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ABSTRACT 
The Upper Jurassic (Kimmeridgian) mudstones of the Haynesville Formation in the Sabine Uplift, Louisiana and Texas, 

are widely considered to be a self-sourced natural gas reservoir; however, additional sources of gas may have charged the mud-
stones in the Louisiana portion of the uplift.  Secondary migration of hydrocarbons into the Sabine Uplift from downdip, gas-
generating Jurassic source rocks in the North Louisiana Salt Basin was quantitively modeled in this study.  Jurassic source 
rocks include the Smackover, Haynesville, and Bossier Formations. 

Thermodynamic equations of state were used to determine thermophysical properties of supercritical methane and water 
under reservoir conditions.  A time-dependent derivation of Darcy’s Law for pressure-driven laminar fluid flow through po-
rous media was used to model secondary migration at reservoir conditions.  This study indicates secondary migration requires 
approximately 100,000 yr for pore fluids to migrate through 1.0 km of carrier beds having representative petrophysical, fluid, 
and reservoir properties of the Haynesville Formation.  As an example migration pathway, the distance from the middle of the 
North Louisiana Salt Basin to the center of the Sabine Uplift is approximately 96 mi (155 km).  Given migration velocities over 
this distance, 15.5 m.y. is required for hydrocarbons to migrate from the North Louisiana Salt Basin and charge the Haynesville 
Formation in the Sabine Uplift.  This study also indicates supercritical water is 6 times more thermally conductive than me-
thane under reservoir conditions; however, the relatively small volumes of migrated water likely did not transfer sufficient heat 
for the metagenesis of methane.  Based on this study, a component of natural gas charging the Haynesville Formation of the 
Sabine Uplift area can reasonably be explained by lateral migration and hydrodynamic flow from thermally mature Jurassic 
source rocks located in adjacent basins. 
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INTRODUCTION 
Hydrocarbon migration is one of the least understood pro-

cesses of petroleum system science (Hantschel and Kauerauf, 
2009; Hac, 2021), as these processes are difficult to prove either 
experimentally or theoretically.  Primary migration or expulsion 
out of thermally mature, organic-rich, low-permeability source 
rocks may occur due to several proposed mechanisms, described 
here, which are related to hydrodynamic flow driven by pressure 
differentials.  Differential pressure gradients between the source 
rocks and surrounding strata may cause hydrodynamic flow to-
ward lower pressured regions.  These pressure differentials may 
arise from various mechanisms.  Source rock compaction during 

burial may cause interstitial pore fluids to become overpressured 
with respect to surrounding rocks.  Alternatively, kerogen matu-
ration into hydrocarbons and thermal conversion of oil to thermo-
genic gas may cause overpressuring within the source rock.  Ad-
ditionally, microfractures may develop within the compacted, 
overpressured source rock which act as higher permeability con-
duits for primary hydrocarbon migration. 

Secondary migration is the process in which hydrocarbons 
move through permeable carrier beds, fault zones, and fracture 
networks to form an accumulation and is less controversial than 
primary expulsion mechanisms (Schowalter, 1979; Hac, 2021).  
Fluid transport processes in petrophysics and petroleum engi-
neering at wellbore scales and production timeframes are ap-
proached differently than secondary migration modeling for ba-
sin analysis and total petroleum systems that occur at basin scales 
over geologic timeframes (Fig. 1).  Shale gas transport can be 
described by governing equations acting at molecular to wellbore 
magnitudes for fluid dynamics within the kerogen, low-
permeability matrix, microfracture network, and formation 
(Javadpour et al., 2007; Wang and Reed, 2009; Ozkan et al., 
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2010; Wei et al., 2018).  However, several input variables are 
required for fluid transport modeling at reservoir scales and pro-
duction time horizons are irrelevant for flow modeling of second-
ary migration (Carruthers, 2003).  The appropriate input variables 
for secondary migration include buoyancy, capillary pressure, 
Darcy flow, and percolation theory (Hunt, 1996; Hantschel and 
Kauerauf, 2009).  

For this study of migration occurring within low-perme-
ability carrier beds, Darcy flow is assumed to be an appropriate 
model for velocity calculations.  For secondary migration occur-
ring vertically across stratigraphic layers, a harmonic average of 
buoyancy and capillary forces would be appropriate to consider; 
however, velocities are assumed to be instantaneous.  The objec-
tives of this study were to quantify secondary migration veloci-
ties of dry gas, first with development of a general model encom-
passing substantial pressure and temperature ranges likely en-
countered in the sedimentary sequence, and secondly with a spe-
cific fluid flow model customized for reservoir properties of in-
terest. 

 
GEOLOGIC SETTING AND STRATIGRAPHY 

Intervals within the Upper Jurassic (Kimmeridgian) Haynes-
ville Formation are organic-rich carbonate mudstones deposited 
in a restricted basin setting during a global second-order sea level 
transgression (Wang and Hammes, 2010; Hammes et al., 2011) 
in which anoxic bottom water conditions were favorable for the 
preservation of fine-grained organic matter necessary for world-
class source rocks.  The productive trend of the Haynesville For-
mation shale gas reservoirs is delineated by the red shaded region 
along the Louisiana-Texas border in Figure 2 and includes the 
majority of the Sabine Uplift.  Haynesville reservoirs range from 
10,000–18,000 ft (3048–5486 m) in depth, exhibit high tempera-
tures up to 430ºF (221ºC), and overpressure gradients from 0.70–
0.95 psi/ft (15.8–21.5 kPa/m) (Wang et al., 2013) (Table 1).  

According to recent assessments by the U.S. Geological Survey 
(USGS), the Haynesville Formation (Fig. 3) is estimated to con-
tain undiscovered, technically recoverable resources of a mean of 
1.1 billion barrels of oil, a mean of 195.8 trillion cubic feet of 
natural gas, and a mean of 0.9 billion barrels of natural gas liq-
uids (Paxton et al., 2018), making this an important domestic 
resource. 

Although the Haynesville Formation is widely considered to 
be a self-sourced natural gas reservoir (Hammes et al., 2011), 
there is potential for exogenous, overpressured hydrocarbons 
originating from thermally mature Jurassic source rocks, for ex-
ample, in the adjacent North Louisiana Salt Basin, to provide an 
additional source of thermogenic gas to the Haynesville in the 
Sabine Uplift. 

 
METHODOLOGY 

Modern derivation for Darcy’s Law (Whitaker, 1985) for 
laminar flow of a viscous, Newtonian fluid through porous media 
is a proportional relation between the pressure gradient over a 
distance, ΔP/L; fluid viscosity, η; matrix permeability, κ; and 
pore throat cross sectional area, A, through which fluid passes. 
The Darcy flow rate, Q, is defined as: 

 
                                (1) 
 
When this expression is solved in terms of velocity, Darcy 

flux is obtained.  Darcy flux divided by porosity, ϕ, yields the 
interstitial pore velocity: 

 
 (2) 

 
as a function of rock and fluid properties as well as the pressure 
gradient within the carrier bed (see Table 2). 

Figure 1.  Novel Venn diagram of 
mathematical models describing 
fluid transport in petroleum en-
gineering and petrophysics oc-
curing at wellbore and reservoir 
scales over production 
timeframes (green circle) and 
models appropriate for second-
ary migration of hydrocarbons at 
basin scale over geologic 
timeframes (blue circle).  This 
study of the Haynesville For-
mation quantifies secondary 
migration velocities within low-
permeability source rock carrier 
beds using Darcy’s Law of lami-
nar flow through porous media. 
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Figure 2.  Index map of the northern Gulf of Mexico Basin showing major structural elements (modified after Ewing, 1991; Ewing 
and Lopez, 1991; Salvador et al., 1991) including basins, uplifts, anticlines, orogenic belts, and the Cretaceous shelf edge 
(Galloway, 2008).  Productive trend of the Haynesville Formation is approximated by the red shaded area (after Hammes et al., 
2011). 

Property 
Range Average  Range Average  

(English) (English) (metric) (metric) 

Depth 10,000–18,000 ft 14,000 ft 3048–5486 m 4267 m 

Reservoir pressure 8000–17,000 psi 12,500 psi 55.2–117.2 MPa 86.2 MPa 

Pressure gradient 0.70–0.95 psi/ft 0.83 psi/ft 15.8–21.5 kPa/m 18.8 kPa/m 

Temperature 260–430ºF 345ºF 127–221ºC 174ºC 

Thermal maturity 1.25–2.3 Ro 1.8 Ro 1.25–2.3 Ro 1.8 Ro 

Total organic carbon 0.5–7.0% 3.80% 0.5–7.0% 3.80% 

Porosity 3–14% 9% 3–14% 9% 

Permeability 400 nD 400 nD 3.948×10-19 m2  3.948×10-19 m2  

Table 1.  Summary of representative reservoir conditions and formation properties for the Haynesville Formation (after Wang et 
al., 2013). 
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Solving in terms of timeframe, τD, the Darcy flux of a vis-
cous fluid through a porous media across a lateral distance, L, is 
expressed as: 

 
 (3) 

 
Calculations of migration velocities and timescales rely up-

on several physical models which include conservation of energy 
(i.e. constitutive equations from thermodynamics), conservation 
of momentum (i.e. Navier-Stokes general solutions for Darcy’s 
Law), and conservation of mass (i.e., fluid transport in porous 
media).  Modeling begins with calculating thermophysical prop-
erties of supercritical pore fluids (described in the next section) 
for reservoir and temperature conditions representative of the 
Haynesville Formation.  These thermophysical fluid properties 
are then input into the time-depended form of Darcy’s Law.  Fi-
nally, rock properties of the formation are used to constrain the 
velocity and timescales of fluid migration. 

 
THERMOPHYSICAL PROPERTIES AND    

THERMAL CONDUCTIVITY 
Thermophysical properties of pore fluids under a wide range 

of reservoir conditions likely encountered in the sedimentary 
sequence were used for modeling secondary migration.  Density 
and viscosity of supercritical methane (Figs. 4A and 4B) for pres-
sures from 0 to 29,000 psi (0 to 200 MPa) at isothermal condi-
tions of 350ºF (177ºC) were calculated from the Reference Fluid 
Thermodynamic and Transport Properties Database (NIST, 
2019), based on equations of state from Setzmann and Wagner 
(1991) and thermophysical fluid properties (Younglove and Ely, 
1987; Richter and McLinden, 2014).  Density increases logarith-
mically as a function of pressure, while viscosity increases al-
most linearly as a function of pressure.  Compressional-wave 
velocity of supercritical methane linearly increases as a function 
of pressure (Fig. 4C).  Fluid compressibility (Fig. 4D) as a func-
tion of pressure was calculated from the inverse of fluid bulk 
modulus based on the methodology from Burke (2011).  

Thermal conductivities of methane and water (Figs. 4E and 
4F) over the temperature range of 0–450ºF (-10–232ºC) at reser-
voir pressure of 12,500 psi (86.2 MPa) were obtained from NIST 
(2019) to investigate if migrated water could have introduced 
sufficient heat for the metagenesis of dry gas observed in 
Haynesville accumulations.  Water increases in thermal conduc-
tivity as a function of temperature, attains a maximum at 325ºF 
(163ºC), then decreases in thermal conductivity as temperature 
continues to rise.  Methane, however, decreases in thermal con-
ductivity as temperature increases.  Observations indicate that 
supercritical water is 6 times more thermally conductive than 
methane at these reservoir conditions. 

 
MODELING RESULTS AND INTERPRETATION 

Modeling results for pressure-driven fluid transport (Fig. 4) 
were calculated for a general case that covered a substantial 
range of rock and fluid properties likely encountered in sedimen-
tary basins.  For the general case, pressure differentials ranged 
from 0 to 29,000 psi (0 to 200 MPa).  Fluid transport was calcu-
lated through homogeneous isotropic porous media exhibiting 
porosities ranging from 0 to 99 percent.  Migration velocities for 
permeabilities ranging over 12 orders of magnitude from 1 Darcy 
(D) down to 1 pD (1×10-12 D) were calculated.  The general case 
provides timescales for pore fluid migration through 1.0 km of 
strata.  Given the  broad range of pressures and rock properties 
that are represented by this model, results are applicable for an 
array of reservoirs exhibiting 350 ± 50ºF reservoir temperature.  
Deviation from this temperature range would alter the fluid prop-
erties and resultant velocities. 

Figure 3.  Generalized stratigraphic column of onshore Gulf 
Coast strata showing Upper Jurassic Smackover Haynesville, 
and Bossier Formations (from Dubiel et al., 2011, courtesy of 
the U.S. Geological Survey). 

A Cross sectional area 

κ Matrix permeability 

L Lateral distance 

P Pressure 

ν Interstitial pore velocity ϕ Fractional porosity 

η Fluid viscosity 

τ Timeframe 

Q Darcy fluid flow rate 

Δ Gradient differential 

Table 2.  Symbols used in equations. 
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For this specific modeling case, representative subsurface 
properties for the Haynesville Formation were compiled and 
summarized in Table 1 (after Wang et al., 2013).  Representative 
Haynesville Formation properties, which exhibit an average of 
9% porosity and 400 nD (1×10-9 D) permeability, are interpreted 
on the migration model (Fig. 5, blue polygon).  These findings 
indicate, for this specific case, secondary migration requires ap-
proximately 1×105 yr (100,000 yr) for natural gas to migrate lat-

erally through 1.0 km of carrier beds exhibiting representative 
petrophysical, fluid, and reservoir properties of the Haynesville 
Formation.  

As an example migration pathway, the distance from the 
middle of the North Louisiana Salt Basin to the center of the Sab-
ine Uplift is approximately 96 mi (155 km).  Given these parame-
ters, 15.5 m.y. is required for dry gas migration from the thermal-
ly mature Haynesville Formation in North Louisiana Salt Basin 

Figure 4.  (A–D) Thermophysical properties of supercritical methane over a wide range of reservoir pressures likely encountered 
in the sedimentary sequence.  Thermal conductivities (cond.) of supercritical methane (E) and water (F) over a wide range of 
temperature conditions likely encountered in sedimentary basins.  Fluid compressibility (compress.) was calculated based on 
the methodology by Burke (2011); other parameters were obtained from NIST (2019). 
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(Torsch, 2012) to charge the Haynesville in the Sabine Uplift.  
Although 15.5 m.y. is beyond the production timeframe of mov-
ing hydrocarbons from the reservoir into the wellbore, it is well 
within the geologic timeframe to charge a reservoir.  

Sensitivity analysis revealed porosity and permeability are 
the primary factors influencing migration velocities.  The pres-
ence of higher permeability conduits, such as fracture and fault 
zones, can be incorporated into the model by adjusting porosity 
and permeability values.  Open fractures or matrix with higher 
porosity and permeability enable pore fluids to migrate at faster 
velocities.  Sensitivity analysis revealed various methane-water 
saturations impact fluid compressibility in a negligible way rela-
tive to million-year timescales.  Saturation impacts fluid viscosity 
linearly and is also below the order-of-magnitude resolution of 
this technique.  Results of this study indicate that supercritical 
water is 6 times more thermally conductive than methane under 
these reservoir conditions; however, the relatively small volumes 
of migrated water during primary generation and expulsion 
(Wang et al., 2013) likely did not transfer sufficient heat for the 
metagenesis of dry gas.  Based on these results, a component of 
natural gas that charges the Haynesville Formation in the Sabine 
Uplift area can be reasonably explained by lateral migration and 
hydodynamic flow from mature Jurassic source rock, for exam-
ple, from the adjacent North Louisiana Salt Basin. 

 
CONCLUSIONS  

Quantitative migration velocities were modeled using a          
time-dependent form of Darcy’s Law for laminar fluid flow 
through porous media over a substantial range of pressure condi-
tions and rock properties likely encountered in the sedimentary 
sequence.  This model to quantify secondary migration is appli-
cable for a wide array of reservoirs.  Modeling results indicate 
15.5 m.y. are required for secondary migration of hydrocarbons 
through carrier beds having representative petrophysical, fluid, 
and reservoir properties of the Haynesville Formation.  This time 
horizon is appropriate for secondary migration of hydrocarbons 
at basin scales over geologic timeframes.  Accordingly, reservoir 
charge of the Haynesville Formation may be reasonably ex-
plained, in part, by secondary migration of hydrocarbons origi-
nating from thermally mature Jurassic source rock within an ad-
jacent basin, for example, the North Louisiana Salt Basin. 
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