorted mudstones comprised
of clay to silt-sized biogenic and detrital grains #watdispersed throughout a clay matrix (Figure 12A,
B). The intrabasinal grain assemblage is comprised of brachiopods, siliceous and calcareous sponge
spicules, mollusks, bivalve fragments, ostracods and non-descript skeletal fragments.abasiazt
grains include angular to sub-angular detrital quartz with minor micas and feldspare Stattared
throughout the matrix. The main mineralogical differences between the calcareousigéitpmes and
the siliceous and silty mudstones (Facies 1, lapamer total clay, quartz and feldspar contents, and
markedly higher total carbonate content (up to L6Rable 3.

In core, the calcareous silty mudstones appear massive to faintly parallel laminated with rare
occurrences of wavy laminae. The calcareous silty mudstones form gradational comltagtslerlying
facies, which is commonly the argillaceous calcareous siltstones (Figure 9). Silicedtysroudstones
(Facies 1, 1a) commonly overlie the calcareous silty mudstones and form gradational contacts.

The main diagenetic minerals in the calcareous silty mudstones are microcrystalline silica,
ferroan and non-ferroan dolomite and calcite, which all occur as grain replacements and matrix cement.
Pyrite partially-to completely replaces former biogenic grains, and phosphate nodules canrdeddispe

throughout the matrix (Figure 11C

2.4.2.4 Argillaceous Calcareous SiltstoneRacies 3

The argillaceous calcareous siltstones are medium to dark brown, poorly-sorted siltetbass t
comprised of silt-sized calcareous and siliceous biogenic and detrital grains thapersedisn a mixed-
layer clay matrix (Figure 12C, D). The intrabasinal grain assemblage includes foramieif@noderms
(echinoids), brachiopods, calcareous and siliceous sponge spicules, tubiphytes, mollusks aradipbn-des
siliceous and calcareous biogenic fragments. The extrabasinal grains include angular to sub-angular

detrital quartz, micas and feldspars. The mineralogical differences between theesngdllealcareous
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siltstones and the siliceous, silty and calcareous silty mudstones are the increased&iomlint
carbonates (30%), and decreased total clay content (20%) (Table 2).

The base of the argillaceous calcareous siltstizrfesquently characterized by a clotted texture
of incorporated calcareous sediment which occurs in different shapes and orientations, andessambe pr
for up to ~4.0 feet. The lower part of the argillaceous calcareous siltstones is micaliglegriable, yet
overall is characterized by increased carbonate (up to 40%) and lower total clay contentin(&6eeé)
the differentiation between the lower and upper parts of the argillaceous calcdtetmrgesican be a
significant challenge if not supplemented with bulk mineralogical analyses.

The argillaceous calcareous siltstones form sharp contacts with the underlying skeletal
wackestone-packstone facies (Facies 7), and either sharp to gradational basal contabéslainérated
skeletal wackestosdFacies 7pare present. Stratigraphically, either the skeletal wackestone-packstones
or the laminated skeletal wackestones always occur before the argillaceous calcastonsssiSharp
top color contacts occur when the calcareous silty mudstones or siliceous/silty mudsgneseant
(Figure 10C, F). Upper contacts are sharp to erosive when skeletal wackestone-packstoadiseoverli
argillaceous calcareous siltstones (Figure 10A, F,).

The most prevalent diagenetic components in the argillaceous calcareous siltstones are:
recrystallized carbonate mud (micrite) that is intermixed within the illiteesite clay-matrix, and partial
replacement of the micrite by ferroan and non-ferroan dolomite (Figure 11D, E). Partibytaifu
replacement of calcareous and siliceous biogenic grains by microcrystalline silica, ferroan-and no

ferroan dolomite and calcite, and pyrite minerals.

2.4.2.5 Burrowed Silty Mudstone (Facies 9

The burrowed silty mudstones are medium to dark brown, moderately well-sorted mudstones
which are predominantly comprised of clay to silt-sized detrital grains that arpanated into a mixed-
layer illite-smectite clay matrix (Figure 13A, B). The intrabasinal grain componentsiaor

radiolarians, agglutinated foraminifera and non-descript recrystallized calcareous Toeséstrabasinal
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grains are primarily comprised of clay to silt-sized quartz grains with minor feldsparscawithat are
disseminated throughout the fine-grained clay matrix. The burrowed silty mudstones are maadhalogi
similar to the siliceous and silty mudstones, but generally have an increased total carbosatt€ ont
average; Table 2).

Sedimentary structures of the burrowed silty mudstones are characterized by weak to well-
developed millimeter-scale silty planar-parallel laminations (Figure 9C, E). Biogenic steuate
characterized by silt and clay-filled horizontal burrows that align with the pfaratiel laminations; the
burrows are often accentuated by opaque organics and associated pyrite crystals.

Sharp contacts are formed between the silty burrowed mudstones and the underlying facies
(Figure 9F, H). The burrowed silty mudstones are commonly in close association with the siliceous and
silty mudstones, the bioturbated silty mudstones (Facies 5) and the bioturbated argillatstonsssil
(Facies 5a).

The most predominant diagenetic minerals include matrix-occurring cements of microoeystalli

silica, and ferroan and non-ferroan dolomite. Pyrite crystals are frequently associated witfattics.

2.4.2.6 Burrowed Argillaceous Siltstone Facies 43

The burrowed argillaceous siltstones are medium to dark brown, moderately well-sortauesiltst
which are comprised of an abundance of silt-sized detrital grains that are integratethired layer
clay matrix (Figure 13C, D). The intrabasinal grain assemblage is minor and includes non-descript
recrystallized calcareous skeletal fragments and agglutinated foraminifera. [Qemital is the most
dominant extrabasinal component with a minor amount of feldspars and micas. The distinct minkralogica
difference between the burrowed silty mudstones and the burrowed argillaceous siltstones is that the
siltstones have an elevated diagenetic dolomite content up to 11.5% (Jable 2

Sedimentary structures the burrowed argillaceous siltstones are characterized by millimeter-

scale silty planar-parallel laminations that are continuous and well-developed. The laminations are
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highlighted by horizontal burrows filled with silt-sized detrital quartz grains. Thedwakburrows in

this facies are more discrete than the horizontal burrows in the burrowed silty mudston@-fases4).
Apart from the more well-developed horizontal burrows in the burrowed argillaceous siltstones,

the sedimentary structures, contact relationships and diagenetic phases are commensurate to the

observations previously described for the burrowed silty mudstones (Figure 9F, H).

2.4.2.7 Bioturbated Silty Mudstone (Facies §

The bioturbated silty mudstones are light to dark grey, moderately sorted and are pretijominant
comprised of clay-sized detrital grains with a minor component of detrital grains in thizesiltaction.
The detrital grains are dispersed throughout an intensely bioturbated mixed laysmidlitéte clay-
matrix (Figure 14A, B). The intrabasinal grain assemblage is minor (< 15%) and ineldadarians and
agglutinated foraminifera. The extrabasinal component is primarily detrital quans grad micas.
Mineralogically, the bioturbated silty mudstones have a higher average amount of total clay$&85%) t
the average total clay contents of the other mudstone-siltstone facies (20-32%) YTable 2

Sharp basal contacts are formed between the bioturbated silty mudstones and the underlying
facies. This facies is often in close association with siliceous and silty mudstones, and thedburrowe
mudstones-siltstones (Figure 9, |

Similar to the burrowed mudstones-siltstones, the most common diagenetic components are
ferroan and non-ferroan dolomite and microcrystalline silica which occur as matrix cement and less
commonly as grain replacements (Figure 11F). Other diagenetic minerals include grain replacement

pyrite and phosphate nodules.

2.4.2.8 Bioturbated Argillaceous Siltstone Facies 53

The bioturbated argillaceous siltstones are light grey, moderately sorted anedamipantly
comprised of silt-sized detrital grains that are dispersed throughout an intensely tedtonbed layer

clay matrix (Figure 14C, D). The intrabasinal and extrabasinal grain components are sithdar to
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bioturbated silty mudstones (Facies 5), where the increased amount of silt-sized detftitakdbe
primary difference. The discrete mineralogical differences between the bioturbatednmeadstd
bioturbated siltstones are the high quartz content (55%) and low total clay content (29%pJTabl

The contact relationships and diagenetic phases in the bioturbated argillaceous siltstones are
commensurate with the observations previously described for the bioturbated silty mudstanmes (Fig

9F).

2.4.2.9 Dolomitic Silty Mudstone (Facies 6)

The light green to grey dolomitized mudstones are a very rare facies that was observwed in onl
two wells. This facies was not sampled for mineralogical, core analyses or petiogitzg@rvations,
therefore observations are limited to the core scale. These mudstones appear massive toymoderatel
burrowed. Sharp basal contacts are formed between the dolomitic silty mudstones and the underlying

facies, which were the silty or siliceous mudstones.

2.4.3 Carbonate Facies

2.4.3.1 Skeletal Wackestone-Packstond-@cies 7

The light to medium grey, moderate to well sorted wackestone-packstengedominantly
comprised of silt to coarse sand-sized skeletal fragments and detrital grains irxafmaicrite and
sparry calcite. In some wackestone samples, the matrix is composed of finely crystalline dolgonite (Fi
15A, B). Texturally, the skeletal wackestone-packstone commonly shows normal grading, but in some
cores reverse grading was observed (Figure 10G, H).

The most common intrabasinal grains are: brachiopods, echinoderms (echanoidgjs,
foraminifera with uniserial, biserial and planispiral morphologies (fusulinids), bryozodcesetais
sponge spicules and other disarticulated, non-descript calcareous skeletal fragments andgesoids. L
common grains include: ostracodes, tubiphytes, dasycladacean-green algae, and thimshesles

The extrabasinal grain components are angular detrital quartz grains and feldspars.
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Sedimentary structures are the most abundant in the skeletal wackestone-packstone facies.
Partially-preserved Bouma sequence divisions are identified throughout the cores (Bouma, 1962). The
Bouma sequence divisions that have been identified, but not as a comprehensive suite of sedimentary
structures, include: a basal coarse-grained massive division (Ta), a middle part tiséd obfigie-scale
planar laminations (Tb) that transitions into fine-scale low-angle cross lamin@fignand a finer-
grained upper section of planar parallel laminae (Td) (Figure 10A-F, I, L). Bioturbatensity and
diversity is low in the skeletal wackestone-packstones. Common trace fossils includeteb@md
planolites burrows that are infilled with surrounding calcareous sediment. Deep thalassinomes bu
created by thalassinidean crustaceans were observed in close association with chondrites aasl planoli
trace fossils. The occurrence of thalassinoides burrows in the deep basin, an environmehewhlere t
not naturally inhabit, has been documented in previous literature (e.g., Follmi and Grimm, 1990).

Sharp to scoured basal contacts are formed between the skeletal wackestone-packstones and
previously deposited facies (Figure 10A, D-F, I-J, L). The skeletal wackestone-packstones are often
overlain by laminated skeletal wackestones (Facies 7a) or argillaceous calcareous sitatieesS).

The common diagenetic mineral phases in the skeletal wackestone-packstones are: ferroan and
non-ferroan dolomite, sparry non-ferroan calcite, microcrystalline silica and euhedteapgms. All of
the observed diagenetic minerals have replaced parts of, or complete skeletal fragmentsnS8ignifica

micritization of grains has occurred, resulting in peloids (Figure 15A, B

2.4.3.2 Laminated Skeletal Wackestone (Faciesay

The medium to dark gray laminated skeletal wackestone is a sub-facies of the underlying skeletal
wackestone-packstone. This subfacies is well-sorted and is characterized by increased clap&iontent t
occurs as planar-parallel laminae alternating with light calcareous laminae. Minor deywstieictures
occur on some of the clay laminae. Soft sediment deformation features include flame structures and

convolute laminations (e.g., Figure)22
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The laminated skeletal wackestones are only present when the skeletal wackestone-packstones
(Facies 7) are previously deposited, and a gradational basal contact is formed between thestwo facie
gradational to sharp top contact is formed between the laminated skeletal-wackestones anadhé/com

deposited argillaceous calcareous siltstones (Facies 3) (e.g., Figure 22).

2.4.3.3 Grain-Dominated Bioclastic Packstone-GrainstoneKacies §

The light to dark grey unsorted-to poorly sorted packstone-grainstones consists predominantly of
silt to coarse sand-sized bioclasts that lack orientation and are supported in a migikiqRigtire 15C,
D). The intrabasinal grains are mainly derived from the shallow water shelf environmentladd:in
echinoderms (commonly echinoids), brachiopods, crinoids, foraminifera (commonly fusulinids)
calcareous sponge spicules, rugose coral, and bryozoans. Extrabasinal grains include defrital quar
grains, feldspars and micas.

Sharp to minorly erosive basal contacts are present with all underlying facies (FigUreid.6).
facies can occur in close association with the mud-dominated bioclastic packstones jFacies 9

The diagenetic minerals observed in the skeletal wackestone-packstones (Faeigsedeat in
the grain-dominated bioclastic packstone-grainstone and include: ferroan and non-ferroate dolomi
sparry non-ferroan calcite, microcrystalline silica and euhedral pyrite grains. These titaparerals
primarily occur as grain replacements and matrix cement. Significant micritization efl¢hesous

grains has occurred, resulting in peloids (Figure 15C, D).

2.4.3.4 Mud-Dominated Bioclastic Packstone Facies 9

A dark brown, fine-grained clay matrix supports unsorted to poorly-sorted silt to coarse sand-
sized bioclasts that exhibit no grain orientation (Figure 13ET ke intrabasinal grain assemblage is
comprised largely of fragmented bioclasts. The most common bioclasts are echinoderms (commonly
echinoids), brachiopods, crinoids, foraminifera (commonly fusulinids), rugose coral, spongessaichl

lithoclasts that are made up of agglutinated bioclast fragments. Less common bioclasts include:
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bryozoans, tubiphytes and dasycladean green algae. The extrabasinal graingingiatedetrital quartz
grains and feldspars.

Sharp to minorly erosive basal contacts are present between the mud-dominated bioclastic
packstone and all underlying facies (Figure 16A, F).

The diagenetic mineral phases observed in skeletal wackstone-packstones (Facies 7) and the
grain-dominated packstone-grainstones (Facies 8) are present in the mud-dominateit packstone-
grainstone: ferroan and non-ferroan dolomite, sparry non-ferroan calcite, microcrystallinendilica a
euhedral pyrite grains. Significant micritization of grains has occurred, resultingidgpétigure 10E,

F).

brachiopod
spine
v

Figure 2.12 Calcareous silty mudstones (Images A&B) and argillaceous calcaftstosesi (Images
C&D). A) Moderately sorted calcareous silty mudstone that is comprisedyfalkilt-sized calcareous
and siliceous grains. The calcareous grains are heavily fragmented and diademetioatallized.B)
Fine-to medium sand-sized brachiopod and mollusk fragments. The rest of the graituergngti
comprised of clay-sized grains, which include radiolarians and detrital q@ndins are dispersed
throughout a diagenetically influenced matrix. C) An argillaceous calcardstisrs which is comprised
of fine-to medium sand-sized brachiopod and mollusk fragments. The biosiliceousageaiadiolarians,
foraminifera, and siliceous sponge spicules. D) Argillaceous calcareous sitteibieecomprised mainly
of silt-sized detrital and calcareous biogenic grains. The calcareous graihigtdyefragmented and
diagenetically altered.
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¥ agglutinated
foraminifera

Figure 2.13 Petrographic images of the grain assemblages and textures of the bsittpwedistones
(Facies 4) (Images A&B and burrowed argillaceous siltstones (Facies 4a) (Images C&D). A) Gfay an
silt-filled horizontal burrows align with the sub-parallel, laminatedrofabric. Detrital quartz grains are
the principle grain component, uniformly dispersed throughout the clay and organimatrix.
Agglutinated foraminifera, radiolarians and siliceous sponge spicules compriségeaitb siliceous
grains. B) Well-developed clay and silt-filled burrows that are accentuated by therglanic matter. The
horizontal burrows are more abundant in the clay-sized detrital quartz lamiliGeec&ment is prevalent
throughout the horizontal burrows. Minor radiolarians were identified. Cyi3éd detrital quartz grains
are the principle grain component in this bioturbated argillaceous siltstonkofibental burrow featured

in the central part of the image is infilled with detrital quartz grainsisaedcompassed by organic matter.
D) A well-developed and preserved dilted horizontal burrow in this burrowed argillaceous siltstone.
Detrital quartz, organic matter and some authigenic minerals are the compositional components within the
burrow.
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Figure 214 Petrographic images of the grain assemblages and textures of theadbgutigitty mudstones
(Facies 5) (Images A&Band the bioturbated argillaceous siltstones (Facies 5a) (Image} 8&Minor
preservation of a clay-filled burrow, in a highly disrupted clay matrix @vbished line). Clay-sized
detrital quartz grains are the principle grain component in this bioturbdteshsdstone. Minor occurrence
of radiolarians and sponge spicules. B) Detrital quartz grains are the predooongidnent in this
organic-lean bioturbated silty mudstone. Two partially preserved burrows occur withinhhedhigrned
matrix. The burrows are infilled with clay-sized detrital quartz grains, arrdusded by wispy organic
matter. C) Highly churned fabric of this bioturbated argillacesilistone, which has been significantly
influenced by diagenesis (i.e., Fe-dolomite, turquoise stain). A partiallyrpeedsurrow is the central part
of this image, encompassed by organic matter. This burrow is infilled wittoctaly-sized detrital grains,
and has been extensively cemented. Minor radiolarians were the only identif@licdnos grain
component. D) Highly churned bioturbated fabric that has been diagenetically modified. i3 hrey
preservation of biogenic structures. The primary grain component is silt-sizidl dgtartz grains, with
minor biosiliceous radiolarians distributed throughout the matrix. Wispy organiermspresent, with a
potential terrestrial organic matter particle present.
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Figure 215 Petrographic images of the grain assemblages and textures of the WolfcanjoAate facies.
Skeletal wackestone-packstones (Facies 7) (Images A&B), Grain-Dominatethdlic Packstone-
Grainstones (Facies 8) (Images C&D), Mud-Dominated Bioclastic Packstoness(Bagimages E&F).
A) Unsorted skeletal wackestone that consists of silt to coarse-sand sized calcaiesuStains include,
echinoderm fragments, spines and crinoid plates, many are highly fragmented. Graina anaddy
matrix. B) Skeletal packstone comprised of highly micritized grains, many are uoaieidentified.
Crinoidal columns, crinoids and foraminifera are the grain fragments thatm®iddntified. C) The grains
in this grain-dominated bioclastic packstone have been significantly micritinddare not identifiable.
Peloids comprised the majority of the grains, others include a chambered foraminiferaaiadplates.
Grains have been cemented together by silica cement. D) Unsorted grain-dominasetibmeinstone
is comprised of silt to fine-sand-sized grains. The grains have been diegignaltered, by significant
micritization and silica cementation. The identifiable grains are echingidssgirinoid column, bryozoan,
tubiphytes and echinoderm fragments. E) This mud-dominated bioclastic packstone isedwixbdarse
sand-sized rugose coral pieces that have been diagnetically altered. The coral ptewéhificaclayey-
micritic matrix. F) The coarse sand-sized grain fragments include rugoseechiabderm fragments. The
rest of the grain sizes range from silt to fine-sand-sized and intlibifghytes, ostracodes, and other
unidentifiable grains.
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Figure 2.16 Core and petrographic images of carbonate debris flows and contacts. A) The chaotic fabric is
shown by the various orientations of the mudclasts and the high-angles of sommodrherated clasts
B) Various sized carbonate clasts. C) Shear structures and soft-sedimentatiefofeatures. D) Minor
erosive contact formed between the underlying silty mudstone and overlying gramatimhpackstone.

E/F). Minor erosive contacts.
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2.4.4 Lithofacies and Rock Properties

A comprehensive rock properties dataset derived from source rock, petrophysical and
geochemical proxy analyses for the mudstone and siltstone facies from each well is provided in the
appendix, Table 1. The geochemical proxies were used to assess rock properties that have@mn impact
reservoir quality, the predominant mode of silica and the impact of terrigenous influx on TOQgAltho
each facies was sampled, the siliceous and silty mudstones (Facies 1, 1a) were the otilgtfacies
displayed strong covariations.

From the comprehensive rock property dataset, two significant trends related to TOC content
were identified at the individual facies-scale that are applicable acrosslallavel includes: 1) the
average TOC values are highest in the siliceous, silty and calcareous silty mudstones, folliwed by t
argillaceous calcareous siltstones, and become significantly decreased in the burrowed doadduiot
mudstones and siltstones (Figure 17A), 2) TOC variability occurs at both the facies and wellEach
mudstone and siltstone facies displays a range of TOC values between (< 2 wt.% - > RigtiPé)1(7A,

B). In addition, two trends occur at the well-scale and are applicable only to the siliceous and silty
mudstones due to data collection, 3) the TOC content of the silty mudstones in Wells 5 and fbappear
have been impacted by detrital sediment influx (Figure)18Ad lastly 4) predominant modes of silica
characterized each well (Figure 18B).

A critical observation obtained from the compiled rock property data set is that the psitaphy
properties were largely similar except for two wells, (Well 5 and Well 7), antdéaetsons stated in the
methodology section, the porosity and permeability measurements are not considered to be wholly
accurate representations of the petrophysical properties and will not be taken into actisipaipetr

(Figurel7C, D).
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Figure 2.17 Key reservoir rock property trends compiled from six wells and displayed by box and whisker plotsophwsjetl properties were
determined by the GRI method, from several commercial laboratiories and ameoetdargely inaccurate. A) Distinct difference between the
eight fine-grained siliciclastic facies and their respective average (WD%) values. Significant variability in TOC occurs for all &xiB) For
each well, the TOC (wt.%) was compiled for all mudstone-siltstone fé@esfacies 1-5a). TOC variability exists between wells fofaaies. C)

For each well, the porosity values were compiled for all mudstone-siltstaes. fagnificant variability occurs between wells 5 and 7 and the other
wells. D) For each well, the permeability values were compiled for all mudstone-siltstarse &ignificant variability occurs between wells 5 and

7 and the other wells.
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Figure 2.18 Geochemical data obtained from hand-held XRF to determine clasticcafare@OC, and the predominant mode of silica in the

siliceous and silty mudstones, from five wells. A) TOC versus (Al/Tip gtaph, shows that clastic dilution of TOC may have occurred in the silty
mudstones from Wells 5 and 7. B) Si (wt.%) versus Ti (wt.%) graph delineatial dbtogenic and bimodal silica modes for the five different

wells. C) Map of the study wells and associated silica modes. The sub-regstrialition of the silica modes does elucidate clear detrital sediment

input sources.
43



2.4.5 Kerogen Type

Thermal maturity data ¢k from across Pecos, Reeves and Ward counties shows that the
thermal maturity of the kerogen in Wells 1-3, and 5-6 are within the main oil-generating window. An
increase in thermal maturation to the late oil-early wet gas condensate window occurs in nortresn Reev
County, inferred from Well 7 (Figerl9A).

A modified van Krevelen diagram shows that kerogen for Wolfcamp A is Type Il and Type Il
(Figure19B), and kerogen quality is largely mixed Type II/lll (oil/gas prone) and Type lll (gas prone,
Figure 19C). Kerogen type and quality discerned from the plots must be put into context in order to
determine what the most likely primary source of organic matter was at time of depositiorthersus
measured parameters.

The sediments of the Wolfcamp A were deposited in the deep Delaware Basin, where the
predominant source of organic matter was likely of marine origin (Type 1l). The plots depict$batpr
day remaining potential of the facies, where it can be inferred that some of the existing tGildudsn
been reduced due to thermal degradation, and is not a wholly accurate representation of the type of
organic matter deposited. The consummate example of thermal degradation of kerogen is shown by the
most thermally mature Well 7, where all of the facies are Type II/lIll and are gas prone.

Terrestrial organic matter was confirmed by the presence of calcitized plant fragmem¢sjasco
well as in thin sections as discrete opaque organic particles (FiguyeTt@contribution of terrestrial
organic matter to overall hydrocarbon generation in the Wolfcamp A system is a topic whicksrequ

further study (Kvale et al., 2016).
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Figure 2.19 Kerogen maturity, type and quality for all Wolfcamp A fine-grasiimiclastic facies, from the six wells with source rock analysgs. A
The maturity of the kerogen in Wells 1-6 occurs within the oil-generatingomi. Kerogen maturity in Well 7 occurs within the late oil to early
wet gas condensate window. B) A modified van Krevelen diagram shows that kerogertiygdéd/olfcamp A is Type Il and Type lI/1ll. C) Kerogen
quality is mixed Type II/lll (oil-gas prone) and Type Il (gas prone). Bird@strial organics were imaged in the bioturbated argillaceous sistone
(Facies 5a). In Well 5 (Ward County), calcitized plant fragments were observed in the silty mu@&oigssla).

45



2.5 Discussion
2.5.1 Reservoir Quality Facies Defined

The Wolfcamp A in the Delaware Basin is considered to be a self-sourced to partially contained
system with lover gross TOC values (< 1-6.5 wt.%, n=209), compared to other world class North
American fine-grained reservoirs that include: the Marcellus Shale (< 1-20 wt.%; Nyahy et gl.112907
Woodford Shale (< 1-14.8 wt.%; Romero et al., 2012), the Eagle Ford (2-12 wt.%; Cardneaux and Nunn,
2013), the Bakken Shale (5-20 wt.%; Jin and Sonnenberg, 2014), the Duvernay Formation (0.2-9.0 wt.%;
Munson, 2015; Harris et al., 2018ndthe Montney Formation (< 1.2- > 3.5 wt.%; Egbobawaye, 2017).

Over the study area, the delineation of reservoir quality facies presented a challenge due to the
significant lateral and vertical variability in rock property parameters (appendixe Tabh an attempt to
address the considerable variability in rock properties, a hierarchal approach toasefimeir quality
facies by a set of rock property parameters was employed for the heterogeneous Wolfcamp A. Averag
TOC values and mineralogical composition were determined to be two critical controlsrenirese
quality (Slatt, 2011; Gamero Diaz et al., 2013; Kondla et al., 2016). In self-sourced systems, TOC-rich
intervals may be correlative with hydrocarbons in place, where mineralogical composition and TOC exert
acritical control on mechanical properties, which directly influence fracture stiowland subsequent
fluid flow (Jarvie et al., 2007; Akrad et al., 2011; Gamero Diaz et al., 2013; Dong et al., 2017). Based on
these rock property parameters, the hierarchy of reservoir quality facies was partitiopeidniaitg,
secondary and tertiary reservoir quality facies (Fi@De

Literature on fine-grained source-rocks targeted as the primary reservoir genatalthat > 2
wt.% TOC is required for strong hydrocarbon generation and expulsion, whereas lithologies below 2
wt.% are considered to have lower generation potential during thermal maturation, and decreased
expulsion efficiencies (e.g., Ross and Bustin, 2009; Kuila and Prasad, 2013). For eight of the nine
Wolfcamp Amudstone-siltstone facies, the TOC values range from organic-lean (< 2 wt.%) to organic-

rich (> 2 wt.%). From the significant variance in TOC, three primary reseguality facies were
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identified: siliceous mudstones (avg. TOC: 3.5 wt.% n=50), silty mudstones (avg. TOC98,21w24)

and the calcareous silty mudstones (avg. TOC: 2.9 wt.%, n= 24). The three primary resalipir qu

facies are mineralogically dominated by quartz (53-59 wt.%, n=98), display moderate clay content (26-32
wt.%) and low total carbonate content (0-15 wWt.%hich refers to the combined amounts of calcite and
dolomite and is positively correlated with higher TOC values. The secondary resenlijrfgoigs are

the argillaceous calcareous siltstones (avg. TOC: 2.4 wt.%, n=18). The composition of ldecarg!
calcareous siltstones is highly variable due to its depositional process. Greawsirrgsality occurs in

the upper depositional facies as carbonate content decreasds (vt.%), and clay~+> 20 wt.%) and

TOC (~>2.0 wt.%) values increase. The tertiary reservoir quality facies have both the most edndens
range and lowest average of TOC values out of all of the Wolfcamp A reservoir faciésttibing

reservoir facies are: the burrowed silty mudstones (avg. TOC: 2.0 wt.%, n=12), the bumgilAsextaus
siltstones (avg. TOC: 1.6 wt.%, n=11), the bioturbated silty mudstones (avg. TOC: 1.6 wt.%and12),

the bioturbated argillaceous siltstones (avg. TOC: 1.3 wt.%, n=13). The dominant mineratipdain/
between the tertiary and primary reservoir quality facies is the amount of carbonate (Tahlee2rig

The main mineralogical differences between the burrowed mudstone and siltstones is the amount of
guartz and carbonate (Facies 4: quartz: 58.7%, carbonates: 7.5%, n=12; facies 4a: quartz: 50%,
carbonates: 15%, n=11). Significant differences in quartz content also occurs between thediioturba
mudstones and siltstones (Facies 5: quartz: 54.4%, n=12; Facies 5a: quartz: 64.8%, n=13). Petrographic
examination indicates the quartz is primarily detrital silt grains, although authigenic ystatlare

silica occurs as grain replacement and matrix cement, and is visually most prevalent in the dxoturbat
mudstones and siltstones (Figures 11F, 14C, D). In the burrowed mudstones and siltstones, the carbonate
content is primarily dolomite, which occurs as both grain replacement and matrix cement and appears to
occlude pore space. Although no mineralogical control on TOC was identified in these facies, the

intensity of burrowing and bioturbation may have been the impetus for the lower TOC values.
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Figure 2.20 Reservoir quality facies of the Wolfcamp A are defined by TOC camigmhineralogical compaosition and consistency. A reservoir
quality facies hierarchy was developed for the Wolfcamp A to account foatfability that occurs at both temporal and lateral scales across the
Delaware Basin, Texas.
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2.5.2 Depositional Processes and Implications on Reservoir Quality

The stratigraphic record of the Wolfcamp A is dominated by successive gravity-driverbegent
that episodically entered the basin from multiple input sources and disrupted quiesciionsoffdgure
21). Multiple depositional processes have resulted in the complex vertical arrangemenbeddeer
debris flow deposits, high and low-densigybonate and siliciclastic turbidites, hybrid event beds,
turbulent wake and hemipelagic facies. In any one well location the depositional processes may be unique
compared to an adjacent area. This affects the vertical occurrence and lateral contieségvofrr
guality facies and poses significant challenges to reservoir characterization on acudi-segle.
Further implications on reservoir characterization are the vertical distributiomésiland lateral
continuity of the non-reservoir carbonate lithologies. These may act as internal lryfleantilire baffles
to barriers which impact fracture height and lateral propagation.

This section assigns depositional processes to each Wolfcamp A Facies based on teitures, gr
assemblages, sedimentary and biogenic structures, and the characteristics of the basal contacts.
Subsequently, each depositional process and the potential impact on reservoir quality of the associated

facies (TOC content, and mineralogical composition and consistency) are evaluated.

2.5.2.1 Hemipelagic Deposition

The siliceous and silty mudstone facies (primary reservoir quality; FacieslBeare

interpreted to be deposited by hemipelagic suspension settling, which is an intricate procesdvbat
vertical settling accompanied by slow lateral movement of fine-grained sediment throughethe wat
column (Stow et al., 20017 his interpretation is based on the well-sorted, fine-grained organic-rich clay
matrix that has variable terrigenous and biogenic components. The most predominant terrigenous
component is detrital quartz and siliceous biogenic grains including agglutinated foraminifera, sponge
spicules and radiolarians (Figure 8). Spatial variability of composition and textueseffdties occurs
across the Texas portion of the Delaware Basin. The amount of terrigenous quartz grainedialévat

silty mudstones, which is interpreted to be the result of closer proximity teitaldstdiment input
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source. Further evidence suggesting hemipelagic deposition for Facies 1 and la is from the fine
millimeter-scale laminations observed in the mudstones, produced by currents moving over the basin
floor. Low-energy deposition is interpreted from the gradational to sharp color contaasaettying

facies, as the hemipelagic sediment settled out through the water column and draped over thegunderlyi

sediment.

2.5.2.2 Reservoir Quality Impact

Facies 1, 1a have the greatest range in TOC content compared to the other reservoir facies (Figure
17A; Facies 1: 1.8-6.5 wt.%, n=50; Facies la: 1.1-6.5 wt.%, n=24) respectively, but the highest averag
TOC contents (Facies 1: 3.5 wt.%, Facies 1a: 3.2 wt.%). The range of TOC, which applieé tteeall
identified reservoir quality facies, is considered to be the result of intritatadtions between three
variables that are non-linear in character: rate of organic matter production, destructidntimd
(Sageman et al., 2003; Katz, 2005; Bohacs et al., 2011). Geochemical data for some of the silty mudstone
samples (n=12) revealed that detrital influx into the basin, which settled out of sogpessilted in
dilution of the organic matter at the sediment-water interface. The dilution of TOCrigdezilfed in
reduced hydrocarbon generating capabilities (Fi@8fe Johnson Ibach, 1982; Creaney and Passey,

1993; Sageman et al., 2003). Terrestrial organ@r® confirmed in some silty mudstones, thought to be
transported from land by surface currents, prior to sinking to the basin floor (Baumgarane2Gt6b).

The abundance of terrestrial organics may have had an impact on the type of hydrocarbons generated, as
some of the silty mudstones plsType Ill, gas prone (Figure 19C).

Mechanical rock properties of the siliceous and silty mudstones are impacted by the predominant
mode of silica, which is either aeolian transported into the basin or is derived from the testemfssili
micro-organisms (Milliken et al., 2016; Dong et al., 201%)e silty mudstones are dominated by detrital
quartz, whereas the siliceous mudstones can display a bimodal or more biogenic geochemical signature
(Figure18B). Biosiliceous organisms are highly soluble with increased temperatures and prasdures

can be diagenetically altered through dissolution and precipitation reactions thatmnamséb-A to opal-
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CT and then to microcrystalline quartz (e.g., Kastner et al., 1977; Williams and Crerar, TI@8&ym
of authigenic microcrystalline quartz has critical implications for fractimeutation and completion
effectiveness, and therefore is considered an important control on reservoir qualityi(gkgn et al.,
2013; Milliken et al., 2016).
Higher proportions of hemipelagic mudstones correspond to decreased abundances of €arbonate

that are associated with high-energy, erosive depositional pro¢asgesdix A, Figure 1).

2.5.3 Turbulent Wake

The primary reservoir quality facies of the calcareous silty mudstones (Faciesr&ggreted to
be the resulting deposits of fine-grained turbulent wakes. Turbulent wakes are the diludsdicho trail
turbidity currents and are comprised of clays, micas, carbonaceous material and calcareous fragments t
are kept in suspension while the coarser calcareous grains were previously deposited (Lowe and Guy,
2000; Piper and Normark, 2009; Sumner et al., 200@aKy parallel to wavy laminations are
interpreted to be the result of deposition from waning currents with high rates of suspermibrieal,
Jopling and Walker, 1968The turbulent wake and hemipelagic sediments are envisaged to intermix

during deposition and are therefore mineralogically similar (Stow et al., 1996).

2.5.3.1 Reservoir Quality Impact

The influence of the depositional processes on reservoir quality for Facies das wirthie
hemipelagic faciess both processes are deposited through suspension settling. Increased carbonate
content (up to 15%) occurs from the amount of clay to silt-sized calcareous grains kept isisaspen
from the turbidity current and appears to be marginally related to lower TO&Vahcies 2 also attains
greater thicknesses with the decreased occurrence of high-energy carbonate (dgpesittix A,

Figures 1, 3-4).
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Figure 2.21 A) Sediment gravity flow processes of the Wolfcamp A.
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Figure 2.21B) Complexity of the depositional setting is that there are numerous entry poicéstfonate and clastic sediments to enter the semi-
restricted basin.
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2.5.4 Turbidity Currents

Turbidity currents are non-cohesive, low concentration flows where sediment is maintained in
suspension through fluid turbulence (Talling et al., 2007; Sumner et al., 2009). Turbidites eselthe r
incremental suspension settling as the velocity of the turbidity current wanes. fiacbidents have
been partitioned into low and high-density flows, which is a topic that remains controvetk&l i
literature (e.g., Lowe, 1982; Talling et al., 2007; Sumner et al., 2008; Talling, 2013). Lowe (1982)
highlighted the (Ta) Bouma division as the diagnostic sedimentary structure that woufcbformgh-
density flows, as coarser-grained particles would be rapidly deposited out of suspension. In contrast
Talling (2013) suggested that the boundary between high and low-density turbidites is somewirere wit
the (Tb) planar laminated interval, and suggested that the boundary be practically placed at the (Tc)
division. Experimental studies have shown that the (Tb) interval can be deposited by both high and low
density currents (Sumner et al., 2008).

In this study, both high and low-density carbonate turbidites and low-density siliciclastic
turbidites were identified in the Wolfcamp A. Thickness statistics for the carbonatetaslaick the

compilation of the interpreted high and low concentration flow deposits.

2.5.4.1 High Density Carbonate Turbidity Currents

The skeletal wackestone-packstones (Facies 7) are interpreted to be deposited by itygh-dens
carbonate turbidity currents that emplaced shelf-derived carbonate sediments into the de@&pibasi
interpretation is based on both the absence and presence of diagnostic sedimentary structures) in additi
to the appearance of allochthonous trace fossils and terrestrial organic material (Figure 10).

The absence of bedforms is due to hindered grain settling, a result of high near-bed sediment
concentrations, (i.e., a more cohesive flow), which induces deposition and suppresses turbulence (e.qg.,
Talling, 2013). Bed textures and sedimentary features suggest strong flow stratificatiocr@mental
sediment deposition from a progressively waning dilute turbidity current. Amalgamated g@anssl

bases (Ta) represent a succession of high-energy flows, with occurrences of planar-lamanagdsl int
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(Tb) that can form from continuous collapse of traction carpets below the high-densitytyunbicent
(Figurel0; Lowe and Guy, 2000; Leclair and Arnott, 20@mner et al., 2008; Talling et al., 2012).
These high-density flows are inferred to be erosional based on highly scoured basal contacts, which
indicates that the energy of the current provided enough shear stress to erode into thaginderly

unconsolidated substrate (Figure 10; Meiburg and Kneller, 2010).

2.5.4.2 Low-Density Carbonate Turbidity Currents

The skeletal wackestone-packstones (Facies 7) are also interpreted to have been deposited by
low-density carbonate turbidity currents, based on sedimentary structures and contashgbati These
low-density turbidity currents are thought to be originally connected to higher-denbionate flows
that previously deposited the majority of coarse-grained sediment in a more proximal or adggcent a
(e.g., Fonnesu et al., 2018). Low-density turbidity currents are fully turbulent at near-bed conditions
which initiates the formation of lower-flow regime ripple-laminated (Tc¢) structures, wheleees -
parallel laminated (Td) structures are the result of unhindered grain settlinge(E@ftirF, L. Talling et

al., 2007; Baas et al., 2011).

2.5.4.3 Reservoir Quality Impact

Both the high and low-density carbonate turbidites are thought to be either minor impedances to
reservoir stimulation (baffles) or pose significant challenges to hydraulic fregcamd fluid flow
(barriers).The implications of the carbonate turbidites on reservoir completion is depemtient/ertical

occurrence, thicknesses and lateral continuity.

2.5.4.4 Low-Density Siliciclastic Turbidity Currents

The tertiary reservoir quality facies were interpreted to have been deposited by unctoined,
concentration turbidity currents (Facies 4, 4a, SFgure 2). For the burrowed mudstones-siltstones

(Facies 4, 4a), this interpretation is based on the consistent occurrence of parallel-laminatstdagdi
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structures, where differential grain settling partitioned the detrital quartz and clay grai
contemporaneously during lower flow regime bottom current reworking (Td) (Fonnesu et al., 2018). In all
of these facies, the occurrence of organic particles with wood-like internal strsicturgly suggests that

the origin of the flows were associated with a more proximal environment (Figure 19D). Allfatide
inferred to be low-density carbonate and siliciclastic turbidites have basal conthare thiaarp-non-

erosive, indicating that the weakly turbulent flows had low basal shear stress (Figure 9F

2.5.4.5 Reservoir Quality Impact

The reservoir quality of the low-density siliciclastic turbidite facies are thdodie adversely
impacted by a combination of factors related to their depositional process. As the tutbugic f
originated on the shelf-slope environment, the amount of clastic sediment that is incorpboates i
flow, likely diluted the organic matter (Katz et al., 2005; Bohacs et al., 2011). Potentigrdof
organic matter by clastic sediment in the low-density siliciclastic turbidite facggported by the
mudstone facies (4, 5) compositions, which have higher TOC contents than the equivalent siltstone facie
(4a, 5a) (Table 2; Figure 20). The preservation of organic matter may also be impacted by minor
freshening of the distal sub-environment with oxygenated waters brought in with the diluted flows
(Bohacs et al., 2011). A further impact on organic matter preservation at the sediment wédeeiister
the intensity of bioturbation that can be prolonged under low sedimentation rates following alepbsit
the low-density siliciclastic turbidites (i.e., hemipelagic or highly dilute sedigrawity flows). The
impact of bioturbation on organic matter preservation is shown as the bioturbated mudstones and
siltstones have lower TOC ranges than the burrowed mudstones-siltstones (Figure 20

Apart from the influence of thermal maturation on kerogen type, a significant proportion of
bioturbated mudstone-siltstones plot as kerogen Type II/lll on a modified Van Krevelen diagram (Figure
19B). This may be suggestive of a strong terrestrial organic component derived from near the shelf

margin, which may result in less coveted gas-prone generation from these depositional facies.
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Mineralogical controls on reservoir quality include carbonate and microcrystalline authigenic
cement which occludes pore space (Figures 11 Th clay to silt-sized carbonate grains are thought to
either be incorporated in the original near-shelf flow or settle to the basin floor through suspexsi
then undergo diagenetic transformation. The source of microcrystalline silica cementswiazight to
positively impact reservoir quality through increased brittleness, was derived fginrabdpalA
biogenic siliceous organisms. Siliceous sponge spicules could be incorporated from the outer shelf-slope
environment, whereas radiolan@and siliceous agglutinated foraminifera would settle out of the water

column to the basin floor.

2.5.5 Carbonate Debris Flows

Debris flows are coherent, high concentration, laminar to weakly turbulent flows where sediments
are supported through particle interactions and internal matrix strength (e.g., Tadin@e13).
Debrites are the deposits of debris flows, emplaresassey freezing of the flows and are
characterized by poorly to unsorted grains that are matrix-supported (e.qg., Talling et al., 2012).

The mud and grain dominated bioclastic packstone-grainstones (Facies 8, 9) are interpreted to be
deposited by episodic debris flows that were derived from the shelf margin environment. This
interpretation is based on several key diagnostic criteria which includes: the chadtiotdistof poorly
sorted, non-oriented bioclasts that originated from shallow-water shelves or platform magiarare
float in a muddy or micritic matrix, lack of vertical grading, the absence of sedimemtarysts formed
by bedload transport and bioturbation (Talling et al., 2013). Sharp, mainly non-erosive basal centacts ar
formed between the bioclastic packstone-grainstones and underlying facies, which is indicapic of
sediment deposition and cessation of a cohesive flow that has characteristically low basakskear st

(Figure 16).

2.5.5.1 Reservoir Quality Impact

The carbonate debrite facies are considered to have a similar impact on reservoir praguctio

the carbonate turbidites, acting as baffles to barriers to fluid flow. A greatetaaimenof carbonate
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debris flow deposits corresponds to reduced reservoir quality mudstones and siltstones (appendix, Figure

1).

2.5.6 Transitional Flows

Prior to Kvale et al. (2016) and this sub-regional study, research on single sediment gravity fl
deposits that rheologically transform through space and time has been focused on coarse-gi@ined sy
(e.g., Lowe and Guy, 2000; Haughton et al., 2003, 2009; Sylvester and Lowe, 2004; Talling et al., 2004;
Amy and Talling, 2006; Barker et al., 2008; Davis et al., 2009; Southern et al., 2017; Pierce et al., 2018).
From outcrop, subsurface and experimental studies, many mechanisms have been suggested to initiate
transitional flows and the deposition of hybrid event beds, but they have been predominantlyedterpret
as the record of a down-dip flow transformation from an initial turbidity current to @ cotvesive flow,
through the progressive erosion of the muddy substrate and entrainment of mudclasts (e.g., Baas and Best,
2002; Haughton et al., 2003, 2009; Baas et al., 2005; Baas et al., 2011; Talling, 2013; Fonnesu et al.,
2016). Evidence from other studies suggest that changes in flow behavior can be related to subtle
topographic basinal highs (Barker et al., 2008; Sumner et al., 2012; Patacci et al., 2014; Hofstra et al
2017; Bell et al., 2018). In coarse-grained systems, hybrid event beds are most commonly found in
unconfined distal and lateral fringes of lobe systems ( e.g., Haughton et al., 2003; Hodgson, 2009; Kane
and Ponten, 1012; Kane et al., 207; Spychala et al., 2017). This is a marked difference with the wells in
the study area that are dominated by hybrid event beds, they are all in proximal settings, in the semi-
restricted Delaware Basin. Additionally, in the other study welgytiensity carbonate turbidites
occurred, unassociated with hybrid event badigch suggests that entrainment of mudclasts is likely not
the mechanism that induced flow transformation in the hybrid event beds in the Wolfcamp A.

‘H HPSOR\HG +DXJKWRQ HW DO MVLQJOH SRLQWYT K\EULG
longitudinal rheological evolution of an individual sediment gravity flow event atgespoint (Figure
22A). The idealized model has a five-division sequence which records transitions in flow béfsvior t

are congruent with the hybrid event beds (HEBs) observed in the Wolfcamp A (Figyr& B2Bnodel
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invokes the disaggregation of mud clasts or incorporation of mud from substrate erosion, as thercontrol
turbulence dampening. As stated above, the mechanism for hybrid event beds in the Wolfcamp A are
likely not due to this. This model was utilized to determine the vertical occurrence wbrefaries
during hybrid event bed deposition, and evaluate the additional complexity that hybrid event beds
contribute to reservoir characterization across the Delaware Basin. Due to hon-depositi@ioor the
complete idealized sequence was commonly not observed, but transitional flows that followed a similar
pattern of deposition were observed in four study area wels\iell 4, Well 5, Well 6, Well 7), and the
supplementary core from Culberson county (Well 8). Other minor flow transformations withgvaryi
degrees of cohesive strength were observed in other wells, but are out of the scope of this paper to
characterize.

The HEBs in the Wolfcamp A are considered to be paradoxical in reservoir quality charaeter. T
HEBs have the potential to be excellent reservoir quality targets, with thick pamaisecondary
reservoir facies, or be burdened with numerous reservoir complexities. These impé&ulsemEvoir
guality include; significant changes in vertical bed thicknesses and stacking pattalyhetided to
non-existent reservoir facies and the frequent occurrence of carbonate baffles and(Bayuier23).

The divisions adopted from Haughton et al. (2009) and applied to the Wolfcamp A HEBs are

discussed below (i.e., Figure 22A).

2.5.6.1 H1 Division-High-Density Carbonate Turbidite

The high-density carbonate turbidites (Facies 7) forms the basal (H1) division. A&éoi@orge
in the skeletal wackestones-packstones was frequently observed by the appearance of radkieeter
mud-chips and increased clay content. The increase in clay content and mudclasts were the first visual
indicators of turbulence suppression and flow bulking that eventually resulted in depositien of th
transitional H2 division (e.g., Lowe and Guy, 2000; Haughton et al., 2003, 2009; Amy and Talling, 2006;

Southern et al., 2017).
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2.5.6.2 H2 Division- Transitional Flow

The H2 division documents the rheological oscillations between turbulent and laminar flow
behavior and was occasionatigposited or preserved in the Wolfcamp A. The facies is a laminated
skeletal wackestone (Facies 7a), characterized by alternating millimeter-scale continimatslasrof
dark-clay and light calcareous sediment that capture the transitional behavior ofvth&/fien absent
from the depositional sequence, the evolution of the flow from non-cohesive (H1, Facies 7), to more

cohesive (H3, Facies 3) is inferred to be rapid (Southern et al., 2017).

2.5.6.3 H3 Division- Cohesive-Laminar Flow

The secondary reservoir quality facies, the argillaceous calcareous silt§tacies @) defines
the H3 division and marks the first occurrence of a reservoir quality facies in the hybridhedent
deposits. This facies does not occur outside of hybrid event bed deposition. The H3 division is referred to
DV WKH pOLQNHG GHEULWHY ZKLFK IRUPYV, amddper®itatyvdlatddtc DUW R
the underlying facies (Haughton et al., 2003, 2009). The inferred genetic relationship betiesseis fa
based on facies stacking patterns, where successive deposition of the argillaceousisaitistenes
occurs after deposition of the skeletal wackestone-packstones. The clotted textueg|tesitliy occurs
at the base of the argillaceous calcareous siltstones is interpreted as unconsolidated csdchmamis
(Facies 7, H1 division) that may be injected upwards after loading of the debrite (HaugtitpBG£19.

From a reservoir quality perspective, the argillaceous calcareous siltstones display vertic
compositional changes that affects reservoir quality over deposition of an individllataayis
calcareous siltstone package. The calcareous sediment incorporated at the base is associatethwith low c
and TOC content and can be up tedtin thickness (i.e., lower H3 division). Greater reservoir quality
occurs stratigraphically higher in the facies and is associated with increased clay anohi€nCand
decreased carbonate content (i.e., upper H3 division). In core, identification of the transiteemiibe

lower and upper H3 divisions can be significantly challenging.
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2.5.6.4 H4 and H5 Divisions-Non-Cohesive Flow

The primary reservoir quality facies of the Wolfcamp A occur near the top of the hybrid event
bed. The calcareous silty mudstones (Facies 2) delineate the return to non-cohesive flaw @hdhavi
division). Compared to the underlying argillaceous calcareous siltstones, the compositesilby
calcareous mudstones shows a marked decrease in total carbonate content and an increase in total clay
content (Table 2, Figure 22AYhe compositional trend towards increased reservoir quality continues
with deposition of the hemipelagic facies, the siliceous and silty mudstones (Facies 1, 1a) whibk form

H5 division.

Figure 2.22 A) A comprehensive diagram that includes: an idealized hybrid event bed divisities
associated with this transitional flow (modified from Haughton et al. 2009) frmomethe study area that
displayed the divisions of the idealized hybrid event bed, petrographic imbgasiofacies with bulk
mineralogical data and TOC values.
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Figure 2.22 B) A longitudinal schematic that captures the rheological evothtroccurs during the
transitional flow (modified from Kvale et al. (2016).

2.5.7 Depositional Setting

The deposits of the Wolfcamp A, are preliminary interpreted to collectively represent deposits of
mixed carbonate-siliciclastic lobes, deposited in a basin with variable basin physiography and
confinement. This is suggested, as the fairly isolated occurrence of hybrid event beds oudy theat
infer an underlying control on their distribution (e.g., Figure 25). Basin physiography (i.e rappiag
highs, confining slopes, basin margins) have been shown to be the principle control on the development
and subsequent deposition of transitional flows (Barker et al., 2008; Davis et al., 2009; R atiacci
2014; Southern et al., 2015). Basin floor highs and counter slopes can rapidly induce decelelation of t
initial high-density carbonate turbidity current, increase sediment deposition, floicsttiain and
overall dampen the turbulence (Talling et al., 2004; Patacci et al., 2014). Patacci et al. (20iduighl
how flow confinement in faly proximal positions can result in the deposition of hybrid event beds, due
to a confining slope. Hybrid event beds also occur due to ponded mini basin settings, where the flows can

have interaction with multiple basin margins (Southern et al., 2015). In the Wolfcamp A, the distributi
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of hybrid event beds in proximal settings is strongly considered to be influenced by basin physiography,
however due to the scope of this study, the direct control is not determined.

The variability of the HEBs in the Wolfcamp A are detailed in the following section, where
characteristic changes in event bed thicknesses and facies stacking patterns strongly sugfgesidbe
of intrabasinal autogenic controls: lateral switching of lobes, partial basimeordint, flow magnitude
and type of substrate (Barker et al., 2008; Davis et al., 2009; Sumner et al., 2012; Patacci et al., 2014;
Spychala et al., 2016; Southern et al., 2017; Fonnesu et al., 2017; Bell et al., 2018). The complex stacking
patterns characterized by abrupt facies changes presents significant challenges for peseéiation and
evaluation. Shown in Figure 24, major facies variations occurred during Wolfcamp A time. The lack of a
sense of the depositional architecture built by the fine-grained sediment gravity flowsgobas
resulted in significant reservoir characterization challenges, as the dynamic changesuiiati over
time and space in the Delaware Basin, are not able to be placed in a working depositional framework.
2.5.8 Basin-Scale Variability of Facies Distributions, Associated Depositional Processes and

Reservoir Quality

The basin map of the facies distributions and depositional processes for each cored interval
highlights the significant variability across the Delaware Basin (Figures 24, 25). The facies legshf
interval displays the exceptional interbedded character of the Wolfcamp A (Figure 26, Apié&radile
2). To evaluate the stratigraphic interval at a more useable scale, the facies were combingdsiotrem
siltstone and carbonate packages. The up-scaled stratigraphic packages were used in corjaribton w
reservoir quality facies log® accentuate the most suitable vertical targets.

The following discussion incorporates the study cores with sufficient and comparafdaro
A thicknesses to highlight the temporal and lateral variability in the depositiatagses and facies. The
reservoir facies are integrated with TOC data to emphasize the sub-regional diveesgyvoir quality
and the potential vertical targets across the Delaware Basin. The Wolfcamp A cores that are
stratigraphically dominated by HEBs (Well 5, Well 7 and Well 8) are discussed in a followiisg stidn
that utilizes statistical data to highlight the remarkable differences in HEBatbathat exists between
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the three cores, and how differences in depositional character has impacted overall Eseroal in
discrete ways. Subsequent to the statistical HEB comparisons, is an integrated reseitycamaiais

of the HEB facies and the facies in the cored Wolfcamp A that are unrelated to the trarfiiearhe
aim is to highlight the diversity in reservoir quality and the potential vertiggtsm these hybrid event

bed dominated Wolfcamp A successions.

2.5.8.1 Southern Delaware Basin

The Well 3 Wolfcamp A core (212 ft.) consists mainly of interbedded hemipelagic siliceous
mudstones (48.8%) and siliciclastic turbidites (39.A%th minor occurrences of carbonate turbidities
(9.2%)that predominantly occur in the lower part of the core. The siliceous mudstones, the primary
reservoir quality facies have TOC values that range from (2.0-4.1 wt.%, avg: 3.2 wt.%, Thel0)OC
values display less variability baiower range in values than the other cores, apart from \Wgheo
silica in the siliceous mudstones is predominantly detrital in origin which did not haamiimpact on
TOC contentThe bioturbated argillaceous siltstones comprise the majority of the tertianyoiese
quality facies over the entirety of the interval, with secondary deposition of the burrowlzd@ogis
siltstones (Figure 27).

The combined range and average TOC values for the siliciclastic turbidites are (0.84.9 wt
avg. 1.3 wt.%, n=8), lower than the same facies from Well 6, the most depositionally comparable. The
carbonate turbidites generally do not exceed 0.5 feet in thickness and could potentially act as minor
baffles to fluid flow specifically in the lower part of the core.

Well 3 displays a thick, 168 foot potential vertical target comprised of primary and tertiary

reservoir quality facies with low TOC values (Figurg.26
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Figure 2.23 Discrete variations in facies changes are highlighted on the facies log, anfitbadtifferent bulk stratigraphic intervals have a
corresponding facies pie to highlight the varying proportions of facies. Significant clveeigesbserved in some of the cores.
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Figure 2.24 Facies distribution for the Wolfcamp A cores. Wells 1 and 2 do not have comparabl
thicknesses.

66



Figure 2.25 Distribution of depositional processes for the Wolfcamp A cores. Watld 2 do not have
comparable thicknesses.
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Figure 2.26 A compiled stratigraphic log for each core with comparable Wolfcampkfiésses. The suite of logs captures the facies, the up-scaled
mudstone-siltstone packages and the reservoir quality facies. The compiled logsscdygtisedimentological, stratigraphic and reservoir quality
complexity that occurs on the vertical scale. The potential vertical targets (red dashedrly significantly between the cores.
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2.5.8.2 Central Delaware Basin

Rock property and mineralogical data were not accessible for Well 4 (244 ft.), therefore
inferences of reservoir quality is based on facies proportions and discrete facies chantiesanred
interval. Figure 26 displays that the majority of this core (171.5 ft.) is comprised of mudaand g
dominated carbonate debrites (38%) and carbonate turbidites (27.7%) that are generally lesstthan 3 fe
thick, with some significant thickness outliers (Appendix A). HEBs are presentrotiig iower
stratigraphic interval and comprise 20.9% of the total depositional processes in thamgod¢Figure
26). A marked change in depositional processes and associated facies occurs in the remaining (71 ft.) of
the core, where the uppermost part of the core is comprised of thinly interbedded siliciglbistiies
(51.2%) and hemipelagic mudstones (35.9%) with minor intercalated carbonate tu(hi2és).

The overall stratigraphic dominance of the carbonate facies makes the lower 171.5 feet an
inaccessible vertical target. The upper 71 feet of the core is the only potential varget, comprised of

interbedded tertiary and primary reservoir quality facies with minor carbonates.

2.5.8.3 Eastern Delaware Basin

In Ward County, Well 6 (288 ft.) diverges sedimentologically from the closest well$s(B/ahd
7), in two fundamental ways: 1) the hemipelagic facies are dominated by siliceous mudstones, and 2)
hybrid event beds only occur in the upper 54 feet. (Figures 26, 27). Overall, Well 6 is comprised of
interbedded siliciclastic turbidites (41.3%) and hemipelagic siliceous mudstones (29.9%) \alkevari
occurrences of carbonate turbidites (11.0%) and carbonate debrites (7.2%). The carbesaiedacin
the lower and uppermost parts of the cored interval (Figures 26). The primary regealitjrsiliceous
mudstones have an average and range of TOC values of (2.0-4.3 wt.%; avg. 3.2 wt.%,; n=20; Table 4),
The TOC values are most similar to the siliceous mudstones in Well 3, however in conlrageivi,
the silicais bimodal in origin. The tertiary reservoir quality bioturbated and burrowedaargdus

siltstones have a combined average and range of TOC values greater than Well 3 (0.6-2.9 wt.%; avg. 1.9
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wt.%; n=13). The primary reservoir quality facies packages generally occur less tham thiskeehere

the tertiary reservoir quality facies display greater variabilities in thicknesppsiidix A, Figure 4).
Three potential vertical targets of different thicknesses, reservoir faciéacaslproportions are

highlighted in Figure 26. The lower and uppermost interval may incur challenges with carboeate faci

that generally occur less than 1.2 feet in thickness (Appendix A, Fiyure 4

2.5.8.4 Hybrid Event Bed Comparison and Reservoir Quality Complexities

The cores from Wells 5, 7 and 8 are stratigraphically dominated by hybrid events beds (55.4%,
58.5% and 58.4% respectively, Figure 27), which highlights the fundamental role that tranfitiesal
had in the construction of depositional and stratigraphic architecture of the Wolfcamp Ard&éedres
capture the diverse expression of the HEBs in terms of: facies occurrence, faciesteskfacies
stacking arrangements at both the individual hybrid event bed scale, and the distribution of hybrid event
beds over the stratigraphic interval. For each of these identified parameters, sigvefiiEdility occurs
within and between Wells 5, 7 and 8.

As previously discussed, the idealized HEB model from Haughton et al. (2009) consists of five
internal divisions, whereas in the Wolfcamp A the occurrence of idealized HEBs is very uncommon,
compared to the number of individual hybrid event beds in each core. The high-density carbonate
turbidites, (H1 division, Facies 7), are always deposited at the base followed by theeogd
calcareous siltstones (H3 division, Facies 3, secondary reservoir quality facies), whichsctat
transitional flow character from the initial non-cohesive turbidity current id@dhesive debris flow.

After these two facies are deposited the occurrences and thicknesses of the caltigraodssgity
mudstones (H4 division, Facies 2; H5 division, Facies 1a) are highly variable, which reduces overall

reservoir quality as the mudstones are primary reservoir quality facies.
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Figure 2.27Core photographs from two study area cores from (Wells 5 and 7), and the supplementary core fromhaVelie8¥tratigraphically
dominated by hybrid events beds. The sub-regional distributioh(c% i poximal. Compared to the idealized HEB vertical section, there is
significant variability in facies stacking patterns, occurrence and thicknesses. The hghtidezl/character is significantly different in each well.
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2.5.8.4.1 Eastern Delaware Basin: Hybrid Event Bed Character

The HEBs in Well 5 are more thinly bedded compared to those in Well 7 and 8, with a total of
176 individual HEBS that occur over the 227.6 foot cored interval. The thinly bedded ahaf tlote
HEBs are shown by the lowest thickness ranges for the primary, secondary and non-reservoir quality
facies compared to the greater thickness ranges obtained in Wells 7 and 8. The primaniy gesdity
silty mudstones highest proportions in Well 5 and have similar thicknesses to Wells 7 had 8. T
secondary reservoir quality argillaceous calcareous siltstones have the lowest faciti®psagpfdhe
hybrid event beds as well as the lowest thickness averages and ranges.

The character of the HEBs in Well 5 adds significant challenges to reserveaictehization and
development of the Wolfcamp A in several critical ways: 1) the thin bedded depositional eventsvare bel
well log resolution with no constraint on their lateral extent, 2) the variabilicaibonate turbidite
thicknesses will likely have different impacts on fracture stimulation, 3) Becdutise thin-bedded
character, the close occurrence of carbonate turbidites to the reservoir quagyididikely challenge
reservoir completion, 4) the thin depositional packages of the secondary reservaireargd calcareous
siltstones are more organically-lean and carbonate rjct,tGe top of the HEBs, the primary reservoir
guality facies may not have been deposited or preserved.

In Well 6, the primary reservoir facies are likely the main contributor to hydrocarbongticd

due to the thin, and poorer reservoir quality of the argillaceous calcareous siltstones.

2.5.8.4.2 Eastern Delaware Basin Reservoir Quality

Apart from the facies associated with the hybrid event beds in Well 6, the stratigrapki ioter
the Wolfcamp A is comprised of hemipelagic mudstones (21.1%), low-density siliciclabtaitas
(10.0%), carbonate debrites (8.3%) and minor carbonate turbidites (4.3%) $R2@uré€he overall facies
occurrence (HEBs and unrelated to HEBs) over the Z27c6red interval does not markedly change

(Figure27).
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The primary reservoir quality silty and calcareous silty mudstones have a combined average and
range of TOC values of (1.6-6.5, avg.:3.8 wt.%, n=20), where the TOC values for the secondary reservoir
quality argillaceous calcareous siltstones are (1.2-2.9, avg.: 2.3 wt.%, n=3). The primanjirr&sses
have the widest range and highest average of TOC values from all wells in the study. Based on the
derived geochemical data, the TOC of the silty mudstones were diluted from clastic sadfioreitto
the basin, however the TOC values are very similar to the siliceous mudstones that werectesiabj
or impacted by detrital input (Figure 1BA he reservoir quality of the argillaceous calcareous siltstones
were impacted by their thin depositional packages, highlighted by low range and average TOC values
(1.3-2.1, avg.: 1.9 wt.%, n=20).

As the Wolfcamp A is dominated by hybrid event beds, the level of complexity and challenges in
development of this reservoir is principally attributed to the character of the traakftow deposits.

From the vertical stratigraphic log three vertical targets were identified sepayatedker carbonate

facies (Figure 26).

2.5.8.4.3 Northeast Delaware Basin: Hybrid Event Bed Character

In northeast Reeves County, Well 7 is less interbedded than Well 5, with 117 individual HEBs
that were identified over the 314.5 foot core. In this stratigraphic interval, the HEBs displapst
significant range in thicknesses for the secondary and non-reservoir quality faeigsirmdry reservoir
facies have similar thicknesses as Well 6 and Well 8, although the deposition of the calcayes silt
silty mudstones are markedly lower in Well 7 than Well 5 (29.8%). The secondary reservtir qual
argillaceous calcareous siltstones obtain the highest abundances out of the three cores,ghttyare sl

less thick than in Well 8 (Figures 27 and 28).
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Figure 2.28 Compiled statistical HEB analysis of two study area cores frombVdeltl Well 7, and the supplementary core from Well 8.The
significant variability in the character of the hybrid event beds wighgingle core as well as between cores is highly challenging for agserv
characterization. Hybrid event beds have the potential to be highly produdtivethige reservoir quality facies, or can be very challenging for
reservoir stimulation due to carbonate occurrence and thicknesses.
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Although the character of the hybrid event beds in Well 7 are different from Well 5, there is
similarities between some of the complexities. The main challenges to reservoir cizataanehat the
hybrid event beds present in Well 7 are: 1) an increase in overall hybrid event bed thicknesses, which
corresponds to the significant range of carbonate and secondary reservoir facies thicknesses over the
cored interval and, 2) the main reservoir facies is the thicker argillaceous calcatstusesi] with
secondary contribution from the primary calcareous silty and silty mudstones which areesghiick

or not deposited.

2.5.8.4.4 Northeast Delaware Basin Reservoir Quality

Apart from the predominant hybrid event beds, the stratigraphic succession of the Wolfcamp A i
comprised of carbonate debrites (18.0%), clastic turbidites (10.4%) and hemipelagicid#tpmas
(8.1%) (Figures 25, 28). The overall facies occurrence (HEBs and unrelated to HEBS) thrthughout
314.5 foot Wolfcamp A core is substantially different, where the carbonate debrites and the arétst maj
of siliciclastic turbidites are present only in the lower 174 feet. In the upper 165 feet ficaypA is
entirely comprised of HEBs with a large proportion of carbonate turbidites (24.0%) (Figurén@6). T
Wolfcamp A in this part of northern Reeves County is in the late oil to early wet-gas condendatg,wi
which has reduced the TOC of all facies to the lowest values present in the study area and is not
comparable to other wells in the study area.

From the combined stratigraphic log one potential vertical target was identified, due to the

significant occurrence of carbonates (Figuri 26

2.5.8.4.5 Northern Delaware Basin: Hybrid Event Bed Character

Well 8 is thickly bedded with only 69 HEBs in 321 feet of core, a marked deviation from the
character of the HEBs in Wells 5 and 7 (Figures 27, 28). In Well 8, the HEBs have the highest
proportions of carbonate turbidites (46.5%), and the highest average thicknesses of both the/secondar

and non-reservoir quality facies. Although the average and range for the primary reservoirdacies a
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similar to Wells 5 and 7, the calcareous silty and silty mudstones were largely not deposited\@dyrese
as displayed by the lowest abundances of silty and calcareous silty mudstones (9.6%).

The HEBs in Well 8 are speculated to pose more challenges to reservoir characterization and
hydrocarbon producibility than the HEBs in Wells 5 and 7, due to the variable thicknesses of the
carbonate turbidites, which attain thicknesses that are thought to largely interfergmuitation of the
reservoir. Other HEB challenges include; the scarcity of the primary reservoirtiasiessulted in the
secondary reservoir argillaceous calcareous siltstones as the main reservoir facies, thewavibility
in thicknesses of the argillaceous calcareous siltstones has resulted in the occurréirceembgitional

packages of reduced reservoir quality.

2.5.8.4.6 Northern Delaware Basin Reservoir Quality

No rock property data was accessed for this cored interval, however inferences on reservoir
quality is based on stratigraphic logs and facies distributions.

Apart from the dominant hybrid event beds, the rest of the Wolfcamp A succession is made up of
hemipelagic siliceous mudstones (11.3%), carbonate turbidites (1@&Btites (9.9%) and siliciclastic
turbidites (9.7%) (Figure 25). No vertical targets were identified for Well 8 diee tsignificant

occurrence of carbonates and their overall thicknesses (Figure 26

2.5.8.4.7 Summary

This section comprehensively detailed the extensive sedimentological, reservojranalit
stratigraphic complexities of the Wolfcamp A that was documented on the vertical scale from six
Wolfcamp A cores. The Wolfcamp A is stratigraphically dominated by different sedimertydrawis,
where the basin-scale distribution of the depositional processes and their associatedpiatibe de
significant changes that can occur over relatively short lateral distances in the TepashgeDelaware
Basin. The compiled facies logs captured the intricate sedimentological and stratigraphilityariabi

however the level of detail is at a scale that is unusable for accentuating potential WolfoasepvAir
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targets. The up-scaled siliciclastic and carbonate packages used collaboratively withrtiod igpsality
facies logs are able to indicate potential reservoir targets. These collectiveglugghbhow diverse the
six Wolfcamp A cores are in terms of the different stratigraphic occurrences ofalgrdined
siliciclastic facies packages, their overall thicknesses and associated reservoir goalitiesion to the
vertical distribution and thicknesses of the carbonate facies packages that can irtipakehailenges
for reservoir development

Overall, this section strongly emphasizes that a comprehensive reservoir clratambesiudy on
the Wolfcamp A in the Texas Delaware Basin that incorporates the occurrence of reservoir facies, the
variabilities associated with thickness and quality, and the extent of reservoir impedanotstta
vertical and lateral scales is unable to be completed. A competent foundation for reservoir prediction of
the Wolfcamp A in the Texas part of the Delaware Basin relies on future research to be direntdsl tow
building a capacity for deep-water architecture constructed by different fine-graineeisegravity

flow processes in a mixed carbonate-siliciclcastic system.

2.6 Conclusions

X In the Texas portion of the Delaware Basin, the fine-grained siliciclastics of the Wolfcamp A
are hydrocarbon-bearing lithologies, with the potential for prolific production. Toruate,
published research exists on the Wolfcamp A, which has resulted in a lack of understanding
of the geologic controls on reservoir quality and distribution across the Delaware Basin.
Therefore, the principle objective of this research was to establish a foundation for future
Wolfcamp A reservoir studies, by elucidating the various controls on reservoiry gurali
occurrence from a geological perspective. To accomplish this objective, a multi-scale
characterization of the sedimentological, reservoir quality and stratigraphic coneglevais
undertaken. The main contributions of this research include: The identification and
sedimentological characterization of nine siliciclastic and four carbonate facies tipaissom

the Wolfcamp A. These facies have highly variable thicknesses that often occur below well-
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log resolution and areal distributions, therefore the facies of the Wolfcamp A are not able
be confidently mapped in the subsurface. The inability to define the lateral distribution of
facies at the inter-well scale is a significant challenge to reservoir charaaterizat

A hierarchal approach was used to define reservoir quality facies due to the extensive lateral
and vertical variability in the rock property parameters, specifically the signifisage of

TOC values for eight of the nine siliciclastic facies is organic-lean (< 2 wt.%gamic-rich

(> 2 wt.%). Average TOC values and mineralogical composition and consistency were
determined to be the two critical controls on reservoir quality, which resulted in the
delineation of primary, secondary and tertiary reservoir facies.

Four different sediment gravity flow processes were associated to the Wolfcamp A facies:
carbonate debris flows, high and low-density carbonate turbidity currents, low-density
siliciclastic turbidity currents, transitional flows (i.e. hybrid event beds; Haughtaln et

2009), in addition to dilute turbulent wakes associated with the turbidity currents and
background, hemipelagic settling. Each depositional processes potential impact on the two
critical reservoir quality parameters was evaluated to account for the lateral and vertical
variability in the rock properties.

The HEBs have the potential to be excellent reservoir quality targets with thickydmd
secondary reservoir facies or be burdened with numerous reservoir complexities that include;
significant changes in vertical bed thicknesses and stacking patterns, thinly-bedded to non-
existent reservoir facies and the frequent occurrence of carbonate baffles and barriers.
Captured the drastic differences that occur in the potential vertical Wolfcamp Astarget
between cores. Extensive variability occurs in terms of reservoir quality of the adiimcl

facies, the thickness continuity of the siliciclastic packages and the vertical ocearagic
thicknesses of the carbonate facies, which can pose minor to significant challenges to

hydraulic fracturing and fluid flow.
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CHAPTER 3
AN INVESTIGATION INTO THE COMPOSITIONAL AND DIAGENETIC CONTROLS O THE
PORE NETWORK SYSTEMS OF THE WOLFCAMP A RESERVOIR FACIES,
DELAWARE BASIN, TEXAS.
Abstract

This research provides the first sub-regional investigation into the compositional £onttoke
pore network systems of the Wolfcamp A reservoir facies in the Delaware Basin, Texas. Takoavalu
provides a fundamental understanding of the sub-micron scale controls on reservoir quality, by
elucidating the dominant pore size distribution and associated volumes that govern hydrocarbon storage
capacity and transport pathways. Eight fine-grained siliciclastic (< 62.5 microns) dacprise the
sedimentologically diverse reservoir lithologies of the Wolfcamp A, with sutietaartical and lateral
reservoir quality variability (i.e., mineralogy and TOC; < 2 wt.%- > 2 wt.%).nvestigate the
compositional controls on petrophysical properties, pore characteristics, pore sizetiissy and
associated volumes, 54 samples were collected from 6 cores for low-pressure gas adsorption analyses (N
andCQy). The samples span a thermal maturity boundary (oil window to late oil, early wet-gas
condensate). A visual linkage to the quantitative data was provided by high resolution &ivpi of
10 Ar-ion milled samples. Despite the diversity of pore types, morphologies, organictymerand
thermal maturity differences, the pervasive occurrence of pre-compaction authigenicysiatie
silica cement is the principle control on the pore network systems in the Wolfcampg A. Th
microcrystalline silica was determined to be associated with numerous pore typasnarar(between
silica crystals), between silica crystals and clay particles, organic-matter hostgdric matter that had
migrated into prior intermineral silica pore space, and OM-mineral interface. ddre impact of pre-
compaction silica cement is further substantiated by the critical finding thagttia\éolfcamp A
reservoir facies are characterized by the same predominant pore size distribution (2;2G¢hnm
markedly similar pore volumes. Exceptional for reservoir quality and development, as tbiastias
have similar storageotential and conduits for hydrocarbon transport. In comparison to other
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commercially successful fine-grained reservoir rocks in North America, the Wolfcamp A has
substantially greater volumes of pores within the (2-200 nm) size fraction, a strong émdidatie
significant hydrocarbon production potential of the Wolfcamp A in the Delaware Basin. Tt crit

conclusions of this study will benefit resource volume calculations and development strategies.

3.1 Introduction

Over the last decade a vast amount of research on economically successful fine-grainetsreservoi
in North America has focused on reservoir characterization at the pore-scale, as hydrocapemmstb
producibility is sub-micron controlled. Pore-scale studies on partially to self-contained odsxpdoge
reservoirs in the United States include, but are not limited to: the Barnett FormationdMeniget al.,

-DUYLH HW DO 60DWW DQG 29%ULHQ %YHUQDUG HW D
Sarmiento et al., 2014), Haynesville and Bossier Shale (Hammes and Frébourg, 2012; Klaver et al.,
2015), Eagle Ford (Driskill et al., 2012, 2013; Jennings and Antia, 2013; Pommer and Milliken, 2015;
Hammes et al., 2016; Ko et al., 2017), and Marcellus (Milliken et al., 2013). Studies completed in Canada
include: the Horn River (Chalmers et al., 2012b; Dong et al., 2015, 2017, 2019), Duvernay (Munson,
2015), and Montney (Ghanizadeh et al., 2015, 2018) (Figure 1). These studies have highlighted some of
the fundamental challenges associated with evaluating nano-scale pore systems in fine-grained
lithologies, which include: pore structure complexity, multimodal pore size distributiongplmplore
network systems, nano-scale surface area heterogeneities, multiphase fluid systems, orgahizsteatter
pore space, the influence of authigenic minerals on the evolution of pore networks, the relsolitsiof
analytical techniques, and ultimately, the difficulty in upscaling pore analyses tesbak@rexploration
and development (e.g., Ross and Bustin, 2008, 2009; Curtis et al., 2012a).

Across parts of the Delaware Basin, development of the Wolfcamp Formation has predominantly
occurred since 2012, with variable production occurring in different areas of the basin (Figure 2). The
Wolfcamp Formation is divided into four benches (A, B, C, and D) that have different geological

characteristics (i.e., lithology, TOC, and thermal maturity), where the A and B benches are the most
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drilled targets to date (EIA, 2018). This study is focused on the Wolfcamp A, which was assessed to have

undiscovered, technically recoverable oil and gas resources of (13.2 BBL, anadf&btie Delaware

Basin (Gaswirth, 20165aswirth et al., 2018). Despite heightened operator interest and drillingyaictivit

the Delaware Basin, a foundational understanding of the sub-micron scale controls on reseityain qual

the Wolfcamp A remains elusive, even with the significant implications for exploration and development.
This study uses and expands upon the contributions from the research completed in Chapter 2, on

the sedimentological and reservoir quality complexities of the Wolfcamp A reserves fathe

Delaware Basin. This research provides the first sub-regional investigation intogheepoork systems

of the heterogeneous Wolfcamp A reservoir facies in the Texas portion of the Delaware Basin, and

utilizes an integrated quantitative and qualitative dataset. The main objectives tfdpiare: 1) to

delineate the varying controls of mineralogy, organic matter content, texture, authigena piiases

and thermal maturity on the pore microstructure of each Wolfcamp A reservoir Bydiesharacterize

the pore size distributions that control porosity and permeability and lastly, 3) to conduct aprglimi

pore size distribution comparison between the Wolfcamp A reservoir facies to other ectijomica

significant mudrock reservoirs in North America, to provide viable reasons fogthiécsint

hydrocarbon production potential of the Wolfcamp A stratigraphic interval.

3.2 Previous Literature
3.2.1 Composition, Diagenetic Processes and Impact on Physical Properties

Research conducted on basinal mudrock successions prior to their exploitation as reservoirs was
largely experimental, and involved investigating the impact of burial compaction on porerstructu
petrophysical flow properties and microstructural changes of clay minerals (Vasseur et al., 1995;
Dewhurst et al., 1998, 1999; Aplin et al., 2003, 2006; Yang and Aplin, 2007).

Findings from this previous research that are commonly applied to studies on fine-grained pore
network systems include: 1) mechanical compaction and volume reduction is largely controlled by grai

size fraction and mineralogical composition, which directly impacts the way the grains rearrangk or brea
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from increased effective stress (e.g., Vasseur et al., 1995; Bjorlykke, 1998; Dewhurst398, 1999;

Aplin et al., 2006; Yang and Aplin, 2007), specifically 2) silt-sized detrital quartz and feldsjpas gre

the most influential factor to impede early clay compaction, a result of packing flaws in the nicrofab

which can lead to increased porosity and permeability values (Curtis et al., 198CetAgljr2003, 2006;
Schneider et al., 2011), and 3) pore loss from compaction is dependent on the size of the pores. Pores that
occur in the larger size fraction are susceptible to collapse from increased efteetisgvghich

corresponds with a systematic decrease in permeability, whereas pores (di0&eam), are more

resistant to burial compaction (Dewhurst et al., 1998, 1999; Yang and Aplin, 2007; Emmanuel and Day-
Stirrat, 2012).

Fine-grained lithologies are now expeditiously targeted as reservoirs and research has expanded
to assess both mechanical and chemical diagenetic processes and their impact on reservoirgiroperties
the pore-scale that govern hydrocarbon storage and fluid flow (e.g. Bjorlykke, 1999; Aplir2806}

Peltonen et al., 2009). The primary grain assemblages of mudrock lithologies have been identified as the
explicit control on the extent of compaction and cementation, as the grains include varying biogenic and
detrital components (Aplin and Macquaker, 2011; Milliken and Day-Stirrat, 2013; Taylor et al., 2014,
Pommer and Milliken, 2015). Mudrocks that are mainly comprised of ductile clay and marine kerogen
components are easily compacted during early burial diagenesis, which largely results inubgoshestr

of primary, mineral-hosted pore space (Loucks et al., 2012; Milliken et al., 2014). Mudrocks with a
significant biogenic grain assemblage are highly chemically reactive which resedtdyi cementation

and reduction of primary mineral-hosted pore space. However, the extent of burial compaction can be
significantly impeded by early cementation and have a favorable impact on petrophysicalgwoperti

(Reed et al., 2013; Milliken et al., 2014; Pommer and Milliken, 2015; Milliken and Curtis, 2016). Earl
cementation can also have an effective influence on mechanical rock properties. This is demonstrated by
mudrocks with original biosiliceous (opA)} components, that once dissolved, the silica can reprecipitate

as cement, potentially generating a brittle rock fabric that is conducive to reservolagtimby
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hydraulic fracturing (e.g., Milliken et al., 2012; Milliken and Day-Stirratt, 2013; Milliked &urtis,
2016).
Research on mineral diagenesis in mudrocks, and the processes that initiate the chemical changes
is an evolving area of research. The sub-micron pore sizes of fine-grained lithologiep@ieiloés for
the challenges associated with extricating paragenetic assessments that are able to be placeain context

the development of the pore network systems (e.g., Taylor et al., 2014; Milliken and Curtis, 2016).

Figure 3.1 Distribution of fine-grained resource plays in North America fdrneations used in the pore
size distribution comparison are bolded. The Delaware Basin is outlined in redi¢oh@dim EIA, 2011).
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Figure 3.2 Production graphs of the Wolfcamp Formation at the Delaware Basin scatethencbiunties
of interest. A) Oil production from the Wolfcamp Formation in the Delavgasin, compared to other
commercially successful fine-grained plays (EIA, 2018). B) Daily oil and gaduption from the
Wolfcamp Formation in the area of interest.

3.2.1.1 Organic Matter Diagenesis

A substantial amount of recent research has focused on organic matter-hosted pore space, and its
contribution to hydrocarbon storage and pore network connectivity in a range of different mudrock
reservoirs (e.g., Loucks et al., 2009, 2012; Chalmers et al., 2012a; Milliken et al., 201 %&tkali|l2014;
Munson, 2015; Pommer and Milliken, 2015; Ko et al., 2017). Mudrock reservoirs that are dominated by

organic matter pore systems include: the Barnett (Loucks et al., 2012), Woodford (CalijLt2a;
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Loucks et al., 2012; Léhr et al., 2015), Marcellus (Curtis et al., 2011a; Milliken et al., 2013; Delle Piane
et al., 2018), Horn River Shales (Chalmers et al., 2012b; Dong et al., 2015, 2017), and the Duvernay
(Munson, 2015). In mudrock reservoirs where the pore systems are largely mineral-associated, organic
matter pores are still important contributors to the petrophysical properties (elg.Faay Pommer and
Milliken, 2015; Ko et al., 2017; Schieber et al., 2017; Niobrara, Kuila et al., 2012).

In both oil and gas-prone fine-grained lithologies, the evolution of organic matter pores across
thermal maturity gradients has been extensively studied, however the results are not comprehensive to all
organic-rich reservoir rocks. Some mudrock formations show a systematic increase in organigarett
space with increasing thermal maturation (e.g., Duvernay, Munson, 2015; Eagle Ford, Pommer and
Milliken, 2015), whereas other formations do not display this progressive trend (e.g., MarcelikenMill
et al.,2013; New Albany Shale, Mastalerz et al., 2013). These varying observations suggest that organ
matter type and abundance is a strong control on organic matter hosted pore development in higher

thermal maturities (e.g., Milliken et al., 2013).

3.2.2 Application of Pore-Scale Studies and Analytical Considerations

Although extensive literature on different fine-grained reservoirs has been compliepate-
scale, comparison between these lithologies and their pore characteristics is largelyheifplendiple
reason being that the characterization of pore types and microstructure are method-dependent, and
numerous quantitative and qualitative techniques are available with different scalsestifjations and
limitations.

The gqualitative and quantitative techniques chosen for this study on the Wolfcamp A reservoi
facies, and their respective limitations is shown in Figure 3. Milliken andsGR&t16) provide a detailed
review of qualitative techniques used for imaging mudrock pores, sample preparation and discussion of
the challenges associated with examining pore space evolution in fine-grained systems angesefa r

scales. For a thorough review on the limitations of quantitative analyses refer taz/emal/iCole (2015).
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Figure 3.3 Various analytical methods used to measure pore characteristics ardpketive limitations.
The techniques that were used in this study are bolded (modified from Bustin2&08 and Munson,

2015).
3.2.2.1 Qualitative
The microstructure of mudrocks has been generally imaged using field emission scanning

electron microscopy (FESEM), combined witimimilling (i.e., focused ion beam or argon to produce a

smooth surfade (e.g., Desbois et al., 2009; Loucks et al., 2009; Curtis et al., 2012a, 2012b; Milliken et
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al., 2013; Munson, 2015; Pommer and Milliken, 2015, Munson, 2015). Although commonly used, high-
resolution imaging is not representative of the sample because of the spatially limitddisemilled.
Additionally, the quantitative analyses of low-pressure gas adsorption (LPGS), and merasigrintr
porosimetry confirms that pore space exists below the resolution of the SEM instrument (< 2 nm). The
resolution limits of SEM are highly variable, illustrated by previous studies avatreported

measurements of the smallest resolvable pore diameter (e.g., 2-3 nm, Curtis et al., 2011p; 4-7 nm
Milliken et al., 2013; 5 nm, Chalmers et al., 2012a; Loucks et al., 2012; Klaver et al. 72015 Lu et

al., 2015). Additionally, SEM detection limits were reportedly unable to capture approximatelyf 90%
organic matter pores (Milliken et al., 2013). Even with the general resolution limits of the SEM known,
many studies have attempted to semi-quantify the pores and the network systems that exist in three
dimensions, when utilizing a two-dimensional imaging instrument (e.g., Milliken et al., RRi&r et

al., 2015; Lu et al., 2015; Pommer and Milliken, 2015). The SEM was used in this study only to provide

descriptive observations, and a visual linkage to the quantitative measurements.

3.2.2.2 Quantitative

Mercury Intrusion Capillary Porosimetry (MICP) and Low-Pressure Gas Sorption (LPGS) are
often used together to determine a semi-quantitative distribution of pore charastdrigtercury
intrusion porosimetry, the pore structure is characterized as mercury incremeiradlgs different pore
throat sizes with increasing pressure. The injection pressure of MICP instrumentaattai0,000 psi
to intrude the smallest pore throat sizes, which reaches a theoretical limit of. 3r6fima-grained
lithologies, the majority of the pores can occur below this theoretical limit mezhby MICP (Kuila and
Prasad, 2013a). Pore size distributions are then determined using the Washburn equation, which assumes
a cylindrical pore throat (Washburn, 1921).
In contrast to MICP, LPGS (< 0.127 mPA) techniques are used to measure the body of the pore
by different adsorbents, therefore a direct comparison of pore volume and pore size distribution

measurements between MICP and LPGS cannot be made, although studies routinely do so (e.g., Bustin et

95



al., 2008). In this study, the adsorbents used were nitrogg¢tiN7K (-196°C) and carbon dioxide

(COy) at 273K (0°C), to collectively measure pore sizes in the micropore through fine maciegore s
fractions. Nitrogen at 77K (-196°C) measures mesopore-and fine macropores, with the ahalis i

the Nb molecule contained to pore diameters between 0.5-200 nm. Kinetic constraints gmibiedule

impedes diffusion of the molecule through constricted pore throats to characterize the misystem.

Carbon dioxide at 273K (0°C) has enough kinetic energy to access the finest micropores, and can provide
pore width characterization as fine as 0.35 nm (Gregg and Sing, 1982, Unsworth et al., 1989; Groen et al.,
2003; Rouquerol et al., 1994, 2007; 2013).

3.2.3 Geologic Background

3.2.4 Tectonic Elements

The Greater Permian Basin is located in the foreland of the Marathon-Ouachita orogenic belt,
comprised of two separate sub-basins, the eastern Midland Basin and western Delaware Basin, separated
by the intraforeland uplift of the Central Basin Platform (Yang and Dorobek, 1995). The Delaware Basin
is structurally bound on three sides by significant basement uplift features whiclejribleidvestern
Diablo Platform, the eastern Central Basin Platform and the Marathon-Ouachita fold and thtashbelt
south. The northern extent of the Delaware Basin is delineated by the Northwest Shelf (Figure 4; Ewing,
1993).

The structural influence of the Laramide and Basin and Range tectonism on the structural
evolution of the Delaware Basin has remained controversial in literature (e.g., Hills, 1984;darker
Pawlewicz, 1987; Ewing, 1993; Yang and Dorobek, 1995; Hoak et al., 1998). Renewed attention in the
post-Permian tectonic events of the Laramide and Basin and Range is driven by the potential impact that
the differential uplift and erosion of sedimentary cover may have had on thermal matur&tieffirod-
grained reservoirs across the Delaware Basin (Schwartz et al., 2015). The potential implicttieses of
later tectonic events is of particular interest as thermal maturation in theaiplfFormation is highly

anomalous across the Delaware Basin.
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Figure 3.4 The Delaware Basin is structurally bound on three sides by basglifefgatures, the western
Diablo Platform, the eastern Central Basin Platform, and the Marathon-Ouachita faldushdélt to the

south. The northern extent of the Delaware Basin is delineated by the Northwds(AShels and

Grammer, 2013).

3.2.5 Wolfcamp A Delaware Basin
In the Delaware Basin, the Wolfcamp Formation is divided into informal stratigraphic divisions
based on fairly discrete well log signatures derived from the lithologic changes betweest(l€igumie

5, Baumgardner et al., 2016; Chapter 2). Recent work has characterized the extensive sedimentological
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variability within the basinal deposits of the Wolfcamp A (Chapter 2). The sedirogiatal complexity

of the Wolfcamp A is attributed to the numerous sources of sediment around the pastiadiyecebasin,

that were transported and deposited either by different sediment gravity flow processegpratea

debris flows, high and low-density carbonate turbidity currents, low-density silicicladiidity currents

and transitional flows), or from hemipelagic sedimentation (Figure 6; Chapter2). The different
depositional processes and the subsequent authigenic mineral phases resulted in compositidityal variab
in each of the eight reservoir facies, at both the vertical and lateral scales. A hietlasdifidation was
developed to account for the variability, which divided the eight reservoir facies im@rprsecondary

and tertiary reservoir quality facies, based on average TOC values and mineralogical comgnaditi

consistency (Figure 7).

Figure 3.5 Stratigraphic nomenclature used in the Delaware Basin, Texas studyn ates. study,
placement of the informal lithostratigraphic units of the Wolfcamp are basedewioys literature
(Baumgardner et al., 2016; Chapter 2).
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Figure 3.6 Depositional processes in the Wolfcamp A reservoir facies (modimdHaughton et al.,
2009; Porten et al., 2016; Southern et al., 2017; Chapter 2).
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Figure 3.7 The Wolfcamp A reservoir facies hierarchal classification scheme, devieldpieapter 2, to
manage the extensive lateral and vertical variability in composition and rock grppesineters. The
classification is based on two identified controls on reservoir quality, aver@ge Values and
mineralogical composition and consistency. The classification has been modified with bptsttamal

values from the samples used in this study.
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3.3 Study Area and Methodology
3.3.1 Study area and Core Samples

The study area in the Texas portion of the Delaware Basin covers parts of Reeves, Pecos and
Ward counties (Figure 8). Six cores in the study area were examined, with variable thickness and
coverage of the Wolfcamp A stratigraphic interval, totaling 1,126 feet. The cores were sampled for the
defined reservoir facies as described by Colborne et al. (2019a). Fifty-four samples wetedcfsthen
the six cores for low-pressure gas adsorption analyses (LPGS) to measure a variety of porastitatacter
These 54 samples have corresponding thin-sections and bulk mineralogical analyses, and the majori

have source rock analyses and petrophysical property data (Table 1).

Figure 3.8 The study area across the Texas Delaware Basin, covering portions of Reeves, Pecos and Ward
Counties. Six Wolfcamp A cores were sampled for this study (blue circles).
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Table 3.1 Inventory of the Wolfcamp A reservoir facies that were sampleddach respective well.
Sample depths, TOC (wt.%) content, thermal maturity and the suite of queatitagasurements are
provided.

Due to the sedimentological variability that occurs in the Wolfcamp A (Chapter 2) tladl of
reservoir facies are not present in every cored well, therefore a targeted approach for the 54 LPGS

samples was required to ensure a robust dataset. Samples were selected to most apprppuig¢heca
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sedimentological and reservoir quality heterogeneity that exists on the verticalesalbSledles, and

included a range of burial depths and a change in thermal maturity that occurs across the study area.

3.3.2 Petrographic Analyses

A suite of qualitative analyses over a range of analytical scales were used to provide a visual
assessment of the grain assemblages, textures, fabrics, authigenic mineral phases, pore momtiologies a
occurrences that are visible in the Wolfcamp A reservoir facies. No semi-quantitatiweasagathered
from the petrographic analyses.

Fifty-four uncovered double carbonate stained thin-sections from the six wells were examined to
detail the varying detrital and biogenic grain assemblages, grain sizes and provide cabaser-sc
observations of the authigenic mineral phases present.

Nine broken rock surfaces and 16 ultra-thin sectier5(microns) were finely carbon coated
and images were collected using secondary and back-scattered electrons at a working distance of (9.8-10
mm). Energy dispersive spectroscopy (EDS), a highly useful elemental analysis, was completed on the
ultra-thin sections to accentuate the compositional heterogeneity of the microfabric, aseluelidade
the type, occurrence and relationship of the different diagenetic minerals.

10 samples were selected from the oil and late oil-early wet gas condensate windows from three
wells (Wells 3, 6, and 7), to document any significant changes in pore size, occurrence and distribution
across a thermal maturity gradient. The surface of the samples were argon-ion milled pdgpdadicu
bedding to prepare a flat surface for high-resolution FE-SEM imaging. The samples westdanilén
hours at an accelerating voltage of 5.5 kV and a current of 132 mA, and then were coated with 10 nm of
iridium to reduce electron charging during image collection. The samples were imaged pergetadicul
bedding over a range of magnifications, and the images were collected using both backscattered and

secondary electrons.
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3.3.3 Bulk Mineralogical Analysis
Bulk mineralogical and clay fraction analyses were performed on 54 samples. The 54 samples
were prepared for X-ray diffraction (XRD) and quantified using the Rietveld method (Hiet@&l7) at

several different commercial laboratories.

3.3.4 Source Rock and Petrophysical Analyses

Fifty samples have corresponding Rock-Eval source rock analysis to characterize kerogen type,
guality and maturity over the study area. Forty-five sammdesporosity and permeability data measured
by the GRI method. The Gas Research Institute (GRI) method uses crushed grains at a particle size of
0.85 to 0.5 mm to measure porosity using a helium pycnometer and matrix permeability, using an

unsteady state pressure-decay technique, with helium as the probe gas (e.g., Luffel, 1993).

3.3.5 Low Pressure Gas Sorption Analyses

Previous studies that used LPGS (< 0.127 kPA) to characterize pore sizes of fine-grained rocks
employed the International Union of Pure and Applied Chemistry classification (IUPAC), where the
divisions of pore diameter are based on the way different pore sizes fill. Microporesraed def< 2
nm, mesopores occur between 2-50 nm, and macropores are > 50 nm (Sing et al., 1985; Rouquerol et al.,
1994). In this study, the IUPAC classification was used with minor modifications to differeh#ate t

lower and upper pore sizes within the mesopores and macropores (Figure 9).

Figure 3.9 Pore classification scheme developed for this study (modifieSiaigezt al., 1985 and Munson
(2015).
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Fifty-four samples were collected for LPGS analyses, and were prepared and analyzed using
nitrogen and carbon dioxide on a Quantachrome Autosorb-1 in the Petroleum Engineering Department at
the Colorado School of Mines. To perform LPGS analyses, 2-3 grams for each sample was finely (425
microns) crushed, and then degassed under vacuum at 200°C for12-15 hours to remove all adsorbed

moisture and volatile matter (Rouquerol et al., 1994).

3.3.5.1 Isotherms: Nitrogen and Carbon Dioxide

The adsorption branch of the LPGS isotherms is derived from capillary condensation of the probe
molecule (N or CQ) into the pores at a pressure below the saturation vapor pressure of the gas. At
different pressures, the probe molecule will condense into pores with different diametetaryCapil
evaporation occurs during desorption, as the vapor is separated from the capillary condensed phase to
produce a hysteresis pattern. Hysteresis patterns result when pores of a specific widttl atdnigher
partial pressures and emptied at lower partial pressures (Groen et al., 2003).The $feaisetberm and
hysteresis pattern provides information about the interaction between the crushed mudpbelasd
the adsorbent, which is then qualitatively used to predict the types of pores present in the sample (e.g
Groen et al., 2003; Kuila and Prasad, 2013a).

For this study, the nitrogen adsorption and desorption isotherms were collected over 78 pressure
steps over a partial pressure (@PMange of (0-0.99). P is the gas vapor pressure in the system isnd P
the vapor pressure above the gas at the temperature which the analysis is conducted. The carbon dioxide
adsorption branch was collected over 31 pressure steps, over a partial pressure range of (0-0.99). The
desorption isotherm was not collected as hysteresis does not occur in the micropore size range. The dat
gathered from the nitrogen and carbon dioxide isotherms were used to calculate surface apaeg, total

volumes and pore size distributions using theoretical models that are supported by previtwus litera
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3.3.5.2 Specific Surface Area, Total Pore Volumes and Pore Size Distributions

The specific surface area (SSA) of the samples was calculated by applying the BET (Brunauer,
Emmett, and Teller) method to the inverted nitrogen gas adsorption data. This method detieemines
guantity of N that is required to form monolayer coverage over the external surface area, and uses 0.162
nn¥ as the cross-sectional area of anblecule for the calculation (Brunauer et al., 1938; Rouquerol et
al., 1994). Surface areas were not calculated from thago@erms, because of the narrow range of
partial pressures that are measured during the LPGS analysis, which outputs surface areas that are
inaccurate (Rouquerol et al., 1994, 2007, 2014).

Total pore volumes are calculated from the maximum amount tifdtl has condensed into the
internal pore structure. This occurs at the top of the adsorption branch where capillary condensation is
complete. N pore size distributions were calculated using the BJH method (Barrett, Joyner and Halenda)
(Barrett et al., 1951), and GQore size distributions were determined by the density functional theory
method (DFT) (Do and Do, 2003). The respective DFT model used waat@@3k carbon slit pore

model.

3.3.6 Mercury Intrusion Capillary Porosimetry

Six representative samples of the Wolfcamp A reservoir facies were selected for MIGH#sanaly
The capillary pressure that is required for mercury to enter a pore throat is depentergare radius,
the surface tension of the mercury, and the contact angle of the mercury with the body of the pore.
Mercury is forced to intrude into the pore throats by incremental increases in pressurgethgole
throats are intruded, whereas smaller pore throats require higher pressures to be accessed. Tdfe amount
pressure that is required to intrude a pore throat is inversely proportional to the dartietgrore throat
(e.g., Ross and Bustin, 2008, 2009; Kuila and Prasad, 2013a; Anovitz and Cole, 2015). To derive pore
throat distribution, the pressure versus Hg intrusion data is inverted using the Washburn,agbito
assumes cylindrical pore throats (e.g., Washburn, 1921; Purcell, 1949; Van Brakel et al., 1981; Webb,

2001).
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3.4 Results
Pore size, volume, surface area, shape, connectivity and an understanding of the spatial
distribution of the different pores are required for the characterization of pore micros (e.qg.,
Anovitz and Cole, 2015; Dong et al., 2019). To properly characterize the pore microstructure in the
Wolfcamp A reservoir facies, a suite of qualitative and quantitative techniques was employed.
This results section is separated into two parts which includes: 1) qualitative dbaereéthe
different reservoir facies, obtained from petrographic analyses (nano-to micrgnsmaleined with
bulk mineralogy data, and 2) the measurements acquired from the bulk quantitative assessments.
From the qualitative analyses the objective was to characterize the diverse and variable grain
assemblages, textures and authigenic phases of each Wolfcamp A reservoir facies, and thee idleterm

these differences are expressed in the quantitative measurements.

3.4.1 Compositions, Grain Assemblage and Texture

The mineralogy of the Wolfcamp A reservoir facies is displayed in Figure 10. For each sample,
the normalized bulk mineralogy and TOC contents are located in Table 2, to highlight the compositional
variability that occurs between well locations. The defining compositional components, grain
assemblages and diagenetic mineral phases for each reservoir facies is provided in Table 3, wi
interpreted depositional processes adopted from Chapter 2.

Chapter 2 described in extensive detail the mineralogical compaosition, intra and extrabasinal
grain assemblages and moderately addressed the authigenic minerals present. A synthesis of these
microfabric constituents and the marked compositional differences between each facies aesidescrib

subsequent sections, and are based on observations from this study.
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Figure 3.10 Ternary diagram of the Wolfcamp A reservoir facies.
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Table 3.2 Normalized bulk mineralogy and total organic carbon content for each sample.
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Table 3.3 A comprehensive table of the eight Wolfcamp A reservoasétat includes, the interpreted depositional processes from Chapter 2, thei
respective compositional components, grain assemblages and diagenetic minerals that werembsergedtions and SEM/BSE images.
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3.4.1.1 Primary Reservoir Facies

The primary reservoir quality siliceous mudstones are comprised predominantly of clay-sized
bio-siliceous micro-organisms (agglutinated foraminifera, radiolarians and sponge spueitiea)minor
component of detrital grains that are dispersed throughout an illite-smectite clay matartrast to the
siliceous mudstones, the silty mudstones are comprised of clay to silt-sized detrital iqilastzvigh less
abundant biogenic siliceous micro-organisms. Apart from the dominant mode of silica, the 18 siliceous
and 10 silty mudstone samples are mineralogically similar with low calcite contents (< 3.Jand.%)
moderately variable total quartz and feldspar and clay contents (siliceous mudstones: 5@28.8t.%
wt.%; silty mudstones: 63.9 wt.%, 37.3 wt.%). When the more thermally mature well data is removed
from consideration, the siliceous and silty mudstones display some discrete variability in the aadrag
range of TOC values, (avg.: 3.7 wt.%, 1.3-6.5 wt.%; avg.: 3.1 wt.%, 2.0-4 wt.%; respectively).

The calcareous silty mudstones are characterized by clay to silt-sized biogenic and detrital grains
that are distributed throughout an illite-smectite clay matrix. The biogenic grains mainist obns
calcareous and siliceous microfossils, which include brachiopods, mollusks, agglutinated foraminifera,
radiolarians, siliceous and calcareous sponge spicules and other fragmented skeletahdeateisital
grain assemblage consists of quartz with minor feldspars and micas. The eight calcayeousisitines
deviate mineralogically from the siliceous and silty mudstones by increased totalatarbontents,
specifically the occurrence of calcite (6.1-11.1 wt.%, n= 8), whereas the combined calciteinahtent
siliceous and silty mudstones range from (0.8-3.1, n=28). The average TOC values for the calttgreous si

mudstones is 3.3 wt.%, with a range of (2.1-5.3 wt.%, n=8).

3.4.1.2 Secondary Reservoir Facies

The secondary reservoir quality argillaceous calcareous siltstones are the most peatly sor
reservoir facies, made up of various silt-sized biogenic and detrital grains that arerdissgmi

throughout a clay- micritic matrix. Calcareous and siliceous biogenic grains dominantithe gra
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assemblage and includes foraminifera, echinoids, brachiopods, sponge spicules and significant abundance
of skeletal fragments. The minor detrital components consist of quartz, micas and feldspars. Significant
mineralogical differences occur between the six samples of the secondary reseaxears

calcareous siltstones and the other reservoir facies. This is displayed by the highest atotaint of

carbonates, mainly from calcite (17.6-35.8 wt.%) and the lowest total clay content (9.5-31.0 wt.%).

3.4.1.3 Tertiary Reservoir Facies

The four tertiary reservoir quality facies include the burrowed and bioturbated mudstone-
siltstones. Due to a limited number of samples for each tertiary reservoir quality facigsalitative
observations for the burrowed mudstones and siltstones were kept separate and the quantitative results
were combined, the same approach was used with the bioturbated mudstone-siltstones. This approach was
appropriate because apart from the textural differences, fairly minor compositional diffevecuwesd
in the dataset (e.g., Figure 7, Table 2).

The burrowed silty mudstones are primarily comprised of clay to silt-sized detrital grdinsstha
dispersed throughout the clay matrix. The detrital grains include quartz, feldspars and micas, whereas
radiolarians, agglutinated foraminifera and unidentifiable calcareous fragments make up the biogenic
component. Apart from the larger detrital quartz grains in the burrowed argillacesiuses, these two
facies are mineralogically very similar, with respective average quartz (51.9 wt.%, 43)9clays (31.3
wt.%, 27.3 wt.%) and carbonate contents (6.6 wt.%, 9.1 wt.%). TOC contents are also vary simil
between facies, with average TOC values of the burrowed silty mudstones at (2.1 wt.%) and (2.0 wt.%
for the burrowed argillaceous siltstones.

The bioturbated silty mudstones are comprised of clay to silt-sized detrital grairg, (quaor
feldspars and micas) that are incorporated within a significantly bioturbated afegy. fhe minor
biogenic components also include radiolarians, agglutinated foraminifera, and non-descript calcareou

grains. Apart from the larger grain size fraction, the bioturbated silty mudstones and ledturbat
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argillaceous siltstones are compositionally similar, with respective average quartz (%a,.600 wt.%),

clays (35.1 wt.%, 32.5 wt.%, carbonate (5.4 wt.%, 5.2 wt.%) and TOC contents (1.6 wt.%, 1.9 wt.%).

3.4.2 Diagenetic Minerals
From the integrated dataset consisting of XRD, thin-sections, SEM/BSE images and EDS, the
most common diagenetic minerals identified in the Wolfcamp A reservoir facies include, illite,

microcrystalline silica, ferroan and non-ferroan calcite and dolomite varieties, albitergad py

3.4.2.1 Clay-Mineral Transformation

The clay mineral transformation of smectite to illite is the largest diageneticespént that
occurred in the Wolfcamp A reservoir facies. Although this replacement process is unableattilye re
observed petrographically, clay mineralogy was obtained from semi-quantitative XRD anaiydbS4
samples to confirm that illite is the predominant clay minerals with less abundant mixedlitayer i

smectie.

3.4.2.2 Microcrystalline Silica

To definitively confirm the occurrence of authigenic silica, cathodoluminescence is &jtechn
used to differentiate authigenic and detrital quartz types, by the discrete luminescetieediffarent
types emit (e.g., Richter et al., 2003). For the purposes of this study, standard transmitted light
petrography and high resolution FESEM imaging coupled with EDS were adequate analytical techniques
to differentiate the different silica types and forms of authigenic silica.

Two forms of authigenic microcrystalline silica (< 20 microns in diameter; Folk, 1980) ioccu
the Wolfcamp A reservoir facies, grain replacements of previous opal-A biosiliceous organisms, and
cement (Figure 11). The silica cement occurs throughout the clay matrix, and was also observed to be
fused onto the edges of detrital quartz grains (Figure 12C, G). The original opal-A¢cbmslimicro-
organisms replaced by microcrystalline silica includes, agglutinated foraminifera, radsbrtheponge

spicules. These replaced biosiliceous grains displayed no indication of grain compaction. @&he parti
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replacement of calcareous allochems is also common throughout. Within the clay matrix, midlioerysta
silica cement was identified by either the characteristic low birefringence of {eigmize 11B, D), the
predominant occurrence of intergrown silica crystals (Figure 12C, E), or as micron to sub-micron
individual crystals (< 2 microns) or micron-sized crystal clusters (up to 5 microgsyéFi2G, L).

Based on discrete relationships between the different diagenetic minerals and authigenic forms,
the relative timing of silica precipitation is strongly considered to have occurredyabesaal, prior to

compaction.

3.4.2.3 Calcite

Non-ferroan calcite was identified in all reservoir facies, and is most predominant in the
calcareous silty mudstones (Facies 2) and the argillaceous calcareous siltstones (Faampa8kd to
the non-ferroan variety, ferroan calcite is markedly less abundant in the calcareous silty mudstones a
argillaceous calcareous siltstones, and very rarely observed in the other reservoir faeies:ddorand
ferroan calcite both occur as grain replacements and matrix cement (Figure 13).

Although not common, non-ferroan calcite has partially to completely replaced previously
silicified allochems (Figure 13A). Whereas, pervasive replacement (i.e., recrystallizatiahjarous
grains by a more stable non-ferroan calcite has commonly resulted in the obliteration of intestwaestr
(Figure 13C). The partial to complete replacement of recrystallized, non-ferroan calagnatos by
ferroan calcite is most common in the argillaceous calcareous siltstones (Figure 13D). Misierroam
calcite cement occurs within the clay matrix of the calcareous silty mudstones, whereas morepervas
cementation has occurred in the argillaceous calcareous siltstones (Figures 12D, F, 13B-D). The
occurrence of ferroan calcite cement was only identified in the calcareous silty mudstonesyon a ver
limited scale (Figure 13C).

The relative timing of non-ferroan calcite precipitation is considered to be an eméndtic
process, which occurred after the silica replacement and cementation phases. This timathda bas

discrete relationships, where non-ferroan calcite has partially replaced previous silicifnes gndi
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locally overprinted matrix-occurring silica cement. Additionally, the preservationeshically reactive
calcite skeletal fragments, supports early diagenesis, as a more stable form of calcttdlimamiythe
biogenic grains. Ferroan calcite is a later phase, altering grains that have already been dipgenetical

imprinted by either silica or non-ferroan calcite.

3.4.2.4 Dolomite

Ferroan dolomite is the most abundant variety of dolomite in the Wolfcamp A reservoir facies,
and occurs as both a grain replacement, and as a dispersed to pervasive matrix cement (Figures 12H, J,
14). Non-ferroan dolomite is markedly less abundant, and when present occurs as individual rhombohedra
(Figure 14C, D).
Ferroan dolomite partially to completely replaces previous silicified original ofabgNiceous
grains (i.e., radiolarians), and recrystallized calcareous grains (Figure 14B). In adigplacement
and matrix cementation, ferroan dolomite occurs as a displacive cement, identified from thenapepaia
a mottled fabric (in BSE) (Figure 12H). This type of displacive cement has been documented in other
basinal mudrock successions (e.g., Barnett Shale, Milliken et al., 2011; Milliken and Day-Stirrat, 2013).
Non-ferroan dolomite crystals appear to overprint the ferroan dolomite cement, and is considered
to be the initial dolomite phase (e.g., Figure 14 A). The relative timing of precipitation offdrerti
varieties of dolomite to the other authigenic minerals is thought to have occurred duridgudat)after

the precipitation of non-ferroan and ferroan calcite.

3.4.2.5 Albite

Albite partially to completely replaced different detrital and diagenetic minerathwiglude:
potassium feldspar grains, detrital quartz, matrix-occurring silica and dolomite cemene (28, D,
J).The relative timing of albite precipitation is determined to be later-stage based oatenmept of

earlier authigenic minerals.
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3.4.2.6 Pyrite

The different morphologies of pyrite include framboids and individual euhedral crystals (Figures
11A, 12K, L). The diameters of the framboids are highly variable (< 6-20 microns), although theymajorit
occurred between 6-10 microns. Pyrite is the latest diagenetic mineral phase, based on ttee partial
complete replacement of grains that have already been altered by the previously described authigenic

minerals.

Figure 3.11 Thin-section photomicrographs of authigenic microcrystallina silitie different Wolfcamp

A reservoir facies. (yellow arrows= matrix-occurring silica cement, dark btoese dolomite, light blue
arrows=Fe-dolomite). A) In this siliceous mudstone, the radiolarian is replaced with fibrous textured
chalcedony, and the foraminifera are replaced with intergrown microcrystallice @ijistals. Abundance

of matrix silica cement. B)n this calcareous silty mudstone, the matrix-occurring silica cement is
pervasive, and is locally overprinted by other authigenic minerals. C) Thilesiltiforizontal burrows
largely cemented by silica, and partially overprinted by dolomite cement (F&ajed) Matrix is
substantially silica cemented, with minor authigenic overprint by Fe and non-émidocement. The
(opal-A) radiolarians were replaced by a more stable form of silica (Facies 5a)
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Figure 3.12SE-BSE images with corresponding EDS to identify the authigenic minerals preseheand
spatial relationships. High-resolution BSE images of argon ion-milled sani@l, H, L) were used to
highlight authigenic textural characteristics. (yellow arrows/circlexiratcurring silica cement, clusters

of silica cement, light blue arrows= dolomite cement, red arrows=calcite cemeagtzdtrdetrital quartz,

py= pyrite. A/B) Early silica replacement of a foraminifera and extensivepoméng of the clay matrix

by silica cement has occurred in this siliceous mudstone. Later-stage albitizadietnitaf quartz grains
and silica cement (white arrows). C/Dhis siliceous mudstone is diagenetically characterized by: early
matrix silica cement, locally occurring calcite cement, partial replaceniailica cement by later-stage
dolomite (light blue circle), dolomite cement, and late replacement albite.d€trital quartz grains are
fused together by silica (white arrow). E/F) The dominant diagenetic minaratssi calcareous silty
mudstone include: matrix-occurring silica cement where the crystals arey larggbrown and calcite
cement. G/H) Displacive dolomite (black dashed lines), euhedral dolomite and zondchkedblmmite
crystals are the different dolomite textures that occur in this calcasétyusiudstone. Within the matrix,
the silica cement crystals occur in a range of sizes, and are also sutured orital guletiz grain (white
arrow). I/J)Extensive matrix-occurring dolomite cement has overprinted the previous silica cement in this
bioturbated silty mudstone. Locally, later-stage albite has replaced the silica amitel@ement (white
dashed line). K) Different pyrite morphologies in this silty mudstonkidte; framboids, clusters of non-
cohesive euhedral crystals (red arrandl individual euhedral pyrite crystals (orange arrows). L) The pyrite
framboid is comprised of loose euhedral crystals, and precipitated signifitatettythan the matrix-
occurring silica cement.

117



118



Figure 3.13 Thin-section photomicrographs of authigenic forms of non-ferroan and fermaminahe
different Wolfcamp A reservoir facies. Other authigenic minerals are annatatégplay the different
diagenetic relationships. A) In this silty mudstone, non-ferroan calcite has reptanedf the siliceous
sponge spicules, which had been previously replaced by silica (red arrows). caitsta in this facies is
minor. B) Argillaceous calcareous siltstone has numerous calcareous skeletal fsagispetsed
throughout a matrix that has been recrystallized to a clayey-micrit€hi€)calcareous silty mudstone
displays significant silica replacement and matrix-occurring cement. The trigicareous grains that
were not replaced by silica were recrystallized with non-ferrroan cédcge brachiopod in centre view),
where the internal structure for many grains has been obliterated. Titte-@catirring silica cement has
been partially overprinted by ferroan calcite. D) This argillaceous calcardistsng with an abundance
of calcite recrystallized brachiopods, brachiopod spines, calcareous sponge spiculesjféoeaamd
bivalve fragments. Some of these grains display partial to complete replacemésrrdayn-calcite,
following recrystallization by non-ferroan calcite.
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Figure 3.14 Thin-section photomicrographs of authigenic forms of non-ferroarrapa dolomite in the
Wolfcamp A reservoir facies. A) Ferroan (turquoise stain) and non-fe(adear stain) dolomite has
cemented a horizontal silt-filled burrow within this burrowed argillaceous siis®nPartial to complete
grain replacement by ferroan dolomite is the most prevalent form of authigenic @adlomhiis calcareous
silty mudstones. The ferroan dolomite has replaced biogenic silica (radiolariacg)@rdous grains (i.e.,
calcareous sponge spicules). Fe-dolomite also occurs throughout the matrix as a cekemfe@pan
and ferroan dolomite cement a well-preserved silt-filled burrow, in this biotdf@agillaceous siltstone
(black dashed line). The dolomite cements occur throughout the matiferi@an-dolomite is pervasive
in this bioturbated silty mudstone, both as a grain replacement and as acmaieixt. Euhedral, non-
ferroan dolomite crystals are scattered throughout the highly churned matrix.
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3.4.3 Kerogen Maturity, Type and Quality

Thermal maturity (hay) data from the six study wells located across Pecos, Reeves and Ward
counties shows that the thermal maturation of the kerogen in Wells 1-6 are in the oil-windowswherea
Well 7 which is located in northern Reeves county is within the late oil- to early wet gansated
window (Figure 15A). From a modified van Krevelen diagram, the type of kerogen in the Wolfcamp A
reservoir facies plot as Type I, Type Il/lll, with mixed Type II/lll (oil-gas promead Type Il (gas
prone) kerogen quality (Figure 15B, C). The majority of the kerogen in the Wolfcamp A is likely of
marine origin (Type I, algal source), where the samples that plot in the Type Il spaceside@d to
be the collective result of increased thermal maturation and some contribution of &tmeganics

(Chapter 2).

3.4.4 Introduction to Pore Types and Morphologies

The pore types, occurrences and morphologies of the Wolfcamp A reservoir facies welse initial
classified using the objective-based mudrock pore classification from Loucks et al. (2012), to which
modifications from previous studies were employed (Table 4; Loucks and Reed, 2014; Pommer and
Milliken, 2015). The Loucks et al. (2012) classification scheme focuses on the distribution of pores with
respect to various minerals (detrital and authigenic) and organic matter (OM), and detsteore
types to a potential origin. Pore types are divided into three categories: 1) titkerpores between
grains), 2) intraparticle (pores within a grain), and 3) organic matter (pores wafsidonal or
migrated OM). Pommer and Milliken (2015) modified this earlier classification system to include
subdivisions for mineral-associated and OM-hosted pore types. For the purpose of this study, the
divisions for the mineral-associated interparticle pore types were used. The mineratedsoci
interparticle pores are divided into three types, intermineral (pores between mparéchs), OM-
mineral interface (pores between mineral particle and OM) and clay-hosted (pores betwdéiain or wi

phyllosilicate particles).
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The differentiation of OM types, the characterization of OM-hosted pores and OM pore
morphologies were adopted from the work of Loucks and Reed (2014). Organic matter is separated into
depositional (e.qg., terrestrial and/or amorphous marine OM) and migrated (e.g., bitumen, pyrobitumen,
char), and the identification of OM types is based on a suite of discrete petrographic chécactbast
are not always observable (e.g., Milliken et al., 2013; Ko et al., 2016). Organic matter pore types are
divided into primary and secondary; primary OM pores are inherited from the original kerogarestruct
and are unrelated to thermal maturation, and secondary OM pores are related to thermal maturation.
Secondary OM pores can occur in both types of OM (i.e., depositional and migrated), and are
morphologically described as bubble and sponge-like. Bubble pores are round to-sub-round, with a size
range of hundreds of nm up to microns, whereas the sponge-like pores are nanometer in size (~2.5-200

nm) and more abundant than bubble pores (e.g., Ko et al., 2016).

3.4.4.1 Wolfcamp A: Pore Occurrence, Types and Morphologies

To avoid over-characterization of the pore networks from a limited sample suite, only the most
salient observations were included. The results discussed below are the collective obsewatitres fr
reservoir quality facies, which were sampled across the different thermal maturity witidowoil and
late oil- to early wet gas condensate). The most consistent observation across all faciemahd ther
maturity boundaries is the occurrence of extensive microcrystalline silica cemanttiagtimatrix. The
authigenic silica is associated with many pore types and visually appears to be the controlling factor on
pore network systems. These pore types associated with microcrystalline silica arénénédifimetween
silica crystals), between silica crystals and clay particles, organic-matter hosteghaoe within
secondary OM that migrated into prior intermineral (microcrystalline silica) paeesand OM-mineral

interface pores.
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3.4.4.2 Mineral-Associated Pore Space

The mineral-associated pore space is predominantly interparticle, as intraparticle pwis spac
only observed within pyrite framboids (e.g., Figure 12L). From the oil window samples, the main
interparticle pore types are clay-hosted and intermineral pores, which are developed betewegn vari
authigenic and detrital minerals (i.e., detrital quartz, authigenic silica crystals, I¢Rigure 16A, B).

In contrast, the more thermally mature samples displayed less clay-hosted and intermingrpépore t

and an abundance of OM-mineral interface pores (Figure 17C, D-H). Development of these OM-mineral
interface pores occurred all three types of organic matter (i.e., terrestrial, depbsi@goime and

migrated, Figure 17C, E, G), and between both detrital and authigenic minerals (Figure 17C, H). The
majority of the OM-mineral interface pores are sponge-like, with significantlysgivaorphologies

(Figure 17E, G). The progressive development of the sponge-like pores can result in pamigdl&te
evacuation of organic matter at the original mineral interface, this was observed to be more gcommon i

the higher maturity samples (Figure 17G, H).

3.4.4.3 Organic Matter Types and OM-Hosted Pore Space

A diversity of organic matter types and pore morphologies occur in reservoir facies. Pore
development occurred in depositional (i.e., terrestrial and amorphous marine kerogen) and migrated (i.e.,
bitumen/pyrobitumen) organic matter. Terrestrial OM was inferred based on rigdepginthpes with
sharp to subtle-curved edges, that did not encompass detrital or authigenic grains (Figures 1A, C, E-
17A, C, D-E) (e.g., Loucks et al., 2009, 2012; Milliken et al., 2012, 2013; Lu et al., 2015; Pommer and
Milliken, 2015). Variable secondary pore development occurred within the terrestrial OMegartic
some images the terrestrial OM appeared to have no development of pore space, however this is likely
due to the resolution limits of the instrument (Figure 16E-F). There is more textural evidlemzgihe
kerogen in the oil window samples than in the higher maturity samples, but both maturation windows
display sponge-like pore development in the depositional OM (Figure 16D, G). However, it is considered

that the majority of the OM was originally marine, and during compaction and subsequent thermal
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maturation the ductile OM became intermixed and overprinted by migrated OM (Milliken et al., 2013).
Although differentiation between marine and migrated OM may be futile, terrestrial G@s&ered to
be significantly less abundant than the other two types.

Migrated OM, albeit with an unknown yet presumed abundance of marine OM, displays a fairly
uniform distribution especially in the higher thermal maturity samples. The migrated OMrgétéd to
have predominantly infilled the previous interparticle pore space, which includes extatesiveneral
pore space between microcrystalline silica crystals and clay-hosted pore space. This is based on the
uniform distribution, the encompassing character of the OM with the authigenic crystals anesence
of OM pores between clay particles (Figures 16C, H, 17B, F, I). The pore morphologies in #tednigr
OM is dominated by sponge pores with highly variable and complex shapes. Overall, there was a notable

lack of bubble pores in all samples (Figure 16I).

3.4.5 Quantitative Results

For each reservoir facies, a comprehensive evaluation of the quantitative dataset included: an
investigation into the compositional controls on porosity, permeability and the different pore
characteristics (surface area, total pore volume, pore size distributions), an examination pdé¢hefim
thermal maturity on the pore characteristics, and an assessment of the dominant porelsiz®iaksst
and associated volumes and their respective controls on porosity and permeability.

Collectively, the investigation into the compositional controls on the petrophysical prepertie
pore characteristics (surface area and total pore volume), pore size distributidms asgbtiated
volumes were overall highly ambiguous. From high resolution SEM imaging, the elusive compaositional
controls on the pore characteristics and petrophysical properties is strongly considered tedut thie r
the pervasive occurrence of pre-compaction microcrystalline silica, a signdiegenetic overprint
(Figures 16, 17, )8Due to the indefinite compositional controls, this results section focuses on relaying
the main observations derived from the quantitative dataset, and when appropriatentilltrefe

qualitative observations from the first part of this study.
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Figure 3.15 Kerogen maturity, type and quality from the six wells included in the gfudize maturity
of the kerogen from Wells 1-6 are in the oil generation window. The magairibe kerogen from Well 7
is in the late-oil to early wet gas-condensate window. B) This modified van Krediatmam (Dembicki,
2009) shows that Type Il and Type IIl kerogen are predominant for the Wolfcamp Aoie$acies. C)

The quality of kerogen in all samples is oil and gas prone.
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Table 3.4 Pore types and morphological descriptions (Loucks et al., 2012; Loucks and Reed, 2014; Pomme regi @04k
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Figure 3.16 The diverse types and morphologies of mineral-associated and organitiosaigrpore
space, that were identified in the oil-generating reservoir quality fackgels were taken on flat, ion-
milled surfaces. A) Pore space in this siliceous mudstone includes: slit-sitafmd clay-hosted (black
arrows), intermineral pores between authigenic silica crystals, variably developediairethe primary
OM, and minor pore development within the secondary (migrated) OM. B) Thgpes of interparticle
pores that occur in this calcareous silty mudstone are intermineral and clay-hostednéral pore space
is predominantly developed between dolomite and authigenic silica crystals. C) @vahmterface pores
occur between a detrital quartz grain and primary OM. A cluster of authigikraccsystals has impeded
the migration of secondary OM (burrowed silty mudstone). D) The primary OBly(lgtgal in origin), is
encompassed by authigenic clays and silica, and has extensive development of sponge-(giéqemes
mudstone). E) In this silty mudstone, two discrete primary OM particles ocouniéral or OM-hosted
pore space is resolvable at this resolution. F) A primary OM particle with develi@mtd, likely an artifact
of sample preparation (desiccation). Small sponge-like pores have developed in thsogalcity
mudstone. G) An abundance of discrete, isolated sponge-like pores. Intergrowth (coalesceeer)thet
sponge-like pores has resulted in connected OM pores (calcareous silty mudstomernkiféral pores
have developed from the complete evacuation of secondary (migrated) OM between geniausilica
crystals (calcareous silty mudstone). 1) Development of bubble pores within the secondary OM.
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Figure 3.17 The diverse types and morphologies of mineral-associated and organitiosatigrpore
space, that were identified in the reservoir facies located in theilaarly wet-gas condensate window.
Images were taken on flat, ion-milled surfaces. (white dashed lines= clust@ush@fenic silica). A)
Secondary OM has migrated through the clay matrix and enveloped early precipitedecrgsitals and
other matrix components (silty mudstone). B) Secondary OM has migrated intousrgvimary clay-
hosted and intermineral pore space. Minor sponge-like pores have developed in the secbhdary O
Individual to clusters of authigenic silica are resolvable at this resolatimhhave propped open clay-
hosted pore space (Facies 2). C) Pore space at the interface between theQivimad/a detrital quartz
grain (Facies 3). D) Sponge-like pores in a piece of primary (algaled@rOM. (silty mudstone). E)
Sponge pores in terrestrial and secondary OM. F) Extensive sponge-like pore developreamdarge

OM, has resulted in OM-mineral interface pores. Significant diagemeiprint by authigenic silica (silty
mudstone). G) Extensive pore development in previous intermineral pore space resulted itecomple
evacuation of organic matter and returned back to intermineral pore spadac@ugs calcareous
siltstones). H) Complete evacuation of secondary OM due to excessive pelepdent. Intermineral

pore space and OM-mineral interface pores have developed between the authiganicysiials (silty
mudstones) 1) A lower magnification image to display the pervasive ldistm of secondary OM
(calcareous silty mudstone).
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Figure 3.18 Pore network systems capture the interplay between sedimentology, medtemieal and thermal diagenesis. The culmination of
these depositional and diagenetic processes extend from basin to the nano-scale, anlleimpae!l production potential of the Wolfcamp A
reservoir facies. From high-resolution images, it is inferred that nkiassaciated (i.e., intermineral, between authigenic grains) and organé-matt
hosted pore space (i.e., secondary OM), both contribute to the pore network system&/afdhmmp A reservoir facies, but that the pervasive
precipitation of pre-compaction silica cement had the most significant impact on the pore sgaiEms.
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3.4.5.1 Compositional Controls on Porosity and Permeability

The compositional controls on the petrophysical rock properties of the siliceous and silty
mudstones were investigated on a well per well basis. The siliceous mudstones occur in Wells 1-3 and
Well 6, whereas the silty mudstones are only present in Wells 5 and 7. Examination of the silty
mudstones by well was beneficial as the kerogen in the samples from Well 7 are more timeatoaéy
(i.e., late-oil early wet-gas condensate) than samples from Well 5. Low sampling andkoofa lac
complimentary petrophysical data barred well by well comparisons for the six remaining Wolfcamp A
reservoir facies, therefore compositional controls on the measured rock propertiesédaties were
evaluated using data from all wells.

Notable compositional controls on the petrophysical properties include:1) quartz and total
carbonate content had the most consistent controls on porosity and permeability for both positive and
negative covariations, 2) in some facies, calcite or dolomite formed greater covariations, whatiesndi
that the type of diagenetic form (i.e., replacement or cement) impacts the petrophygiesdigs
differently, 3) samples from the higher thermal maturation window formed positive covariaitbrclay
content and the measured rock properties, and lastly 4) In both thermal maturation windows, TOC had no
apparent influence on the rock properties in any reservoir facies.

The reservoir facies that displayed similar covariations between compositionalantt@ock
properties are discussed together. The statistical variance of the correlations ambthiveaanges for
the measured petrophysical properties and compositional components are provided in the Apendix

(Figures 2-7).

3.4.5.1.1 Quartz

Negative covariations between increased quartz content and lower permeability and porosity
values occurred in the three primary reservoir facies: the siliceous mudstones (Faoi@s\Viefis 2,

and 6, and from Wells 5 and 7, the silty mudstones (Facies 1b), the calcareous silty mudstase®)(Faci
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and the secondary reservoir argillaceous calcareous siltstones (Facies 3) (appendix B, Figures 2-5). In
direct contrast, the siliceous mudstones from Well 3 displayed positive covariationsrbieteveased

guartz content and the measured rock properties, which is speculated to be associated with a greater
abundance of silt-sized detrital quartz grains (appendix B, Figure 9A). From SEM imagingeitiched

that authigenic silica influences petrophysical properties through intermineeagpace between the

silica crystals, propping of pore space between clay particles, and organic matter pore space developed
within secondary OM that had migrated in between the authigenic silica. However the predgminantl
negative correlations are strongly suggested to be due to the GRI method, and not an accurate
representation of the control of quartz content. (Figures 16B-C, H, 17E-H).

The tertiary reservoir burrowed and bioturbated mudstone-siltstone facies exhibitae posi
covariations between increased quartz, porosity and permeability values, however, strongemosvariati
occurred with quartz and feldspars (Appendix B, Figures 6, 7). Although high resolution im#geseof
facies were not incorporated into the dataset, based on thin-section images it can bedstinggeke
presence and distribution of rigid silt-sized detrital grains likely assisted in pregprimary

interparticle pore space (Appendix B, Figure 8).

3.4.5.1.2 Carbonates

The combined influence of higher quantities of calcite and dolomite (i.e., total carbonate)content
resulted in negative covariations between the rock properties and the siliceous mudstones sdr8Well
the silty mudstones from Well 5, and the burrowed mudstones-silts#dpesr(dix B, Figures 2, 3, 6). It
is speculated that the authigenic carbonate types were cement (Appendix B, Figure 8)ash, thatr
siliceous mudstones from Well 5, the argillaceous calcareous siltstones and the leidtumioddtone-
siltstones displayed positive covariations between dolomite content, porosity and permeability values

which may suggest a replacement type of dolomite (Appendix B Figures 2, 5, 7-8).
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3.4.5.1.3 Clays and TOC

The more thermally mature silty and calcareous silty mudstones displayed positive covariations
between increased clay content and porosity and permeability values, whereas porosity values of the
argillaceous calcareous silty mudstones were only positively influenced (Appendix B; Rgi)réchese
positive covariations strongly suggest that increased temperature altered the udicrestf the clays
(e.g., Kuila and Prasad, 2013a). This correlation diverges with observations from the éahsanitiples,
where clay-hosted interparticle pore space appeared to be less abundant than the oil window samples.
This is in-part due to the analytical limitations of the FE-SEM which image down to 3.6 nns (& ati,
2011b). No positive compositional control by TOC was displayed in samples from either maturities,
particularly perplexing in the late oil-early wet gas condensate samples that dispfayriéorm fill of
primary interparticle pore space with migrated OM with well-developed sponge-like pore morphology

(e.g., Figure 18A-B, E, I)

3.4.5.2 LPGS: Isotherms and Hysteresis Patterns

For all of the Wolfcamp A reservoir facies, theisbtherm profiles display a general shape like
the Type Il isotherm, but with a distinct Type 3 hysteresis profile (Figure 19A). Thislhgbtiherm
shape is common in other mudrocks, and is characterized as Type 1IB (Rouquerol et al., 1994). The Type
IIB isotherm indicates that the fine-grained siliciclastics contain mesopores, which prioelues|t
defined hysteresis loop, and macropores which are inferred by the absence of a plateau at higher parti
pressures (Sing et al., 1985; Rouquerol et al., 1994, 2007; Kuila and Prasad 2013a). Hysteresis occurs due
to the significant variation in the shape and connectivity of the mesopores-to fine macrapd@Iype
3 pattern is characteristic of samples comprised of platy particles (i.e. clay) with lglitsbagped pores
(Sing et al., 1985; Kuila and Prasad, 2013a, 2013b; Anovitz and Cole, 2015). All of the isotherms indicate
the presence of micropores in two critical ways; filling at very low relative pes$a10.01 P/§}, and by
the complete closure of the hysteresis loop at partial pressures between (~0.35-40) which occurs as a

result of the tensile strength effect and can indicate a significant volume of ptiregdths less than 4
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nm (Groen et al., 2003). The €Botherms for all of the Wolfcamp A reservoir facies are Type 1,

indicative of the presence of micropores (Figure 19B).

Figure 319 Characteristic LPGS isotherm profiles of the Wolfcamp A reservaiesa A) Type 1B
nitrogen isotherm indicates that the mudstones and siltstones of the Wolfaaongai mesopores with a
highly complex pore network, displayed by the hysteresis profile (area betweeniadsamgtdesorption
branches). Hysteresis profiles indicate that nitrogen condensed into and evaporatetdeopod bodies
in a different sequence. B) Type | €8otherm, indicative of micropores in the samples.

3.4.5.3 Surface Areas and Total Pore Volumes

The distributional characteristics of the measure@KEIT specific surface areaslg) and total
pore volumes (ml/g) for each of the reservoir facies are shown in RQure

Significant variations occurred in the calculated SSA and TPV between and within eachreservoi
facies (Appendix B, Figure 9, Table 1). Overall, the reservoir facies sampled from the muolyher
mature Well 7 generally displayed higher surface areas and total pore volumes, than tlagisame f
sampled from wells within the oil window. From Well 7, the range of surface areas and total pore
volumes for the silty and calcareous silty mudstones respectively are (17.0265.0.662-0.076 ml/g;
n=3); (41.1-46.3 rtig; 0.051-0.061 ml/g; n=2) compared to the silty and calcareous silty mudstones from
Well 5 (23.7-47.5 rfig; 0.039-0.0652 ml/g; n=5); (25.3-38.7/g) 0.043-0.06 m1/g; n=2). Similarly, the
data from one argillaceous calcareous siltstone from Well 7 has a specific surface ared pockto

volume of (37.5rflg; 0.049 ml/g), compared to the Well 5 sample (23/@n0.045 ml/y.
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From Well 7, positive covariations between surface area and clay content occurred in the primary
and secondary facies, whereas total pore volume and clay content displayed a weak-to moderate positive
covariation (Appendix B, Figure 9). The calcareous silty mudstones sampled from three oil wiglttow w
(Wells 1, 5, and 6) formed positive covariations between surface area, clay content andeotalupoes.
Whereas, the four siliceous mudstones from Well 3 only displayed a positive covariation befeesn s
area and clay content. Overall, the markedly higher surface areas and positive covariations with clay
content in the primary and secondary reservoir facies from Well 7, strongly supage#tsreased
thermal maturation altered the microstructure of the clay, which likely developed micropores and
contributed to the increased total pore volume (e.g., Ross and Bustin, 2009; Loucks et al., 2012; Kuila and
Prasad, 2013a). Notably, from both maturation windows, no Wolfcamp A reservoir facies displayed a
positive covariation between surface area and TOC, or total pore volume and TOC (AppendixeB, Figur
9).

The overall lack of compositional controls on the total pore volumes for each reservair facie
strongly suggests that there were variable modes of mineralogical and organic matter pohaspase t

measured by N_.PGS.

3.4.5.4 Pore Size Distributions

Figures 21-26 display a comprehensive analysis of the compositional controls on the different
pore body distributions and volumes for all reservoir facies. The most significant cootrifoam this
investigation, (and study), was the recognition that the mesopore-to fine macropd®Zi9 nm) is the
most dominant pore size fraction for all eight Wolfcamp A reservoir facies, compared &rythe v
insignificant micropore volumes (< 2 nm). Distinct compositional controls on the mostaiunpiore
size fraction were largely elusive. Collectively, these results further substahi concept that the
Wolfcamp A, has been extensively diagenetically modified.

The detailed pore size distributions, associated volumes and the discerned compositional

covariations, are discussed in the following section. The petrophysical properties aseusseati, as the
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relatively insignificant micropore volumes generally displayed more discernable controls on the
petrophysical properties than the predominant mesopore-to fine macropore range, a highly unreasonable
outcome (Appendix B, Figure 10). The burrowed mudstone-siltstones are the only facies thadesplay
strong covariation between greater volumes of mesopore-to fine macropores, and higitgrgmaros

permeability values (Appendix B, Figure 11).

Figure 3.20 Box and whisker plots of BET specific surface area (left patylated by inverting the N
isotherm, and total pore volume (right plot) of the Wolfcamp A reservoiedagll of the facies have

highly variable surface areas and total pore volumes. Facies 4 and 4a (burrowed mudstones and siltstones)
display the lowest variability, due to the low sample size. Green trissthe mean, orange line is the
median (50%), top of the box is the upper quartile and bottom of the box is the lower quartile.

3.4.5.4.1 Primary Reservoir Quality Facies

The hemipelagic siliceous mudstones (Facies 1) obtain mestapiine macropore volumes of
(0.0015-0.0027 mi/g) (Figure 21). In marked contrast, the compositionally similar hemipelagic silty
mudstones (Facies 1b) display significantly higher volumes in the critical pore size fraction
(approximately, 0.020-0.042 ml/g) (Figure 22). Increased thermal maturation was determined to not be a

principle factor in the occurrence of greater pore volumes, as pore volumes in the silty mudstones f
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both Well 5 and Well 7 occur at both the low and high range (Appendix B, Figure 12). The dilute
turbulent wake calcareous silty mudstones (Facies 2) diverge compositionally from the dgimipel

siliceous and silty mudstones, with elevated carbonate contents (up to 22 wt.%). However, the salcareou
silty mudstones have comparable volumes of mesopore-fine macropores as the siliceous mudstones
(approximately, 0.017-0.032 ml/g) (Figure 23).

The siliceous and calcareous silty mudstones display similar trends with total carbonate content
and pore volumes (Figures 21A, 23A). In the siliceous mudstones, an approximate (> 4 wt.%) total
carbonate content contributes to a reduction in the volume of mesopore-to fine macroporesaiigd parti
impacts micropore volumes. Apart from this trend, elucidation of controls on pore body distskofti
the siliceous mudstones is largely non-definitive compared to the rest of the primargirdaerss.

With respect to the calcareous silty mudstones, calcite specifically exerted the gmedtesbn

reduction of both pore size distributions. The impact of calcite on the dominant mesopore-to fine
macropore size fraction is illustrated between the sample with the highest carbonate conte$,(22 w

Well 1), which obtains pore volumes of approximately (0.017 ml/g), and the sample with the lowest
carbonate content (7.3 wt.%, Well 5), which has double the pore volume (~0.032 ml/g). This
compositional correlation indicates that carbonate content (i.e., calcite conteniyaiglyiimpacts pore
volumes of the dominant pore size range in the calcareous silty mudstones. In contrast, carbonate content
in the silty mudstones displayed no impact on the mesopore-fine macropore size fraction, whereas higher
micropore volumes actually coincide with increased carbonate content. This may be due to authigenic
carbonate phases that grow within the sediment and prop open pore space (e.g., Figure 12G).

In the silty and calcareous silty mudstones, systematic trends occur between increased quartz
content and lower micropore volumes, with no discernable trend in the mesopore-fine macropore range
(Figures 24B, 25B). In contrast, the siliceous mudstones display no compositional control on micropore
volumes, with a crude covariation between increased quartz and higher mesopore-fine macropore

volumes. The proportions of the different modes of silica, in addition to the extensiveness aifritkke m
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dispersed microcrystalline silica cement is strongly considered to control these higabfespore
volume relationships.

The silty and calcareous silty mudstones also displayed relatively systematic trends with
increased clay content and higher volumes of micropores, with the positive trend more pronounced in the
silty mudstones (Figures 22C, 23C). The higher thermal maturity silty mudstone samples ftam Wel
have higher micropore volumes than samples from Well 5. This relationship strongly suggests that
thermal maturation impacted the microstructure of the clays in the silty mudstones, which is only
discernable in the micropore size fraction. The influence of total clay content on the mesojmare-to f
macropore volumes of the silty and calcareous silty mudstones was not definitive.

The silty mudstones also displayed an interesting trend with TOC content and micropore
volumes. The samples with the lowest TOC (i.e., Well 7), obtain the highest micropore volheres, w
no notable control from TOC is exerted on the coarser pore size fraction (Figure 22D he hi
resolution images of the Ar-ion milled samples substantiates the control of TOCropaoné volumes,
where significant nanseak pore development was identified in the migrated organic matter (e.g., Figure

17D-H).

3.4.5.4.2 Secondary Reservoir Quality Facies

The linked debrite argillaceous calcareous siltstones (Facies 3) obtains mesopore-to fine
macropore volumes of approximately (0.015-0.027 ml/g), similar to the siliceous and calcargous silt
mudstones (Figure 24). In the dominant pore size fraction (2-200 nm), lower carbonate contents are
associated with higher pore volumes and higher, more marginal micropore volumes. Similar to the
calcareous silty mudstones, it is calcite that exerts a greater negative influence thared&ligionie
24A).

Quartz content displays no substantial control on the mesopore-to fine macropore volumes, as
shown by the two samples with the lowest quartz contents (37 wt.%), which correspondingly have the

greatest variation in pore volumes respectively (0.015 ml/g; 0.027 ml/g) (Figu)e 24B
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Figure 3.21 Compiled pore size distributions of the siliceous mudstones, as determiri@d v @m; left graph) and N2-200 nm; right graph)
LPGS analyses. The dominant pore size distributions for the siliceous mudstones is in the mesoparatodijieee range (2-200 nm), with pore

volumes of (0.0015-0.0027 ml/g). For figures 2142& pore size distributions (x axis) and corresponding pore volumes (y axis), aeel tglohe

respective weight percent (wt.%) of the compositional component, for each Wplfsaeservoir facies. A) Siliceous mudstones that hade >
wt.% of carbonate content have a lower volume of mesopore-to fine macropores. @acbatent has a partial influence on micropore volume.

B) A crude association occurs between increased quartz content and highesrexésdine macropore volumes, with no influence on micropore
volumes. Graphs C (total clay content) and D (TOC), do not display controls on pore volumes.
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Figure 3.22 Compiled pore size distributions and volumes of the silty mudstones, mingetdry CQ (< 2 nm; left graph) and N2-200 nm; right
graph) LPGS analyses. The dominant pore size distributions for the silty meglgtan the mesopore-to fine macropore range (2-200 nm), with
pore volumes of (0.020-0.042 ml/g). A) Pore volumes in the mesopore-to fine macropore saedraatot controlled by total carbonate content.
Higher micropore volumes are systematically associated with higher carbonate c@)tdisdiscernable trend occurs with quartz content and
pore volumes in the mesopore-to fine macropore range. A systematic trend occurs between increased quartz corgemtiaraplone volumes.

C) No discernable trend occurs with total clay content and pore volumestiesiopore-to fine macropore range. A systematic trend occurs between
increased clay content and higher micropore volumes. Higher micropore volumes areralatedowith higher thermal maturity samples from
Well 7. D) No trend between TOC and the mesopore-to fine macropore volumes. The samples from the moyentiaeunealirell (Well 7), have

the highest micropore volumes and lowest TOC content.
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Figure 3.23 Compiled pore size distributions and volumes of the calcareousisikjones, as determined by 8 2 nm; left graph) and N2-

200 nm; right graph) LPGS analyses. The dominant pore size distributions fontmausiitones is in the mesopore-to fine macropore range (2-
200 nm), with pore volumes of (0.017-0.032 ml/g). A) Calcareous silty mudstones that have > 4 wt.%nafteartntent have a lower volunfe o
mesopore-to fine macropores. Carbonate content has a partial influencergpong volume. B) No discernable trend occurs with quartz content
and pore volumes in the mesopore-fine macropore range. A systematic trend occurs beteasrdiqoartz content and lower micropore volumes.
C) No discernable trend occurs with total clay content and pore volumestiesiopore-to fine macropore range. A systematic trend occurs between
increased clay content and higher micropore volumes. D) No trend between TOC and the pore body volaroakafdabus silty mudstones.
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Figure 3.24 Compiled pore size distributions and volumes of the argillaceous calcidtstiones, as determined by €& 2 nm; left graph) and

N2 (2-200 nm; right graph) LPGS analyses. The dominant pore size distributions for llaeewgs calcareous siltstones is in the mesopore-to fine
macropore range (2-200 nm), with pore volumes of (0.015-0.027 ml/g). A) Lotaécavbonate contents are associated with higher volumes of
both the dominant mesopore-to fine macropore size fraction and the fairlgifiesigt micropores. B) For both size fractions no trends occur
between quartz content and pore volumes. C) For both size fractions no trends ooeen betiav clay content and pore volumes. Samples from
Well 7, (late oil, early wet-gas condensate) obtain the highest volunleghirpore size distributions. D) For both size fractions no trends occur
between TOC and pore volumes. Samples from Well 7, (late oil, early webgdsnsate) obtain the highest volumes in both pore size distributions.
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In the micropore volumes the sample with the highest quartz content (47 wt.%) has the lowest
volumes of micropores, however similar volumes occur in samples with the least amount of3quartz (
wt.%). Although unable to be petrographically confirmed, these variant relationships are consitlered t
due to the different mode of silica.

In the argillaceous calcareous siltstones, both total clay and TOC content do not display distinct
controls on the different pore size fractions (Figure 24C, D). Instead, it is increasedl tmaturation
that has influenced the pore volumes. This is displayed by the two samples from Well 7 thahebtain t
highest volumes in both pore size distributions, even though one of the samples has the lowest TOC

content (Figure 24D).

3.4.5.4.3 Tertiary Reservoir Quality Facies

The low-density siliciclastic turbidite facies, the burrowed and bioturbated mudsttstensis,
are grouped together in the respective pore size distribution plots, as grain size wisigektternot
impact the volume of pores within each size fraction.

The burrowed mudstone-siltstones (Facies 4, 4a) have mesopore-to fine macropore volumes of
(0.017-0.027 mi/g) (Figure 25). In direct contrast, the bioturbated mudstones-siltstones (Facies 5, 5a)
have significantly higher pore volumes in the dominant pore size faction (0.022-0.040 ml/g), despite
being compositionally similar to the burrowed mudstones-siltstones (Figure 26). The pore volumes
obtained by the bioturbated mudstone-siltstone are markedly similar to the primary regetyirsilty
mudstones.

The influence of carbonate content on the dominant pore size distributions of the burrowed
mudstone-siltstones is interesting. Three samples show a systematically positive covaittation w
increased carbonate content and higher pore volumes, where the opposite trend is displayed by the sample
with the greatest volumes of mesopore-to fine macropores. The respective carbonate @basedaded
on Figure 25A, this trend may indicate that dolomite primarily occurred in the burrowed mudstone-

siltstones samples as a pore-filling matrix cement, which decreases the volumes of peres in t
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Figure 3.25 Compiled pore size distributions and volumes of the burrowed mudstoogaesiltsis determined by €@ 2 nm; left graph) and N
(2-200 nm; right graph) LPGS analyses. The dominant pore size distributiore fbutrowed mudstone-siltstones is in the mesopore-to fine
macropore range (2-200 nm), with pore volumes of (0.017-0.027 ml/g). A) An appaaéonship exists between dolomite content and volumes
of mesopores-to fine macropores, resolved by petrographic observation of the ddfearegénic forms. B) A strong systematic trend occurs
between increased quartz content greater volumes of mesdpdires-macropores. C) No compositional correlations occur between tayal cl
content and pore volumes in the different size fractions. D) Higher TOC conteh®) @re associated with greater volumes of mesopores-to fine

macropores.
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Figure 3.26 Compiled pore size distributions and volumes of the bioturbated mudssioresi|tas determined by €& 2 nm; left graph) and-N
(2-200 nm; right graph) LPGS analyses. The dominant pore size distributiothe foioturbated mudstone-siltstones is in the mesopore-to fine
macropore range (2-200 nm), with pore volumes of (0.022-0.040 ml/g). A) Increasedatarcontent is mainly covariant with greater mesopores-
to fine macropores. B) A strong systematic trend occurs between increased quartz ceatnvgumes of mesopores-to fine macropores. C) No
compositional correlations occur between total clay content and pore volumes ifieifentifize fractions. D) No compositional correlations occur
between total clay content and pore volumes in the different size fractions.
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meso- to fine macropore size fraction. Substantiated by petrographic observation, dolomite esment w

observed to be scattered throughout the matrix as well as in silt-filled burrows, potastalbement

(Figure 14). The bioturbated mudstone-siltstones also display an interesting relationshifaivith to

carbonate content. The sample with the greatest volume of mesopore-to fine macropores (0.646 ml/g)

the highest dolomite content (8.6 wt.%), however the sample with the lowest volume (~032f)2tas

a dolomite content of (5.4 wt.%) (Figure 26A). The samples that occur in between have dolomitescont

that range (2-3 wt.%), with all calcite contents between (0-3 wt.%). It is corsitthertethe form of

authigenic dolomite varies between the samples. The authigenic form of dolomite in the sidémible w

highest volume of pores is likely replacive, whereas dolomite cement is anticipated tmdhewsample

with the lowest volume of pores. This trend and reasoning also applies to the micropore volumes. No

other compositional controls on pore volumes were delineated in the bioturbated mudstone-siltstones.
In the burrowed mudstone-siltstone, higher quartz content displays a fairly strong systematic

association with greater volumes of mesopores-to fine macropores (Figure 25B). The sampke with t

lowest quartz content (45.4 wt.%) has a pore volume of (0.017 ml/g), whereas the sample with the highest

guartz content (61.0 wt.%) obtains a pore volume of (0.027 ml/g). Higher TOC contents (> 2.3 wt.%) are

also associated with greater volumes of mesopores-to fine macropores (Figure 25D).

3.4.5.5 Mercury Porosimetry

Mercury porosimetry is a complimentary analysis to the low pressure gas adsorption data, as
these two techniques document different characteristics of the pore structure (Figurgg7arer Sing
1982; Bustin et al., 2008; Kuila and Prasad, 2013a, 2013b). From Figure 27 it can be discerned that N
LPGS measured pore bodies that had a wider diameter than the Hg intrusion measured pore throats, this
roughly translates into the higher diameter pore bodies not being accessible as hydrocareoargtorag
transfer pathways as the pore throats are smaller, however this is a qualitative comparisiengith di
theories. The incremental Hg intrusion plots display pore throat volumes in the mesojeartadro

range, and clearly indicate that macropore throats do not comprise a significant volume in thegmuimary
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secondary Wolfcamp A reservoir facies. The distribution of pore throat sizes is predominah#ysame
range as the Nmeasured pore bodies, which overall strengthens the conclusion that the pore body and
pore throat distributions in the primary and secondary Wolfcamp A facies are dominated by the

mesopore- to fine macropore range.

Figure 3.27 A-G@ Comparison of pore throat distributions measured by Hg intrusion porosimetck (bl
line-incremental intrusion on left y axis) and pore body distributions meabyréld LPGS (blue line,
dv(logd) on right y axis). LPGS and MICP provide a qualitative comparison, as the technigasure
different parts of the pore structure. Both methods show significant volumessoftafine macropores.
The siliceous mudstone (A) has the highest volumes of pore throats/pore $tatutitbns in the meso- to
fine macropore range. D) Comparison of pore throat distributions of six re@eseni/olfcamp A
samples. These samples provide coverage across the increase in thermal méturithevstudy area.
Pore throat distributions are fairly comparable between samples, aside frolic¢loeisimudstone (Facies
1) from Well 6 (purple line) which displays significantly greater pore throlaimes than the other reservoir
facies.
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3.4.6 Pore Size Distribution Comparison: North American Fine-Grained Reservoirs

To provide context for the distribution of pore sizes measured in the Wolfcamp A reservoir
facies, a direct comparison to other commercial oil and gas-prone fine-grained liththagi@e
exploited in North America was performed (Figure 28). To ensure viability between comparisons,
published studies that employed LPGS withablthe probe molecule using the BJH method, with
graphical representation of the pore size distributions in dv/d (logD). A comprehensive explahati
data representation can be found in Kuila and Prasad (2013a).

The significance of this comparison highlights that all of the Wolfcamp A reseaadirst from
primary to tertiary, contain greater volumes of mesopores-to fine macropores than rafiwes&servoir
samples from other unconventional plays. In contrast, the majority of the representative lithoéogies ar

dominated by pore volumes in the fine mesopore to micropore range.

Figure 3.28 The Wolfcamp A reservoir facies obtain significantly gremiemes of mesopores-to fine
macropores, compared to other North American fine-grained reservoirs.
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3.5 Discussion
3.5.1 Depositional Processes, Diagenetic Phases, and the Evolution of the Pore Networks

In addition to the hemipelagic sedimentation, the different sediment gravity flow prodesses t
transported carbonates and fine-grained siliciclastics into the deep Delaware Bawid nesamarkable
variability between, and within, the Wolfcamp A reservoir facies. This sedimentologicbilar
resulted in different primary grain assemblages that varied in susceptibilityytdiegenetic dissolution
and reprecipitation (i.e., the relative abundances of biogenic and detrital grains), textisw(as and
siltstones), and the type and amount of organic matter. The already highly variable résgpgwere

then subjected to mechanical, chemical and thermal diagenetic processes.

3.5.1.1 Compaction and Cementation

The primary grain assemblage has a significant influence on the potential extent of burial
compaction. The chemical reactivity of the biogenic grains can result in early ptemipitapre-
compaction authigenic cement, which can provide a more compaction resistant lithologynificasig
portion of the grain component is comprised of detrital feldspars and quartz grains, aiveseagr
shelter clay minerals and enhance anisotropy of the fabric (e.g., Curtis et al., 1980; DagtSdirrat
2010; Schieber, 2011; Schneider et al., 2011; Milliken et al., 2012, 2013; Pommer and Milliken, 2015).
In the Wolfcamp A reservoir facies, the low-density siliciclastic turbidite facis the
burrowed and bioturbated mudstones-siltstones), were the only facies to indicate thaiaaedncre
abundance of silt-sized detrital grains had an influence during compaction, as the total qdeltispad
contents positively co-varied with higher porosity and permeability values. However, peewiasisly
shown, the pore size distributions, volumes and petrophysical properties of the burrowed anddaoturbat
mudstones-siltstones do not markedly diverge from the other reservoir facies, which strphighy timat
greater quantities of silt was not a predominant control to resist compaction. Additiéiguine 29
illustrates that burial depths (present day) that range from (~9,500-12,000 ft.) digbaot puare size

distributions or volumes for any of the reservoir facies.
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Figure 3.29 For all Wolfcamp A reservoir facies, the compiled pore size distributions and volumes adebgotespective well depth (MD, feet).
There is no correlation between depth and pore volumes in any of the reservoir facies.
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In this study, the absence of control on pore size distributions and volumes by burial compaction
is attributed to the extensive precipitation of pre-compaction microcrpstailica cement. For
microcrystalline silica to precipitate during early burial, the biosiliceous aggledifiataminifera,
radiolarians and siliceous sponge spicules would provide the required source of opal A. Despite the
variability in the relative abundances of biosiliceous grains between the reservair dilaié the
reservoir facies were petrographically confirmed to have a bio-siliceous grain componehntarehi
highly susceptible to early dissolution. Relatively minor amounts (e.g., 100 ppm; Kasthel 877) &
biogenic opal A are required prior to early burial (few meters), which will then undergo a $eries o
dissolution-reprecipitation reactions until the most chemically stable form obenystalline quartz is
precipitated. Precipitation throughout the matrix of the microcrystalline silictadsyis ultimately
considered to have developed more compaction resistant lithologies in the Wolfcamp A reseiegir f

The diagenetic carbonate phases are considered to have had an impact on pore size distributions
and petrophysical properties, yet is overwhelmed by the abundance of microcrystallingétsdioggin
of the calcite was most likely derived from the dissolution of chemically unstableecskeletal
fragments that were most abundant in the calcareous silty mudstones and argillaceous calcareous
siltstones. The dispersive ferroan dolomite is speculated to be of organogenic origin, wihergdmdc
alkalinities in the pore fluids is the result of microbial-induced breakdown of organic matesr un
conditions of low oxygen (Vasconcelos and Mackenzie, 1997). This type of dolomite was documented to
sparsely occur in the Eagle Ford (e.g., Pommer and Milliken, 2015), and in the Barnett Shale (e.g.
Milliken and Day-Stirrat, 2013).

The early authigenic ferroan and non-ferrroan dolomite and calcite phases occurred as both
replacement and cement. The variable influence on the petrophysical properties and pore size
distributions of the different reservoir facies is interpreted to be dependent om#ralmphase and
occurrence of the authigenic precipitate. Non-ferroan calcite was consistently associatedevith |
petrophysical properties and pore size distributions. Divergence from the predominant negative
covariations between petrophysical properties and increased carbonate content occurred when dolomite
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exerted a positive influence. Replacement by ferroan dolomite is strongly considered to hatesl impar

positive influence on both petrophysical properties and pore size distribution.

3.5.1.2 TOC

From the initial qualitative evaluation of the pore network systems the Wolfcamp A isem@uksi
to be a predominant mineral-hosted pore system that is controlled by authigenic silica cement.,However
the migration of secondary OM into the intermineral pore space, is considered to have crieaanrt eff
permeability pathways, once the organic matter pores were developed. This interpretation is supported by
the absence of positive covariations in all reservoir facies, between TOC content anddhenanet

pore size distribution (mesopores-to-fine macropores), and petrophysical properties.

3.5.1.3 Diagenetic Overprint

In the Wolfcamp A reservoir facies, the diversity in the mineralogy, textures, alteredeliag
fabrics and qualitative differences in pore space with increased maturation, translatatyteahnigble
and generally non-descript compositional controls on the petrophysical properties, and marlezdlyt diff
surface areas and total pore volumes. Therefore, it was remarkable that the sedimentological and
diagenetic variability, compounded with the wide range in petrophysical properties and pore ri$taracte
measurements was not reflected at the nano-scale pore size distributions and associated volumes. The
pore size distributions and volumes are strikingly similar for all of the reseaod@sf which deceivingly
implied that the compositional controls would be comparable. However, commensurate with the other
pore characteristics and petrophysical properties, is the highly variable and largely sigerantrols
on the predominant pore size distribution.

The interpretation provided for the similar pore size distributions and volumes, theeb&éme
main pore sizes controlling porosity and permeability, and the elusive compaositional controlsgssiithe r
of the extensive diagenetic overprint by microcrystalline silica cement. The préaipdbapervasive pre-

compaction silica cement, has diagenetically altered the fine-grained siliciclast@aWplA reservoir
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facies to have similar storage potential and conduits for hydrocarbon transport, exceptiesairfair
guality and performance. The comparison of the significant volumes of mesopores-to fine macropores in
the Wolfcamp A reservoir facies to other fine-grained reservoirs, provides a potesitiaily explanation

for the prolific production of the Wolfcamp A in the Delaware Basin.

3.6 Conclusions

This research used the previous work completed in Chapter 2, which documented the
sedimentological and reservoir quality complexity of the Wolfcamp A in the Delaware Beszas, at
the facies to basin-scale, and investigated the controls on the pore network systems laff fine-eig
grained siliciclastic reservoir facies at the micron to sub-micron scale. This stilndyfirst sub-regional
investigation into the pore network systems of the Wolfcamp A, and the main contributions from this
research are as follows:

x The extensive occurrence of pre-compaction microcrystalline silica cement is the principle
control on the pore network systems in the Wolfcamp A reservoir facies, and is the redsen for t
elusive compositional controls on the measured pore characteristics and petrophysical properties.
A significant diagenetic overprint of the authigenic silica has subdued the influemoeezfsed
thermal maturation, and other authigenic mineral phases.

X The precipitation of pervasive pre-compaction silica cement, has diagenetically altered the
compositionally diverse reservoir facies to have markedly similar unimodal pore size
distributions (2-200 nm), and volumes. Corroborated by high-resolution imaging, the most
consistent observation across all facies and thermal maturity boundaries, was the gignifican
distribution of microcrystalline silica cement within the matrix. The authgsitica was
associated with many pore types, intermineral between silica crystals, between silicaamystals
clay particles, organic-matter hosted pore space within secondary OM that migrated into prior

intermineral (microcrystalline silica) pore space, and OM-mineral interface pores.igia¢ion
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of secondary OM into the intermineral pore space, is considered to have created efficient
permeability pathways, once the organic matter pores were developed.

Due the markedly similar pore volumes in the mesopore-to fine macropore range, all eight
Wolfcamp A reservoir facies have similar storage potential and conduits for hydrocarbon
transport to the wellbore, an exceptional characteristic for reservoir quality and development
Resource volume calculations and development strategies will significantly benefit from this

finding.

The Wolfcamp A reservoir facies obtain significant volumes of mesopores-to fine macr@ores
200 nm) compared to other commercially significant North American fine-grained resemer
majority of the reservoirs used for comparison, are dominated by micropore size fractions, (< 2
nm), whereas this pore range is remarkably insignificant in the Wolfcamp A. This comparison has
provided a potentially viable explanation for the strong production that can occur from the
Wolfcamp A in the Delaware Basin.

This research has highlighted the basin-scale extent that diagenetic overprinting can noccur at i
basinal mudrocks, and the significant implications on the reservoir rock properties. Th®exten
diagenetic overprint in the Wolfcamp A reservoir facies is strongly considered to not loge uni
occurrence, and that larger-scale studies on mudrocks with a local source of biogenic opal-A,

integrated with reservoir property data, are anticipated to reveal similar conclusions.
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CHAPTER 4
INSIGHT INTO THE GEOLOGIC CONTROLS ON SILICA CEMENT TEXTURES AND THEI
IMPLICATIONS ON RESERVOIR ROCK PROPERTIES OF THE WOLFCAMP A,
DELAWARE BASIN, TEXAS.
Abstract

This research provides the first detailed characterization of the different patedine silica
cement textures, their micro-scale spatial distributions, and their implicatioesemair rock properties
in the mudrocks of the Wolfcamp A, in the Delaware Basin, Texas. Four reservoir facies, (hemipelagic
siliceous mudstones, dilute turbulent wake calcareous silty mudstones, lowy-déiastlastic burrowed
and bioturbated silty mudstone turbidites), were sampled from two Wolfcamp A cores. Composite
secondary electron cathodoluminescence (SE-CL) images, and corresponding electron dispersive
spectroscopy (EDS) maps were used to identify silica types, characterize silica estueas aind
replacement, prior to semi-quantification of the respective volumetric abundances.iéreseaf the
associated core plugs were measured under several different confiningsstredsock compressibility
was calculated using the permeability values. Microcrystalline silica cement asfous diverse
textures: matrix-occurring, amalgamated, interlocking, and detrital grain-binding, whieloplev
significantly different diagenetic microfabric frameworks. The mechanical and petrophgsisahses of
the rock fabrics to changes in confining stress is controlled by the volumetric abundances dadrtina diff
cement textures, which is geologically controlled and depositional facies-specific. The @eolagbls
are related to the factors that control the primary grain assemblages and developmentliafgesdyic
pathways, for the precipitation of pre-compaction silica. The detrital grain-bindingg@xeirts the
principle control on reservoir rock properties, where the greatest abundances doedremipelagic
siliceous mudstones (42.0 vol.%), which corresponds with the lowest compressibilities, t64iX)1,0
and highest permeabilities (6.1x30d). The other facies obtain < 30 vol.% of the detrital grain-binding
texture, which results in more compressible rock fabrics (1.3-2:0pgid) and lower permeability values
(7.2x10°-3.8x10* md).
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These insights have critical implications for efficient reservoir developmehée aolfcamp A.
During production, the grains within the facies that have higher compressibilities and less develope
microfabric frameworks than the siliceous mudstones, will move closer together under increased st
Dependent on the rate of production, the pore network systems will begin to close, resulting sedecrea
permeability and transport of hydrocarbons to the wellbore, which may compromise the total volume of
hydrocarbons recovered. Conversely, with increased stress the pore network systems of the hemipelagic
siliceous mudstones will be maintained due to their diagenetically enhanced microfabric frasnework

which will result in greater transport of hydrocarbons to the wellbore.

4.1 Introduction

Significant exploration and development of North American hydrocarbon-bearing mudrocks (<
62.5 microns) has occurred over the last decade, with increased research aimed at understanding the
diagenetic processes that occur in these lithologies, and the influence on rock profédipsra-scale
(e.g., Bjorlykke, 1999; Aplin et al., 2006; Laubach et al., 2009; Peltonen et al., 2009; Thyberg et al.,
2010; Taylor and Macquaker, 2011; Macquaker et al., 2014).

Derived from both detrital and biogenic sources, quartz is a major mineral constituent in the
primary grain assemblages of both siliceous (e.g., Barnett Shale, Milliken et al., 2012), and carbonate
bearing mudrocks (e.g., Eagle Ford, Milliken et al., 2016). The chemically reactive biosiliceoss grai
can result in extensive, pre-compaction silica cementation which can pose significantiomglion
mechanical rock properties (e.g., Chaika and Dvorkin, 2000; Kim et al., 2007; Meadows and Davies,
2009; Laubach et al., 2009; Ishii et al., 2011). Due to the control of mechanical properties on hydraulic
fracture stimulation, completion effectiveness, and overall reservoir producidigitpwing area of
research has focused on quartz types and authigenic silica forms in potential and currently developed
North American mudrock reservoirs (e.g., Barnett Shale (Milliken et al., 2012), Eagle Fordgivdtik
al., 2016), Mowry (Milliken and Olson, 2017), Woodford (Drake et al., 2017), Horn River Group (Dong

et al., 2017), Haynesville (Dowey and Taylor, 2017). In spite of these excellent observational studies,
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which used high-resolution imaging techniques to document the different authigenic silica formis, we sti
GRQTW IXOO\ XQGHUVWDQG WKH UHODWLRQVKLSR RHAWKIHQGEDE U H (
and petrophysical rock properties, which could be applied at basin-scale reservoir development. To fully
understand how reservoir rock properties in compositionally diverse mudrock lithologies ao#ezbntr

by the silica cement textures, it is necessary to have: 1) a detailed characterization afotseate

spatial distributions of the authigenic silica forms, 2) identify the differanaisiement textures, and 3)

provide quantitative analyses that support inferences made on the influence of silica centent and

facilitation of brittle rock fabrics that are favorable for hydraulic fracturing (e.dlikbh et al., 2016;

Dong et al., 2015, 2017; Milliken and Olson, 2017).

The primary objective of this study is to advance and improve the current research on authigenic
silica in mudrocks. To meet this objective, a highly integrated study using two cores, was completed on
the sedimentologically diverse fine-grained reservoir facies of the Wolfcamp ATiextas portion of
the Delaware Basin (Figure 1). This research provided the first detailed identification and dhatiacter
of different silica cement textures, and their micro-scale spatial distributions ireatbudeveloped
mudrock reservoir. Critical insights were elucidated from evaluating the respeditivaetric
abundances of the different silica cement textures to rock properties that are imperatiyelétia@om
effectiveness and reservoir producibility (i.e., permeability, sensitivity of gegpility to changes in

confining stress, and rock compressibility).

4.2 Geologic and Depositional Setting

The western Delaware Basin is located within the foreland of the Marathon-Ouachita orogenic
belt, and is separated from the eastern Midland Basin by the intraforeland uplift of the Basitral
Platform (e.g., Yang and Dorobek, 1995). The principle structural elements of the Delaware Basin
include, the western Diablo Platform, the northwestern shelf, the eastern Central B&sim Rliadl the

southern Marathon orogenic belt (Figure 2A; Yang and Dorobek,)1995
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Figure 4.1 A) Stratigraphic nomenclature used in the Delaware Basin studyfmeaal lithostratigraphic units of the Wolfcamp based on previous
literature (Hamlin and Baumgardner, 2012; Baumgardner et al., 2016; Chafgei@)o Wolfcamp A wells were sampled for this study (Well 2,
Well 6).
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Figure 4.2 Structural and paleogeographic setting of the Delaware Basin during thedganign. A) Structural elements of the Delaware Basin
(Asmus and Grammer, 2013). B) Paleogeographic map of the Early Permian (modrfieBl&key, 2011). The Delaware Basin was located 5-
10°N of the paleo-equator (dashed line) along the southwestern margin of North America (Walké©eb).
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During the Leonardian, the Delaware Basin was located between 5-10°N of the paleo-equator
along the southwestern margin of the North American continent (Figure 2B; Scotese and Langford, 1995;
Walker et al., 1995; Blakey, 2014). At this time, the Delaware Basin was partially restrigted, wi
numerous input sources of carbonate and siliciclastic sediments derived from the shelf and slope setting
The depositional processes associated to the basinal deposits of the Leonardian-aged Wolfcamp A
include, various sediment gravity flow processes (i.e. carbonate debris flows, high and libyv-dens
carbonate turbidity currents, low-density siliciclastic turbidity currents anditi@nal flows) and
hemipelagic settling. The diverse assemblage of depositional processes and various sediment inputs

resulted in significant sedimentological and stratigraphic diversity of the Wolfcaf@hdpter 2).

4.3 Samples and Methods

Two Wolfcamp A cores located in Reeves and Ward Counties in the Texas portion of the
Delaware Basin, were sampled for qualitative (petrographic) and quantitative (core plug)saifdigse
sample suite of thermally mature, oil-prone Wolfcamp A reservoir facies (Chapter 2 @nib)s of
fifteen thin sections (< 25 microns), associated bulk compositional data, and mechanical and
petrophysical rock properties measured on nine core plugs (Table 1). Although fifteen core plugs that
corresponded to the thin-sections were taken, six core plugs were damaged during the rock property
measurements and data was unable to be collected. The petrographic data set associated with the damaged
core plugs were still point-counted to investigate the abundances of different microfabric components.
However, only the depths with a petrographic and rock property data set were used in the overall
assessment. To integrate visual observations with the measured rock properties, semi-quarnétative da

was collected using the point-counting option in JMicroVision (Roduit, 2008).

4.3.1 Petrographic Analyses
Thin section preparation is critical and the quality of the multi-scale petrographictdeliese
significantly on the quality of the polish (e.g., Milliken, 2013). The thin-sections were cut perpandicul

to bedding, and were made ultra-thin to resolve the microfabric of these organic-rich rocks, and
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subsequently polished with a diamond polish. The authors would like to emphasize that the thin sections
must be polished with a diamond polish, as opposed to aluminum oxide, which destroys
Cathodoluminescence (CL) image quality if some of the highly luminescent aluminum oxide remains in
the thin-section, during secondary electron microscopy (SEM) analysis.

The thin sections were first observed using a standard transmitted-light microscope to document
the primary and diagenetic grain assemblages, texture, and microfabric. Subsequently, to perform a robust
semi-quantitative point count analysis, the dataset acquired for each thin section coasssiteodf
three (2000x) magnification images and corresponding elemental data mapped over the imaged areas. The
areas chosen are considered to be representative of the bulk matrix, where the chosen magnification of
(2000x) is a practical resolution to discern texturally fine-grained authiggiegs. Acquisition of high-
resolution images required consistent sample preparation and analytical workflow, as oytlined: 1
thin-sections were coated wi#s30 nm of carbon and examined in a field-emission scanning electron
microscope (FE-SEM; Quanta FEG450 FEI), both secondary and back-scattered electron images were
collected at a working distance of 10.0 mm with a 15 kV accelerating voltage, 2) prior to
Cathodoluminescence (CL) imaging, a SE image was collected with a 20 microsecond per pixel scan
time. From the SE image, grayscale images were collected at the three different wavelength spectrums
(blue, 380-515 nm; green, 515-590 nm; red (590-780 nm), using a Horiba scientific clue RPM detector. A
working distance of 16.8 mm, 10 kV accelerating voltage, 6 spot size, and dwell times of 100
microseconds per pixel for each of the three color filters were the acquisition parameters 8ho
elemental dispersive spectroscopy (E@s performed on the acquired SE or BSE image to elementally
map each sample for, silica, calcium, magnesium, sodium, potassium and sulfur, using Aztec software.
Seven frames were collected at 10.97 mm working distance and 10 kV. The EDS elemental maps are
displayed in false colors; silica is pink, calcium is purple, magnesium is blue, sodium is greeryrmotassi
is orange and sulfur is yellow. To further characterize the textural and diagenetiosihsanfithin the
microfabrics, 5000x magnification SE-CL images and EDS maps were collected for each sample depth,
these images were not used to collect semi-quantitative data.
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One sample each from the siliceous and calcareous silty mudstones were selected for argon ion
milling, to capture high-resolution images of the micro-scale spatial distributitve afuthigenic silica
forms. The surface of the samples were milled perpendicular to bedding for 10 hours, at an accelerating
voltage of 5.5 kV and a current of 132 mA. The milled samples were then coated with 10 nm of iridium to
reduce charging in the FE-SEM and to prepare a flat surface for FE-SEM imaging.

All petrographic work was completed at the USGS Denver Microbeam lab.

4.3.2 Point Counting

To most effectively utilize the petrographic suite acquired for semi-quantitative pointrapunti
the three separate grayscale CL images were enhanced using Adobe Photoshop software, combined into a
composite image, and then overlain on the corresponding SE image. Collectively, the composite SE-CL
images and EDS maps promote the efficient identification of silica types, authigenic silica tygeent
and replacement forms, from the discrete difference in luminescence between detrital (mlight) a
auhigenic quartz (dull). Using the random grid point count in the JMicroVision software, 300 poiats wer
collected on each SE-CL composite image, with the EDS maps used to ensure proper identification of the
different components chosen to point count. Collectively, the volumetric abundances of thirerentdiff
compositional components and authigenic silica forms were semi-quarfified.the collected point
count data, the area mineral component percentages were used as proxies to represent relative volum
percentages that could aid in the determination of the impact of authigenic silica on the meakured r
properties.

Bulk mineralogical analyses were provided for the fifteen samples, and were quantified using the

Rietveld method (Rietveld, 1967) at two different commercial laboratories.

4.3.3 Core Plug Analyses
Prior to obtaining rock property measurements, nine 1 inch diameter core plugs were cleaned
with a Soxhlet extractor, using a three part process that included toluene, methanol and chloroform

solvents; a detailed description of the core plug cleaning is located in the Appendix (Figure 1,.Table 1)
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Adequate cleaning of the core plugs with different solvents is essential to effectively ee&racoil
components, residual water, and any salt that precipitated from the formation water. Specdiatatmrsi

must be used with the tolulene extraction (1-2 days), due to the potential to damage clay minerals and
remove clay-bound water. After the extensive cleaning process, the core plugs were place@in a 60°
oven for 6-8 days, to remove any residual solvents. The collective cleaning and drying process takes
approximately 3 weeks, and although time consuming, properly cleaned samples are critical when trying
to attain valid rock property measurements.

A core measurement system (i.e., CMS-300) was used to measure the permeability of the cleaned
core plugs (Appendix, Figure 2). With the CMS-300, porosity must be measured first, before the
permeability measure can be attained. Helium gas expands through the core plug with the autlet valv
closed, and after the initial porosity measurement, dependent on the tightness of the coreqgeng,arit
helium gas is injected into the core plug at a set pore pressure of 250 psi, once the target net confining
stress is reached. A rubber sleeve filled with nitrogen is used to apply the cosfisggjon the core
plugs. Confined pressure steps of 750-900-1200 psi were performed in both increasing and decreasing
order to identify the hysteresis. These three pressure steps were chasefinagy stresses that were set
above 1200 psi were found to damage the core plugs. Klinkenberg permeability was determined by using
the mass flow rate from the helium gas on a pressure decay curve (Jones 1972, McPhee et al., 2015).
Compressibility of the core plugs was calculated using the permeability values obtaindusfrom t
experiments (Appendix C, Figure 3). An understanding of the different rock fabric compressilsiliti
critical for the efficient development of a reservoir, as grains in the more comprassiks will move
closer together with the associated increase in confining pressure during the productionazrbgds
compared to less compressible rodksth the increase in stress, the pore networks in more compressible
rocks will begin to close, resulting in reduced permeability, transportation of hydrosddothe

wellbore and overall decreased production (Hols et al., 2018).
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Table 4.1 Bulk compositional analyses for the four Wolfcamp reservoir facies, and the colirespweasured rock properties.
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4.4 Results

This results section is divided into two parts, the first part includes tied otiaracterization of
the compositional components of each reservoir facies from bulk analyses. Subsequently, the types of
silica, the authigenic silica forms and the different silica cement textures are éteatiti described,
with insight into their respective micro-scale spatial distributions, andrexelationships within the
microfabrics. The observations included in the first part of the results section are appbicdidieur
Wolfcamp A reservoir facies that are investigated in this study. Due to the diversaltestationships
that occur between the silica types and authigenic forms, explanations are provided for hovtdhe detr
and authigenic components are semi-quantitatively point-counted.

The second part of the results section, associates the semi-quantified volumetric abundances of

the different diagenetic textures to each depositional facies and their respedtipeopmrties.

4.4.1 Reservoir Facies: Grain Assemblages and Bulk Compositions
Due to sampling limitations, this study examined four of the eight potential reserves fdi¢he
Wolfcamp A, as previously defined in Chapter 2 (Figura/\B).refer the reader to Chapter 2 for a
comprehensive description of the grain assemblages, textures and microfabric of therig-grai
siliciclastic reservoir facies of the Wolfcamp A. Based onthW W X G\TV GDWDVHW D VIQWKHYV
microfabric components and the salient compositional differences between the lithofaciesideel prov
The mineralogic composition and TOC values for each of the samples are displayed in Table 1, with the

interpreted depositional processes from Chapter 2.

4.4.1.1 Hemipelagic Siliceous Mudstones

The grain assemblages of the well-sorted hemipelagic siliceous mudstones are mainly
characterized by clay to silt-sized biosiliceous agglutinated foraminifera, radiolarthep@amge
spicules, with a minor detrital grain component of quartz, micas, and feldspars that are dispersed

throughout an illite-smectite clay matrix (Figure 3A). The hemipelagic siliceous omegsare
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Figure 4.3Thin section photomicrographs of the textures, grain assemblages and fabrics ofrthe fou
Wolfcamp A reservoir facies examined in this study. A) This well-sorted siliceous mudsitmmaprised

of a chalcedony replaced radiolarian, and microcrystalline silica replaced agghlifima@minifera. Clay-
sized detrital quartz grains are dispersed throughout the clay matrix. B) This moderately-sontedusalca
silty mudstone is comprised of silt-sized, diagenetically replaced skeletal fragimenése distributed
throughout a clay matrix. Detrital quartz grains are scattered throughout the t@digrimpacted matrix

C) This moderately sorted burrowed silty mudstone is characterized by parallblparallel clay and silt-
rich laminae that are horizontally burrowed. The silt-filled burrovesaacentuated by the organic matter.
Clay to silt-sized detrital quartz grains are the most common grain conist)erhe clay matrix of this
bioturbated silty mudstone has been extensively churned, with some remnant organioutiatieg a
partially preserved silt-filled burrow. Detrital quartz grains are tivejpal grain component in this facies.

mineralogically dominated by quartz (Well 2 avg.: 55.2 wt.%, n=5; Well 6 avg.: 51.0 wt.%, n=4),
however the bulk quartz content varies significantly between the siliceous mudstones in Ipigd sam
wells (Well 2 avg.: 48.0-60.0 wt.%; Well 6 avg.: 51.0-61.0 wt.%). The total carbonate contehg(i.e.

combined weight percent of calcite and dolomite), is minor in both virellgever the siliceous
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mudstones from Well 6 have a greater range of calcite content (0-9 wt.%) compared to VBeht24)-
Marked variability in TOC content in the siliceous mudstones occurs in both wells, however a larger

range is displayed in the samples from Well 2 (1.8-6.5 wt.%), compared to Well 6 (2.5-4.1 wt.%).

4.4.1.2 Dilute Turbulent Wake Calcareous Silty Mudstones

The grain assemblages of the moderately-sorted dilute turbulent wake calcareous silty mudstones
are characterized by clay to silt-sized biogenic and detrital grains that are distributed thranghitex
smectite clay matrix. The biogenic grains consist of varying abundances of calcareous & silice
microfossils. This biogenic grain assemblage includes, brachiopods, foraminifera, raaplsiticeous
and calcareous sponge spicules and other fragmented skeletal debris (Figure 3B). Thgrdtrital
assemblage consists of quartz with minor feldspars and micas. From Well 6, the two calcareous silty
mudstone samples are also mineralogically dominated by quartz, with a fairly significaendifer
between the samples (37-47 wt.%). The calcareous silty mudstones mineralogically dorardesfr
siliceous mudstones with lower quartz, elevated calcite (16-19 wt.%), and lower clay cont&vdts (21

wt.%). The TOC content is 2.2-2.5 wt.%.

4.4.1.3 Low-Density Siliciclastic Turbite Burrowed Silty Mudstones

The burrowed silty mudstones, deposited by low-density siliciclastic turbidity currents, are a
moderately-sorted, parallel-laminated fabric, comprised mainly of clay to silt-sized detited @quartz,
feldspars, micas) (Figure 3C). The detrital and minor biosiliceous grains are disperseaatiraug
burrowed illite-smectite clay matrix. The horizontal burrows align with the gdtallel laminae and are
infilled by clay and silt grains. Quartz is also the predominant mineral in this facies, with minacgaria
between the two samples from the two wells (Well 2: 48-52 wt.%, n=2; Well 6: 45 wt.%o,Tirelmost
marked mineralogical variation occurs in the total clay content between the twoWielll2( 28-39

wt.%; Well 6: 39 wt.%). The TOC content varies across the three samples (1.3- 2.3 wt.%).
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4.4.1.4 Low-Density Siliciclastic Turbite Bioturbated Silty Mudstones

Similar to the burrowed silty mudstones, the bioturbated silty mudstones were also deposited by
low-density siliciclastic turbidity currents, however the depositional fabric is modetatgborly-sorted
due to extensive bioturbation that churned the fabric and rearranged the grains (Figure 3D). The
bioturbated siltstones are comprised of clay to silt-sized detrital grains (quartz, eiitspafs, micas),
that are incorporated within the bioturbated clay matrix. The biogenic components appear to be minor,
and are mainly characterized by biosiliceous grains which include, foraminifera and radiolattans, wi
non-descript calcareous fragments. As with the other reservoir facies, the main mineralogical component
is quartz, however the bioturbated silty mudstones display the greatest range in content agross the t
samples from Well 6 (40.0-59.0 wt.%, n=2). Similar to the burrowed silty mudstones, the biotsilhate
mudstones also have a wide range in clay content (25.0-39.0 wt.%), and TOC content is the lowest

compared to the other depositional facies (0.9-1.2 wt.%).

4.4.2 Silica Types

4.4.2.1 Detrital Quartz

The relative abundances of detrital quartz grains varies across the Wolfcamp Airéseies
due to the different depositional processes that transported the fine-grained sedoribatdeep basin.
The detrital quartz grains occur in both the clay and silt-size fractions, and are morphgldgiease,
ranging from highly angular shapes with sharp edges, to sub-rounded grains. The intensities and
variations of the cathodoluminescence of the detrital quartz grains are controlled mahdyrdiative
proportions of trace element concentrations that have been incorporated into the crgstahsattiell as
from minor structural defects within the lattice (e.g., Richter et al., 2003). In the Wolfcamp Ayyiveggv
OXPLQHVFHQFHYTV RI WKH GHWULWDO T X[inkwhhudéie @ \datke) FedsX G H V
intense shades of red (Figure 4). The internal CL fabrics of the detrital quartz graiesdistmbtly

different and includes a variety of mottled patterns and discrete luminescing zonations (Fi@)re 4E-
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Figure 4.4 Detrital quartz grains and their variable sizes, shapes, luminescdrsmatal relationships with the different authigenic silica cement
textures. Cathodoluminescence (CL) is underlain with secondary electron (Sthatuce the textural features. (yellow arrows= matrix-occurring
silica cement, white arrows= amalgamated silica cement, blue arrows= potdraiadiported authigenic silica, black dashed lines= boundary of
detrital quartz grain, dtrl gtz.= detrital quartz). A) A stronglyninescent red color of detrital quartz, with disproportional developmethieof
amalgamated silica cement texture. Amalgamated silica cement also occurs arosizedlgyartz grains. Matrix-occurring silica is abundant. B)
Weakly luminescent red grains that are clay to silt-sized, with diveragasxbf the amalgamated silica cemé)t.Moderate red luminescent
detrital quartz grains with highly variable shapes and sizes that are logetiger by the grey silica cemeB). A vibrant red, angular-shaped grain,
with fractures filled with (transported) authigenic silica cementABjottled CL fabric of a composite grain. The detrital quartz grains (red
luminescence) are sutured together by authigenic silica cement (grey luminesdééraldy mauve colored clay sized grains of authigenic silica
are embedded in the clay matr®.A red and blue zoned quartz grain with amalgamated silica cement along the edyesoi@¢d CL fabric of

a composite detrital quartz grain that consistgiok, mauve and grey luminescence. H) A pale pink detrital quartz grain watlyamated silica
cement.
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The micro-scale spatial distribution of the clay to silt-sized detrital quartz gsathighly
variable. Both grain size fractions occur as either, isolated grains within the matrix (Figure 4A, D, F, G),
or as part of significantly intricate diagenetic frameworks, comprised of detritar gunal authigenic
grains bound together by interlocking silica cement (Figure 4C). With respect to the semi-quantitativ
volumetric abundance estimations, the detrital quartz grains were classified dependent on whether they

were incorporated into an authigenic silica cement framework or isolated within the clay matri

4.4.2.2 Authigenic Silica

Two forms of authigenic silica occur in the Wolfcamp A reservoir facies, grpiacements of
original opal-A biosiliceous organisms and cement. In addition to the original amorphous bidganic s
(i.e., opal-A), two microcrystalline silica polymorphs were petrographically defined in thgenithi
silica forms, based on their respective diagenetic textures. Optically characterizeztdrywm sub-
micron fibrous crystal masses, chalcedony was identified to have replaced prior opal-Aisadietis
(Figure 3A). Microcrystalline quartz, defined by Folk (1980) and employed here, as equant crystals that
are < 20 microns in diameter is the second inferred silica polymorph. Intergrown micron to sub-micron-
sized silica crystals occur pervasively throughout all reservoir facies with eoadptxtural variability.

However, despite petrographic observations, to sufficiently differentiate the occurrerima of si
polymorphs in the different forms of authigenic silica, other additional techniques such as fourier
transform infrared (FT-IR), raman, transmission electron microscopy (TEM) and eleatkscdtter
diffraction (EBSD) spectroscopy would have to be invoked to resolve the silica polymorphs opal-A, opal
CT, and chalcedony from quartz (e.g., French et al., 2012, 2013). Therefore, due to the analytical
techniques used in this study and their limitations, the type of silica comprisingférerdifiuthigenic
forms will be comprehensively referred to as microcrystalline silica, and not associated to a specific
polymorph (i.e., opal-A, opal-CT, chalcedony, quartz).

In contrast to the generally vibrant CL emitted from the detrital quartz grains, authigartic q

does not luminesce because trace element impurities are generally not present ilattigesaht low
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precipitation temperatures (Sippel, 1968; Zinkernagel, 1978). However, slight variability in the
luminescence of authigenic silica is related to minor variations in fluid compositiogduaimneral
precipitation. Therefore, authigenic silica is predominantly characterized by vansmesssof grey, or a

less commomauve color (Figures 4-9).

4.4.2.2.1 Grain Replacive Silica

Agglutinated foraminifera, radiolarians and sponge spicules comprise the original biogénic opa
A in the Wolfcamp A reservoir facies (Chapters 1 and 2; Baumgardner et al., 2016). Identifitation o
biogenic grain replacement by microcrystalline silica was most detectable using staantianitted light
petrography, where the partial to fully replaced allochems are defined by the charaateristic |
birefringence of quartz (e.g., Figure 3A). The identification of fully replaced siliceairsgrith
combined high-resolution FE-SEM and EDS was possible yet challenging, as the majority of the grain
shapes do not strongly portray structural morphologies of silica-secreting organisms (Figusdi&gIyt i
that a large proportion of the biosiliceous grains were heavily fragmented prior todygaxed by
microcrystalline silica, which made recognition difficult. The replacement of fragmentiethrah walls
was the most commonly identified grain replacement, using higher resolution SEM-CL, whereas replaced
agglutinated foraminifera and siliceous sponge spicules were differentiated using a standarttietansmi
light microscope. The agglutinated foraminifera are characterized by grains with arbiaig,ar
moderately curved linear morphologies. The diagenetic texture of the replacement sditpiissed of
intergrown microcrystalline crystals, where differentiable crystal sizes were edbdix discerned. As
previously mentioned, the silica polymorph, chalcedony was petrographically recognized from the
characteristic fibrous and intergrown silica crystal textures, although not on a wedetspale.

It is critical to mention that due to the challenges associated with identifying replaceddiogen
grains from the high resolution images, that both the micro-scale distribution and the seifiequant
volumetric abundances of this silica form are very likely misconstrued and underregateSardrall, the

distribution of silica replaced biogenic grains appears to be sparse, as they do not often oceteds isol
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Figure 4.5 Grain replacements of fragmented opal-A radiolarian walls with ewithigjlica. Other silica cement textures are annotated to display
the micro-scale spatial distributions of the authigenic silica forms and cesmanes. All images are CL underlain with secondary electron (SE).
(yellow arrows= matrix-occurring silica cement, white arrows= amalgansilted cement, red arrows= detrital grain-binding silica cement, dtrl
gtz.= detrital quartz). A) A heavily fragmented piece of radiolariahtivat has been fully replaced by authigenic silica. The replacement authigeni
silica has similar luminescence as the matrix-occurring silica cememheBpiece of radiolarian wall (bottom right) is replaced with surrounding
detrital quartz grains and authigenic silica. The silica replaced pieeéiofarian wall (top left) has amalgamated silica cement developed along
the replaced skeletal form. C) Replacement of a piece of radiolarian walwtitigenic silica (grey to mauve), detrital quartz (red) and dolomite
(blue). D) The replaced skeletal radiolarian piece has been fused tal dgtairtz grains, and comprises a part of the silica cemented detital gr
framework. Same concept as image B. E&F) Full replacement by authigenic silica (grey and mauve cdlwredfetdtal pieces
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grains in the matrix (Figure 5B, D). However, it is thought that the majority of the replased lgave
been encompassed by silica cement, and are not identifiable due to the extensive coalescence of the

cement (e.g., Figures 8, 9).

4.4.3 Silica Cement Textures

In each of the Wolfcamp A reservoir facies, four different textures of microcrpstallica
cement were characterized and include; 1) amalgamated silica crystals that are fused ahigraiefsit
and terminate into pore space (primarily detrital quartz), 2) individual (< 1 micronr@ms) to clusters
of intergrown (< 5 microns) silica crystals that occur within the clay matrixp8fasion of interlocking
silica crystals that are not associated with detrital grains, and 4) interlockingsibtals that bind
detrital grains (primarily detrital quartz).

The differentiation of the four silica cement textures was based on several factors that ar
considered to influence the development of rigid diagenetic frameworks within the microfabric, these
factors include: their occurrence and relationships to other matrix components (i.e., precipitaieson gr
in the matrix, between detrital grains), textural characteristics (i.e., size, shapdatind continuity) and

micro-scale spatial distribution.

4.4.3.1 Amalgamated Silica Cement Texture

Intergrown silica crystals amalgamate around the rims of both silt and clay-sized detital
grains, and less frequently on mica and previously replaced radiolarian (Figure 6). In thighstudy
amalgamated silica texture is not defined as silica overgrowths. This is to avoid tha smxdur
diagenetic connotations that surround the occurrence of in situ silica overgrowths, frometise/e
work that has been completed on coarse-grained lithologies (e.g., French et al., 2012, 2013). In the fine-
grained lithologies of the Wolfcamp A reservoir facies, the amalgamated silicdsrgstphologically
deviate from the conventional, late-diagenetic precipitation of euhedral silica overgnowémgistones.
In contrast, the amalgamated silica crystals are fused onto the edges of grains and disjtaynsignif

textural diversity. The cement texture is characterized by variable crystal morphdiagiasetiargely
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intergrown, and overall display disproportionate development around the circumference of tdle detri
guartz grains (Figure 6A, E-G). Although individual silica crystal sizes are challengirgctrrdithe
diameter of the amalgamated silica crystals around the host grains range from sub-mi@noictoris
(Figures 6C, 7D, E). Termination of the amalgamated silica crystals into the matrix pore space are
characterized by variable bulbous morphologies, and lack the characteristic euhedral crystal shapes of i
situ precipitated silica overgrowths. In current mudrock literature, the identificaticansptrted versus

in situ silica overgrowths has been an area of contention, although previous authors widely cité a lack
euhedral crystal terminations as confirmation for transported and reworked silica ovlesg@ygy., Day-
Stirrat et al., 2010; Milliken, 2013a, Milliken and Olson, 2017). However, Dowey and Taylor (2017)
strongly dispute that the extensive occurrence of silica overgrowths in mudrocks is predominantly
extrabasinal in origin. Instead these authors suggest that in mudrocks, the sub-micron pore space and
diverse shape of the inferred in situ overgrowths is the principle reason for theedogefgpm the

standard euhedral crystal terminations that are documented in sandstones. Observations from the
Wolfcamp A reservoir facies is in agreement with this work.

Within the clay matrix, isolated clay and silt-sized detrital quartz grains commonly display
amalgamated silica cement development, which terminate into the surrounding pore spaces (Figure 6A, C
G). Critical relationships were established between the amalgamated silichgathsilata cement
textures, and the matrix grain components that ultimately influence the development of diagenetic
frameworks within the microfabrics. The amalgamated silica occurs in close association wigttrike m
occurring silica (both individual and clustered morphologies), where commonly the amalgalicated s
has precipitated into the matrix occurring silica, or the matrix-occurring silica deipipated into the
amalgamated silica (Figures 4A, B, 6A, G, F). The extensive precipitation of the amalgalitatedsi
result in a suture between the cement and detrital quartz grains, or integration with othemetea
silica that has developed on a detrital grain (Figures 5D, 6F-H). These relationships tasufinding

of detrital grains and the creation of partial to more comprehensive microfabric frameworks.
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Figure 4.6 The amalgamated silica cement texture has precipitated onto aofagietyns (i.e., clay to silt-sized detrital quartz grains, micas and
replaced radiolarian walls). Other silica cement textures are annotated &y th&pinicro-scale spatial distributions of the different cement textures
on these composite SE-CI images. Images A and C have corresponding electron eispecsioscopy (EDS) maps (B and D) to elucidate the
various elements. (yellow arrows= matrix-occurring silica cement, white ser@amalgamated silica cement, black dashed lines= boundary of
detrital quartz grain, red dashed lines= detrital grain-binding silicaemmendtrl qtz.= detrital quartz»/B) Amalgamated silica cement has
precipitated onto different detrital quartz grains with diverse shapesiaesl. The detrital quartz grain (bottom right corner), displays the
characteristic disproportional texture of this cement. Intergrowth of thegamated silica and detrital grains results in the detrital grain-binding
silica cement texture (top right) (burrowed silty mudstone). C/D). Amalgamated silica haétaietionto the edge of a detrital quartz grain, with
matrix-occurring silica in close association (calcareous silty mudstone). E) Similar ® (A)adut with less clay-sized detrital quartz grains with
amalgamated silica. Matrix-occurring silica is adjacent to the amalgamated texturdb@iextisilty mudstone). F) A mica grain (dashed blue line)
displays the diverse texture of the amalgamated silica (burrowed silty mudstone). G) In tdepaerif the image, all of the detrital quartz grains
display the amalgamated silica cement (siliceous mudstone). H) Amalgamatelsesiimacipitated onto different fragmented pieces of previously
silica replaced radiolarian walls (siliceous mudstone).
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Similar to the difficulties in characterizing the micro-scale spatial distribaibigrain-replacive
silica, the distribution of the amalgamated silica appear to be relatively sparseilypbezause detrital
guartz does not abundantly occur as isolated grains within the matrix. It is considered here that the
precipitation of the amalgamated silica texture was common in the Wolfcamp A facies however, either
extensive development resulted in the suturing of grains, or other silica cement phases @ihsolidat
detrital grains with previous precipitated amalgamated silica and masked the origiaaesiient
texture.

In terms of application to the semi-quantitative part of this study, when the amalgamated silica
textures have precipitated into the matrix-occurring silica, the matrix-occurringteiicaes are
guantified as an extension of the amalgamated silica (e.g., Figure 6C). However, if the amalgaoaated sili
has precipitated to an extent that it incorporates surrounding detrital grains, themdéme exture is
then classified as part of the detrital grain-binding silica cement (see section 1.4.3ly)iflaadetrital
guartz grain with amalgamated silica is incorporated into a larger diagenetic framework, yet the
amalgamated silica is projected outwards and terminates into pore space, the silieastextantified as

amalgamated.

4.4.3.2 Matrix-Occurring Silica Cement Texture

The matrix-occurring silica cement occurs as either isolated individual silica ctpstilsters
of variably intergrown crystals within the clay matrix and between the clay platelets (FigliteeBjlica
crystals that occur between the clay platelets ultimately propped open pore space for hydrécarbon
migrate into (Figure 7C-E). The size of the individual silica crystals range froirmimbn up to two
microns in diameter, whereas the clusters of silica crystals attain diameters up to 5 migumes/(b).
The sizes of the matrix occurring silica crystals and intergrown clusters in the Wolfceesprioir
facies are significantly smaller than what has been previously reported in mudrocks (elgnhtlial.,

2013; Milliken et al., 2016; Milliken and Olson, 2017).
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Figure 4.7 The matrix-occurring silica cement texture occurs as either individual ershifsintergrown
silica crystals. The variability in size and intergrowth between crystalddes the microfabrics with
micron-to submicron textural diversity as displayed with the composit€LlSEages (A, B), and high
resolution FE-SEM images of Ar ion-milled samples (C, D, E, F). Due tbigferesolution of the FE-
SEM images, it is not possible to texturally determine if most oatitleigenic silica is matrix-occurring,
or part of a more texturally complex silica cement. (yellow arrows=ixratcurring silica cement, red
arrows= individual matrix-occurring silica crystal, black arrows= irdiial or clusters of silica crystals
that have grown in between clay platelets, white arrows= amalgamated sitieatce/hite dashed lines=
clusters of matrix-occurring silica crystals, black dashed lines= bounddeyrithl quartz grain). A) Mauve
luminescent CL character of individual and clusters of silica cryitatsare scattered throughout the clay-
matrix (calcareous silty mudstone). B) The clay matrix is overprinted vathxyoccurring silica crystals
that are < 2 microns in diameter (bioturbated silty mudst&@)elhe intergrowth between matrix-occurring
silica crystals is variable. Some silica crystal boundaries are discernable,sigmfieant intergrowth
results in micron-scale clusters (siliceous mudstone). D) Matrix-occusiiicg has propped open clay
particles and hydrocarbons were able to migrate in. A cluster of silica sriggmfused onto two detrital
guartz grains (i.e., amalgamated silica texture) (calcareous silty mudstonejaden&ic fabric is
comprised largely of clusters of silica crystals with diffuse crystal boundaiiiesous mudstone). F) The
variable sizes and shapes of the intergrown crystals create a microfatigp#raasively overprinted, and
displays micron-to submicron textural diversity (siliceous mudstone).
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In all Wolfcamp A reservoir facies, the distribution of clusters of microcrystalliiva sire
significantly more pervasive than the occurrence of individual, isolated silica crgstalbservation that
is congruent with previous research completed on the Mowry Formation (Milliken and Olson, 2017).
Within the more pervasive clustered morphology, the ability to delineate the number of diceete si
crystals that have coalesced to become larger aggregates is fairly futile due tiusieecdyistal
boundaries and predominant sub-micron crystal sizes.

The individual and cluster-type microcrystalline silica were semi-quantified undearttee s
matrix-occurring silica cement classification. The reasoning is that both of thgskealogies do not
provide grain-touching frameworks, these crystals either bind the clay matrix (in a uniform to non-
uniform character), or become interconnected with developed amalgamated silica. As statadlprevi
when the matrix-occurring silica crystals intersect with the amalgamated silicaréhegmi-quantified

as an extension of the overgrowth.

4.4.3.3 Interlocking Silica Cement Texture

This cement texture is comprised exclusively of interlocking silica crystals aralrsifitaced
biogenic grains, with no association with detrital grains (Figure 8). The interlagkinge is comprised
of silica crystals that range from sub-micron to 5 microns, with highly variable intelgbativeen the
crystals. Extensive intergrowth between silica crystals is very common, resulting éyestiscured
crystal boundaries. As detrital quartz is a common component in the Wolfcamp A reseresirtfasi
exclusively authigenic cement texture is characterized by a constrained spatialtdis{rand therefore
the continuity of the framework is largely limited, yet variable. The sizes and shapesriéttocking
silica cemented frameworks varies significantly, with a range of approximately 5-60 micréasné@ied,
which is the result of variable intergrowth between crystals and the incorporabimygehic grains
(Figures 8, 9C, G).

Within the microfabrics, the variably intergrown textures of the interlocking silicelesely

associated with both morphologies of the matrix-occurring silica, as well as with the less commonly
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Figure 4.8 The interlocking silica cement is the initial composite cementrdesfuthe Wolfcamp A
reservoir facies, and is not associated with detrital grains. The initial compesient is comprised of
extensively intergrown matrix-occurring silica and silica replaced biogeniosgras displayed on the
composite SE-CL images. The other silica cement textures are labelled to highlight the atecspatal
distributions, and the affiliation between textures. (yellow arrows= matrirong silica cement, white
arrows= amalgamated silica cement, white dashed lines= interlocking cghoant, red dashed lines=
detrital grain-binding silica cement, black dashed lines= boundary of detritat gtairt). A) An extensive
and intricate authigenic silica framework that is 60 microns in diameter. Intdhgb@iween silica crystals
has largely resulted in a mass of sil{barrowed silty mudstone). B) Highly discontinuous, and spatially
isolated interlocking silica cement textures. Authigenic carbonates (blue &aeg/hbeen incorporated into
this framework (burrowed silty mudstone). C) Similar to image A, the imiadposite cement has created
an exclusively authigenic microfabric framework that is 65 microns in diaffeteowed silty mudstone).
D) The microfabric is characterized by largely discontinuous and spatially isoitggdcking silica, and
detrital grain-binding silica that displays higher continuity (bioturbated silty mudstone).
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observed, silica replaced grains (Figure 8A, C). From these close spatial relationshiperited that
the interlocking silica cement is a composite cement texture of extensively intergrown mairixagcc

cement and the authigenic replacement form.

4.4.3.4 Detrital Grain-Binding Silica Cement Texture

The detrital grain-binding silica cement forms intricate, coalescent frameworks withilayhe ¢
matrix (Figure 9). This cement type is comprised of the interlocking to amalgamated sile# tesmh
now serves to bind clay and silt-sized detrital grains (predominantly detrital quartz.grams)
incorporation of detrital grains introduces textural complexity to the microfabric framewidrk various
detrital grain sizes (clay to silt-sized), shapes (highly angular to round), and frequselopdeant of
disproportional silica overgrowths, has resulted in significantly diverse framework mogdwlin
addition to the textural complexity introduced by the detrital quartz grains, the ®irealbhape and
continuity of the microfabric frameworks appears to be impacted by the relative proportiongalf detr
grains to the binding silica cement, which is highly variable between reservoir fagiese(BA, G).
Increased framework continuity appears to be associated with similar proportions of detritabgrains
silica cement (Figures 9A, E, 10).

Based on the micro-scale spatial distributions of the previous three cement textures and the
affiliations between the textures, it is proposed that the elaborate detritabirdiing silica cemented
frameworks represent the integration of all previously defined cement textures and replacdments. T
detrital grain-binding silica cement is characterized as a composite silica cement tettard/oifcamp
A reservoir facies. This is primarily the result of the incorporation of degitins by the primary
composite silica cement (i.e., the interlocking to amalgamated silica cement). Additionad lwhdi
detrital grains occurs from extensive precipitation of the amalgamated silica onto thefealgeain, or
into another developed amalgamated silica texture (Figure 6F). From the collective integridtgon of

different silica cement textures, this composite cement displays the greatest framework continuity.
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Figure 4.9 The detrital grain-binding silica cement is the final compositerteaexture of the Wolfcamp A reservoir facies. The complete cotaposi
cement is comprised of the earlier authigenic silica forms and cement teXhwesomposite SE-CL images (A, C, E, G), with corresponding EDS
maps (B, D, F, H) display the textural characteristics of these detritadlraling microfabric frameworks. (yellow arrows= matrix-occurring silica
cement, white arrows= amalgamated silica cement, white dashed lines= interkiikangement, red dashed lines= detrital grain-binding silica
cement, black dashed lines= boundary of detrital quartz grain). A/B) Thislgrading silica cemented framework has significant textural variability
because of the different shapes and sizes of the incorporated detrital quastfsijfieaeous mudstone). C/D) Several well-developed detrital grain-
binding silica cemented frameworks are grouped in the top of the image, where the rodjsilifysized detrital quartz grains occur. These
frameworks are absent in the central part of the image, which corregpamsbundance of matrix-occurring silica and an isolated interlocking
silica cemented framework (siliceous mudstone). E/F) Continuity of the microfabric framéwadhieved with this detrital grain-binding
framework (siliceous mudstone). G/H) In this microfabric, the final composite sdioented frameworks are highly discontinuous, due to the lack
of detrital quartz grains (burrowed silty mudstone).
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For semi-quantifying the volumetric abundances, the detrital quartz that are incorporaited with
the silica cemented frameworks are classified as detrital quartz grains associatbd silitet cement,

and similarly, the binding silica cement is related to detrital grains.

4.4.4 Diagenetic Silica Cement Textures, Geomechanical and Petrophysical Properties

In this section, the detailed qualitative observations are integrated with the semi-ediantifi
volumdric abundances of the detrital and diagenetic components, and the reservoir rock properties (Table
2, Figure 10). The principle objective is to highlight the implications that the diffefieat @@ment
textures and their volumetric abundances have on the measured rock properties.

Integration of the datasets revealed two separate groups of observations, the first set of
observations are applicable to all facies and includes: 1) the most volumetrically dtnamdant texture
is the detrital grain-binding silica cement. The relative volumetric abundances vasesntalby
between depositional facies, and imparts the greatest impact on compressibility of the rockifiabrics
permeability values and 2) the permeabilities are not sensitive to changes in confasadi &r, values
occur within the same order of magnitude) (Appendix, Table 2). In this study, the control on this
petrophysical behavior is attributed to the overall pervasive precipitation of pre-compdictiocesnent.

The second group of observations are depositional-facies specific, and include: 1) the
hemipelagic siliceous mudstones obtain the highest volumetric abundances of the detrital-grain binding
silica cement texture (avg.: 42.0 vol.%), with similar proportions of detrital grainsc@ cdment. These
textural characteristics correspond to rock fabrics with the lowest compressipiitie to two orders of
magnitude lower than the other depositional facies by one to two orders of magnitude, and the highest
permeabilities, 2) the rock fabrics of the calcareous silty, burrowed and bioturbatecusigtypnes are
more compressible and have lower permeability values, these rock properties are associated with lower
volumetric abundances of the detrital grain-binding silica cement texture (< 30 vol.%).

The observations that are facies specific are examined in greater detail below.
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Table 4.2 For each sample, volumetric abundances of the different components weredegisirag JMicroVision software) from 900 point counts,
where three hundred point counts were collected from three different composite SE-CL images.
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Figure 4.10 The four Wolfcamp A reservoir facies have different rock compreagsshaind associated permeability values. The most favorable rock
properties occur in the hemipelagic siliceous mudstones, defined by low comptiessimild higher permeability values. The other Wolfcamp A
depositional facies are more compressible, with compressibility values an order of maggtedéhtain the hemipelagic siliceous mudstones, and

have correspondingly lower permeability values.
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4.4.4.1 Hemipelagic Siliceous Mudstones

The four hemipelagic siliceous mudstones from Well #2 and the single siliceous mudstone
sample from Well #6, are volumetrically characterized by the highest volumetric abundancesabf detr
grain-binding silica cement (Well #2, avg.: 42.6 vol.%; Well #6, avg.: 41.1 vol.%) (Table 2). Thdse rigi
frameworks are comprised of very proportional abundances of the detrital quartz grains and-the grai
binding cement (Well #2, avg.: 19.7 vol.%, 22.9 vol.%; Well #6, avg.: 17.7 vol.%, 23.5 vol.%), which
may have an influence on the enhanced continuity of the frameworks. The textural charactefigics of t
abundant detrital grain-binding silica cement translates to favorable mechanical behaviorstterd a b
reservoir quality facies, as the siliceous mudstones are the least compressible facies byo&n order
magnitude (Well #2 avg.: 6.1x2@sit; Well #6: 6.7x1¢ psi?) (Figure 10). The minor variability in the
rock properties between the four siliceous mudstones from Well #2 is likely due to thendifein the
volumetric abundances of detrital quartz grains associated with the grain-binding siles#,ceearly
HOXFLGDWHG E\ WKH PRVW FRPSUHVVLEOH T DYJ YRO
avg.: 46.6 vol.%) samples.

The rock fabric of the siliceous mudstone from Well #6, texturally deviates from the siliceous
mudstones from Well #2, with elevated matrix-occurring silica cement morphologies (avg.: 14)2 vol.%
compared to the volumetric abundances in Well #2 (avg.: 9.7 vol.%). This is the predominant diagenetic
textural difference between the siliceous mudstones from the two wells, and correla@iffevinces in
permeability values. In Well #2, the permeability values are one to two orders of magnitudetigaeate
the other depositional facies (Well #2 avg.: 6.1%i@l), and one order greater than the permeability

value of the siliceous mudstone from Well #6 (4.9%a@l).

4.4.4.2 Dilute Turbulent Wake Calcareous Silty Mudstones

The single dilute turbulent wake calcareous silty mudstone sample collected from Well #6 is

characterized by significantly lower volumetric abundances (avg.: 29.3 vol.%) of detritabgrding
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silica cement, compared to the siliceous mudstones. The microfabric frameworks of the calcayeous silt
mudstone are comprised of similar proportions of quartz grains (avg.: 13.0 vol.%) and silica eement (
16.3 vol.%) (Table 2). Despite similar proportions, the calcareous silty mudstone is an order tfdaagni
(2.0x10*psit) more compressible than the siliceous mudstones (Figure 10). The difference in the
mechanical behavior between the different depositional facies, strongly suggests that thellonetric
abundance of grain-binding silica cemented frameworks is the predominant factor that resuttexien
compressible rock fabric.

The permeability of the calcareous silty mudstone is an order of magnitude lower than the other
depositional facies (7.2xPand). The elevated total carbonate contents that characterize the calcareous

silty mudstones, likely reduced permeability through cementation.

4.4.4.3 Low-Density Siliciclastic Turbidite Burrowed and Bioturbated Silty Mudstones

Deposited by low-density siliciclastic turbidity currents, one sample of the burrowed silt
mudstone facies was collected from each of the two cores, with one sample of the bioturbated silty
mudstones taken from Well #6. The volumetric abundances of the dominant detrital grain binding silica
cements for the burrowed (26.5 vol.%) and bioturbated silty mudstones (23.1 vol.%) are significantly
lower than the siliceous mudstones (Well #2, avg.: 42.6 vol.%; Well #6, avg.: 41.1 vol.%), and garginal
lower than the calcareous silty mudstone (29.3 vol.%) (Table 2). The discrete differenceaméveork
texture between the burrowed and bioturbated silty mudstones is the proportion ofaqiedrita(10.7
vol.%; 15.0 vol.%) to the grain-binding silica cement (15.8 vol.%; 8.1 vol.%), respectively.

The different volumetric abundances of the framework constituents did not equate to different
rock compressibilities and permeability values between the burrowed and bioturbated silty mudstones
(Figure 10). Similar to the calcareous silty mudstones, the low volumetric abundances of the grain
binding silica cement texture in both the burrowed and bioturbated silty mudstones, has also mesulted i
rock fabrics that are an order of magnitude more compressible than the siliceous mudstones and

marginally higher than the calcareous silty mudstones (burrowed silty mudstone: 1.1458%10
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bioturbated silty mudstone: 1.0x1@si1). The associated permeability values are collectively an order of
magnitude lower than the siliceous mudstones from Well #2 (range: 1.2-3.8xt)pwhich is associated

directly with the lower volumes of detrital grain-binding cement.

4.5 Discussion
4.5.1 Source and Timing of Silica Precipitation

In mudrocks, the two main sources of silica for authigenic silica cementation are thaidisso
of biogenic silica, and the conversion of smectite to illite, which deviate substantially ;nakbrm
diagenetic timing (Peltonen et al., 2009; Thyberg et al., 2010; Milliken et al., 2012; Milliken22%6;
Milliken and Olson, 2017; Dong et al., 201The clay-mineral transformation of smectite to illite occurs
during late burial when temperatures reach 80-100°C, smectite becomes unstable and is replaced by
mixed-OD\HU FOD\ PLQHUDOV DQG LOOLNH VKOLRBDFXHNRHQW H Q | 1RV
was interpreted to result from illitization (e.g., Thyberg and Jahren, 2011).

In direct contrast, the dissolution and reprecipitation of biogenic silica occurs dulinguaaal
(< 35°C), and progresses fromatd\, to opal-CT to chalcedony, and then may entirely culminate to the
most chemically stable silica polymorph, microcrystalline quartz (e.g., Kastner et al.Wifiams and
Crerar, 1985). In prior studies, a biosiliceous source is strongly favored, as basinal smiagdrockntain
significant amounts of opal-A (i.e., agglutinated foraminifera, radiolarians, siliceous spoat@ssjli
(e.g., Milliken et al., 2016; Milliken and Olson, 2017

From Chapter 2, it was concluded that the pore size distributions in the Wolfcamp A reservoir
facies were significantly overprinted by extensive precipitation of pre-compacti@cglicent, driven
by early dissolution of biosiliceous grains. The pervasiveness of the silica cement resulgeladly
similar pore size distributions and volumes across facies, from cores that vary over 2000 riesdrit
day burial depths. Supplemental observations from this study to emphasize the precipitation of pre-

compaction silica cementation include, the replacement of uncompacted biogenic grains, the jrecipitati
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of < 2 micron sized silica crystals into pore space and clay platelets, and the developmentaiéelabor

silica cement frameworks.

4.5.2 Geologic Controls on Silica Cement Textures

The four silica cement textures, their associated micro-scale spatial distribuigovesrging
volumetric abundances between depositional facies is strongly suggested to be controlled by three
interrelated geological factors: 1) the primary texture of the sediment fabric; chiaesttyy grain sizes,
grain shapes and the degree of sorting, which is directly associated with the energyicadetiling
mechanisms of the different depositional processes (i.e., hemipelagic settling, ddidlestil turbidity
currents and dilute turbulent wakes), 2) the extent of early post-depositional biogenic uatvity
modified the primary depositional fabric (i.e., grain arrangement), and 3) the primary graiblageem
the principle control on the extent of early dissolution and cementation, governed by the relat
proportions of detrital and highly chemically reactive biogenic grains.

This interpretation is based on four fundamental observations of the silica cemeestaruir
forms that applies to each Wolfcamp A depositional facies; 1) all authigenic silicg, famchthe different
identified cement textures are all present, 2) the detrital grain-binding siliemtenthe most
predominant cement texture, 3) the lower volumetric abundances of the detrital grain-binging sil
cement corresponds to higher volumes of the other three cement textures (i.e., calcareous, burrowed and
bioturbated siltstones), and lastly 4) these observations collectively provided togighermine that two
composite silica cement textures occur in the Wolfcamp A reservoir facies. The interlobkinyas
determined to be the initial composite cement texture, comprised of the matrix-occurring diligaian
replacements, whereas the detrital grain-binding silica is defined as the final composite cemetihgconsis
of the different silica cement textures, grain replacements and detrital grains.

The control exerted by the three interrelated geologic factors is robustly captured by the
significantly variable volumes of the predominant cement texture that occurs in atbViplfA reservoir

facies, the detrital grain-binding silica cement. For all depositional facisgntisioned that at the
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sediment-water interface and throughout early burial (e.g., < 35°C; Kastner et al., 19&Xtethsive

and penecontemporaneous silica polymorph paragenesis occurred through a series of dissolution of
metastable opal-A and reprecipitation of more stable silica polymorphs (i.e., chalcedony, qudrtzg un
limiting factor (i.e., the source of opal A), was depleted or the pore space washlga: hemipelagic
siliceous mudstones attained the greatest volumetric abundances (avg.: 42.0 vol.%) of the final composite
silica cement, this depositional facies is used in Figure 11 to exemplify the intefpieygeologic

factors that resulted in microfabrics comprised largely of the most diageneticallg@gilica cement

texture. The sediments of the siliceous mudstones were deposited by suspension settling, which resulted
in well-sorted biogenic and terrigenous components. The unconsolidated, well-sorted sediment, with an
abundant source of chemically unstable amorphous silica (opal-A) (agglutinated fazeaminif

radiolarians and siliceous sponges), ensured the development of highly continuous early diagenetic
pathways for silica cementation. Apart from the grain replacements and the amalgamated silica cement
texture that are considered to have occurred throughout the in definitive series ofidisaoid

precipitation, the precipitation of the different silica cement textures followedadutienary

progressionThe earliest silica cement types were matrix-occurring (i.e., individual silistats or as
clusters), which precipitated into sub-micron matrix pore spaces (Figure 11, PHasehkr dissolution

of opal-A grains resulted in the coeval precipitation and extensive intergrowth of tlve-ogatrrring

cement, which eventually culminated into the development of the primary composite cement (Figure 11,
Phase 3). Further dissolution and pervasive cementation incorporated the detritahggraisinitial
composite cement, and the final composite (i.e., detrital grain-binding) silica cementeddr&mwere
established. The textural characteristics of the final composite cement réffieeigensive intergrowth
between the authigenic silica forms into the small and irregular pore sizes and shapesietiedioess

of the diagenetic pathways (i.e., well-sorted sediment), and the various shapes and sizes ¢ékhe detri

quartz grains.
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Figure 4.11 A paragenetic sequence of the successive phases of silica cement precipitation in tlagibesiigebus mudstones, which results in
the abundant development of the final compaosite silica cement texture.
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In comparison to the hemipelagic siliceous mudstones, the other depositional facies, (calcareous,
burrowed and bioturbated silty mudstones), collectively display congruent trends between treir low
obtained volumetric abundances of the final composite silica cement, their respective degpleeanfts
sorting, extent of biogenic activity, and approximated opal-A assemblage. Deposited by suspension
settling, the finggrained biogenic and detrital sediments of the dilute turbulent wake calcareous silty
mudstones intermixed with hemipelagic sediment while settling through the water column (Stow et al.,
1996). Although mineralogically similar to the siliceous mudstones, the early diagenetiaymtfthe
dilute turbulent wake calcareous silty mudstones were impacted by sediments that were-kwsadell
contained a lesser component of biosiliceous grains, and had the addition of chemically reactive
calcareous allochems. These geological factors resulted in the final composite silicatertment
comprising only (avg.: 29.3 vol.%) of the calcareous silty mudstone microfabrics, accompanied with
higher volumetric abundances of both the matrix-occurring cement (avg.: 14.0 vol.%), and the initial
composite cement (avg.: 9.3 vol.%).

The fine-grained, predominantly detrital sediments of the burrowed and bioturbated silty
mudstones were deposited by differential grain settling with contemporaneous lower flow bedgiom
current reworking (Fonnesu et al., 2018; Chapter 1). The early diagenetic pathways of the low-density
siliciclastic turbidites were significantly impacted by the varying extent of pesbsitional biogenic
reworking of the sediment. The degree of biogenic disruption resulted in moderately sorted sediments of
the burrowed silty mudstones, and poorly sorted sediments (i.e., completely churned) of the bioturbated
silty mudstones, which ultimately created highly tortuous pathways for early silica ceorentae lack
of well-connected diagenetic pathways is highlighted by the lowest volumetric abundances of final
composite silica cement obtained in the microfabrics of the burrowed and bioturbated silty mudstones,
respectively (26.5 vol.%, 23.1 vol.%). The low volumetric abundances of the final composite silica
cement texture in the burrowed and bioturbated silty mudstones are accompanied with hightererespec
volumes of matrix-occurring cement (16.0 vol.%, 16.3 vol.%). The burrowed silty mudstones display
elevated volumes of the initial composite cement texture (6.7 vol.%), whereas the bioturbated silty
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mudstones have the highest volumetric abundances of isolated detrital quartz grains (9.1 v@i#g). Isol

guartz grains do not contribute to the development of a rigid microfabric framework.

4.5.3 Depositional Facies, Diagenetic Silica Cement Textures and the Impact on Rock Properties
From the four depositional reservoir facies investigated in the Wolfcamp A, neither the bulk
content of quartz, the type of quartz, nor the form of authigenic silica (cement vs. replacement)
exclusively impacts rock fabric compressibility and the corresponding influence on peitygahiks.
Instead, the principle control on rock compressibility and permeability in the Wolfcamp A resacies
was shown to be directly controlled by the volumetric abundance of the detrital grain-bindang silic
cement texture in the microfabric (> 30 vol.%, with the siliceous mudstones avg. 42.2 vaoté (F2).
Based on the integrated resultss 80% of the microfabric of a Wolfcamp A reservoir facies is
comprised of the final composite cement texture, the collective influence of the otlzecesilient
textures will not provide the microfabric with the same mechanical strength. This resests fiavorable
reservoir rock properties which include, higher compressibilities and corresponding lowealpidityn
values with changes in pressure (i.e., calcareous silty mudstones, burrowed silty mudstones and
bioturbated silty mudstones). These reservoir rock properties are less favorable becausecperspes
occur during reservoir development, this translates to closure or collapse of the pore sgttesnkand
reduction of permeability due to a more complicated flow path. In contrast, the diagenetically
strengthened microfabric of the hemipelagic siliceous mudstones have the most coveted reservoir rock
properties. The microfabrics, braced by significant abundances of detrital grain-bitidangesnent are
able to withstand changes in confining stress, maintain the microstructure of the pore network syst
which ultimately results in the preservation of permeability pathways that gowenwochybon transport

to the wellbore.
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Figure 4.12 For each of the four Wolfcamp A reservoir facies, thin-section pbhodgnaphs, composite SE-CL images (collected at 2000x and
5000x), and semi-quantified volumetric abundances of the predominant detrital gidimglsilica cement are accompanied with measured rock
properties. The different volumetric abundances of the silica cement textures resultedigastynifariable microfabric frameworks between the

depositional facies, which are displayed by the reservoir rock properties.
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4.5.4 Potential Implications on Wolfcamp A Development and Production

From a reservoir quality standpoint, the main contributions of this study identified that the
geomechanical response to changes in confining stress is diagenetically controlled and dépositiona
facies-specific. To place the key contributions from this study in context with the reseatuhstbaen
completed on recent reservoir characterization of the Wolfcamp A in the Delaware Basin (e.g., Chapter 1
and 2) it is essential to elucidate how these studies, that range from pore to basin-scale, ¢aglollect
advance the understanding of reservoir development of the Wolfcamp A.

In Chapter 1, the reservoir quality of the Wolfcamp A was characterized on a sub-regional basin-
scale. The principal conclusions were that the depositionally diverse reservoir fabies\aflicamp A
were shown to be highly variable in terms of compositional components at both the temporatand late
scales, highly interbedded and often occur below well-log resolution. In addition to the facieimgccu
largely below well-log resolution, the lack of knowledge surrounding fine-grained depdsitiona
architecture built by different sediment gravity flow processes was highlighted asfizgasigni
impediment that hinders the ability to constrain the reservoir facies in the thisegision. Despite the
depositional diversity and compositional variability of the Wolfcamp A reservoir facies, eci2apt
concluded that pervasive pre-compaction silica cement resulted in similar pore sizetidisrif24+200
nm) and volumes for all of the reservoir facies. The similarities at the pores$tiadereservoir facies
was concluded to result in similar hydrocarbon storage capacities and flow pathways (Chapter 2).

The critical finding from this study revealed that the Wolfcamp A reservoir facies hayiagy
rock compressibilities and corresponding permeability values with changes in pressure, which can be used
to establish more effective reservoir development practices. Figure 13 captures thentatjcation of
WKLV VWXG\TV NH\ ILQGLQJV ZLWK wiusldhaperns.Pue BGE QW LRQV IURP V
interbedded character of the reservoir facies, up-scaling the facies to mudstone-siltstorespsackag
required to determine reservoir thickness, in the vertical extent with an understanding ¢éntialpo

baffles and barriers to hydrocarbon production (i.e., carbonates). Although these up-scaled packages are

203



Figure 4.13 A conceptual diagram that highlights the challenges associated with eHsgendir development of the Wolfcamp A reservoir facies.
The mechanical behaviors of the highly interbedded fine-grained reservoir fap@sdesferently to changes in stress. During the production of
hydrocarbons, grain compaction will occur earlier in the calcareous, burrowed and biotulyataadstones than the siliceous mudstones.
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comprised of markedly similar pore size distributions and volumes, they must not be managed as a
comprehensive pore network system that collectively transports hydrocarbons to the wellbore.

The rate at which hydrocarbons are produced may have serious implications on overall
hydrocarbon recovery from the fine-grained reservoir facies of the Wolfcamp A. In the mor
compressible facies (i.e., calcareous, burrowed and bioturbated silty mudstones), the rapid depletion of
hydrocarbons during production would increase stress on the grains, potentially resulting isutfeeoflo
the pore network systems, permeability reduction and overall decreased transportation ofdomsdoar
the well bore in these facies. Therefore, reservoir development that aims to improvehydeoaiarbon
recovery from the Wolfcamp A should be based on the rock properties of the more compresssble facie

that were qualitatively demonstrated to have less developed diagenetic microfabric frameworks.

4.6 Conclusions

The main contributions from this study are:

x In the four Wolfcamp A reservoir facies examined, microcrystalline silica cement occurs in four
diverse diagenetic textures that have different implications on reservoir rock properties

x The geomechanical (compressibility) and related petrophysical (permeability) response of the
different rock fabrics of the facies to changes in confining stress, is diageneticaltledriiy
the volumetric abundances of different silica cement textures, which is depositional facies-
specific.

X The detrital grain-binding silica cement texture exerts the principle control omagieseck
properties in the Wolfcamp A reservoir facies. The microfabrics of the hemipelagioss
mudstones have the greatest abundance of the detrital grain-binding silica cement texture (42.0
vol.%), which corresponds to the most favorable reservoir rock properties. The siliceous
mudstones have the lowest compressibilities and highest permeability values, which would ensure
the maintenance of the pore network systems and permeability pathways for transport of

hydrocarbons during pressure decrease. In contrast, the calcareous, burrowed and bioturbated
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silty mudstones have < 30 vol.% of the detrital grain-binding silica cement texture which
corresponds with more compressible rock fabrics by an order of magnitude, and permeability
values 1 to 2 orders of magnitude lower.

X Reservoir development that aims to improve overall hydrocarbon recovery from the Wolfcamp A
should be based on the rock properties of the more compressible facies that were qualitatively
demonstrated to have less developed diagenetic microfabric frameworks.

x The mechanical and petrophysical properties of the fine-grained siliciclasticoie$acies of
the Wolfcamp A are related to geologic factors that controlled the primary grain assemblages and
early diagenetic pathways for silica precipitation. Therefore, each depositional fagies wa
characterized by different volumetric abundances for each identified silica cement type. This
insight has the potential to be used in reservoir models to constrain and predict reservoir rock
properties.

X This study provides evidence that with continued exploration and development of organic-rich
fine-grained lithologies, adequate characterization of reservoir quality controlscknd r
properties relies on the convergence of qualitative and quantitative datasets. Integratioalis crit
to effectively translate the sub-micron-scale observations to the implications onapektigs

that are critical to basin-scale reservoir development.
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CHAPTER 5
CONCLUSIONS

5.1 Research Contributions

This research comprehensively detailed the challenges associated with reservoir ctatiaateri
of the mixed carbonate-siliciclastic Wolfcamp A in the Delaware Basin, Texas, while estalighing
geological controls on reservoir quality from basin to pore-scale. Three complimentary studiesed
this research: 1) a sub-regional reservoir characterization, 2) a pore networlatiestf the defined
reservoir quality facies, and 3) a detailed evaluation of the influence of different rystadiane silica
cement textures on reservoir rock properties. The combined effects of this research advancesthe
understanding of exploration, hydrocarbon production potential and effective reservoir development of
the Wolfcamp A. To a much greater extent, this research has highlighted: 1) the need for extensive work
to be conducted on depositional and stratigraphic architecture constructed by various fine-grained (< 62.5
microns) sediment gravity flow processes for exploration and development efforts, and 2) eluo@&ated t
significant impact on hydrocarbon storage potential, transport pathways and reservpiopmekies that
< micron diagenetic heterogeneity can have on basinal mudrocks with a local source of amorphous silica.
Overall, the culmination of this research provided evidence that with continued exploration and
development of organic-rich fine-grained lithologies, adequate characterization obiregeality
controls and rock properties relies on the convergence of qualitative and quantitative datagedsioh
is critical to effectively translate the sub-micron-scale observations to theatimtis on rock properties
that are critical to basin-scale reservoir development.

From this research, the first multi-disciplinary basin-scale characterization was conducted on the
fine-grained, basinal deposits of the Wolfcamp A in the Delaware Basin, Texas, where detailed
characterization of the sedimentological, reservoir quality and stratigraphic coneglexithe temporal
and lateral scales, established a foundation for the subsequent research completed, and for fgure studi

on the Wolfcamp A.
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In the Texas portion of the Delaware Basin, the Wolfcamp A is defined by nine fine-grained
siliciclastic and four carbonate facies, that vary significantly in distributiotkriess, stacking patterns,
and reservoir quality. Reservoir facies were defined based on TOC content (>2wt.%) andgioaral
composition and consistency, two parameters with critical implications on hydrocarbons in place and
reservoir rock properties (mechanical and petrophysical). From these parameters, a hierarchydcomprise
of eight fine-grained siliciclastic facies were defined to characterize the reséhaodies of the
Wolfcamp A.

The stratigraphic record of the Wolfcamp A was determined to be dominated by sediment gravity
flow deposits that entered the semi-restricted basin from numerous orientations. This culminéted into
complex vertical arrangement of interbedded carbonate debrites, high and low-density carbonate and
siliciclastic turbidites, hybrid event beds, dilute turbulent wake and hemipelagic felogedepositional
processes associated with the carbonate and siliciclastic facies, were determined/tadeogeit for the
variability in reservoir quality and continuity. Clastic dilution of TOC, kerotype and quality, organic
matter production and destruction, and increased carbonate content impacted the compositional controls
on reservoir quality in the mudrocks. Increased abundances of carbonate facies corresponded with
reduced reservoir facies occurrence and thicknesses.

Due to the highly interbedded facies that often occur below well-log resolution, this study was
restricted to core-based reservoir characterization. In core, potential vertical resegatimtervals were
defined, and changed significantly due to the distribution and thicknesses of the carbonates, which likely
impede hydraulic stimulation and reservoir production. Conclusively, the most significant challenge t
reservoir characterization of the Wolfcamp A was the inability to take the sedimecablogservoir
quality and stratigraphic complexity that were documented at the vertical scale, and extnaijpoiage
lateral dimension. Due to the inability to laterally constrain facies, reservoicioedf the Wolfcamp
A requires a novel approach, coupled with extensive research on the depositional and stratigraphic
architecture constructed by fine-grained sediment gravity flow processes in a mixed carboratestidlici
system.
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The first sub-regional investigation into the compositional and diagenetic controls on the pore
network systems of the Wolfcamp A reservoir facies concluded that despite the sedimentological,
compositional and thermal maturity variability, the pervasive pre-compaction microangssilca
cement resulted in similar pore size distributions (2-200 nm) and volumes for all of theirdseres.

An exceptional characteristic for reservoir quality and development, as the eight reseigsihfive
similar hydrocarbon storage potential and flow pathways to the wellbore. In comparison to other
commercially successful fine-grained reservoir rocks in North America, the Wolfcamp A has
substantially greater volumes of pores within the (2-200 nm) size fraction, a strongéndi¢ahe
significant hydrocarbon production potential of the Wolfcamp A in the Delaware Basin.

Advancements of current understanding of authigenic silica in mudrocks were attained, by
providing the first detailed characterization of four different silica cement textona&rix-occurring,
amalgamated, interlocking and detrital grain-binding), their micro-scale spatiddwtisns, and how
their varying volumetric abundances impact reservoir rock properties (compresaiflipermeability),
that are critical to effective reservoir development.

The mechanical and petrophysical properties in the fine-grained siliciclastieoie$acies of the
Wolfcamp A are related to geologic factors that control the primary grain assemblages and early
diagenetic pathways for silica precipitation. Each depositional facies was characterizedrbptdiff
volumetric abundances of each silica cement texture. This insight has the potential to beasszddin r
models to constrain and predict reservoir rock properties, not exclusively for the WolfcamgdaX, but
basinal mudrocks with a local source of opal-A. Characterization of the different volurbeimitamces
on compressibility and associated permeability has critical implications for effiervar
development of the Wolfcamp A. During production, the grains within the facies that have higher
compressibilities and less developed microfabric frameworks will move closer together uretesddcr
stress. Dependent on the rate of production, the pore network systems will begin to close, resulting in
decreased permeability and transport of hydrocarbons to the wellbore, which may compromise the total
volume of hydrocarbons recovered. Therefore, reservoir development that aims to improve overall
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hydrocarbon recovery from the highly interbedded Wolfcamp A should be based on the rock properties of
the more compressible facies.

In conclusion, this study provides evidence that with continued exploration and development of
organic-rich fine-grained lithologies, the characterization of the controls onoesguelity and rock

properties relies on the integration and convergence of qualitative and quantitativis datase
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APPENDIX A
SUPPLEMENTAL DATA FOR CHAPTER 2

Al Core Descriptions

Figure A.1 Legend for core descriptions.
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Figure A.2 Core description for Well 1.
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Figure A.3 Continued core description for Well 1.
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Figure A.4 Continued core description for Well 1.
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Figure A.5 Continued core description for Well 1.
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Figure A.6 Continued core description for Well 1.
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Figure A.7 Continued core description for Well 1.
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Figure A.8 End of Well-1 and start of Well 2.
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Figure A.9 Continued core description for Well 2.
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Figure A.10 Continued core description for Well 2.

223



Figure A.11 End of Well-2 and start of Well-3.
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Figure A.12 Continued core description for Well 3.
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Figure A.13 Continued core description for Well 3.
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Figure A.14 Continued core description for Well 3.
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Figure A.15 Continued core description for Well 3.
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Figure A.16 Continued core description for Well 3.
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Figure A.17 Continued core description for Well 3.
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Figure A.18 End of Well-3 start of Well-4.
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Figure A.19 Continued core description for Well 4.
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Figure A.20 Continued core description for Well 4.
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Figure A.21 Continued core description for Well 4.
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Figure A.22 Continued core description for Well 4.
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Figure A.23 Continued core description for Well 4.
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Figure A.24 Continued core description for Well 4.
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Figure A.25 Continued core description for Well 4.
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Figure A.26 End of Well-4.
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Figure A.27 Core description for Well 5.
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Figure A.28 Continued core description for Well 5.
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FigureA.29 Continued core description for Well 5.
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Figure A.30 Continued core description for Well 5.
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Figure A.31 Continued core description for Well 5.
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Figure A.32 Continued core description for Well 5.
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Figure A.33 Continued core description for Well 5.
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Figure A.34 End of Well 5.
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Figure A.35 Well-6 core description.
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Figure A.36 Continued core description for Well-6.
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Figure A.37 Continued core description for Well-6.
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Figure A.38 Continued core description for Well-6.
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Figure A.39 Continued core description for Well-6.
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Figure A.40 Continued core description for Well-6.

253



Figure A.41 Continued core description for Well-6.
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Figure A.42 Continued core description for Well-6.
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Figure A.43 Continued core description for Well-6.
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Figure A.44 Continued core description for Nv&
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Figure A.45 Start of Well-
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Figure A.46 Continued core description of Well-7.
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Figure A.47 Continued core description of Well-7.
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Figure A.48 Continued core description of Well-7.
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Figure A.49 Continued core description for Well-7.
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FigureA.50 Continued core description of Well-7.
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Figure A.51 Continued core description of Well-7.
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Figure A.52 Continued core description of Well-7.
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Figure A.53 Continued core description of Well-7.
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Figure A.54 End of core descriptions of Well-7.
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A.2 Supplemental Data For Chapter 2

Table A.1 Average, range and median for the compiled rock property dataset for each facies from each
well.
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Figure A.55 Impact of carbonate facies on the abundance of reservoir facies (red cirelepré&s with
lower carbonate facies abundances have higher reservoir facies (black circle).
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Figure A.56 Insufficient Wolfcamp A cores that were not used in the regionabdiin of facies,
depositional processes or the composite stratigraphic log.
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Figure A.57 Facies thickness distributions for the Wolfcamp A cores located in Reeves County.
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Figure A.58 Facies thickness distributions for the Wolfcamp A cores located in Pecosanfardeves
Counties.
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Table A.2 Compiled statistics for each Wolfcamp A core. This table providestghentimber of different facies that are present, the number of
facies changes that occur over the cored interval, and the total thicknessegesmubnding percentages of the different reservoir and non-reservoir
facies based on the total cored thickness. The wells with single asteriskshdwasufficient WCMP A core for comparison purposes. Well 8 is
outside of the focal study area.
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Figure A.59 Preliminary predictive modeling.
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Figure A.60 Challenges associated with interpretation of the depositional sydieen\ifolfcamp A, is that all research has been completed on
coarse-grained systems. This model is likely not suitable for explain theamalfa, as no wells with the hybrid event beds are in the distal parts
of the basin. No distal parts of the basin really exist, as the Delaware Basin is a pasgtdaliyed basin with numerous sediment entry points.
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Table A.3Key features of the Wolfcamp A facies resulted in the interpretaticshepositional processes that can be associated with a sub-
environment of the distal lobe associated with Figure 6. Although a good working theddistal fringe does not exist in the wells dominated by
hybrid event beds.
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Table A.4 Marked facies changes in the cored intervals of the Wolfcamp A wereousgaréliminary evaluation of the potential changes in sub-
environment deposition.
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Figure A.61 Preliminary Sedimentological Evaluation of the Depositional Facies of the Wolfcastig<C|
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APPENDIX B
SUPPLEMENTAL DATA FOR CHAPTER 3

Figure B.1 High resolution images of Ar-ion polished rock chips. A-D are sanfiigim the oil window, and E-H are samples from late oil-early
wet gas condensate.
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Figure B.2 Compositional covariations between the siliceous mudstones from Wells @,63 amd
measured petrophysical properties (GRI Method). Negative covariations between increased geattz cont
and lower permeability and porosity values. Well 3 (bottom) displayed posibwvariations. Higher
guantities of calcite and dolomite resulted in negative covariations in Wells lePntrast, siliceous
mudstones in Well 5 displayed positive covariations between dolomite content, and sheecheack
properties.
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Figure B.3 Compositional covariations between the silty mudstones from Well 7 dirfsl Wl measured
petrophysical properties (GRI Method). Negative covariations between increasdcqugent and lower
permeability and porosity values in both wells. Well 5 increased dolomite coeigatively covaries with
porosity. Calcite content appears to have no influence on the measured porosity. The samples from Well 7
displayed positive covariations between increased clay content and porosity and permeability values
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Figure B.4Compositional covariations between the calcareous silty mudstones from Wedls75 amd measured petrophysical properties (GRI
Method). The permeability of the calcareous silty mudstones are posithycted by increased total clay content, combined influence of increased
total carbonates (with stronger control exerted by calcite), and is negatively éohfgcincreased quartz and feldspar contents. Porosity is not
impacted by quartz and total clay content. Increased dolomite content is the predecaribanate phase that negatively impacts porosity values,
where calcite content appears to have no strong influence. The different covaitiai@tsur between the same minerals but different petrophysical
properties strongly suggests that (something about dolomite and pore space) isfilpgu® that is not effectively connected and therefore does
not impact permeability. The strongest relationship is the negative covariatiodoMimite content. The samples from Well 7 displayed positive
covariations between increased clay content and porosity and permeability values.
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Figure B.5 Compositional covariations between the argillaceous calcareous silty muttsionéglls 5
and 7, and measured petrophysical properties (GRI Method). Positive covariatiwesrbdblomite
content and the measured rock properties. The samples from Well 7 displayed posdriations between
increased clay content and only porosity values.
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Figure B.6 Compositional covariations between the burrowed mudstones-siltstoned sampled wells, and measured petrophysical properties
(GRI Method). Positive covariations with increased quartz and feldspar contehtandasured rock properties. Higher quantities of calcite and
dolomite resulted in negative covariations.

284



Figure B.7 Compositional covariations between the bioturbated mudstones-siltstmeslifsampled
wells, and measured petrophysical properties (GRI Method). Positive covariagtmeen dolomite
content and the measured rock properties.
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Figure B.8 Positive covariations between higher porosity and permeability valuescagaiséd quartz content occurred in the four siliceous
mudstone samples from Well 3(A), the burrowed mudstone-siltstones (B), and thieatestunudstone-siltstones (C). May be due to the silt-sized,
rigid detrital quartz grains that preserved interparticle pore space durihgmizad compaction. Negative covariations between lower porosity and
permeability values and increased total carbonate content occurred in the siliceous muasiovas|f2 (A), Well 1(B), and Well 3 (not shown),
and the burrowed ,mudstone-siltstones (C). Positive covariations occurred betweeatedantant and the petrophysical properties in the siliceous
mudstones from the Well 6 (D), the bioturbated mudstone-siltstones (E), and the argillaceoesusakitistones (F).
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Figure B.9 All Wolfcamp A reservoir samples are plotted to highlight col@mgatith SSA, TPV and clay and TOC. No facies displayed a positive
covariation between surface area and TOC, or total pore volume and TOC. Overalldaakpaofitional controls on total pore volumes.
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TableB.1 Surface area and total pore volume statistics for each sample Wdticamp A and their
respective compositions.
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TableB.2 Pore size distribution table with the differentiable trends with conposind petrophysical
properties.
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Figure B.10 Pore size distribution determined by LPGS do not show a correlation enntiealpility and
porosity values measured using the GRI method for the siliceous, silty and calsdtgomsdstones. The
argillaceous calcareous siltstones data is considered to be erroneous.
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Figure B.11 Pore size distribution determined by LPGS only displayed a correlatiohenitttophysical properties (measured by the GRI method)
with the burrowed mudstone-siltstones. No correlation with the bioturbated siltstones.
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Figure B.12 No correlation between Tmax data and pore size distributions as measured by LPGS.
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APPENDIX C
SUPPEMENTARY DATA FOR CHAPTER 4

Core Plug Preparation

1-inch diameter core plugs are extracted from core samples as long cylinders. Then, they were cut
to appropriate lengths for the needs of further experiments.

To perform and get accurate results from porosity, permeability experiments for the rock matrix
they need to be cleaned. The cleaning process is performed to clean the core plug samples from mud

filtrates from the drilling mud, native oil, and connate water.

Figure C.1 Schematic of a Soxhlet apparatus. (Uzun 2018)

Soxhlet extractor is used the clean all the cores that are used in this study. Solvents thdit are use
are toluene, methanol, and chloroform.

The cleaning process starts with toluene which removes the heavy components of oil, and some
residual water. The boiling point of toluene is 110.6°C (Table 1) (McPhee et al. 2015). However, as
toluene has a very high boiling point and potential to damage the clay minerals as it can alschemove t
clay-bound water, the hot toluene extraction kept running only for 1-2 days. The cores kept submerged
with toluene in the chamber for 1-2 weeks more without continuously boiling the solvent biingfres

the solvent regularly depending on the discoloration.
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Chloroform-methanol azeotrope with 65% and 35% ratio is used to clean the salt that precipated
from the extracted formation water and the heavy oil components. An azeotrope is a mixture of two or
more solvents having lower boiling point than the individual components (Table 1), which is ideal for
cleaning cores which has significant amount of clay minerals. The cores were cleaned with tbpeazeot

for a week until the discoloration ceases.

Table C.1 Properties of cleaning solvents (McPhee et al. 2015).

Solvent Boiling Point (°C) Solubility

Toluene 110.6 0]]

Methanol 64.7 Water and salt
Chloroform 61 oil
Chloroform/Methanol 53.5 Oil, water, and salt

Azeotrope (65/35)

After the cleaning process, the cores are placed in an oven with a constant temperature of 60°C to
remove the residual solvents by drying them. The drying stage takes 6-8 days depending on the type of

the cores.
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Porosity and Permeability Measurements

Figure C.2 Core Laboratories CMS-300 unsteady-state permeameter/porosimeter (McPh2@l18).al.
Porosity and permeability data provide vital information about the fluid flsaugh porous media. The
combination of this data with the mineralogy and further geologic studies not only broaden the knowledge
about the fluid flow, but also compressibility, brittleness and other geomechnical properties.

Compressibility is the change in volume with respect to pressure change at constant temperature.

Thus, compressibility can be defined as (McCain 1990);

1w

Vel (c-1)
Where,V is the volume,P pressure, and temperature.

The definition of rock compressibilitﬁ’, in terms of porosity, can be given as (Kazemi, Gilman);

1 w Iy
/'p wp (C-2)

Where, lis the porosity.

Integrating Eq. 1-2 fronP' to Pwill yield;

In I/, cp/p (C-3)
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Rearranging Eq. (1-3), we obtain;

/ C a
L e PRt
i (C-4)
The relationship between permeability and porosity can be expressed as;
3
ko /8
k l© (C-5)
Therefore, Eq 1-4 can be rewritten as;
E e 3cppg
K (C6)

Table C.2 Compressibity and permeability at different confining stress
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Table C.3 Comprehensive table of the volumetric abundances of the point counted components in the Wodsampiifacies.
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Figure C.3 Point counted images.
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Figure C.4 Point counted images continued.
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Figure C.5 Point counted images continued.
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Figure C.6 Point counted images continued.
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Figure C.7 Point counted images continued.
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