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Abstract: Farnsworth Field Unit (FWU), a mature oilfield currently undergoing CO2-enhanced oil
recovery (EOR) in the northeastern Texas panhandle, is the study area for an extensive project under-
taken by the Southwest Regional Partnership on Carbon Sequestration (SWP). SWP is characterizing
the field and monitoring and modeling injection and fluid flow processes with the intent of verifying
storage of CO2 in a timeframe of 100–1000 years. Collection of a large set of data including logs, core,
and 3D geophysical data has allowed us to build a detailed reservoir model that is well-grounded
in observations from the field. This paper presents a geological description of the rocks comprising
the reservoir that is a target for both oil production and CO2 storage, as well as the overlying units
that make up the primary and secondary seals. Core descriptions and petrographic analyses were
used to determine depositional setting, general lithofacies, and a diagenetic sequence for reservoir
and caprock at FWU. The reservoir is in the Pennsylvanian-aged Morrow B sandstone, an incised
valley fluvial deposit that is encased within marine shales. The Morrow B exhibits several lithofa-
cies with distinct appearance as well as petrophysical characteristics. The lithofacies are typical of
incised valley fluvial sequences and vary from a relatively coarse conglomerate base to an upper fine
sandstone that grades into the overlying marine-dominated shales and mudstone/limestone cyclical
sequences of the Thirteen Finger limestone. Observations ranging from field scale (seismic surveys,
well logs) to microscopic (mercury porosimetry, petrographic microscopy, microprobe and isotope
data) provide a rich set of data on which we have built our geological and reservoir models.

Keywords: morrow; Farnsworth; Anadarko; incised valley

1. Introduction

A detailed understanding of reservoir and caprock lithologies is important for any
CO2-EOR project and is crucial for carbon storage projects. Characterization entails de-
veloping knowledge of the reservoir from the pore to the field scale. Such knowledge
must include understanding of the various lithofacies (how they were formed and what
diagenetic processes have they undergone), understanding of depositional systems that
dictate reservoir architecture and heterogeneity, and an understanding of the relationships
between rock composition and resultant geomechanical and flow properties that feed into
the reservoir models used for simulation and prediction of reservoir behavior.
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Most reservoir studies of Morrow reservoirs in the Anadarko basin have focused on
sandstones because of their importance in conventional oil production. Although this study
examines the sandstones within the field, an important feature of our work is detailed
characterization of both the overlying and underlying confining layers, as these are critical
to containment of injected CO2.

The significance of this paper is twofold: we present a synthesis of extensive work by
several researchers that has not previously been published, and we provide a brief view of
some of the rich dataset that we have collected for the project, which will be archived with
public repositories at the conclusion of the project.

2. Materials and Methods

A variety of datasets were used for the work presented here. Cores from several wells,
including characterization wells drilled specifically for this project, were described and
analyzed. Cored intervals from five wells on the western side of the field (8-5, 9-8, 13-10,
13-14, and 13-10A) and three from the eastern side of the field (32-2, 32-6, and 32-8), were
described (Figure 1). Wells 13-10A, 13-14, and 32-8 were drilled as characterization wells
for this study, and extensive datasets were collected from them. No destructive testing
was allowed on the legacy cores, so observations were limited to visual inspection only.
Limited core was available for each of the legacy wells and almost none from non-reservoir
intervals. Approximately 250 ft of core was obtained from each of the new characterization
wells. Cored intervals include the entire Morrow B reservoir interval, as well as Morrow
shale that underlies and overlies the Morrow B, the B1 sandstone interval, and the Thirteen
Finger limestone that makes up the remainder of the primary seal.
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project.

The core descriptions were the basis for formation identification, development of
detailed stratigraphic columns, facies classification, and interpretation of depositional envi-
ronment and sequence stratigraphy. Samples from the three characterization wells were
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used for measurement of porosity, permeability, geomechanical properties, petrographic
analysis, X-ray diffraction (XRD), stable isotope and electron microprobe studies for charac-
terization of rock composition, textural relationships, diagenetic alteration, and studies of
pore structure and networks. Well logs including borehole imaging logs were run in char-
acterization wells to aid in interpretation of features such as fractures, lithology changes,
and orientation for interpretation of bedding and sediment flow direction. Samples were
also taken for U–Pb and 40Ar/39Ar dating of zircon and muscovite to understand regional
sediment routing and provide new constraints for the age of the Morrow B. Additional
data included a small set of thin sections and core plug porosity and permeability data
from older wells in the field.

Formation-top data and wire-line logs wells in a 95 mile2 area around FWU were
made available from the field operator. An advanced suite of logs for the three character-
ization wells was also available. Formation top-picks in legacy wells were checked and
standardized with respect to the newly-acquired advanced logs, and all well data were
compiled into Schlumberger’s Petrel software program. Correlation of formation tops
allowed construction of formation surfaces and thickness maps. Combining well and log
data with 3D seismic data for FWU allowed creation of a detailed and more accurate model
of this reservoir.

3. Results and Discussion

The processes used during this project are now used as a blueprint for other carbon
sequestration characterization efforts that have been initiated elsewhere within the western
USA. Results of the work include detailed descriptions of cores and thin sections, field maps,
and cross-sections that have been used to establish a robust and increasingly sophisticated
geological model for the field [1]

3.1. Geologic Setting
3.1.1. Regional Stratigraphic Framework

The Farnsworth Field Unit (FWU) is currently the site of a large-scale carbon diox-
ide (CO2) storage and enhanced oil recovery (EOR) project. The field is located in the
northwestern part of the Texas panhandle in Ochiltree County, near the town of Perryton.
The FWU is situated within the northwestern shelf of the Anadarko basin and is one of
many reservoirs that produce from a Pennsylvanian sequence of alternating mudstone and
sandstone intervals [2]. Production at FWU is from the operationally-named Morrow B
sandstone—the uppermost sandstone encountered below the Thirteen Finger limestone
(Figure 2). The Morrow B sandstone has been previously interpreted to be Morrowan in
age-based lithostratigraphic correlation and biostratigraphy of overlying units [3]. Anal-
ysis of fusulinids and references therein] and conodonts [4] recovered from the Thirteen
Finger limestone in southeast Colorado and Kansas suggests an Atokan age that provides
a minimum biostratigraphic constraint for the Morrow B. However, Hollingworth et al. [5]
report a new U–Pb detrital zircon maximum depositional age of 310.9 ± 4.9 Ma, suggesting
that the age of the Morrow B is closer to the Atokan–Desmoinesian boundary. This also has
implications for the age of the primary caprock intervals at FWU, the upper Morrow shale,
previously interpreted as Morrowan in age, and the Thirteen Finger limestone, previously
interpreted as Atokan in age [3]. Additional geochronologic and biostratigraphic work
is necessary to resolve the apparent conflict between depositional ages, but in this study,
we rely on the existing biostratigraphic framework [3,6]. The Thirteen Finger limestone
is an informal name for a series of approximately thirteen predominantly limestone in-
tervals that are intercalated with mudstone and coal layers. Similar Morrowan deposits
in the Anadarko basin throughout the Texas and Oklahoma panhandles, southeastern
Colorado, and western Kansas, have been studied extensively due to their importance
as oil-producing reservoirs [7–12]. Overlying rocks have received less attention but are a
potential target for unconventional production elsewhere in the basin [4]. Our interest in
the Thirteen Finger interval is primarily as a seal and caprock for CO2 storage.
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The Morrowan and Atokan intervals were deposited during the early to middle
Pennsylvanian [13]. During this time, the African, South American, and Antarctic cratons
were coalescing in the southern latitudes to form the Gondwanan land mass [14,15]. This
coalescence created a setting in which large ice sheets grew and receded on time scales
corresponding to orbital Milankovitch cycles [16,17]. The fluctuations in ice volume in
turn caused global sea levels to rise and fall, creating the rapid facies changes typical
of Pennsylvanian and Permian stratigraphy [8,9,18]. During this period, North America
was at equatorial latitudes and drifting northward, causing the area to transition from
humid to subhumid climates during the Pennsylvanian [19]. The collision of the North
American and Gondwanan, and/or activity on the western and southwestern Laurentian,
margins drove deformation across southwestern and central Laurentia [20–24]. Uplift
associated with this deformation shed substantial volumes of clastic sediment to adjacent
basins (e.g., [12,25–28]). The subsequent filling of these basins is responsible for most of the
overlying rock column at FWU. Overlying strata includes upper Pennsylvanian through
the middle Permian shales and limestones, with lesser amounts of dolomite, sandstone,
and evaporites [12,18].

3.1.2. Tectonic Setting

The FWU is located on the northwest shelf of the Anadarko basin (Figure 3). From
FWU, the basin plunges to the southeast where it reaches depths of over 40,000 ft (12,192 m)
adjacent to the Amarillo–Wichita Uplift [29]. The Anadarko basin formed as the result of
flexural loading of the lithosphere by the adjacent Amarillo–Wichita Uplift [23,29,30]. The
Amarillo–Wichita Uplift formed as the result of reactivation of basement faults in a region



Energies 2021, 14, 1057 5 of 26

known as the Southern Oklahoma Aulacogen that are associated with the Neoproterozoic
breakup of the Rodinian supercontinent [29,31] However, the tectonic drivers for the uplift
on the Amarillo–Wichita are the subject of debate. Most interpretations attribute uplift
to either collision between Gondwana and Laurentia [20,23,32] or stress generated along
the southwest margin of Laurentia [21,24]. Positive features that might have influenced
deposition within the region include the Ancestral Front Range to the northwest [33],
the Central Kansas uplift to the northeast [34], and the Amarillo–Wichita uplift to the
south [35–37].

Energies 2021, 14, x FOR PEER REVIEW 5 of 26 
 

 

3.1.2. Tectonic Setting 
The FWU is located on the northwest shelf of the Anadarko basin (Figure 3). From 

FWU, the basin plunges to the southeast where it reaches depths of over 40,000 ft (12,192 
m) adjacent to the Amarillo–Wichita Uplift [29]. The Anadarko basin formed as the result 
of flexural loading of the lithosphere by the adjacent Amarillo–Wichita Uplift [23,29,30]. 
The Amarillo–Wichita Uplift formed as the result of reactivation of basement faults in a 
region known as the Southern Oklahoma Aulacogen that are associated with the Neopro-
terozoic breakup of the Rodinian supercontinent [29,31] However, the tectonic drivers for 
the uplift on the Amarillo–Wichita are the subject of debate. Most interpretations attribute 
uplift to either collision between Gondwana and Laurentia [20,23,32] or stress generated 
along the southwest margin of Laurentia [21,24]. Positive features that might have influ-
enced deposition within the region include the Ancestral Front Range to the northwest 
[33], the Central Kansas uplift to the northeast [34], and the Amarillo–Wichita uplift to the 
south [35–37]. 

 
Figure 3. Anadarko basement structure map with major basin bounding faults and tectonic prov-
inces (from Gragg [38], modified from Davis and Northcutt [39]). Contour intervals are in thou-
sands of feet. Blue square is approximate location of FWU northwest of the deepest portions of the 
basin. 

Anadarko basin subsidence and Amarillo–Wichita basement uplift were approxi-
mately synchronous, beginning in the Chesterian–Morrowan and continuing through the 
Pennsylvanian and ending in the Wolfcampian [21]. Maximum rates of subsidence oc-
curred during Morrowan to Atokan times [12,29,35]. Tectonic activity slowed after the 
Atokan and the region was quiescent by the end of the Pennsylvanian. The uplifts and 
associated basins combined with the climate at time of deposition set the stage for the 
stratigraphic sequence seen in FWU cores. 

Figure 3. Anadarko basement structure map with major basin bounding faults and tectonic provinces
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feet. Blue square is approximate location of FWU northwest of the deepest portions of the basin.

Anadarko basin subsidence and Amarillo–Wichita basement uplift were approxi-
mately synchronous, beginning in the Chesterian–Morrowan and continuing through
the Pennsylvanian and ending in the Wolfcampian [21]. Maximum rates of subsidence
occurred during Morrowan to Atokan times [12,29,35]. Tectonic activity slowed after the
Atokan and the region was quiescent by the end of the Pennsylvanian. The uplifts and
associated basins combined with the climate at time of deposition set the stage for the
stratigraphic sequence seen in FWU cores.

3.1.3. Depositional Environment

Interpretations of the depositional setting of the Morrow B have evolved over the
decades. Many previous workers have recognized upper Morrowan sandstones in the
northwestern Anadarko basin as fluvial deposits [2,7–10,36,40–46]. Early regional deposi-
tional and stratigraphic models were developed using core and electric log data from wells
across the Anadarko basin [3,40,41,47]. Swanson [40] proposed relatively synchronous
deposition of sands and muds as different parts of the same fluvial and deltaic systems.
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In contrast, Sonnenberg [41,48] proposed an incised valley-fill (IVF) model to describe
Morrowan sandstones. In the Sonnenberg IVF model, sand distribution is confined within
the walls of previously incised valleys. In this model, lateral changes from sandstone to
mudstone are interpreted to mark the edges of those paleovalleys. A major difference
between this and the earlier-proposed Swanson model is that in the Sonnenberg model,
the laterally equivalent mudstones that encase the reservoir sands were deposited under
marine conditions during the previous high-stand system tract (HST) and are older than
the IVF deposits. Our work at FWU refines the IVF depositional model, and provides a
sequence stratigraphic framework for the reservoir and seal (see below).

In contrast to the predominantly fluvial to estuarine environment proposed for the
Morrow sandstones and shales, the overlying Atokan Thirteen Finger limestone was
deposited in an estuarine to marginal marine environment representing several cycles
of transgression and regression during its deposition [48]. The main lithologies include
mudstone, interlayered with limestone (cementstone), and some coal [49].

3.2. Lithofacies
3.2.1. Log Identification

In FWU, the Morrow B reservoir is identified in logs by a characteristic blocky shape
created by low gamma ray (GR) values (Figure 2), or negative deviations in spontaneous po-
tential (SP) measurements, both associated with clean reservoir sand [2,3,45]. The Morrow
B reservoir is the first blocky, low-GR signature below the Thirteen Finger limestone [36]. If
a sand signature is present below the Morrow B it is termed the Morrow B1, and Morrow-D
if there is a third. The Morrow shale is those parts of the GR curve having consistently high
GR values immediately above and below the Morrow B reservoir (Figure 2). These interca-
lated sand and shale packages are all within the upper Morrow, an informal subdivision
used through many parts of the Anadarko basin [48].

The Thirteen Finger limestone has a distinctive wireline log signature showing 12–17
sharp fluctuations in the GR curve (Figure 2). Spikes of low gamma ray readings correspond
to limestone beds that give the unit its name, and the intervening GR highs are associated
with mudstone or shale beds. The base of the Thirteen Finger limestone is picked at the top
of the second low GR spike above the Morrow B reservoir. This corresponds to a coal bed at
the top that is a reliable regional stratigraphic marker for the top of the uppermost Morrow
shale. The top of the Thirteen Finger limestone is less uniformly designated, but for this
project was chosen using the same criteria as geologists from the industry partner [50]. The
top of the Thirteen Finger is picked from the GR curve at a prominent low GR spike, above
which are relatively high GR values, consistent for 5–15 ft (1.5–4.5 m), above which the
next decrease in GR is less dramatic, and finally above which are two prominent GR lows
associated with limestone beds of the lower Cherokee Group (Figure 2).

3.2.2. Core Description

Core descriptions are based on works of Gallagher [46] and Rose-Coss [49]. Gal-
lagher’s descriptions used observations of legacy cores (Figure 1) that were made available
for viewing, and core from well 13-10A, the first of three characterization wells drilled
during the project (Figure 1). Gallagher’s work focused strictly on the Morrow B and
described the four principal lithofacies encountered in core: fine-grained sandstone, coarse-
grained sandstone, and conglomerate. Rose-Coss [49] was only able to view photographs
of the legacy core, but had access to all three cores for wells drilled for this project, which
included not only the Morrow reservoir rock but portions of underlying Morrow shale, as
well as overlying Morrow sandstone, Morrow shale, Thirteen Finger, and Marmaton units.
Rose-Coss [49] described the entire cored interval of the Morrow sandstone, as well as the
overlying Morrow shale and Atokan Thirteen Finger caprock intervals, subdividing the
section into 10 different lithofacies based on composition, sedimentary structures, grain
size, and color (Tables 1–3). Miall’s 1985 classification [51] was used for the Morrow B
sandstone, and the classification of Lazar et al. [52] for mudstones in the overlying Morrow
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shale caprock. Detailed core descriptions and photographs are found in Gallagher [46] for
the reservoir intervals in legacy wells and well 13-10A, and Rose-Coss [49] for full core
descriptions of the three characterization wells: 13-10A, 13-14, and 32-8.

Figure 4 presents a generalized paleoenvironment reconstruction based on lithofacies
noted in cores for the Morrow B and B1 sandstone at FWU, along with typical examples of
each. Similar features and sequences of lithofacies were noted in all the cores examined,
with small variations in thicknesses, clast types, and sedimentary structures. The general
sequence of lithofacies for the Morrow noted in all FWU cores, from deeper to shallower, is
marine mudstone, channel lag conglomerate, fluvial coarse-grained sandstone, estuarine
fine-grained sandstone, and marine mudstone.
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Morrow Sandstone

The base of the Morrow B sandstone interval is an abrupt, irregular contact above
underlying Morrow shale. The lowest sandstone interval noted in many of the cores
is a highly-indurated calcite-cemented basal lag conglomerate that ranges in thickness
from 0.3–0.9 m. In most cores, the conglomerate is clast-supported with subrounded
clasts, primarily composed of quartzite and granitic rock fragments, as well as some
mudstone and siderite concretion clasts [52]. Maximum clast size is 5 cm; however, average
clast size is 1–2 cm. Well 13-10A contains ~15 cm of matrix-supported conglomerate
(paraconglomerate) approximately 20 cm above the contact between the Morrow shale and
the basal conglomerate (Figure 5). The conglomerate is made up of a lower coarse-grained
light gray sandstone matrix surrounding larger clasts, many elongate, that are typically
subrounded, 2-mm to 3-cm long, and consist of mudstone, sandstone, and pyritized rip-up
clasts. The matrix-supported conglomerate was not noted in the other cored wells. The
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basal conglomerate section in well 13-14 does not contain mudstone clasts and is finer-
grained than in the other two wells. Conglomerates tend to be highly-cemented with a
variety of carbonate cements, including calcite and ankerite.
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Figure 5. (A) Lower part of Morrow B core from wells 13-10A, left, and 13-14, right, showing con-
tact with the underlying Morrow shale and the basal conglomerate grading up into coarse sand-
stone. Core slabs are ~10 cm (4 inches) wide. One-foot intervals marked on cores; (B) sharp contact 

Figure 5. (A) Lower part of Morrow B core from wells 13-10A, left, and 13-14, right, showing contact
with the underlying Morrow shale and the basal conglomerate grading up into coarse sandstone.
Core slabs are ~10 cm (4 inches) wide. One-foot intervals marked on cores; (B) sharp contact between
Morrow B sand and overlying upper Morrow shale in well 13-10A. There is approximately 11.5 m
(38 ft) of Morrow B reservoir sandstone between the upper and lower shale contacts in well 13-10A.

Basal conglomerates grade upwards into an overlying coarse-grained sandstone facies.
In all characterization cores there is a very thin (<2.5-cm thick) coal layer 15 to 20 cm
above the conglomerate section. The remainder of the Morrow B interval is composed of
brown to dark brown, moderately to poorly sorted, subrounded to subangular, very coarse
sands and fine gravels. The uppermost portion of the Morrow B sandstone is generally
finer-grained, ranging from fine to upper-medium sand.

Primary depositional textures and structures are similar in most of the cores. Using
Miall’s classification for fluvial sediments [51], lithofacies are first described by grain size,
and then bedding. Within the Morrow B, grain size is described as either gravel (G) or
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sand (S), and bedding either massive (m), laminated (l), or irregular (i). Thus, an interval of
predominantly massive gravels is denoted Gm, and an interval of laminated gravels is Gl.
Lithofacies codes and descriptions for Morrow B and B1 sandstones are noted in Table 1.

Table 1. Morrow B and B1 sandstone lithofacies.

Facies Sedimentary Features Description

(Gm)
Gravel massive Massive

Light grey to light brown, matrix supported, granules to
pebbles, moderately to poorly sorted, angular to

subrounded, massive bedding, with mudstone rip-up
clasts, and calcite cementation in lowermost section.

(Gl) Gravel laminated Planar to low-angle cross-bedding

Light brown, matrix supported granules, 2–4-cm
beds/lamina create fine-scale fining and coarsening
upward sections that alternate between very coarse

upper and coarse lower with minor fines or clay seams.
Facies Gl is modified from Miall [51] facies Gp.

(Gi)
Gravel irregularly bedded Massive to crudely bedded.

Finer-grained than Gm with less-developed and finer
(<1 cm) bedding than Gi. Continuously poorly sorted

and possible low-angle streaks of clay or fine sand.

(Sm)
Sand massive Massive, to faint laminations Light brown, massively bedded, moderately sorted,

lower medium to upper coarse grains.

(Sl)
Sand laminated Low-angle (<10◦) cross-bedding

Light brown, lower medium to fine granules, moderate
to poorly sorted

Low-angle bedding, approximately 10 degrees; clay
streaks often present.

In FWU cores, the thickness of sandstone intervals with massive, laminated, or ir-
regular bedding ranges from 15–61 cm [49]. Laminated intervals are planar to low-angle
with 2–10-cm thick fining or coarsening upward sequences. Clay seams, thin mudstone
interbeds, and stylolites were noted in most wells (e.g., Figure 5, depth 7733 ft.) and exam-
ples in [46,49]. Sandstones are mostly fine- to coarse-grained sandstone and exhibit fining
upward sequences. Rounded mudstone intraclasts occur locally, some with desiccation
cracks. A fining upward sequence 15–46-cm thick caps the Morrow B sandstone section,
however internal grain size sequence intervals do not appear to repeat in any recognizable
pattern [49]. Some overall variation in grain size was noted through the field [46]. The
sandstone facies in wells 9-8 (far west side) and 32-8 (east side) is finer-grained than ob-
served in other wells. Well 32-6 contains cross-bedding that exhibits considerable variation
in grain size between laminae, alternating in size between coarse sand and conglomerate;
such well-defined bedding was not noted in any of the other cores examined [46].

Morrow Shale

The Morrow B (and B1, where present) sandstones are encased above and below by
shales. Contacts with shale both below and above the sandstone are sharp and irregular
(Figure 5). Morrow shale facies are described in Table 2. Only a few feet of underlying shale
were cored, so this work describes the shale sequence encountered in the shale overlying
the Morrow B sandstone, except as noted. Similar facies are seen in the underlying shale
section. The overlying shale section starts above a fining-upward sequence at the top of
the Morrow B sandstone (Figure 6 and [46]). The Morrow shale generally fines upwards
in a series of thin beds 2.5–5-cm thick that alternate between upper fine sands and fine to
medium muds. Sand content decreases upwards through the section. The lowest lithofacies
of the Morrow shale (facies gbM) is olive to grey, weakly to moderately bioturbated, with
either massive bedding, or discontinuous parallel and non-parallel laminations. The rock
is friable, argillaceous fine- to medium-grained mud, with minor organic and detrital
content. Facies gbM ranges from 4.3–6.7-m thick in the cored wells. This facies terminates
abruptly in the black, fissile-laminated, mudstone facies blM. Facies blM is argillaceous
and siliceous, fine to coarse muds with minor organic content. Interspersed with the



Energies 2021, 14, 1057 10 of 26

mudstone are intervals containing fossil hash beds and scattered pyritized shells, sparse
calcite concretions and rare pyrite nodules. Continuing up-section, facies blM transitions
to a greenish grey, friable calcareous mudstone, facies cM, topped by a thin coal layer.
Although facies cM closely resembles facies gbM seen lower in the section, it has a greater
amount of organic and calcareous content, as compared to facies gbM. Facies cM is the
highest stratigraphic interval of the upper Morrow shale and was not noted in the interval
of Morrow shale below the Morrow B sandstone, which is predominately facies blM with
minor gbM.

Table 2. Morrow shale lithofacies. Total organic carbon (TOC) data from TerraTek Schlumberger core services.

Facies Sedimentary Features Description TOC% Fossils

(Mfms)
Friable, bioturbated

fine sands to fine
mudstone

Low-angle to planar
laminations, low to

moderate bioturbation.

Olive to grey,
moderately bioturbated
laminated to massive,

friable.

0.3–1% Absent to rare.

(Mfml)
Black, finely laminated

fine to medium
mudstone

Low-angle to planar
laminations,

carbonaceous
concretions, fossil hash,

pyrite.

black, laminated, fissile. 0.53–2.67

Scattered disarticulated
pyritized shell fragments.

thick to very thin shell
fragments disarticulated in
a convex up position, fossil

hash beds.

(Mc)
Calcareous mudstone

fossil hash, laminations,
bioturbation

coal.

Brown to grey, green,
laminated to massive,

broken and bioturbated
sections, friable.

0.44–10.7%

13-14 thin section at 7641 ft,
abundant microfossils
including foraminifera,
gastropods, ostracods,

bryozoans, mollusks, and
fish scales.

The uppermost part of the Morrow shale has a distinctive sequence of facies that is
noted in all of the characterization wells (Figure 6). Approximately 45 cm below the contact
with the Thirteen Finger limestone, there is a 2.5–7.5-cm thick section of rock that is smooth
and well-indurated with irregular to rounded bounding surfaces. This distinct interval
contains a diverse microfaunal assemblage including foraminifera, gastropods, ostracods,
bryozoans, mollusks, and fish scales (Figure 6, and [44] Figure 30). Other noteworthy
aspects within the short interval include phosphate nodules and possible dewatering
structures. Above the well-indurated section is another 30–45 cm of facies cM. The facies
terminates at a sharp contact with an 18-cm thick coal bed. The coal is followed by a
15–20-cm grey, calcite-cemented layer (appearing as a concretion in well 13-10A), and then
a 5-cm, highly burrowed interval. The burrowed interval is topped by another 5–7.7-cm
fossil hash bed (Figure 7), then a black carbonaceous mudstone (bcM) that is one of the
signature facies of the Thirteen Finger limestone [49].



Energies 2021, 14, 1057 11 of 26Energies 2021, 14, x FOR PEER REVIEW 11 of 26 
 

 

 
Figure 6. Uppermost sequence of Morrow shale that overlies the Morrow B, showing consistent 
sequence of lithofacies seen in all three characterization well cores. All core slabs are approxi-
mately 10-cm wide and 122-cm height. One-foot intervals marked on core. 

Figure 6. Uppermost sequence of Morrow shale that overlies the Morrow B, showing consistent
sequence of lithofacies seen in all three characterization well cores. All core slabs are approximately
10-cm wide and 122-cm height. One-foot intervals marked on core.



Energies 2021, 14, 1057 12 of 26
Energies 2021, 14, x FOR PEER REVIEW 12 of 26 
 

 

 

 

(a) (b) 

Figure 7. Core from well 13-10A (a, left) showing finely interbedded cementstone (light gray) and mudstone (dark or 
black) lithologies of the Thirteen Finger limestone; (b, right) thin section photomicrograph in cross-polarized light, show-
ing the finely interbedded nature of the mudstones (upper portion of slide) and cementstones [53] (lower portion). 

Thirteen Finger Limestone 
The Thirteen Finger limestone is not a single limestone bed, but a series of interca-

lated black, carbonaceous mudstones (bcM), coals, and limestone intervals that are pri-
marily diagenetic in origin (cC) (Figure 7 and Table 3). Individual limestone beds are 10–
60 cm in thickness and are separated by 2–10-cm mudstone intervals. The limestones are 
clustered in 0.2–2.7-m thick intervals, separated by 0.3–1.2-m mudstone beds. The entire 
Thirteen Finger interval is 39.6-m thick, with approximately 41% of the thickness com-
posed of mudstone, 4% coal, and 46% is limestone. The number of limestone and mud-
stone beds varies from well to well; in well 13-10A, 60-70 individual limestone beds were 
counted [49]. 

Table 3. Thirteen Finger limestone facies. Total organic carbon (TOC) data from TerraTek Schlum-
berger core services. 

Facies Sedimentary 
Features 

Description TOC (%) Fossils 

(Cc) 
Carbonate cement-

stone  

Massive to faint 
stratification. 

Grey to white, well indu-
rated, smooth, sparse ce-
mented fractures, abrupt 
to gradational bounding 

surfaces. 

2.29% 
No macroscopic fossils but micro-

scopic 
sponge spicules are present. 

(Mfmc) 
Pyrite- and fossil-

bearing fine to me-
dium mudstone and 

coal  

pyrite nodules, 
fossil hash, bio-
turbation, bed-
ding parallel fi-

brous calcite 
veins.  

Black to grey, smooth, 
well indurated fine to 
medium mudstone.  

0.44–10.70% 
Disarticulated and comminuted 

shells. Shells in lower part of sec-
tion are pyritized. 

Limestone beds are grey to dull white and are dominated by diagenetic calcite and 
dolomite cements with sparse sponge spicules and pyrite framboids [54]. This facies is 

Figure 7. Core from well 13-10A (a, left) showing finely interbedded cementstone (light gray) and mudstone (dark or black)
lithologies of the Thirteen Finger limestone; (b, right) thin section photomicrograph in cross-polarized light, showing the
finely interbedded nature of the mudstones (upper portion of slide) and cementstones [53] (lower portion).

Thirteen Finger Limestone

The Thirteen Finger limestone is not a single limestone bed, but a series of intercalated
black, carbonaceous mudstones (bcM), coals, and limestone intervals that are primarily
diagenetic in origin (cC) (Figure 7 and Table 3). Individual limestone beds are 10–60 cm in
thickness and are separated by 2–10-cm mudstone intervals. The limestones are clustered
in 0.2–2.7-m thick intervals, separated by 0.3–1.2-m mudstone beds. The entire Thirteen
Finger interval is 39.6-m thick, with approximately 41% of the thickness composed of
mudstone, 4% coal, and 46% is limestone. The number of limestone and mudstone beds
varies from well to well; in well 13-10A, 60-70 individual limestone beds were counted [49].

Table 3. Thirteen Finger limestone facies. Total organic carbon (TOC) data from TerraTek Schlumberger core services.

Facies Sedimentary Features Description TOC (%) Fossils

(Cc)
Carbonate cementstone

Massive to faint
stratification.

Grey to white, well
indurated, smooth,
sparse cemented

fractures, abrupt to
gradational bounding

surfaces.

2.29%

No macroscopic fossils
but microscopic

sponge spicules are
present.

(Mfmc)
Pyrite- and

fossil-bearing fine to
medium mudstone and

coal

pyrite nodules, fossil
hash, bioturbation,
bedding parallel

fibrous calcite veins.

Black to grey, smooth,
well indurated fine to
medium mudstone.

0.44–10.70%

Disarticulated and
comminuted shells.

Shells in lower part of
section are pyritized.

Limestone beds are grey to dull white and are dominated by diagenetic calcite and
dolomite cements with sparse sponge spicules and pyrite framboids [54]. This facies is more
accurately described as a cementstone; consequently, the limestone beds in the Thirteen
Finger limestone are classified herein as facies cC. In core, facies cC may have gradational
or sharp contacts with mudstone facies and is predominantly massively bedded with only
faint signs of stratification. Some cC sections have irregular rounded upper and lower
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contacts, and are laterally discontinuous, so are concretion-like in appearance. Mineralized
fractures are present locally. The mudstone, facies bcM, is black to grey, massive and smooth
in some sections, laminated and fissile in others. Some layers are poorly consolidated
and broken, in part due to mechanical fracturing during coring, whereas others are well-
indurated. Facies bcM contains abundant clays and authigenic calcite, dolomite, and
phosphate. Sedimentary features include pyrite nodules, fossil hash, bioturbation, and
bedding parallel fibrous veins (Figure 8) referred to as “calcite beef” [55,56]. Coal beds
within the Thirteen Finger limestone are between 0.15–0.6-m thick and separated by 3–6-m
intervals. Total organic carbon (TOC) within the Thirteen Finger limestone facies is high,
with one measurement at 49.0% within the coal at the base of the formation and another at
10.7% [49].
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filled fracture or “beef”. Core slab is approximately 10 cm in width.

3.2.3. Petrographic Analysis and Interpretation

Details of petrographic analysis for FWU cored samples examined in this project, in-
cluding data and extensive photomicrographs, can be found in Gallagher [46], Cather [57,58],
Cather and Cather [54], Rose-Coss [49], and Trujillo [59]. A summary is included here to
support the interpretations of facies model and sequence stratigraphy. Upper Morrow sand-
stones are mostly subarkosic, with an average framework grain composition of 78% quartz,
7% feldspar, and 15% rock fragments. Feldspars are predominately alkali feldspar. Grain
and clast types are interpreted to indicate derivation primarily from granitic sources [54].
The relatively coarse grain size of these sandstones suggests proximal sources, probably
in the Sierra Grande uplift to the west or the Amarillo–Wichita uplift to the south. Silicic
volcanic sources were a nearly ubiquitous, but minor, contributor to most of the studied
sandstones. Cambrian and Mesoproterozoic rhyolite is common in the Amarillo–Wichita
uplift region, and these rocks are interpreted to have been a source for silicic volcanic grains
in the Morrow B [60,61]. Recycled sedimentary detritus is a minor component of about half
of the samples; much of this may be intraformational. No vertical trends in the abundance
of detrital components are apparent [54]. Composition of the mudstones both within the
Morrow shale and the mudstone beds of the Thirteen Finger limestone is predominately
illite/smectite clays with trace to minor amounts of quartz. Mudstones may contain a
significant amount of carbonate, mainly dolomite, and the amount of carbonate observed
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in core and in log analyses increases up section from the base of the Morrow shale that
overlies the Morrow B sandstone [62]. The limestones within the Thirteen Finger limestone
are almost pure calcium carbonate, primarily diagenetic calcite, and can be described as
cementstones [49].

Documenting the diagenetic processes observed within FWU rocks is important to the
characterization of the reservoir and seal for a variety of reasons. Discussions of diagenesis
and paragenetic sequence can be found in Gallagher [46] (Figure 41) and [54]. Within the
Morrow B, diagenetic processes such as precipitation of cements and clays, and dissolution
of various mineral phases appear to exert the greatest controls on petrophysical properties,
and they overprint primary depositional processes [46,54]. Authigenic cements within
Morrow B reservoir sandstone include quartz and feldspar overgrowths, calcite in the
form of poikilotopic or sparry cement that fills pores and often replaces feldspar grains,
siderite (sphaerosiderite), dolomite and ankerite, kaolinite, illite and other clay minerals,
and residual oil or bitumen [54]. Pyrite occurs both as crystals and nodules within the
mudstones, and as replacement of fossils.

Diagenetic processes within the Thirteen Finger limestone and upper Morrow shale
influence mechanical properties and seal behavior. Mechanical testing has shown the
cementstones of the Thirteen Finger are the most brittle rocks in the primary seal and the
most likely to fracture under stress; therefore, they were a focus of more detailed study [59].
Although most of the cementstones encountered within the cores appear to be continuous
through the core diameter, several cemented zones were also noted with rounded or
cigar-shaped morphology indicative of concretions, thus raising questions concerning the
lateral extent of the cementstones. Isotopic analysis to determine the geometry of the
cementstones (following the approach of Klein et al. [63]) was inconclusive, so for purposes
of modeling and caprock simulation studies, the cementstones are currently treated as
continuous layers [59].

3.2.4. Paragenesis

Morrow B—The paragenetic sequence for the Upper Morrow sandstones is presented
in Figure 9. Rare early cements, including pyrite and phosphate, were noted in a few thin
sections, but siderite and calcite are the most prevalent early cements. Siderite occurs
as sphaerosiderite, commonly associated with pedogenesis, and individual or clusters of
small rhombic crystals. All appear to have precipitated before significant compaction, and a
high Fe/Mg ratio in some microprobe analyses indicate that formation likely occurred in a
freshwater environment. In some samples, multiple stages of siderite with differing Fe/Mg
ratios may document changing pore water chemistry resulting from marine transgres-
sion [46,64,65]. Poikilotopic calcite was precipitated early in the diagenetic sequence, filling
primary porosity and replacing feldspars [54]. Extensive calcite cementation prevented
significant compaction in some intervals but occludes almost all porosity, creating some of
the lowest permeability intervals within the Morrow B [49].

Feldspar alteration and precipitation of authigenic clay, predominantly kaolinite, are
important within the Morrow B, as these processes probably had the greatest effect on
the evolution of the porosity and permeability trends seen in the reservoir. Microprobe
and X-ray diffraction analyses suggest that most detrital feldspar has been replaced by
diagenetic albite [53]. Grains are commonly vacuolized, kaolinized, and/or sericitized.
In many samples, wholesale dissolution of feldspar can create large pore spaces, or pore
space that has subsequently been partially to completely filled with kaolinite. It is clear
from the presence of many delicate skeletal feldspars and large kaolinite-filled pores that
most feldspar dissolution and replacement occurred after compaction. Other authigenic
clays such as illite/smectite and chlorite were noted but were not significant components
of any of the samples examined. Gypsum cement is also a rare constituent. Its position in
the paragenetic sequence is unclear, but seems to be associated with the oxidation of pyrite.
Petrographic evidence [54] shows it follows at least one stage of calcite precipitation in
fracture fills. The studied samples are from below the water table in a reduced, petroleum-
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bearing stratigraphic interval, so oxidation of pyrite to form gypsum late in the paragenetic
sequence is unlikely. The degree of compaction within Morrow B sands varies from very
little in samples that have extensive early cementation to significant in a few samples where
stylolites and long, concavo-convex, or sutured grain contacts are noted. Hydrocarbon
migration appears to be the last major diagenetic event affecting the Morrow B sandstone,
although an additional, relatively minor episode of feldspar dissolution after hydrocarbon
migration was noted in a few thin sections [46,54,57].
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Less emphasis was placed on study of paragenetic sequence in the Morrow shale
and Thirteen Finger limestone. For the purposes of this project, the greatest emphasis
was placed on the effect of diagenetic events on mechanical properties, and the overall
effectiveness of the caprock as a seal for the injected CO2. Several lines of investigation were
pursued, including fracture analysis, geomechanical studies, and mercury porosimetry
studies; more information can be found in Trujillo [59] and in Trujillo et al. [64]. Isotopic
studies demonstrate that the cementstones, the calcite fracture fillings, and fibrous calcite
“beef” fracture filling each represent different diagenetic events (Figure 10). Cementstone
carbonates were precipitated at temperatures ranging from 15 to 27 ◦C (59 to 81 ◦F),
which corresponds to a range of depths from 582 to 1077 m (1909 to 3533 ft), assuming a
geothermal gradient of 25 ◦C/km (1 ◦F/70 feet). Using the same assumptions, the fibrous
calcite beef would have precipitated at higher temperatures, ranging from 30 to 32 ◦C (86
to 90 ◦F) and at depths of 1188 to 1289 m (3896 to 4228 ft) [59]. The depths for precipitation
of the fibrous calcite beef match the depth at the onset of rapid subsidence within the
basin [63] and coincide with those for the generation and migration of hydrocarbons from
the Thirteen Finger limestone [38]. It is theorized that migration of the hydrocarbons
from a tightly-compacted shale could cause overpressurization within the Thirteen Finger
limestone and might have created the horizontal fibrous calcite-filled fractures [64,66].
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4. Discussion
4.1. Facies Model

The upper Morrowan facies in FWU, with their sequences of basal conglomerate,
coarse-grained sandstone, and fine-grained sandstone, appear to be typical of IVF deposits
(Figure 4), as described by many previous workers [2,7,42,46,67,68]. The FWU lies southeast
of the area where many of these studies were conducted, but still exhibits many of the same
characteristics, and is interpreted to have been deposited in a similar setting. However,
detrital geochronology [5] suggests that the deposits in FWU were sourced from the
Amarillo–Wichita Uplift to the south of the study area, rather than from the northwest
(Figure 11) as has previously been interpreted for similar deposits [2,8].

Characteristics of Morrowan sands in southeast Colorado and western Kansas (a
region known as the State Line Trend) suggest deposition in fluvial that varied from
sluggish and meandering systems to fast and braided ones. The distinction is not trivial,
as reservoir models that represent the system would need to be constructed differently
depending on the fluvial style. The State Line Trend Morrow fluvial systems contain
braided components; however, bedding dip measurements and facies trends that suggest
that meandering fluvial and estuarine deposits are more volumetrically important [42]. At
FWU, the relatively large grain size, poor sorting, and lack of fines indicate a generally
high-energy fluvial environment of deposition for the Morrow B sandstone. A lack of any
indication of marine deposition (e.g., fossils or glauconite), along with analysis of reservoir
architecture and dip measurements from borehole image logs provides strong evidence
for braided river deposition of the Morrow B [45,49]. The patterns observed in cores and
dip measurements indicate deposition produced by a braided river flowing in an easterly
direction with three to four aggradational events [69].
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The reservoir architecture and geometry at FWU are well-described by IVF models [49];
however, depositional patterns do not fit as neatly into the paleogeographic interpretations
of Bowen and Weimer [8,9] and Puckette et al. [2]. In these studies, connecting produc-
tive Morrowan IVF trends reflect paleo-drainage patterns within the greater Hugoton
Embayment. Morrow fields of southeast Colorado and western Kansas derived source
material from the Ancestral Rocky Mountains to the northwest [2]. In this model, FWU
would be considered downstream from these fields, but still receiving sediment from the
northwest. Similarly, Bowen and Weimer [8,9] divide Morrowan reservoirs into upstream
and downstream facies tracts, where upstream is to the northwest and downstream is
to the southeast. Here, coastal inundation influenced more southeasterly fields in the
downstream tract earlier during transgression, and reservoir sands would show a stronger
estuarine influence. Again, Farnsworth field would be in the downstream or distal facies
tract in these models, and thus would be expected to have finer-grained, more mature
sands showing evidence of marine or estuarine influence. The Morrow B sands at FWU
are rather coarse-grained and poorly sorted, with little evidence of marine influence. Our
observations suggest the Amarillo–Wichita uplift to the south likely provided source mate-
rial, and not the Ancestral Rocky Mountains to the north, which is consistent with detrital
zircon studies [5,46,53]. While the Morrow B at FWU fits the general facies model of the
incised valley river system, the coarse grain size, general composition, and lack of maturity
reflect a proximal position to a more local source of sediment. The transition to the fine
mudstones and carbonate facies noted in the Thirteen Finger limestone demonstrates a
gradual submergence (transgression) of the fluvial facies and a general transition to a
marine environment.
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4.2. Sequence Stratigraphy
4.2.1. Depositional Environments
Morrow B

In addition to the core facies descriptions already discussed, Rose-Coss [49] used
bedding dip measurements from characterization well logs, isopach and contour maps, and
cross-sections generated from the many legacy wells to aid in interpretation of depositional
environments and reservoir architecture. Most evidence suggests that the Morrow B
sandstone formed as a series of stacked mid-channel bar forms within a northwest-to-
southeast-trending braided river system. Isopach contour mapping and cross-sections
confirm an incised valley geometry. Coastal processes probably influenced the top of the
reservoir interval, and a ravinement surface separates coarse clastics of the reservoir from
fine sands and muds of the overlying (upper) Morrow shale.

Morrow Shale

In general, the Morrow shale facies are interpreted as having been deposited in an
increasingly marine setting. The finest-grained sand facies at the top of the Morrow B sand
is interpreted to be estuarine, deposited in a mixed energy setting [46,49]. Estuaries receive
sediment from fluvial and marine sources and are influenced by tide, wave, and fluvial
processes [70]. A continued fining upwards into the Morrow shale facies gbM represents
the progression from a mixed energy environment to low-energy deposition within central
basin estuarine conditions. Continuing upwards, facies gbM transitions abruptly to the
black laminated fissile mudstone (facies blM). Thin beds of fossil hash, pyritized shells,
and with occasional calcite concretion indicate deposition under primarily anoxic marine
conditions with generally low sediment input.

Facies blM gradually transitions to a more friable and calcareous mudstone, facies
cM, an olive-colored friable mudstone that superficially resembles facies gbM lower in
the shale section. The increase in calcareous and carbonaceous content may result from
deposition in deeper water that was more favorable for carbonate-secreting organisms.
Within facies cM there is a well-indurated section with irregular bounding surfaces, noted
in all three characterization wells, which, following several lines of evidence, is interpreted
as a hardground—a sediment cemented on the sea floor [49]. Hardgrounds often form
hiatal surfaces that can be traced over vast areas and record periods of very little to no
sediment accumulation [71]. The increase in carbonate content and the presence of the
hardground suggest that of a shallow marine depositional environment for the uppermost
part of the Morrow shale. At the top of the interval is a coal bed, indicating a swamp
setting [72]. The hardground and the coal layers are good marker beds because they are
present in all the characterization wells, despite a 3.5-mile (5.6-km) separation. The coal
bed is used as a formation top marker for the Morrow, above which depositional cycles of
the Atokan differ markedly.

Thirteen Finger Limestone

The base of the coal at the top of facies cM marks the transition to the Thirteen Finger
limestone. Above the coal is a distinctive section of bioturbated mudstone indicative of
a shift to deeper water and better-oxygenated conditions. The Thirteen Finger limestone
alternates between cementstones, mudstones, and coal beds. Sedimentary features within
the mudstone intervals include pyrite framboids, sparse fossil hash, and bedding parallel
fibrous veins, also known as “beef” [56]. These features, excluding the beef, can be used
to help interpret depositional setting and sequence stratigraphic context. The repeating
coal intervals suggest that the setting was near a coast with low detrital sediment input.
Diagenetic pyrite typically forms in reducing conditions with limited oxygen diffusion
due to water column restriction, stratification, or high demand from organic matter. Other
conditions that favor the formation of pyrite are an abundance of organic matter, and
sufficient availability of iron, generally derived from iron oxyhydroxide coatings on detrital
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grains (especially clays) and in particulate and colloidal form [52,73]. The presence of coal
and the pyrite indicate low clastic input in paralic to shallow marine conditions.

Carbonate cementstones comprise what have typically been referred to as the lime-
stones of the Thirteen Finger limestone. Cementstones are of diagenetic origin; some
occurrences have been linked to intervals of low sediment accumulation [52,74,75]. They
are thought to form below the sediment–water interface during depositional hiatuses [74].
The presence of sponge spicules noted within the cementstones indicates a shallow-marine
shelf environment for the host sediment [76].

In general, facies of the Thirteen Finger limestone lack the high clastic input of the
Morrowan. Fluvial environments of Morrowan time are increasingly submerged, becoming
first estuarine and subsequently marine. During the time of Thirteen Finger deposition, the
area was largely cut off from clastic input and was a mix of organic-rich coastal swamps
and shallow marine shelves, depending on water depth. The numerous facies changes
indicate that water depths were oscillating significantly; one of many observations that
tie the Farnsworth Field interpretations into the sequence stratigraphic context of late
Pennsylvanian deposition elsewhere in the Anadarko basin and greater Midcontinent
region described below.

4.2.2. Stratigraphic Sequences

Incorporating the core analysis into a sequence stratigraphic context facilitates a
broader geologic understanding of the formations and helps predict lateral and vertical
facies trends. Figure 12 presents a sequence stratigraphic representation of the cored and
logged intervals of the Morrow and Thirteen Finger Limestone at FWU. Regional sequence
stratigraphy has previously been described by many [2,3,8,9,19,67,77–80]. Previously
published works on FWU have not addressed this aspect of reservoir or seal rocks at FWU.
In this study, we note some small differences from regional models that may reflect the
specific paleogeographic location of the FWU.

Fluctuations of sea level during Pennsylvanian time resulted in development of
unconformity-bounded depositional sequences including IVF deposits distributed widely
over the Midcontinent region [78]. Depending on paleogeographic location with respect to
the encroaching late Paleozoic marine seaway, sequences can show alternation between
subaerial and subaqueous depositional settings, resulting in sequences of sandstone interca-
lated with mudstone, or shallower/deeper marine settings that could produce intercalated
shale/limestone sequences [78,80]. The lowest cored interval at FWU (below the Morrow
B sandstone) contains mudstones interpreted to have been deposited during a high-stand
system tract (HST) through the falling stage system tract (FST). The contact between the un-
derlying mudstones and the basal Morrow B is sharp and erosive, where fluvial sediments
sit unconformably on marine sediments. The contact is interpreted to represent a low-stand
surface of erosion (LSE) and a sequence boundary. The lowest interval of the Morrow B is
presumed to represent a period of transition from fluvial incision into underlying marine
mudstones during the low-stand systems tract (LST) into a period of fluvial aggradation.
This aggradational stage is interpreted to represent the transgressive system tract (TST)
paleovalleys that were previously erosive and were backfilled with clastic sediments. In
some areas of FWU, up to five intervals of coarse-grained sandstone are evident from the
wireline logs [49], suggesting that this cycle of sea level rise and fall occurred numerous
times during upper Morrowan time at FWU.

The contact between the Morrow B reservoir and the overlying Morrow shale caprock
is sharp and erosive (Figure 5b). The erosive contact is interpreted as a flooding surface and
possible wave ravinement surface (WRS) and separates the Morrow B reservoir from the
overlying Morrow shale caprock. The continued fining-upward succession in the lowest
portion of the Morrow shale in facies gbM documents continued sea level rise, as the
depositional environment transitions from fluvial to shoreface and estuarine settings. The
contact between facies gbM and blM within the Morrow shale is also interpreted as a
flooding surface and a transition to a deeper water environment. As compared with the
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underlying facies gbM, facies blM (black mudstone) is finer-grained and inferred to be
deposited under deeper, quieter, and primarily anoxic paralic to marine conditions. The
maximum flooding zone is inferred to be near the middle of the Morrow shale in facies
blM, marking the end of the TST and start of an FST as water depth decreased.
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Figure 12. Sequence stratigraphy of the FWU cored reservoir and caprock interval in well 13-10A.
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of blue triangles represent marine flooding surfaces, triangles narrowing upwards are high-stand
systems tracts, while those broadening upwards are low-stand systems tracts. WRS = possible wave
ravinement surface; SF = flooding surface.
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The decrease in water depth is indicated by the facies transition from blM to a more
friable calcareous mudstone having higher calcareous and carbonaceous content, indicating
shallowing water (facies cM) overlain by a thin coal bed. Deposition of facies cM is
interpreted to have occurred in a restricted shallow marine setting during the FST and the
coal within a swamp during the LST.

The coal bed is topped by facies cM, followed by another interval of facies blM, sug-
gesting an additional parasequence where the coal bed represents the LST followed by
facies cM and blM deposited during the TST and HST. Continuing up section, facies blM
is again followed by facies cM, indicating another parasequence FST. Midway through a
second interval of facies cM, there is a well-indurated section with irregular bounding sur-
faces, which, following several lines of evidence (see above), is interpreted as a hardground.
This previously undocumented hardground was identified in all characterization wells
and is thought to represent a period of very little to no deposition (paraconformity) during
the FST to LST. However, with no absolute chronological data, it is impossible to confirm a
period of missing time, only a suggestion of very slow sedimentation rates. Regardless, the
hardground is followed by another interval of facies cM, and then a coal bed.

The second coal bed is often used as the marker for the top of the Morrow and base
of the Thirteen Finger limestone. It marks a transition from a system of relatively high
clastic input that oscillated between fluvial and marine depositional environments, in the
Morrowan, to a system of limited siliciclastic input that varied from a shallow marine
environment during high-stands to a coastal marsh setting during low-stands in the Atokan
formation. These coals provide a robust stratigraphic marker that is seen elsewhere in the
basin and is often used as an anchor in correlating Pennsylvanian cyclothems [81].

The Thirteen Finger limestone was deposited during the early-to-mid Pennsylvanian
at a time of global transgression and regional basin subsidence [12,18], ultimately culminat-
ing with the Late Pennsylvanian Midcontinent Sea stretching from present day Colorado
to Pennsylvania [19,82,83]. Eustatic sea level changes, possibly interwoven with climatic
variability [80], caused deposition in the FWU area to alternate between limestone and
mudstone intervals resulting from variations in water depth and oxygenation levels [18,79].

5. Conclusions

This paper synthesizes work done over the course of six years by multiple researchers
working on characterization of the reservoir and seal rocks at the Farnsworth Unit to
determine capacity and suitability for long-term carbon storage. A rich dataset including
core and core descriptions, petrographic analyses, petrophysical and geomechanical data
from core, legacy logs from 149 wells, and a very complete suite of modern logs for three
characterization wells, as well 2D and 3D seismic survey data were all used in this effort.

From characterization work presented in part in this paper we have:

• Confirmed that the Morrow B reservoir at Farnsworth resembles incised valley de-
posits described elsewhere in the western Anadarko basin and was probably deposited
as a series of stacked mid-channel barforms deposited in a braided stream environ-
ment in an incised valley fluvial system. Many noted features are common to IVF
deposits worldwide and are useful in recognition of these deposits, which can provide
important carbon storage reservoirs [68].

• Described the sequence of facies from the basal conglomerate to the coal layers at the
top of the Morrow that appear to represent the end of incised valley deposition and a
change to the more marine environment seen in Thirteen Finger limestone and other
units that overly the Morrow shale. The layers are a robust stratigraphic marker that
can serve as a useful correlation across the region.

• Presented one of the most thorough descriptions of the Morrow shale and Thirteen Fin-
ger limestone caprock facies available for this part of the Anadarko basin. The core and
facies descriptions laid a framework for subsequent geochemical and geomechanical
investigations of previously undescribed seal rocks.
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• Determined that limestones of the Thirteen Finger limestone are most accurately
described as cementstones; an important distinction, because cementstones are of
diagenetic, rather than primary depositional origin, and not composed of skeletal
material. These cementstones were not previously recognized or described in the
region.

• Provided evidence of a potentially younger age of deposition than previously thought.

With this geologic framework, researchers have constructed increasingly detailed
reservoir models that are the basis for much of the ongoing work conducted by reservoir
modeling, simulation, and risk analysis groups for the Southwest Partnership’s Phase III
research project [84–86].

Beyond providing insights into Morrowan incised valley-fill reservoirs, the study has
provided rarely available data on depositional environments and sequence stratigraphy of
the upper Morrow shale through the Thirteen Finger limestone caprock. Findings from
the work may be applicable to geologically-similar fields regionally and worldwide; the
processes used can be duplicated in other characterization projects regardless of field
geology.
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