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ABSTRACT

The Haynesville Shale is an organic rich sedimentary rock found in northwestern Louisiana, eastern Texas, and southwest-
ern Arkansas. It was deposited during the Late Jurassic in a marine environment. Average thickness varies from 200 to 300 ft
(6090 m). The Haynesville Shale is typically found at depths of 10,000 ft (3 km) or more and is characterized by ultra low per-
meability. It is an area of active exploration and development for natural gas especially in northwestern Louisiana. Results
from an earlier thermal-mechanical model suggest that Jurassic temperature gradients were more than twice the current re-
gional value of 0.0135 to 0.02°F/ft (25 to 35°C/km). Thus, Jurassic age sediments have been close to their current temperatures
for the last 100 m.y. Using subsurface data, a simple model of heat transport by advection and conduction and fluid flow by
compaction was used to estimate temperature, maturation, and fluid pressure through time for the Haynesville Shale. High
heat flow in the Early Cretaceous contributed to high temperature gradients and early maturation of hydrocarbons. Rapid
sedimentation in the Early Cretaceous resulted in generation of significant overpressure within the Haynesville Shale. This
overpressure cannot be maintained over geologic time because the unit is too thin and there was subsequent uplift and erosion.
Hydrocarbon generation produced additional overpressure in the Late to mid-Cretaceous and the Late Paleogene. However,
under most conditions, model overpressures do not exceed the fracture gradient.

sediment (Li, 2006; Mancini et al., 2006, 2008). The Haynesville
INTRODUCTION Shale is thickest in the North Louisiana Salt Basin and thins over
The Haynesville Shale unit within the Haynesville Forma- the Sabine Uplift along the Texas-Louisiana border (Fig. 1). The
tion is a target of active exploration and development for natural Tertiary section is also thickest in the North Louisiana Salt Basin
gas in northwestern Louisiana and eastern Texas (Fig. 1). It is an and thins over the Sabine Uplift (Mancini et al., 2008). The Sa-
organic rich sedimentary rock deposited in a shallow marine en- bine Uplift was reactivated during the mid-Cretaceous generating
vironment during the Late Jurassic (Mancini et al., 2005, 2008). erosion of as much as 2000 ft (600 m) (Granata, 1963; Halbouty
The Haynesville Shale is typically found at depths between and Halbouty, 1982; Jackson and Laubach, 1988; Li, 2006)
10,000 and 13,500 ft (3—4 km) and ranges in thickness from 200 Nunn (1984) and Nunn et al. (1984) examined the subsi-
to 300 ft (60-90 m). Porosity ranges from 3—14% and matrix dence and thermal history of the North Louisiana Salt Basin.
permeability can be less than a nanodarcy (nd) (Wang and Subsidence versus time from well data in northern Louisiana is
Hammes, 2010). consistent with rifting and extension of the lithosphere by a
The Haynesville Formation overlies the Smackover Forma- factor of 1.25 to 2 depending on location (Nunn et al., 1984).
tion and is, in turn, buried by the Cotton Valley Group and a The P factors are smaller over the Sabine Uplift and larger in the
thick succession of Cretaceous sediment as well as some Tertiary deepest parts of the North Louisiana Salt Basin. Rifting and ex-
tension of the lithosphere caused high heat flow which dissipated
Copyright © 2012. Gulf Coast Association of Geological Societies. All rights reserved. over time. Present-day geothermal gradients in northern Louisi-
ana are 0.0135 to 0.02°F/ft (25 to 35°C/km) (D’Aquin and Nunn,
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accepted May 29, 2012. 2010). HoweveF, Jurassic geother'mal grad%ents esti.m.ated from a
thermal-mechanical model of basin formation by rifting and ex-
GCAGS Journal, v. 1 (2012), p. 81-96. tension of the lithosphere are more than 0.033°F/ft (60°C/km)
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Figure 1. Top, left) Location map of study area including interior salt basins and related structural highs. Heavy, dashed line is
location of cross-section shown below. Blue dots are well locations used in this study. Top, right) Stratigraphic column for
northern Louisiana (modified after geology.com). Bottom) Northwest to southeast cross-section constructed from seismic and

well data (modified after Mancini et al., 2008).

(Nunn, 1984). As a result, Jurassic sediments have been at essen-
tially maximum burial temperatures since the mid-Cretaceous as
thermal effects of deeper burial have been offset by a decline in
basal heat flow.

A full core of the Haynesville Shale was displayed as part of
a symposium at the Gulf Coast Association of Geological Socie-

ties meeting in Shreveport in 2009 (Berg et al., 2009). Visual
inspection of the core revealed numerous fractures and many of
these fractures had been resealed by cement indicating that they
occurred by natural processes. Some of the cements are >0.25 in
(>0.6 cm) thick which implies multiple phases of fracture and
cementation. Natural hydrofractures in the Haynesville Shale



also have been observed in core images and image logs (Buller
and Dix, 2009; Fan et al., 2010). Natural hydrofracture could
occur during burial if pore pressures exceed the fracture pressure
or approximately 85% of lithostatic pressure (Hubbert and Willis,
1957).

Pore pressures in excess of hydrostatic pressure can be gen-
erated by disequilibrium compaction during rapid accumulation
of low permeability sediments (Mello and Karner, 1996; Osborne
and Swarbrick, 1997) as well as volume changes associated with
the conversion of kerogen to oil and/or gas (Ungerer et al., 1983;
Spencer, 1987; Hansom and Lee, 2005). In addition, if perme-
ability is sufficiently low, then pore pressures may be maintained
near maximum levels during uplift and erosion which could also
push pore pressures near the fracture gradient as lithostatic pres-
sure is reduced by erosion.

In this study a simple model of heat transport by advection
and conduction and fluid flow by compaction was used to esti-
mate temperature, maturation, and fluid pressure through time for
the Haynesville Shale for two wells in north Louisiana (Fig. 1).
Model results were used to determine the timing and capacity of
fracture-generating mechanisms described above to naturally
hydrofracture the Haynesville Shale. One well is on the Sabine
Uplift which undergoes higher heat flow, less sedimentation and
experienced major episodes of uplift and erosion. The other well
is in the deeper part of the North Louisiana Salt Basin which has
lower heat flow, greater accumulation of sediment, and less uplift
and erosion.

GEOLOGIC SETTING

The northern coast of the Gulf of Mexico contains a thick
sequence of predominantly shallow water Mesozoic and Ceno-
zoic sediments (Wood and Walper, 1974; Martin, 1978; Driskill
et al.,, 1988; Winker and Buffler, 1988; Mancini and Puckett,
2005; Galloway, 2008). Most of the onshore Mesozoic sedi-
ments are concentrated in major depositional basins in eastern
Texas, northern Louisiana, and central Mississippi (Fig. 1).
These depositional basins are bounded on the north and west by
the continental platform and are separated by several uplifts, such
as the Sabine Uplift centered on the Louisiana-Texas border and
the Monroe Uplift in northeastern Louisiana (Fig. 1).

The northern Gulf Coast resulted from rifting and extension
of the lithosphere during the opening of the Gulf of Mexico in the
Late Triassic (Pilger, 1981; Nunn et al., 1984; Dunbar and Saw-
yer, 1987). Following extension, which thinned and heated the
lithosphere, the region passively subsided due to conductive
cooling (Nunn et al., 1984). The presence of thick Jurassic salt
deposits indicates the basins formed before or during the earliest
phases of opening of the Gulf.

Rifting and extension was followed by a period of cooling
and subsidence of the crust and buildup of extensive carbonate
platforms surrounding a deep basin in the Late Jurassic and Early
Cretaceous. This was followed by a widespread mid-Cretaceous
unconformity. Finally, there was progradation of a massive
wedge of clastic sediments from Late Cretaceous to present
(Mancini and Puckett, 2005; Galloway, 2008) (Fig. 1).

The onshore depositional basins and intervening uplifts rep-
resent short wavelength lateral variations in crustal thickness and/
or composition (Nunn et al., 1984; Nunn, 1990). For example,
estimates of crustal thickness from seismic refraction data are 12
mi (20 km) beneath the Central Mississippi Salt Basin and 19 mi
(32 km) below the Wiggins Arch (Worzel and Watkins, 1973).
There is relatively little direct information on the basement rocks
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underlying northern Louisiana. Most of the information is from
interpretation of PASSCAL seismic data (Keller et al., 1989),
gravity modeling (Mickus and Keller, 1992), and tectonic subsi-
dence studies (Nunn et al., 1984; Dunbar and Sawyer, 1987).
Based on this information, the Sabine Uplift is underlain by crust
with a density similar to North American Precambrian crust and
near continental thickness (22—35 mi [35—40 km]). The Sabine
Uplift is separated from North America by a narrow belt of
ocean-like crust overlain by Paleozoic sediments (Mickus and
Keller, 1992). The most widely held interpretation is that the
Sabine Uplift crust is exotic to North America perhaps represent-
ing Paleozoic arc material sutured on to North America in the
late Paleozoic (Viele and Thomas, 1989). See Ewing (2009) for
a recent review of the origin and tectonic/magmatic history of the
Sabine Uplift.

Syn-rift uplift and erosion of the Sabine area are recognized
on seismic records as a regional, low-relief unconformity
(Jackson, 1982). Following uplift the region subsided and the
Middle Jurassic Werner Anhydrite, Louann Salt and Norphlet
clastics were deposited. Original salt thickness in the East Texas
and North Louisiana salt basins is estimated at 5000 ft (1.5 km)
in the central parts of the basins thinning to no more than 2000 ft
(600 m) over the Sabine Uplift (Jackson and Seni, 1983; Salva-
dor, 1987). Thin salt over the Sabine region indicates that it was
a topographic high during early salt deposition, but began to dis-
appear during the late Middle Jurassic.

During the Late Jurassic, the Sabine Uplift gradually disap-
peared as a separate structural unit. Jurassic Smackover Forma-
tion carbonates thin by more than 300 ft (100 m) from the center
of the East Texas and North Louisiana salt basins (Anderson,
1979; McGillis, 1983). However, by the end of the Early Creta-
ceous, the eastern Texas—northern Louisiana region subsided as a
single block and there is no significant west to east variation in
either thickness or facies across the Sabine Uplift (Anderson,
1979; McGillis, 1983; Adams, 1985; Mancini et al., 2008).

Distribution of Lower Cretaceous facies and thickness varia-
tions indicate that the Sabine Uplift was at the center of a south-
east-sloping basin covering all of eastern Texas and northern
Louisiana (Halbouty and Halbouty, 1982; Jackson and Laubach,
1988; Adams, 2006). Lower Cretaceous units, after corrections
for perturbations caused by salt movement (Lobao and Pilger,
1985), show uniform thickening in a west to east direction (Fig.
1). No evidence of a topographic feature in the Sabine Uplift
area is apparent (Granata, 1963).

In the mid-Cretaceous, the Gulf of Mexico region experi-
enced a widespread unconformity (Buffler and Sawyer, 1985).
Tilting and progressive increase in age of units below the uncon-
formity across eastern Texas and northern Louisiana indicates
upwarp and subaerial exposure of the Sabine Uplift region. Esti-
mates of the maximum erosion amounts of Late Cretaceous units
range from 850 ft (260 m) (Jackson and Laubach, 1988) to 1250
ft (380 m) (Halbouty and Halbouty, 1982). Following erosion of
Lower Cretaceous beds, Tuscaloosa sediments were deposited on
the flanks and possibly the top of the present Sabine Uplift
(Halbouty and Halbouty, 1982). Additional erosion may have
occurred after deposition of the Tuscaloosa Formation. Halbouty
and Halbouty (1982) estimated 300 ft (100 m) of post-Tuscaloosa
erosion on the crest of the Sabine Uplift. Tuscaloosa sediments
are missing over the Sabine Uplift (Granata, 1963; Halbouty and
Halbouty, 1982; Jackson and Laubach, 1988) (Fig. 1).

The Sabine Uplift subsided slowly in shallow water during
the Late Cretaceous and the Early Tertiary. Jackson and Laubach
(1988) interpreted the absence of Eocene age sediments over the
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Sabine Uplift region as evidence for a second, smaller phase of
uplift and erosion. Sedimentation in both the Sabine Uplift and
the North Louisiana Salt Basin ceased during the Eocene.

MODEL DESCRIPTION

Numerical modeling of the geologic history of a sedimentary
basin includes simulation of sediment accumulation, burial, com-
paction, heating, and petroleum maturation through discrete time
steps. Each time step in a model consists of a set of calculations
that are used to generate input for the next time step. For exam-
ple, the computed temperature at each time step during burial of a
source rock is required to determine maturation. The time- and
space-dependent differential transport equations needed for mod-
eling and the numerical methods used for their solutions are be-
yond the scope of this paper but are documented in the literature
(e.g., Zienkiewicz, 1977; Aziz and Settari, 1979).

The model used in this study was constructed and run using
PetroMod® software produced by Schlumberger. The 1D version
of the software used here is available for free download at soft-
ware.informer.com/discovered/Petromod _1d_Free Download.
PetroMod” uses forward modeling, in which basin processes are
modeled from the past to the present from an inferred starting
condition (Welte et al., 1997). Basin history is divided into a
sequence of depositional, non-depositional, or erosional events of
specified age and duration. Input data include ages of units, pre-
sent rock-unit thicknesses, and lithology of units as well as
boundary conditions, such as basal heat flow and surface tem-
peratures. In addition, type and amount of organic matter in
source rocks and conversion kinetics for kerogen to petroleum
are required.

In this study, formation tops information for two locations
are used to estimate subsidence, temperature, maturation, and
fluid pressure over time. The first well is located in Caddo Par-
ish, Louisiana, near the border with Bossier Parish and is on the

Sabine Uplift (SU well). The second well is located in Winn
Parish just south of the Jackson Parish border in the deeper part
of the North Louisiana Salt Basin (NLSB well). Well locations
are given in Figure 1. Model input parameters for each well are
listed in Tables 1 and 2.

Depth to tops was taken from Scardina (1982). In his study,
subsurface data from 893 well logs were used to make structural
trend surface maps. These maps were then filtered to remove the
effects of local salt movement. The two points shown in Figure 1
represent points of maximum stratigraphic coverage. A complete
discussion of subsurface data analysis is given in Scardina
(1982). Uplift and erosion of sediments was estimated from
Jackson and Laubach (1988) and Li (2006).

Lithologies or mixtures of lithologies were assigned to ac-
count for the lithofacies in each rock unit (Tables 1 and 2) based
on information from Scardina (1982) and Zimmerman (1999).
PetroMod® default physical and thermal rock properties, includ-
ing thermal conductivities and heat capacities, were assigned to
each lithology or mixture of lithologies. For example, permeabil-
ity is estimated from porosity and grain size via an empirical
correlation.

In this study, two Mesozoic source rocks in the North Lou-
isiana Salt Basin are considered: The Haynesville Shale and the
Smackover Formation. According to Mancini et al. (2008) and
Talukdar (2008), the Haynesville Shale contains a type III kero-
gen with an estimated original total organic carbon (TOC) of 3%
and a hydrogen index (HI) of 250 mg HC/g TOC. As part of a
sensitivity study, we also consider a type II kerogen with a HI of
500 mg HC/g TOC as gas shales may contain type II kerogen or
a mixture of types II and III. The underlying Smackover Forma-
tion, which is the regional source rock for most of the hydrocar-
bons in the North Louisiana Salt Basin (Sassen et al., 1987) is a
type IIs kerogen with an estimated original TOC of 1% and a HI
of 500 mg HC/g TOC (Mancini et al., 2006, 2008). Original
TOC and HI were estimated using the method described in Daly

Table 1. Sabine Uplift well parameters.

Layer Top, m Base, m Thickness, m Age, Ma | Age End, Ma PetroMod® Lithology
Cockfield 0 20 20 40 0 | Shale (organic lean, sandy)
Midway 20 277 257 65.25 61.5 | Shale (organic lean, silty)

U. Cret. 277 486 209 81.25 67.25 | Limestone (shaly)

Austin 486 771 285 88.25 81.25 | SHALEsand

Erosion -250 99.5 94.75

Paluxy 771 876 105 106.25 99.5 | Limestone (Chalk, 40% calcite)
U. Glen Rose 876 1121 245 108.5 106.25 | Limestone (Chalk, 40% calcite)
Mooringsport 1121 1350 229 112.25 108.5 | Limestone (Chalk, 40% calcite)
Ferry Lake 1350 1402 52 113.25 112.25 | Limestone (shaly)

Rodessa 1402 1531 129 116.5 113.25 | SHALEcarb

James 1531 1659 128 118.5 116.5 | LIMEshaly

Sligo 1659 1868 209 121.25 118.5 | LIMEshaly

Hosston 1868 2615 747 132.5 121.25 | Shale (organic lean, typical)
Cotton Valley 2615 3060 445 144.25 138.25 | Shale (typical)

Haynesville 3060 3110 50 150.5 147.25 | Shale (organic rich)
Smackover 3110 3805 695 159.25 150.5 | Limestone (organic rich)
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Table 2. North Louisiana Salt Basin well parameters.

Layer Top, m Base, m Thickness, m Age, Ma | Age End, Ma PetroMod® Lithology
Cockfield 0 56 56 40 0 | Shale (organic lean, sandy)
Cook Mtn. 56 267 212 44.5 40 | Shale (organic lean, sandy)
Cane River 267 338 70 48.25 44.5 | Shale (organic lean, sandy)
Wilcox 338 796 458 61.5 48.25 | Sandstone (typical)

Midway 796 1007 212 65.25 61.5 | Shale (organic lean, silty)

U. Cret. 1007 1230 223 81.25 67.25 | Limestone (shaly)

Austin 1230 1488 258 88.25 81.25 | SHALEsand

Tuscaloosa 1488 1653 165 95.25 88.25 | SANDshaly

Erosion -100 99.5 94.75

Paluxy 1653 1811 158 106.25 99.5 | Limestone (Chalk, 40% calcite)
U. Glen Rose 1811 2081 270 108.5 106.25 | Limestone (Chalk, 40% calcite)
Mooringsport 2081 2363 282 112.25 108.5 | Limestone (Chalk, 40% calcite)
Ferry Lake 2363 2458 94 113.25 112.25 | Limestone (shaly)

Rodessa 2458 2610 152 116.5 113.25 | SHALEcarb

James 2610 2774 164 118.5 116.5 | LIMEshaly

Sligo 2774 2997 223 121.25 118.5 | LIMEshaly

Hosston 2997 3960 963 132.5 121.25 | Shale (organic lean, silty)
Cotton Valley 3960 4677 "7 144.25 138.25 | Shale (organic lean, silty)
Bossier 4677 5088 411 147.25 144.25 | Shale (typical)

Haynesville 5088 5593 505 150.5 147.25 | Shale (organic rich)
Smackover 5593 5899 306 159.25 150.5 | Limestone (organic rich)

and Edman (1987). Burnham and Sweeney (1989) reaction ki-
netics were used to determine the generated mass of oil and gas.

Following Nunn (1984) and Nunn et al. (1984), regional
water depth during deposition of each rock unit was set to zero in
simulations. Paleowater depths for north Louisiana are believed
to be shallow (less than 200 ft [60 m]) based on studies by Scar-
dina (1982) and Zimmerman (1999).

Surface temperature was calculated through time using an
option in PetroMod® that relates geologic age and mean surface
paleotemperature based on plate tectonic reconstructions to pre-
sent-day latitude. Present-day surface temperature in north Lou-
isiana is approximately 65°F (19°C). Surface temperatures in the
geologic past were warmer due to north Louisiana being closer to
the equator and climate change.

PetroMod® requires present-day and paleo-heat flow to re-
construct the temperature history of basins and the thermal matu-
ration of source-rock organic matter (Welte et al., 1997). Heat
flow versus time was computed assuming rifting and extension of
the lithosphere from 190 to 170 Ma. The amount of extension
was estimated using a [ factor of 1.25 for the SU well and a B
factor of 1.5 for the NLSB well. Present-day heat flow was cali-
brated to be consistent with present-day temperatures. For the
SU well, heat flow reached a maximum in the Middle Jurassic of
82 mW/m* and declined to 74 mW/m* today. For the NLSB
well, heat flow reached a maximum of 70 mW/m? and declined
to 48 mW/m” today. The smaller variation in heat flow versus
time in the SU well is because of the smaller B factor. The higher
present-day heat flow over the Sabine Uplift is consistent with

temperature versus depth (D’Aquin and Nunn, 2010) and heat
flow measurements above 80 mW/m’ just to the west on the
Texas-Louisiana border (Blackwell and Richards, 2004). The
high present-day heat flow in the Sabine Uplift area is presuma-
bly due to higher radiogenic heat production in basement rocks
due to thicker crust (Mickus and Keller, 1992) or different com-
position crust (Viele and Thomas, 1989).

MODEL RESULTS

Typical output for each depositional or erosional event in the
model includes rock unit thickness after compaction, porosity,
permeability, pore pressure, temperature, and thermal maturity at
depth, and generated mass of petroleum.

Pore Pressure due to Compaction Disequilibrium

Figure 2 shows calculated porosity and permeability versus
depth at present-day for the SU and NSLB wells. Porosity and
permeability versus time were calculated by PetroMOD" and
used to compute compaction as a function of effective stress
(lithologic pressure minus fluid pressure). In both wells, porosity
decreases significantly with depth from a surface porosity greater
than 60% to less than 20% at 5000 ft (1.5 km) depth. There is
some variation in porosity at a given depth with lithology (e.g.,
sand versus shale). Below 5000 ft (1.5 km) depth, porosity con-
tinues to decrease but more slowly, at least partially due to devel-
opment of abnormal fluid pressure. Permeability also shows a
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Figure 2. Present-day porosity and permeability versus
depth used in modeling of thermal maturation and pressure
evolution: left) Sabine Uplift well, and right) North Louisiana
Salt Basin well. Black lines are porosity and red lines are
permeability. See Figure 1 for well locations.

general reduction with depth although variations in permeability
due to changes in lithology are much more pronounced. For ex-
ample, the permeability of the Upper Cretaceous carbonates is
orders of magnitude higher than the overlying shale of the Mid-
way Formation. In the SU well, the Haynesville, Cotton Valley,
and Hosston formations combine for more than a 3000 ft (1 km)
thick layer of low porosity and low permeability. In the NLSB
well, the Haynesville, Cotton Valley, and Hosston formations
constitute a more than 8000 ft (2.5 km) thick layer of low poros-
ity and low permeability. Present-day predicted porosity versus
depth is consistent with a previous study by Talukdar (2008).
Figure 3 shows computed present-day fluid pressure versus
depth due to compaction disequilibrium. During compaction, the
weight of overlying sediments pushes mineral grains closer to-
gether and/or causes dissolution and precipitation of mineral
grains and the pore fluid between mineral grains is forced upward
(Athy, 1930). If the permeability is low enough some of the pore
fluid cannot escape and thus the fluid bears some of the weight of
overburden and loss of porosity is inhibited. Predicted pore pres-
sure is plotted relative to hydrostatic pressure, lithostatic pressure
and fracture pressure. Hydrostatic pressure is the pressured gen-
erated by the weight of overlying pore water. Lithostatic pres-
sure is the weight of overlying sediment (mineral grains plus
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water). The fracture pressure is assumed to be 85% of the
lithostatic pressure. In the SU well, predicted pore pressure is
hydrostatic until a depth of 7000 ft (2.1 km) into the Hosston
Formation. Predicted pore pressure exceeds hydrostatic in the
thick shale of the Hosston, Cotton Valley, and Haynesville.
However, overpressures are small, less than 1450 psi (10 MPa)
above hydrostatic. The difference between predicted pore pres-
sure and fracture pressure reaches a minimum in the Haynesville
but is still more than 2900 psi (20 MPa). Predicted present-day
pore pressure in the NLSB well is similar. Hydrostatic pressure
persists to the top of the Hosston Formation at a depth of 10,000
ft (3 km). Predicted pore pressure in the Hosston, Cotton Valley,
Bossier, and Haynesville exceed hydrostatic pressures by as
much as 7250 psi (50 MPa) because of the greater thickness of
shale, greater depth of burial, and active burial continued closer
to present day (Fig. 1). While overpressures are higher in the
NLSB well, the difference between predicted pore pressure and
fracture pressure is still close to 2900 psi (20 MPa) in the
Haynesville section.

Model results for present-day pore pressure in the Haynes-
ville Shale are broadly consistent with observations (Wang and
Hammes, 2010). Predicted overpressure of 10,750 to 11,500 psi
(75-80 MPa) for the Haynesville Shale in the NLSB well are
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left) Sabine Uplift well, and right) North Louisiana Salt Basin
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slightly higher than observed overpressures of 10,000 psi (70
MPa) in shallower sediments to the west. However, in the SU
well, predicted overpressure in the Haynesville Shale of 5750 psi
(40 MPa) is substantially below observed overpressures of 8000
psi (55 MPa).

Predicted pore pressure versus depth during the mid-
Cretaceous for the SU well is similar to present-day (Fig. 4).
There was relatively little sediment deposited in this area after
the mid-Cretaceous unconformity so relatively little additional
disequilibrium compaction occurred. The thick, low-
permeability Hosston-Haynesville section (Fig. 2) is able to
maintain overpressure for tens of millions of years (Deming,
1994). There is only a slight loss of fluid pressure at the top of
the geopressured section over 100 m.y. (Figs. 3 and 4). In the
NLSB well, more than 3300 ft (1 km) of additional sediment is
deposited since the mid-Cretaceous unconformity. However,
sedimentation rates are slower than in Jurassic-Early Cretaceous.
The thick section of Hosston, Cotton Valley, Bossier, and
Haynesville has predicted pore pressures well above hydrostatic.
However, they are still 2150 to 2900 psi (15°20 MPa) below the
fracture pressure. The primary effect of sedimentation in the
NLSB over the last 100 Ma is to raise predicted fluid pressures in
the upper part of the Hosston Formation. The Haynesville sec-
tion remained overpressured throughout this time period with
pressure gradients of 0.8 psi/ft (17.5 MPa/km) or an equivalent
mud weight of 15 ppg.
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Temperature and Maturity

Predicted present-day temperature versus depth for both
wells is shown in Figure 5. Estimated temperatures for the
Haynesville are fairly similar, 320°F (160°C) in the SU well and
355°F (180°C) in the NLSB well. There is a considerable differ-
ence in the average temperature gradient as the present-day depth
of burial for the Haynesville in the SU well is just over 10,000 ft
(3 km) and is more than 16,400 ft (5 km) in the NLSB well.
The geothermal gradient in the NLSB well is approximately
0.0165°F/ft (30°C/km) which is consistent with an average gradi-
ent for North Louisiana estimated from Bottom Hole Tempera-
tures (BHT) by D’Aquin and Nunn (2010). The geothermal gra-
dient for the SU well computed from PetroMod®™ is 0.024°F/ft
(44°C/km). This substantially higher temperature gradient is due
to the higher present-day heat flow assumed for the region
(Blackwell and Richards, 2004) presumably due to higher radio-
genic heat production in the crust. Average geothermal gradient
is the best fitting linear gradient in temperature from the surface
to the base of the Smackover. Geothermal gradients vary within
lithologic units due to changes in thermal conductivity even in
steady state thermal conditions (Fig. 5). However, these changes
in geothermal gradient are fairly small due to the small variation
in thermal conductivity. Moreover, only BHTs were available
for this study and usually only for one logging run per well, thus
only a depth averaged geothermal gradient can be computed from
observations.
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Figure 5 also shows vitrinite reflectance (%Ro) versus depth
computed from the thermal history using the EASY%Ro algo-
rithm (Sweeney and Burnham, 1990). %Ro values for the
Haynesville are 1.6 for the SU well and 1.7 for the NLSB well.
Observed values of %Ro versus depth for the North Louisiana
Salt Basin from Mancini et al. (2006) are shown as filled circles
on Figure 5. While there is considerable scatter in the data, pre-
dicted %Ro versus depth for both wells is consistent with obser-
vations. Moreover, the SU well plots along the upper edge
(higher %Ro at a given depth) and the NLSB well plots along the
lower edge (lower %Ro at a given depth) of the observed values,
which is consistent with model assumptions about heat flow in
the two locations.

Subsidence and maturity versus time (Fig. 6) indicate that
both the Smackover and Haynesville entered the oil window in
the Early Cretaceous due to the combined effects of high heat
flow associated with Jurassic rifting and rapid accumulation of
sediment (e.g., Bossier, Cotton Valley, and Hosston). Wet gas
generation begins around 100 Ma in the Smackover but matura-
tion slows in the Late Cretaceous due to uplift and erosion. This
is especially true in the SU well (Fig. 6) where wet gas genera-
tion in the Haynesville is not predicted until the Early Tertiary
(60 Ma) and the Haynesville fails to reach dry gas generation
(Fig. 6). In the NLSB well, the Haynesville is predicted to reach
dry gas generation in the Early Tertiary (65 Ma). Additional
maturation occurs in the Tertiary due to slow burial and contin-
ued warming as rapidly accumulated Early Cretaceous sediments
reach thermal equilibrium. In both wells, the Smackover,
Haynesville, and lower Cotton Valley are in the gas window (%
Ro = 1.3), overlying Lower Cretaceous sediments (Hosston to
Mooringsport) are in the oil window (%Ro = 0.55), and Upper
Cretaceous and Tertiary sediments are immature. These model

results are consistent with other studies (e.g., Mancini et al.,
2005, 2006; Li, 2006).

Predicted temperature and maturity versus time for the
Haynesville Shale are shown in Figure 7. Temperatures for the
Haynesville Shale in both wells rose rapidly from 150 to 100 Ma
due to rapid burial and high basal heat flow associated with rift-
ing and extension of the lithosphere. Temperatures were near
maximum values by the mid-Cretaceous. Haynesville Shale tem-
peratures were nearly constant during the Tertiary as thermal
effects of slow burial were offset by declining basal heat flow.
Figure 7 also shows the impact of uplift and erosion or non-
deposition on temperature. In both wells, temperature declined
due to uplift and erosion in the mid-Cretaceous. The temperature
decline is greater in the Sabine Uplift area because of greater
erosion (800 ft [250 m] versus 330 ft [100 m]) compared to the
North Louisiana Salt Basin. Declines in temperature or changes
in the rate of temperature variation with time are also associated
with other episodes of non-deposition or erosion (e.g., Early Cre-
taceous).

Model maturation versus time shows that the Haynesville
Shale entered the oil window (%Ro = 0.55) in the Early Creta-
ceous in both locations (Fig. 7). The period of most rapid in-
crease in organic maturity occurred between 110 and 100 Ma
when rapid burial pushed model temperatures over 300°F (150°
C). There was also a significant increase in the rate of organic
maturation between 65 Ma and 40 Ma (Fig. 7). Model results
show the Haynesville Shale entered the gas window (%Ro = 1.3)
by 110 Ma in the NLSB well but not until 80 Ma in the SU well.

As noted above, model pore pressures from compaction
disequilibrium do not exceed fracture pressure in either well.
Another potential contribution to pore pressure is hydrocarbon
generation as oil and gas have larger volumes than the kerogen
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Figure 5. Present day predicted temperature and maturity versus
depth: left) Sabine Uplift well, and right) North Louisiana Salt Ba-
sin well. Red lines are temperature and black lines are maturity.
Measured values of vitrinite reflectance (%Ro) from Mancini et al.

(2006) are shown as blue dots.

from which they form (Ungerer et al., 1983; Spencer, 1987).
Figure 8 shows PetroMod” results for pressure generation due to
hydrocarbon maturation versus time for the Haynesville Shale
and the Smackover Formation. In both wells, there was pore
pressure generation in the Smackover Formation from 140 Ma to
120 Ma. However, this pore pressure dissipated during a period
of slower maturation from 120 to 110 associated with slow sedi-
ment accumulation (Figs. 7 and 8). In the NLSB well, excess
pore pressure was also generated in the Haynesville Shale during
this time. There was a period of pore pressure generation in the
Haynesville Shale predicted for both wells in the mid-Cretaceous
(110 to 95 Ma) which then dissipates due to uplift and erosion
(Fig. 8). Finally, there was another wave of predicted pore pres-
sure generation in both wells during the Tertiary (60 to 30 Ma).
Unfortunately, for the default material properties used here, the
magnitude of pore pressure generation by hydrocarbon genera-
tion is less than 30 psi (0.2 MPa). Thus, predicted pore pressure
in the Haynesville Shale does not exceed the fracture pressure.

DISCUSSION

Model results for temperature and maturity in both wells are
consistent with available information on present-day tempera-
tures (D’Aquin and Nunn, 2010) and vitrinite reflectance
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(Mancini et al., 2006) as well as previous studies on thermal and
maturation history of the Northern Gulf Coast interior salt basins
(e.g., Nunn, 1984; Nunn and Sassen, 1986; Driskill et al., 1988;
Zimmerman, 1999; Zimmerman and Sassen, 1993; Li, 2006;
Mangcini et al., 2008, Talukdar, 2008).

Porosity and permeability values for present-day are shown
in Figure 2. Porosity values are similar to other modeling studies
of the North Louisiana Salt Basin (Li, 2006; Mancini, 2008; Ta-
lukdar, 2008). Model porosity and permeability values for the
Haynesville Shale are consistent with measurements from eastern
Texas core samples (Wang and Hammes, 2010). Thermal con-
ductivity for a unit varies based on porosity, mineralogy, and
temperature. Thermal conductivity for model sediments varies
from 1.2 to 2.5 mW/m?® primarily due to changes in porosity
which is consistent with a stratigraphic section dominated by
shale and carbonate (Brigaud and Vasseur, 1989). Lithologic
units with a high proportion of quartz or calcite/dolomite have
higher conductivity than clay dominated units with the same po-
rosity. Salt has a high thermal conductivity and while present in
the North Louisiana Salt Basin is not included in simulations for
either well.

Model results for present-day pore pressures in the Haynes-
ville Shale are broadly consistent with observations (Wang and
Hammes, 2010) even though model predictions are slightly
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Figure 6. Predicted burial and maturation versus time: top) Sabine Uplift well, and bottom) North Louisiana Salt Basin Well.
Solid lines represent burial versus time for each model stratigraphic layer. Colors indicate predicted maturation computed from
the temperature history. The top of the Haynesville Shale is highlighted with a dashed yellow line.

higher than observations in the NLSB well and substantially
lower than observations in the SU well. A number of factors
make it difficult to explain observed overpressures of more than
8000 psi (55 MPa) in the Sabine Uplift area solely due to com-
paction disequilibrium, hydrocarbon generation, and only vertical
transport of fluids. Total accumulation of sediments is less than
13,500 ft (4 km), uplift and erosion has removed some of the
vertical load, and little sedimentation has occurred over the last
60 m.y. Thus, less overpressure is generated and loss of pore
pressure over geologic time is likely (Deming, 1994).

In the present model, the Haynesville Shale is characterized
as an organic rich shale. Lithology and permeability was as-
signed by PetroMod® based on that lithology. It is possible that

all or some portions of the Haynesville Shale may have perme-
ability values that are lower than predicted by the numerical
model and thus predicted overpressure is too low. For example,
Nunn (2010) conducted some simple calculations of overpressure
in the Haynesville Shale using a thin 100 ft (30 m), low perme-
ability unit which experienced rapid sedimentation followed by
uplift and erosion. If the shale has a vertical permeability of 10
nd, overpressures of approximately 435 psi (3 MPa) are pro-
duced. For 1 nd permeability, overpressures of more than 1300
psi (9 MPa) are generated. In both instances, the pore pressure
pulse dissipated on time scales of 10 m.y. because the shale is
thin (Deming, 1994). However, a short pulse of high pore pres-
sure could hydrofracture the shale. Matrix permeability for the
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Haynesville Shale in eastern Texas measured from crushed core
samples varies by orders of magnitudes and is as low as 0.01 nd
(Wang and Hammes, 2010). Pore pressure required to hydrofrac-
ture sediment also depends on elastic properties (Hubbert and
Willis, 1957) which could also vary in space and time. Thus,
natural hydrofractures could be a localized phenomena.

It is important to note that generating pore pressures near
fracture pressures for the burial/temperature history of the
Haynesville Shale assuming only 1D disequilibrium compaction
requires low permeability at shallow depth. For example, 1D
simulations using a uniform shale lithology do not reach fracture
pressures. Some sort of low permeability seal, such as anhydrite,
is required (W. Torsch, 2012, personal communication).

It is also possible that for ultralow permeability units, such
as organic-rich shales, other pressure- generating processes may
be important such as aquathermal pressuring (Barker, 1972;
Sharp, 1983) or smectite to illite transformation (Freed and Pea-
cor, 1989), as well as hydrocarbon generation.

Different choices for hydrocarbon parameters such as origi-
nal TOC, kerogen type, or hydrocarbon index may also influence
model results. For example, Talukdar (2008) ran simulations of
the Haynesville Shale for type III kerogen with HI of 200 mg
HC/g TOC and a combination of Types II and III kerogen with a
HI of 350 mg HC/g TOC. The later set of parameters generated

almost twice as much oil and gas and thus would generate higher
overpressures. Figure 9 compares generation mass for the a type
I kerogen with a HI of 200 mg HC/g TOC with a type II kero-
gen with a HI of 500 mg HC/g TOC. Type II kerogen generates
more than twice as much hydrocarbon and most of it is oil. Thus,
type II generates additional pore pressure. If TOC is increased to
10% and permeability is decreased by an order of magnitude,
then predicted pressure generation is 300450 psi (2-3 MPa).
Oil and gas generation for type II kerogen also occurs earlier
which means that pressure generation occurs primarily in the
Early Cretaceous and the pore pressure generation in the Tertiary
is smaller because of less gas generation late in the basin history.
The low pressure generation in the Haynesville Shale associ-
ated with hydrocarbon maturation was surprising. While it was
expected that this effect would be smaller than disequilibrium
compaction it was anticipated to be smaller by a factor of 2-3
(Hanson and Lee, 2005) rather than one or more orders of magni-
tude. There are several reasons why hydrocarbon generation is
small in our simulations. As previously noted, the Haynesville
Shale is a thin unit (~100 m), thus overpressure bleeds off to
adjacent units (Deming, 1994) especially the higher porosity and
permeability Smackover formation (Fig. 2). In the original simu-
lations, a type III (gas prone) kerogen is used. Methane is highly
compressible so that under in situ conditions the vapor density is
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between 300-500 Kg/m3 so the impact on pore pressure is lim-
ited. A TOC of 3% is assumed whereas porosity is approxi-
mately 10% due to undercompaction so volumetrically there is
little methane spread thorough a still substantial pore space. Nu-
merical simulations of pressure generation in Eugene Island,
offshore Louisiana using the Platte River Associates BasinMod
2-D also predict a small amount of overpressure (300450 psi
[2-3 MPa]) due to hydrocarbon generation (Ajit Joshi, 2011,
personal communication).

Recent studies (Mango and Jarvie, 2009) suggest that reac-
tion rates for gas generation at low temperatures may be faster in
marine shale than in other lithologies. This would likely de-
crease maximum overpressure predictions as hydrocarbon gen-

eration would occur at shallow burial depths before compaction
disequilibrium is fully developed.

Low predicted pressure generation by thermal maturation of
hydrocarbons also may be due to numerical limitation. In most
numerical schemes, changes propagate one numerical node each
time step. The node spacing of 10 m and time step of 1 million
years used in this study may be too coarse to adequately capture
pressure generation within the thin Haynesville Shale (~100 m).
This is the subject of an ongoing study.

Conservative erosion amounts of 330 ft (100 m) and 825 ft
(250 m) for the NLSB and SU wells, respectively, were used in
the model simulations. Erosion may have been greater (Halbouty
and Halbouty, 1982). Simulations for the SU well in which uplift
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and erosion was varied from 330 to 1325 ft (100 to 400 m)
showed little difference. Results for present-day temperature,
maturation and pore pressure are identical. In simulations with
more erosion, higher temperatures and pore pressures are pre-
dicted immediately prior to erosion because of more sedimenta-
tion. Subsequently, the model predicts a larger drop in tempera-
ture and pore pressure during erosion. Within a few million
years after the end of erosion all simulations have the same matu-
ration levels/pore pressures for the Haynesville Shale. Thus, the
primary effect of more uplift and erosion in simulations is to
have a pulse of additional maturation (up to 0.1 %Ro) and pore
pressure immediately prior to erosion. As the models predict that
the Haynesville Shale is near the gas window at this time a maxi-
mum erosion simulation case would have gas generation 10—15
m.y. earlier than a minimum erosion case.

In this study, the primary effect of uplift and erosion is to
dissipate overpressure (Fig. 8) which makes natural hydrofrac-
tures less likely. Material properties used in this study are default
parameters for specified lithologies in PetroMod”. Different
choices for permeability and compressibility of sediments could

result in retention of overpressures during uplift and erosion
which could potentially exceed the fracture pressure as lithostatic
pressure was reduced. This is the subject of ongoing work.

Finally, the present models are one-dimensional and assume
that vertical processes (sedimentation, erosion, and fluid expul-
sion) dominate pore pressure generation. For a permeable reser-
voir (~100 md or higher), it is often necessary to do a 3D simula-
tion of pore pressure generation in order to accurately reproduced
observed pore pressures. This is because lateral transport of fluid
driven by spatial variations in pore pressure is significant. Suffi-
cient information to construct a 3D model (e.g., 2D or 3D seismic
data or information from scores of wells) was not available to
this study. Moreover, the initial presumption was that the
Haynesville Shale has very low permeability (~ nd) and thus
lateral transport of fluid is limited even if large spatial variations
in pore pressure exist. As a preliminary study, it was of interest
to test the hypothesis that pore pressure generation due solely to
vertical disequilibrium compaction and/or hydrocarbon genera-
tion could reach fracture pressures and reproduce observed pre-
sent day formation pressures.
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Lateral transfer of fluid pressure has been documented in the
modern day Gulf of Mexico and elsewhere (Gordon and Flem-
ings, 1998; Dugan and Flemings, 2000). In addition, other work-
ers have proposed that gas found in reservoirs in the Monroe
Uplift have migrated laterally from deeply buried Smackover
source rocks in the center of the North Louisiana Salt Basin
(Zimmerman and Sassen, 1993; Mancini et al., 2008). Lateral
pressure transfer within the North Louisiana Salt Basin could
potentially explain why the 1D models described here over pre-
dict fluid pressure in the deep part of the basin and under predict
fluid pressure on the Sabine Uplift. Lateral pressure transfer
would also facilitate natural hydrofracture as high fluid pressures
in the interior are transmitted updip to shallower regions where
lithostatic pressure is lower. This would be especially true dur-
ing times of uplift and erosion. Pore pressure simulations of the
Haynesville Shale in multiple dimensions including the effects of
lateral pressure transfer are part of an ongoing study.

SUMMARY AND CONCLUSIONS

Rapid sedimentation in the Early Cretaceous strongly con-
tributed to generation of overpressure by compaction disequilib-
rium in the Haynesville Shale and other deeply buried units.
Predicted overpressures of 10,750—-11,500 psi (75-80 MPa) for
the Haynesville Shale in the NLSB well are roughly consistent
with observed overpressures of greater than 10,000 psi (70 MPa)
in shallower sediments to the west. In the SU well predicted
overpressure of 5750 psi (40 MPa) in the Haynesville Shale is
substantially below observed overpressures of greater than 8000
psi (55 MPa). In both wells, predicted overpressures never ex-
ceed the fracture gradient solely due to 1D compaction disequi-
librium.

High heat flow in the Early Cretaceous associated with rift-
ing of the lithosphere during the Jurassic contributed to high tem-
perature gradients and early maturation of deep units such as the
Smackover Formation and Haynesville Shale. Thus, peak hydro-
carbon generation was roughly synchronous with maximum sedi-
mentation rates in the Early Cretaceous. Hydrocarbon generation
produced additional overpressure in the Late to mid-Cretaceous
and the Late Paleogene. However, additional overpressure gen-
eration is small (< 300 psi [2 MPa]) and thus predicted overpres-
sure does not exceed the fracture pressure.

Using default parameters for organic rich shale in Petro-
Mod"® software, uplift and erosion and/or non-depositional events
tend to dissipate overpressure. Thus, they do not appear to con-
tribute to natural hydrofracture. However, model results are
highly sensitive to permeability and compressibility of sediments
which can vary by orders of magnitude.

For ultralow permeability (nanodarcy) units such as the
Haynesville, other pore pressure generating processes such as
aquathermal pressuring and clay diagenesis may be important.

Lateral pressure transfer, which could explain under predic-
tion of overpressure in the Sabine Uplift well and over prediction
of overpressure in the North Louisiana Salt Basin well, should be
considered in future modeling efforts.
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