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ABSTRACT

Understanding the relationship between reservoir quality and associated parameters, such as depth, temperature, and
pressure, is important for developing valid risk factors relative to reservoir quality in carbonate plays. To develop concepts
that aid in understanding and calculating reservoir-quality risk factors for the onshore northern rim of the Gulf of Mexico, a
large statistical database with over 21,000 core-plug porosity and permeability data points was constructed. Each data point is
associated with parameters such as location, formation, depth, temperature, and pressure.

Graphs constructed from the database document how reservoir quality varies with depth and temperature for all the com-
bined Gulf of Mexico data and for data separated by 6 geographic zones along the northern rim of the Gulf of Mexico. These
graphs can be used as “reality checks” on predicted values of reservoir quality for a given play. If the estimated values are
higher than what the database shows, a sound scientific reason must be provided to account for the difference.

Reviews of nine case histories where the geology, pore types, and reservoir quality are known suggest two main reservoir-
quality pore-network suites: macropore-dominated and micropore-dominated. The macropore network occurs at shallower
depths (generally less than 12,000 ft [3660 m]) and has high reservoir quality that is related to an interparticle- and moldic-
dominated pore network, whereas the micropore network occurs at deeper depths (generally greater than 12,000 ft [3660 m])
and is related to a variety of micropores.

Large statistical databases, integrated with geologic parameters, provide insights into reservoir quality under varying buri-
al environmental conditions. These insights support choosing a realistic risk factor for a particular play.

To understand the pore networks and associated reservoir

INTRODUCTION quality along the onshore northern rim of the Gulf of Mexico,

Reservoir quality (porosity and permeability) is a key risk two datasets are employed: (1) cores for the delineation of pore
factor in exploring and producing hydrocarbons. Along the networks and (2) core-plug porosity and permeability analyses to
northern Gulf of Mexico rim (Fig. 1), the Lower Cretaceous is establish magnitude of vertical and lateral trends of reservoir
dominated by carbonates (Fig. 2), especially limestones. These quality. This study utilizes petrographic data from numerous

carbonates have undergone alteration through a spectrum of dia- carbonate cores where pore networks have been described. In
genetic pathways into the subsurface that have produced a broad addition, a large digital database, consisting of core-plug analyses
variety of pore networks and associated reservoir quality. Geo- from 219 wells (Fig. 2), was constructed. The database is com-
thermal gradient varies from the Texas-Mexico border to south- posed of 21,127 core-plug-porosity analyses and 20,250 core-
ern Florida affecting thermal diagenesis of the carbonates, which plug-permeability analyses, which document the pore networks
in turn has affected reservoir quality. that influence the large range of porosities and permeabilities

seen in the Lower Cretaceous Gulf of Mexico carbonates as well
as vertical and regional trends in reservoir quality. As can be
seen in Figure 1, the area of investigation in divided into 6 geo-
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1. Aptian Pearsall

2. Barremian Sligo
3. Albian Stuart City 8. Aptian Pearsall
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Case studies
6. Barremian Sligo/Pettet
7.Valanginian Calvin

9. Albian Sunniland

Figure 1. Map of the northern rim of the Gulf of Mexico. The map is divided into 6 geographic areas in order to compare region-
al reservoir-quality trends. Wells with core-plug data are shown. Case study areas are outlined and labeled.

temperature, and regional trends; (3) review case examples for
selected formations where pore types and reservoir quality are
integrated; and (4) discuss the use of these data for substantiating
risk decisions for exploration and production management.
These data provide real-world analyses associated with known
parameters and will help predict reservoir quality where limited
data are available.

DATA AND METHODS

This investigation is based on rock data as observed and
analyzed in cores. These data extend from the Texas-Mexico
border in the west to the southern Florida area in the east (Fig. 1).
Two types of rock data are employed here: (1) microphotograph
and image data from thin-section petrography and scanning elec-
tron microscopy (SEM) imaging, and (2) core-plug porosity and
permeability analyses.

Thin-section petrography defines the pore networks present
within the carbonates. In this study, no new cores were analyzed,;
numerous studies of Gulf of Mexico carbonates are available in
the literature, many completed by the present author or other
coauthors. The data collected from the literature when integrated
with data from the present investigation (thin sections core-plug
measurements) are useful for documentation of pore networks
and associated reservoir quality for several representative Gulf of
Mexico formations. All thin sections were impregnated with
blue-dyed epoxy to emphasize macropores (greater than 10 mi-
crons in diameter), and some were impregnated with blue-
fluorescent dye to recognize micropores (10 microns or less in
diameter). Terminology of pore types generally follows that of
Choquette and Pray (1970). Characteristics of macropores can be
observed in thin sections using a petrographic microscope, but
micropore size and shape must be characterized using the SEM.
The blue-fluorescent dye impregnated thin sections can recognize
micropores only by the blue haze observed under ultraviolet
(UV) light.

The reservoir quality of the northern onshore Gulf of Mexi-
co is documented by over 21,000 core-plug analyses collected
over a 35 yr period, which has been compiled into a digital data-
base by the Carbonate Reservoir Characterization Research La-
boratory (RCRL) at the Bureau of Economic Geology, University
of Texas at Austin. For each sample, the well name, American
Petroleum Institute (API) number, location, depth, and geologic
unit were recorded, and temperature and pressure were calculated
based on data from associated wireline log headers.

Original core reports are not available to access confining
pressures of measurement or if the samples were argillaceous or
fractured. Some abnormally high-permeability samples with
associated low porosities were eliminated or highlighted as prob-
able fractured plugs. Also, no texture data were available to de-
fine the sample according to Dunham (1962) carbonate-texture
classification. Samples depths came from data marked on cores
or core boxes.

Corrected bottom-hole temperatures (BHT) were calculated
for each core-plug analysis using wireline-log data according to
Corrigan (2003). A ZetaWare web-based software program was
available to do the BHT correction by inserting recorded BHT
and time since circulation (ZetaWare, 2003). A geothermal gra-
dient was then calculated based on corrected BHT and depth of
log run. The geothermal gradient and mean-surface temperature
was used to calculate a temperature for each core-plug sample.
Wireline log headers were not available for approximately 5% of
the wells, so geothermal gradients from nearby wells that pene-
trated the same formation were used.

Pressure at each core-plug sample depth was calculated
from wireline log header mud weights using the following
relationship: pressure (psi) = 0.052 x depth (ft) x drilling-fluid
density (psi/ft) (Drilling Formulas and Drilling Calculations,
2018).

It is important to note that some of the formations have com-
plex burial histories, during which the samples were buried deep-
er than where they were recovered. In South Texas, notably
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Figure 2. Lower Cretaceous stratigraphic section along the northern rim of the Gulf of Mexico. The red boxes with number of
samples refer to the number of core-plug porosity and permeability analyses from the associated formation. Stratigraphic sec-
tion is modified after Loucks et al. (2017).

southwestern Texas, some formations have had substantial uplift
of as much as 6000 to 7000 ft (1829 to 2134 m) (Ewing, 2003);
the area of the Sabine Uplift in East Texas also has a history of
uplift (Ewing, 2009). The significance of uplift is that the strata
have experienced higher temperatures and pressures while more
deeply buried, which is important in understanding the thermal
diagenetic state of the samples.

GENERAL REGIONAL GEOLOGY

The Lower Cretaceous carbonates analyzed in this investiga-
tion were deposited on a broad carbonate-dominated platform
where periodic influxes of siliciclastic sediments occurred. For
detailed reviews of Lower Cretaceous deposition along the on-
shore northern rim of the Gulf of Mexico, see McFarlan and
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Memes (1991), Phelps et al. (2013), and Loucks et al. (2017).
The core-plug samples in this investigation range in age from
Valanginian to Albian. Throughout this time period, at least four
major shelf margins (Valanginian Calvin, Valanginian Winn,
Barremian Sligo, and Albian Stuart City) (Fig. 2) having associ-
ated broad platforms with mixtures of carbonates and siliciclastic
strata developed (McFarlan and Memes, 1991; Phelps et al.,
2013; Loucks et al., 2017). The Aptian Pearsall carbonates and
siliciclastics signify a time of a worldwide transgression (Loucks,
1977; Phelps et al., 2013). During the Lower Cretaceous, at least
6 composite sequences occurred on the northern Gulf of Mexico
shelf, with durations ranging from 4 to 16 million yr (Phelps et
al.,, 2013). These variations in sea level, along with multiple
tectonic events, created a complex mosaic of both laterally and
vertically heterogeneous lithofacies. These lithofacies span the
spectrum of carbonate types and exhibit multiple types and de-
grees of diagenesis.

The geothermal gradient around the northern Gulf of Mexico
varies, being higher in the west and lower in the east (Loucks et
al., 1984; Forrest et al., 2005; Dutton et al., 2012). The variance
has a regional effect on the intensity of diagenesis: higher geo-
thermal gradients tend to advance diagenesis and commonly low-
er reservoir quality, whereas lower geothermal gradients have
less effect on diagenesis and reservoir quality (Loucks et al.,
1984; Dutton et al., 2012).

PORE-NETWORK REVIEW
Introduction to Carbonate Pore Networks

Porosity and permeability are directly related to pore type,
pore abundance, and pore connectivity; permeability is also
strongly controlled by pore-throat radius. Therefore, a review of
pore networks observed in the Lower Cretaceous Gulf of Mexico
carbonates is important for discussing reservoir quality. The

Figure 3. Ternary diagram de-
picting the three major minerals
that compose initial carbonate
sediments and the expected
impact on pore-network assem-
blages. Area of lower permea-
bility per porosity units is relat-
ed to micropore development
associate with Mg—calcite dia-
genesis and cementation asso-
ciated with aragonite diagene-
sis.

approach used is based on original mineralogy of the carbonate
sediment to simplify and organize the discussion. At the time of
deposition, carbonate sediments consist of a combination of
grains composed of calcite, aragonite, and Mg—calcite (e.g., Land
1967, 1970) (Fig. 3). One or two mineralogical types may domi-
nate, each having different chemical stabilities and undergoing
diagenesis differently under the same conditions (e.g., Land,
1967). Where matrix is absent, resulting pores within and be-
tween grains can have very different styles and sizes, and associ-
ated pore-throat sizes can vary greatly (e.g., Loucks, 2002). In
general, primary pores are commonly only well preserved in
grain-rich packstones, grainstones, and boundstones; these lime-
stone textures are emphasized in this investigation. Dolomitiza-
tion also affects pore development, but within this database, the
majority of samples are limestone; only 2.2% of the samples are
noted as dolomitic. In the following sections, each original min-
eralogy will be discussed relative to diagenesis of individual
grains and also as carbonate bodies composed of these grains.

Calcite Grain-Dominated Mineralogy

Many carbonate grains in the Lower Cretaceous—such as
some mollusks (e.g., oysters and chondrodonts), serpulid worm
tubes, some benthic and planktic foraminifers, and coccoliths—
were originally calcite or very low Mg—calcite. Calcite grains are
relatively stable in marine and meteoric waters and undergo little
if any macrodiagenesis relative to dissolution that could create
pores or add to cement in open pores between grains or within
grain voids (e.g., Land, 1967). Because of the chemically stable
character of calcite grains, carbonate sands and gravels dominat-
ed by calcite can be lacking in early cements, which promotes
mechanical compaction (more-tightly packed grains and some
mechanical breakage of grains) and chemical compaction
(expressed as pressure solution at grain contacts) with burial (Fig.
4A). These units can lose a large amount of primary interparticle

Mg—Calcite

Micropores increase ™

Calcite

Aragonite
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pores during burial; additionally, if no aragonite grains were pre-
sent, moldic pores were unlikely to form. However, if pore fluids
are saturated in calcium carbonate during early or shallow-burial
diagenesis, cement can form around the grains, creating a rigid
framework that aids in preserving interparticle pores (Fig. 4B)
that may still be well connected and form an effective primary
pore network.

Aragonite Grain-Dominated Mineralogy

Aragonite grains in the Early Cretaceous marine environ-
ment—including bivalves, gastropods, green algae, corals, and
cephalopods—were extremely common, as were aragonite ooids
(e.g., Flugel, 2004; Scholle and Ulmer-Scholle, 2006). Aragonite
is very unstable in meteoric water (e.g., Land, 1967) and at high-
er temperatures (e.g., Melim et al., 2001), making it prone to
dissolution. Once exposed to meteoric water, aragonite can
begin to dissolve within a short time (hundreds of years) (e.g.,
Land, 1967, 1970; Loucks and Patty, 2017). This dissolution
produces not only moldic pores but also large quantities of calci-
um carbonate that may be precipitated as cement around grains,
forming a rigid framework that impedes compaction (Fig. 4C).
Therefore, this early cementation inhibits compaction but also
occludes some of the primary interparticle as well as intraparticle
pores (e.g., grain bodies or living voids) and newly created mold-
ic pores (Loucks and Patty, 2017). The resulting pore network of
aragonite grain-dominated sands and gravels is a mixture of pri-
mary interparticle pores and secondary moldic pores (Fig. 4C).
The effective pore network will depend on the abundance of pri-
mary pores, as moldic pores are commonly not well connected to
the interparticle pore system (e.g., Lucia, 1995). In some cases,
aragonite ooid sands lithify into lime grainstones with abundant
moldic pores (Fig. 4C) and few, if any, interparticle pores, pro-
ducing a porous grainstone with extremely poor permeability
(e.g., Loucks and Patty, 2017).

Mg—Calcite Grain-Dominated Mineralogy

Mg—calcite grains are also common in the Lower Cretaceous
throughout the Gulf of Mexico and include red algae, benthic
foraminifers (especially larger foraminifers), stromatoporoids,
bryozoans, and echinoderms echinoderms (e.g., Fliigel, 2004;
Scholle and Ulmer-Scholle, 2006). The microbial encruster
Lithocodium was also composed of Mg—calcite, as were some
ooids. Similar to aragonite, Mg—calcite is very unstable in mete-
oric water and with burial to higher temperatures (e.g., Land,
1967, 1970; Loucks et al., 2013; Loucks and Patty, 2017).
Loucks et al. (2013) has shown that as Mg—calcite undergoes
diagenesis, it converts to microrhombic calcite with abundant
micropores between the microrhombs (Figs. 4D and 4E). These
abundant micropores may contribute to porosity but do not sig-
nificantly affect permeability. Micropores are important because
they exist to deeper burial depths than do macropores (Loucks et
al., 2013; Brown, 2015). This concept is addressed later in the
section on case studies.

Dolomite Replacement

Dolomitization is a diagenetic process that has many origins
(see Machel [2004] for a review). It generally does not create
porosity but does preserve inherited pores from the limestone.
Many of the Lower Cretaceous carbonates in the Gulf of Mexico
contain some dolomite; however, as the database in this investi-
gation shows, dolomite reservoirs are not as common as lime-
stone reservoirs. The process of dolomitization may only partly
replace the limestone, which has little effect on the final pore
network, or it may be so extensive that it produces a very low-
permeability dolostone. Where dolomitization has preserved
inherited pores, the original grains and pore types also may be
preserved; or dolomitization may have been so intense that all

grains are masked and the pores now appear as intercrystalline
pores. Overdolomitization (extensive dolomitization where po-
rosity is nearly or completely occluded [Halley and Schmoker,
1983]) can occlude much of the pore space (Fig. 4F).

OVERVIEW OF NORTHERN GULF OF MEXICO
RIM RESERVOIR-QUALITY STATISTICS

Description of Core-Plug
Porosity and Permeability Database

As mentioned earlier, over 21,000 core-plug porosity and
permeability data points have been assembled into a digital data-
base. Each core-plug porosity and permeability data point in-
cludes calculated temperature and pressure data, making the data-
base an invaluable tool for evaluating the effects of burial on
reservoir quality. Depth values do not reflect a direct relation-
ship with porosity and permeability, whereas temperature and
pressure do have a direct effect on diagenesis and must be con-
sidered for reservoir-quality prediction. Previous studies by
Loucks et al. (1984) and Dutton et al. (2012) have shown that
temperature has a strong relationship to porosity and permeability
and is the best parameter with which to compare values from
different areas, especially where geothermal gradients vary.
Loucks et al. (1984) have shown in Tertiary sandstone that pres-
sure has little effect on reservoir quality after the sediments be-
come cemented by a rigid cement framework. Therefore, in the
analysis of porosity and permeability in this present investiga-
tion, temperature will generally be used to compare reservoir-
quality burial trends.

Several pitfalls related to how data are recorded, collected,
and analyzed must be recognized when using databases such as
the one in this study. Temperature and pressure are dependent on
the accuracy of the data recorded on log headers. Also, pressure
is derived from mud weight, which can vary by drilling require-
ments and by operator. Even if the temperature and pressure are
accurate under present-day conditions, the burial history of the
formation of interest needs to be understood because the for-
mation may have experienced higher temperatures and pressures
in the past during deeper burial. Even with these possible limita-
tions to the accuracy of individual data points, a large dataset
such as the one that forms this investigation appears to be robust
enough that general trends and concepts can be developed.

Environmental Condition of Assembled Data

Core data were collected in a wide area spanning from the
Texas-Mexico border to southern Florida (Fig. 1). As noted in
Figure 5, sample depths range from 2000 ft (610 m) to nearly
20,000 ft (6100 m). Temperatures are between 100°F (38°C) and
450°F (232°C) (Fig. 5A), and pressures are between 850 psi and
15,750 psi (Fig. 5B). At some depths, temperatures for samples
can vary by 90°F (32°C) (Fig. 5A) and pressures by 6000 psi
(Fig. 5B). In general, the lower thermal gradients are in zones 5
and 6, and the higher thermal gradients are in zones 1 and 2.

Some results do not fit the general trend, such as some of the
zone 4 samples that cluster at anomalously high temperatures at a
given depth (Fig. 5A). These hotter zones are in the Pettet Lime-
stone in Caddo Parish, Louisiana. Also, many of the samples that
are buried at greater than 13,000 ft (3962 m) are from overpres-
sured zones (Fig. 5B). These contrasting values at similar depths
serve as a precautionary warning: when predicting porosity and
permeability at depth, one must understand the environmental
conditions of the target zone.

Porosity Versus Permeability Analysis

The regression plot of porosity versus permeability (Fig. 6)
shows a fair relationship between the two variables (coefficient
of determination [R*] = 0.63). Relative to each porosity unit are
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generally three orders of magnitude of permeability associated
with that porosity value. Permeability values of 0.05 md and less
appear to fit a straight line relative to porosity, which is probably
related to the inability of standard core analysis to accurately

s

Micropores

measure permeability with older equipment. The values in the
upper left portion of the graph circled in red are thought to be
fractured core-plug samples that provided anomalously high per-
meability values for lower porosity samples. The area circled in
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(FACING PAGE) Figure 4. Diagenesis and pore types associated with different initial carbonate sediments. (A) Calcite-rich
grains composed of oyster fragments show extensive compaction as evidence of pressure-solution seams and loss of primary
interparticle pores. James Limestone, Sun Oil 2 Lloyd (9103.6 ft [2774.80 m]), Henderson County, Texas. (B) Highly micritized
grains with rigid rim of bladed calcite. Interparticle pores are well preserved. Glen Rose Limestone, Lasmo 1 Tubb (9592.2 ft
[2923.7 m]), Henderson County, Texas. (C) Mollusk grainstone originally composed of aragonitic bivalves. Mg—calcite micrite

envelopes formed around the bivalves; later, the aragonite bivalves dissolved, forming moldic pores.

Early calcite cement

formed a rigid framework that inhibited compaction, and allowed preservation of primary pores. Glen Rose Limestone, Lasmo 1
Tubb (9592.2 ft [2923.7 m]), Henderson County, Texas. (D) Micropores within former Mg-calcite foraminifers (Dictyoconus), as
shown by the blue areas, where blue fluorescent dye impregnated the thin-section stub. Stuart City Limestone, Pioneer Energy
1 Schroeder (13,832 ft [42160 m]), Bee County, Texas. (E) SEM image of microrhombic calcite and associated micropores in a
transformed Mg-—calcite grain. Calvin Limestone, ARCO 1 Huffman McNeely, Natchitoches Parish, Louisiana. (F) Interparticle
pore space filled with dolomite cement occluding most of the pore. Sunniland Limestone, Sun Oil 31-2 Red Cattle (11,681 ft

[3560.4 m]), Henry County, Florida.

red in the lower center of the graph is generally where high po-
rosity samples contain abundant micropores and have very low
permeabilities. These also could be samples that have oomoldic
pores but no interparticle pores.

This porosity versus permeability graph (Fig. 6) is interest-
ing as an overview of the range in porosity and permeability in
the Lower Cretaceous carbonates in the northern rim of the Gulf
of Mexico, but it is not of use as an aid in defining risk factors for
reservoir quality in a given area. The best use of these data in
calculating a risk factor is to analyze data in the local area of
interest, in a similar formation, and at the predicted temperature
of the prospect. Figure 7 shows porosity versus permeability by
zones along the northern rim of the Gulf of Mexico.

Reservoir-Quality Trends
with Depth and Temperature

Figure 8 displays plots of porosity and permeability versus
depth and temperature for all the data, and Figures 9 and 10 show
similar plots for the different geographic zones. It is emphasized
that temperature is a better parameter than depth for comparison
with porosity and permeability. Depth is not a definitive term in
the sense of factors controlling porosity and permeability. As
documented by Dutton et al. (2012), temperature is the most use-
ful parameter to use to understand changes in porosity and per-
meability with burial and to use to compare data from areas with
different geothermal gradients.

Porosity decreases with increasing depth and temperature
(Figs. 8A and 8B); however, the trends are not simple. What is
noted is that maximum porosity does decrease with depth, as
does the range of porosity values. Very low porosity values (less
than 2%), present at most depths, are commonly related to tex-
tures such as mudstones and wackestones (rocks with abundant
matrix) (e.g., Loucks, 2002). Schmoker and Halley (1982) also
documented a general decrease in porosity with depth (surface to
18,000 ft [5486 m]) in Lower Cretaceous carbonates in Florida
using borehole logs; no rock data were used.

It is suggested that a porosity versus temperature plot be
used for plotting porosity with burial. In comparing the porosity
versus temperature and porosity versus depth graphs, one can see
that the distribution of data has shifted. As an example, porosity
data from zone 1 at approximately 17,000 ft (5182 m) and porosi-
ty data from zone 2 at 19,000 ft (5791 m) plot in a similar tem-
perature range (430°F [221°C]) in the porosity versus temperature
graph (Figs. 8A and §B).

Trends seen in the porosity versus depth and permeability
versus depth plots are similarly noted in the porosity versus tem-
perature and permeability versus temperature plots (Figs. 8C and
8D). Permeability decreases with depth and temperature. In the
permeability versus temperature plot (Fig. 8D), there is a sharp
change at approximately 275°F (135°C) from permeability values
primarily greater than 100 md to permeability values less than 10
md. This sharp change is related in part to variable permeability
related to dominant lithologies in different formations, such as

higher permeability values in the Pettet grainstones where the
strata is dominated by interparticle and moldic macropores as
compared to lower permeability values in the Stuart City and
Sligo platform-edge boundstones, dominated by micropores.
Also, higher temperatures in the deeper buried Stuart City and
Sligo limestones had a role in reducing permeability by promot-
ing cementation of macropores.

SELECTED CASE STUDIES
Introduction to Case Studies

Numerous case studies in the literature have investigated
pore networks in Lower Cretaceous strata along the onshore
northern rim of the Gulf of Mexico. This section presents several
case studies where both thin sections and core-plug data are
available. The selected case studies cover a range of ages, depo-
sitional settings, and original mineralogies that present a spec-
trum of carbonate pore networks and associated reservoir quality
in the Lower Cretaceous northern Gulf of Mexico stratigraphic
section.

Micropore-Dominated Pore-Network Case Studies

Valanginian Calvin Limestone Shelf-Margin Reef Complex in
Louisiana

The Valanginian Calvin Limestone is a deeply buried car-
bonate shelf-margin system that has been identified in East Texas
and Louisiana (Loucks et al.,, 2017) (Figs. 1 and 2). Where
drilled, it is as thick as 2000 ft (610 m) and the lithofacies are
composed of backreef, reef, and forereef strata. The shelf margin
produced a prominent reef complex with a margin-to-lagoon
relief of 200 to 500 ft (61 to 152 m) and a shelf-to-basin relief of
approximately 1000 ft (305 m). Core-plug data (15,499 to
17,480 ft [5328 m to 7424 m]) from the ARCO 1 Huffman
McNeely well in Natchitoches Parish, Louisiana, are shown in
Figure 11A. The pore network is dominated by micropores
(Figs. 12A—-12C) and the unit has a mean porosity of 3.6% (range
from 1.2 to 8.9%), mean permeability of 0.11 md (range from
<0.01 to 0.73 md), and geometric mean permeability of 0.03 md.
These values are common for deeply buried micropore networks
(Loucks et al., 2013). Micropores were developed by the diagen-
esis of former Mg—calcite grains such as Lithocodium (Fig. 12A),
stromatoporoids, and peloids to calcite. The micropores occur
between microrhombic crystals of calcite (Figs. 4E and 12C).
Therefore, this reservoir has low quality related to dominantly
micropores but it would be a candidate for gas production where
charged.

Barremian Sligo Limestone Shelf-Margin Reef Complex in
South Texas

The Barremian Sligo reef-margin reef complex is a deep gas
producer in South Texas (Bebout et al., 1981; Kirkland et al.,
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1987) (Figs. 1 and 2). At the shelf margin, the section is greater
than 1000 ft (305 m) thick, and reservoir lithofacies range from
back-reef coral-caprinid grainstones to reefal coralgal bound-
stones. The pore network is dominated by micropores associated
with Lithocodium and larger foraminifers. The interparticle, in-
traparticle, and moldic macropores are occluded with calcite ce-
ment. Mean porosity of this unit is 3.9% (range from 0.1 to
15.1%), mean permeability is 0.23 md (range from <0.01 to 15.4
md), and geometric mean permeability is 0.04 md. A plot of
porosity versus permeability is shown in Figure 11B. The major-
ity of permeability values are less than 1 md, which is common
for deeply buried microporous strata. In Figure 11B, the higher
permeability values (greater than approximately 5 md) associated
with porosities less than 10% may be related to fractured core-

plug samples. The micropore network in the deep Sligo reef
trend allows for the production of gas.

Aptian James Limestone of the Pearsall Formation in Poplar-
ville Field Area, Southwestern Mississippi

The Aptian James Limestone in the Poplarville Field is com-
posed of a shoaling complex of hydrozoa/cryptalgal stromatolite
bindstones and requienid/coral packstones, grainstones, and
boundstones (Loucks et al., 1996) (Figs. 1 and 2). The shoaling
complex developed over deeper buried salt-dome structures. At
these burial depths of greater than 14,000 ft (4270 m) reservoir
quality is relatively poor (Fig. 11C). Most of the macropores are
cemented. Micropores are dominant and are associated with
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cryptalgal stromatolite bindstones (microbialites). The major
binding organism is Lithocodium. Mean porosity is 4.3% (range
from 0.9 to 16.7%), mean permeability is 0.12 md (range from
<0.01 to 4.0 md), and geometric mean permeability is 0.005 md.
The micropore-dominated reservoir in the Poplarville Field is a
gas producer.

Albian Stuart City Limestone Shelf-Margin Reef Complex in
South Texas

The Aptian Stuart City reef trend is a major reef system in
the Lower Cretaceous in South Texas (Bebout and Loucks, 1974;
Phelps et al., 2013; Waite, 2009) (Figs. 1 and 2). The reef com-
plex is over 1200 ft thick and there is up to 300 ft (91 m) of relief
between the landward shelf and the reef-complex top. As with
the Sligo reef trend, the Stuart City reef complex is composed of
lithofacies ranging from back-reef coralgal-caprinid grainstones
and reefal coralgal rudist boundstones. Lithocodium is a major
component that binds the boundstones. The porosity and perme-
ability plots show poor to fair reservoir quality (Fig. 11D). Most
of the pores are micropores (Fig. 12F) associated with Lithoco-
dium and larger foraminifers (Figs. 12D and 12E) that had an
original mineralogy of Mg—calcite (Loucks et al., 2013). The
interparticle macropores between grains and the intraparticle and
moldic macropores associated with former aragonite rudists are
generally well cemented with calcite. The porosity versus per-
meability plot (Fig. 11D) shows a mean porosity of 4.6% (range
from <0.01 to 19.9%), mean permeability of 0.31 md (range from
<0.01 to 17.0 md), and geometric mean permeability of 0.06 md.
The Stuart City reservoirs have been well-developed as tight-
carbonate reservoirs over the past 15 yr, which is related mostly
to advances in horizontal drilling and completion technology and

l0gY =-2.057+0.17* X;R2 = 063

30 40

high average natural gas prices prior to the end of 2008 (Loucks
etal., 2013).

Macropore-Dominated Pore-Network Case Studies

Barremian Sligo/Pettet Limestone Platform Deposits in
Northwestern Louisiana

The Barremian Pettet Limestone in Caddo Parish, Louisiana,
contains skeletal- and ooid-rich grainstones that have good to
excellent reservoir quality (Fig. 13A) and have been prolific pro-
ducers of hydrocarbons (Howard, 1950; Mitchell-Tapping,
1981). The porosity versus permeability plot (Fig. 13A) shows a
mean porosity of 9.6% (range from 0.01 to 32.1%), mean perme-
ability of 6.2 md (range from <0.01 to 428 md), and geometric
mean permeability of 0.18 md. Mitchell-Tapping (1981) noted
that the ooid grainstones have excellent interparticle pores as
well as moldic and micropores. The ooids appear to have been
radial Mg—calcite, which is prone to form micropores (Loucks et
al., 2013).

Aptian James Limestone of the Pearsall Formation in Fair-
way Field Area, East Texas Basin

The Aptian James Limestone in the Fairway Field is com-
posed of a patch-reef complex that developed over mobile salt
domes (Terriere, 1976; Achauer, 1985; Webster et al., 2008; Hat-
tori et al., 2019). Associated with the patch reefs are reef-talus
grainstones with very good reservoir quality (Hattori et al., in
preparation) (Fig. 13B). The porosity versus permeability plot
(Fig. 13B) shows a mean porosity of 8.8% (range from 0.01 to
26.7%), mean permeability of 16.8 md (range from <0.01 to 900
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(FACING PAGE) Figure 7. Porosity versus permeability plots by geographic zone. (A) Zone 1: Has fair R%. Abundant low res-
ervoir-quality data from the deep Sligo and Stuart City shelf-margin reef trends. (B) Zone 2: Has fair R%.. (C) Zone 3: Has fair R
Abundant high reservoir-quality data from the Pettet Limestone. (D) Zone 4: Has good R%. Abundant high-quality data from the
Pettet Limestone. (E) Zone 5: Has fair R%. Data mainly from Waveland Field in Mississippi. (F) Zone 6: Has good R?. Data from

Sunniland Limestone in South Florida.

md), and geometric mean permeability of 0.88 md. The strata
contain good interparticle pores along with moldic pores and
micropores within grains (Fig. 14A and 14B). The James reser-
voirs in the Fairway Field have a long history of production from
this macropore-dominated section.

Aptian Cow Creek and Bexar Limestones of the Pearsall For-
mation on the Pearsall Arch, South Texas Shelf

The Cow Creek and Bexar members of the Aptian Pearsall
Formation were deposited in a shoal-water carbonate complex on
the Pearsall Arch (Loucks, 1977). The higher energy strata are
composed mainly of echinoid-oyster grainstones and a few mi-
crobialite bound patch reefs. The grainstones and some pack-
stones contain good interparticle pores and abundant moldic
pores. The moldic pores are associated with former aragonite
bivalve grains. The calcite oyster fragments did not dissolve and
helped form a rigid framework. Mean porosity is 13.4% (range
from 1.4 to 30.9%), mean permeability is 22.8 md (range from
<0.01 to 960 md), and geometric mean permeability is 1.3 md
(Fig. 13C). These high-quality Cow Creek and Bexar macropore
reservoirs are not producing in South Texas as they appear not to
have an updip seal (Loucks, 1977).

Albian Sunniland Limestone on the Western Florida Shelf

The Albian Sunniland Limestone is the major producer in
South Florida (e.g., Mitchell-Tapping, 1984, 2003). It was de-
posited on a moderate to high-energy shelf approximately 200 mi
behind the shelf-margin reef. The producing porous strata are
grainstones and some boundstones that reflect a higher energy
shoaling system. Good interparticle pores developed along with
moldic pores (Fig. 14C). Some of the strata are dolomitized and
provide some high permeability zones (Fig. 14D). The porosity
versus permeability plot (Fig. 13D) shows a mean porosity of
10.0% (range from 0.4 to 33.6%), mean permeability of 25.5 md
(range from <0.01 to 2000 md), and geometric mean permeabil-
ity of 0.28 md. These high reservoir-quality values at depths of
11,500 to 13,000 ft are in part related to a generally lower ther-
mal gradient (approximately 1.6°F/100 ft [2.92°C/100 m]) and in
some cases dolomitization with the development of abundant
intercrystalline pores. The Sunniland Field has been an excellent
producer from high-quality macropore reservoirs.

Albian Glen Rose Limestone in the Alabama Ferry Field,
Houston Trough, East Texas

The mollusk-ooid grainstones in the Glen Rose Formation in
the Alabama Ferry Field area have been previously interpreted as
an ooid shoal complex (e.g., Fitchen et al., 1997; Zahm, 2010);
however, a recent reinterpretation by Soto-Kerans et al. (2017)
proposed that the grainstone bodies are composed of resediment-
ed allochems transported from the adjacent shelf into a dysaero-
bic intraplatform basin. This reinterpretation is based on the
absence of cross-bedding in the ooid-bearing grainstone bodies, a
mixed allochem assemblage uncommon to shoals, and interbed-
ded organic-rich argillaceous mudstones. Soto-Kerans et al.
(2017) also mapped out an intraplatform basin where the Ala-
bama Ferry Field lies. The major pore types are interparticle and
moldic (Figs. 14E and 14F). Moldic pores are very common in
the thin, fragmented bivalve shells. The porosity and permeabil-
ity plots show poor to good reservoir rock (Fig. 13E). The poros-

ity versus permeability plot (Fig. 13E) indicates a mean porosity
of 6.0% (range from 0.01 to 32.0%), mean permeability of 7.2
md (range from <0.01 to 130 md), and geometric mean permea-
bility of 0.22 md. Many of the moderately buried Lower Creta-
ceous grainstones in the onshore Gulf of Mexico have a similar
macropore reservoir type as these Glen Rose grainstones.

DISCUSSION

The large core-plug porosity and permeability database con-
structed for this investigation has value in developing concepts
for reservoir-quality risk analysis. These data show what has
actually been found and measured and at what depths and tem-
peratures they occur (Fig. 3). If values higher than those present-
ed in the graphs constructed from the database are predicted, then
some sound scientific explanation is necessary to substantiate the
prediction. It should be noted that it is best to use data as close to
the area of interest as possible, as well as data from the same
geologic unit because this database contains such a large selec-
tion of data across a broad spectrum of locations, formations,
depths, and temperatures.

The different reservoir-quality plots show trends of maxi-
mum values generally decreasing with increased depth and tem-
perature (Figs. 8-10). The maximum values are important be-
cause they provide an upper limit of magnitude; however, the full
range of values at any depth interval needs to be considered
while calculating a reservoir-quality risk factor. Statistically, the
mean value should be considered as the most logical estimation
of reservoir quality unless reservoir quality has been separated by
lithofacies. Then, the chance of encountering the higher reser-
voir-quality lithofacies becomes an important factor in determin-
ing risk.

An important concept stressed in this investigation is that
temperature and not depth should be used as the measure of com-
parison if using data from a distant area to estimate reservoir
quality in the area of interest. Areas of different geothermal gra-
dients can produce dissimilar reservoir quality within the same
lithofacies because degrees of diagenesis are strongly controlled
by temperature. Also, caution should be taken within areas that
had a complex burial history, as the strata would probably have
experienced higher temperatures and pressures at maximum buri-
al.

As noted throughout this investigation, initial mineralogy,
diagenetic pathway, and depth of burial (thermal exposure) have
a strong control on the development of pore networks. It is im-
portant to obtain as much knowledge about original mineralogy
as possible to estimate what types of pores may have developed.
Obviously, the diagenetic pathway of the strata and thermal his-
tory must also be taken into consideration.

This investigation includes nine case studies from well-
studied reservoirs to demonstrate the variation in reservoir quali-
ty that can occur as a result of variable original mineralogy, pore
network type, diagenesis, and burial history (Figs. 11 and 13). In
the nine case histories presented, four are dominated by mi-
cropores, and the other five by macropores with lesser mi-
cropores (Fig. 15). It is important to note that micropores are an
extremely common pore type but are commonly overlooked be-
cause of their small size, especially reservoirs dominated by
macropores (Loucks et al., 2013). Special analysis—such as blue
fluorescent dye, SEM, or high-pressure mercury injection capil-
lary pressure (MICP)—may be necessary to recognize and quan-
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(FACING PAGE) Figure 8. Porosity and permeability versus depth and temperature. All data points color coded by geographic
zone. (A) Porosity versus depth. (B) Porosity versus temperature. (C) Permeability versus depth. (D) Permeability versus tem-

perature. (E) Code for zone symbols.

tify micropores. However, micropores should not be underval-
ued as they are the last pore type to be occluded with burial
(Loucks et al,. 2013; Brown, 2015) and are therefore important in
deeply buried formations, such as those in the micropore-
dominated case histories reported in this study (depth greater
than 12,000 ft [3658 m]).

It is interesting to compare the case histories dominated by
macropores versus micropores. Figure 15 presents a graph that
plots mean porosity versus geometric mean permeability for each
of the nine case studies described in this investigation. The mi-
cropore-dominated pore networks all plot in the area of less than
5% mean porosity and less than 0.1 md geometric mean permea-
bility. The macropore-dominated pore networks all plot in the
area greater than 5% mean porosity and greater than 0.1 md geo-
metric mean permeability. Another concept presented by Figure
15 is that even the reservoirs with macropore-dominated pore
networks have relatively low geometric mean permeability (less
than 2 md), which reiterates that the higher permeability values
in a dataset of a particular unit must be understood relative to
their origin—such as lithofacies, texture, and mineralogy—to
best predict how to risk economic porosity and permeability.

Statistical datasets are important for ground-truthing wire-
line-log calculated porosity and permeability values. If wireline-
log calculations provide higher values for porosity than have
been documented by actual data, then the calculation should be
questioned. The statistical data can also help develop algorithms
for estimating permeability from calculated wireline-log porosity
values. The permeabilities from the statistical data will reflect
the effect of pore types on permeability.

CONCLUSIONS

The construction of large statistical core-plug porosity and
permeability databases is valuable for understanding and improv-
ing the calculation of reservoir-quality risk factors for carbonate
plays. The porosity and permeability database developed in this
investigation for the onshore northern rim of the Gulf of Mexico
demonstrates that a number of concepts can be derived from hav-
ing a large volume of porosity and permeability values and asso-
ciated parameters such as depth, temperature, and pressure. Al-
so, the integration of pore-type observations with the porosity
and permeability measurements provides insight into reservoir-
quality values that are associated with different pore networks.
Rock parameters such as lithofacies, textures, mineralogy, etc.
must be considered when predicting probable pore networks and
diagenetic processes.

A spectrum of case histories of reservoir quality in reser-
voirs from the northern rim of the Gulf of Mexico suggests that
there are two main reservoir types: those associated with domi-
nantly macropore-network systems and those associated with
dominantly micropore-network systems. Macropore systems are
generally associated with shallower reservoirs (less than 12,000
ft [3660 km]), and micropore systems with deeper reservoirs
(greater than 12,000 ft [3660 km]) because macropores are com-
monly occluded with increased burial, leaving only micropore-
dominated pore networks at greater depths.

The statistical plots derived from the database can be used as
guidelines to estimate expected reservoir quality at a given depth
or temperature. Temperature is considered a better parameter to
use because it has a direct control on diagenesis and, thus, reser-
voir quality, whereas depth may not be representative of the full
burial history of the reservoir formation. If estimated reservoir-
quality values for a given play are higher than those provided by

the database, then a sound scientific reason must be postulated.
Also, if calculated wireline-log porosity and permeability appear
high relative to the database, further investigation is needed to
check if the calculations are correct.

Large statistical reservoir-quality databases are valuable for
understanding and calculating risk factors and should be con-
structed for other areas where abundant core-plug data are availa-
ble. To develop the highest-quality databases, it is best to take
thin-section stubs from core plugs in order to define lithofacies,
mineralogy, pore types, and, if possible, high-pressure MICP
analysis for measuring pore-throat sizes.
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(FACING PAGE) Figure 9. Porosity and permeability versus depth by geographic zone. (A) Zone 1. (B) Zone 2. (C) Zone 3.
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(FACING PAGE) Figure 10. Porosity and permeability versus temperature by geographic zone. (A) Zone 1. (B) Zone 2.
(C) Zone 3. (D) Zone 4. (E) Zone 5. (F) Zone 6.
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Figure 11. Porosity versus permeability plots for case examples of micropore-dominated pore networks. (A) Calvin Limestone,
Natchitoches Parish, Louisiana. (B) Sligo Reef Trend, South Texas. (C) James Limestone, Pearl County, Mississippi. (D) Stuart
City Reef Trend, South Texas. Note that line at 0.01 md permeability is likely caused by inability of analytical equipment to read

permeability values lower than 0.01 md.
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(FACING PAGE) Figure 12. Photomicrographs and images of micropore-dominated network case studies (from Loucks et al.,
2013, reproduced with permission of the Gulf Coast Association of Geological Societies). (A) Micropores in former Mg—calcite
Lithocodium encrusting material are the major pore type in the deeply buried Calvin Limestone. ARCO 1 Huffman McNeely
(16,255.6 ft [4954.7 m]), Natchitoches Parish, Louisiana. (B) Same photomicrograph as A but under ultraviolet light, where mi-
cropores show up as blue haze. (C) SEM backscatter image of Ar—ion milled sample. Micropores appear black. Calvin Lime-
stone, ARCO 1 Huffman McNeely (16,676 ft [5082.8 m]), Natchitoches Parish, Louisiana. (D) Micropores in the Stuart City Lime-
stone are predominantly in former Mg-calcite grains and micrite envelopes. In this photomicrograph, the micropores are in
Dictyoconus foraminifers and micrite envelopes. Pioneer Energy 1 Schroeder (13,832 ft [4216 m]), Bee County, Texas. (E) Same
photomicrograph as D but under ultraviolet light, where micropores show up as blue haze. (F) SEM image of microrhombic
calcite and associated micropores in the Stuart City Limestone. Pioneer Energy 1 Schroeder (13,029.5 ft [3971.4 m]), Bee Coun-

ty, Texas.
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Figure 13. Porosity versus permeability plots for case ex-
amples of macropore-dominated pore networks. (A) Pet-
tet Limestone, Caddo Parish, Louisiana. (B) James Lime-
stone, Fairway Field, Henderson County, Texas. (C) Sunni-
land Limestone, Sunniland Field, Henry and Collier coun-
ties, Florida. (D) Upper Glen Rose Limestone, Alabama
Field, Leon County, Texas. (E) Cow Creek and Bexar lime-
stones, South Texas.
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Figure 14. Photomicrographs and images of macropore-dominated network case studies. (A) Macropores in the James Lime-
stone are dominated by calcite-cement-reduced interparticle and moldic pores. Cities Service C—1 Ellis (9868 ft [3007.8 m]),
Henderson County, Texas. (B) Corals and other allochems contain intraparticle pores. James Limestone, Sun Oil 2 Lloyd
(9004.6 ft [2744.6 m]), Henderson County, Texas. (C) Sunniland grainstones, where porous, are dominated by interparticle and
moldic pores. Early calcite-rim cement formed a rigid framework inhibiting compaction. Sunniland Limestone, Sun Oil 33-2
Red Cattle (11,479 ft [3498.8 m]), Henry County, Florida. (D) Some of the Sunniland strata are dolomitized to the extent that all
allochems are obliterated. This type of diagenesis can develop excellent intercrystalline pores. Sunniland Limestone, Sun Oil
31-2 Red Cattle (11,628 ft [3544.2 m]), Henry County, Florida. (E) In the grainstones of the Upper Glen Rose Limestone in the
Alabama Ferry Field, early, bladed, calcite-rim cement formed a rigid framework that stopped compaction, and abundant in-
terparticle pores were preserved. Upper Glen Rose Limestone, Lasmo Energy 1 Lochbuie (9005 ft [2744.7 m]), Leon County,
Texas. (F) Moldic pores formed after dissolution of former aragonite mollusk fragments are a major pore type in the Glen Rose
Limestone. Upper Glen Rose Limestone, Lasmo Energy 1 Lochbuie (8994 ft [2741.1 m]), Leon County, Texas.
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Figure 15. Plot of mean porosity
versus geometric mean permea-
bility for formations investigated
in this study. The pore networks
appear to separate into two
types: macropore-dominated
and micropore-dominated.
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