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ABSTRACT
In the Texas continental shelf off Mustang Island, geothermal gradients in the
vicinity of the Corsair growth fault zone are elevated (0.05 - 0.06 K/m) relative to those
off the fault zone (0.02 – 0.03 K/m). It has been previously suggested that the Corsair
faults might serve as conduits for hot fluids recently expelled from overpressured
Mesozoic sediments. The present study examines potential mechanisms that cause the
high geothermal gradients in the vicinity of the Corsair growth fault.
To achieve this objective, I generate one- and two-dimensional basin models of
heat and fluid transport through the sediments. A basin model is a computational model
which reconstructs the geologic history of a sedimentary basin and simulates the physical
processes such as sediment compaction, heat and fluid transport. Such modeling has been
performed along a 55 km profile line crossing the area of high geothermal gradients.
The models confirm that 8 mW/m2 of additional heat is required to explain the
high thermal gradients, if fluid flow along the faults is disregarded. Pore pressure
gradients within the fault zone, and the Corsair faults geometry are favorable for
occurrence of fluid flow. With high Darcy’s velocities (> 6 m/year), temperatures within
the fault zone can be significantly elevated, though it depends on duration of flow, fluid
budget and fault thickness. However, the models also raise another possibility, because
the deep sedimentary and crustal structure of the study area has been poorly constrained
by previously conducted seismic studies. It is also possible that the 8 mW/m2 of
additional heat may be derived from the heat released from the basement. For example,
some researchers have speculated that there was failed rifting along the Corsair fault zone
v
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in the early Cenozoic. Variation in basal heat and episodic fluid flow along faults are both
viable mechanisms for explaining the observed high geothermal gradients, with
additional basal heat suggested as the primary mechanism and fluid flow the secondary
mechanism.
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CHAPTER I
INTRODUCTION
Heat and fluid transport through rock formations affect petroleum generation and
migration, sedimentary diagenesis, and the hydrogeology of sedimentary basins. In the
Texas continental shelf of the Gulf of Mexico (Figure 1.1), the mechanisms that affect
heat and fluid transport through sedimentary rocks have not yet been well understood.
Recent studies (Nagihara & Smith, 2008; Nagihara, 2010; Nagihara et al., 2012)
have revealed higher thermal gradient values (0.05 - 0.06 K/m) along the Corsair growth
fault system, which runs parallel to the shoreline in the Texas continental shelf, than
those (0.02 - 0.03 K/m) off the fault (Figure 1.2). The higher values are observed within
the depth range of 3 to 5 km.
The primary objective of this research is to investigate the heat transport
mechanisms that are responsible for the high geothermal gradients observed along the
Corsair fault zone. Because a number of oil and gas reservoirs have been found along
this fault zone, further understanding the geothermal setting of the zone would be
beneficial for hydrocarbon exploration and production activities.

1

2
Map of the Texas coastal plain and continental shelf outlying the general vicinity of the

(faults from AAPG: Reservoirs and Petroleum Systems of the Gulf coast).

geopressured zone and salt masses. The general position of Cenozoic growth fault zones is also shown

Figure 1.1
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Figure 1.2

Map of the Texas Gulf Coast and Texas Continental shelf showing the

geothermal gradients for deep sediment below 2.6 km of sediments. Dashed lines show
the general trend of the main growth fault zone (modified from Nagihara et al., 2012 and
Blackwell & Richards, 2004).
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CHAPTER II
BACKGROUND
2.1

The Geologic Setting of the Texas Continental Shelf, Gulf of Mexico
The Gulf of Mexico basin formed during the breakup of the supercontinent

Pangea (Buffler, 1991). Rifting of the super continent occurred in the Late Triassic-Early
Jurassic (Figure 2.1a). It continued through the middle Jurassic causing the continental
crust to stretch. This created the “transitional” continental crust and associated basement
highs and lows. Thick salt deposits were precipitated throughout the broad central area of
transitional continental crust as well as in many of the basement lows, as marine waters
periodically spilled into them across sills (Figure 2.1b). Then, in the Late Jurassic,
oceanic crust formed in the deep central gulf due to mantle upwelling that centralized on
thinned continental crust (Figure 2.1c).
As the lithosphere of the Gulf of Mexico basin began to cool and subside, relative
sea level rose and marine sediments deposited over the newly formed oceanic crust.
Extensive carbonate platforms with prominent rimmed margin built up in early
Cretaceous along the margin of the Gulf (Figure 2.1d) (Buffler, 1991). Deposition shifted
from carbonate to siliciclastics rocks during the late Cretaceous, as sea level fell and mass
wasting associated with the Laramide orogeny began, episodes of non-marine, marine,
fluvial and deltaic coarse terrigenous clastics were deposited (Buffler, 1991).
During the Cenozoic, the northern half of the Gulf of Mexico experienced an
immense influx of terrigenous clastic sediments from the North American continent

4
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Figure 2.1

Early evolution of the Gulf of Mexico from Late Triassic to Early

Cretaceous (Buffler, 1991).
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(Galloway et al., 1991). This caused rapid basinward migration of the shoreline,
ultimately to positions considerably beyond the trend of the Cretaceous shelf margins
(Galloway et al., 1991). Sediments deposition on the continental shelf edge occurred
during periods of high sediment supply, where large quantities of sediments were
deposited onto the slope and basin floor, with landward shifts in depocenter occurring
during periods of maximum shelf flooding and reduced sediment supply (Galloway et al.,
1991). A maximum sediment thickness of approximately 12 km is observed in some
Miocene sections within offshore Texas and Louisiana (Galloway et al., 1991). This
influx of sediments caused deformation and movement of significant volumes of the
underlying salt and shale masses throughout the basin.
Winker (1981) related tectonic episodes with periods of sediments influx, and
rapid progradation of the northwestern shelf in the Gulf of Mexico (Galloway et al.,
1991). These occurred at three distinct periods in the Cenozoic (Figure 2.2) and are
observable throughout the entire Cenozoic sections (Galloway et al., 1991). In the late
Paleocene to early Eocene, the lower Wilcox correlates to early orogeny activities in the
southern Rocky Mountains (Galloway et al., 1991). The Oligocene Vicksburg-Frio
formation correlates with the calc-alkalic volcanism in the Sierra Madre Occidental,
while the Miocene to Quaternary of coastal and offshore Louisiana related to reactivation
of the southern Rocky Mountains, uplift of the Colorado Plateau, eastward tilting of the
Great Plains, and renewed uplift of the southern Appalachians (Galloway et al., 1991).
The rapid sedimentation history in the Cenozoic created overpressuring in Miocene and
older sediments making the Texas continental shelf into a geopressured zone (Figure 1.1).
6
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In addition, four major growth fault systems had formed in the Texas gulf coast; the
Wilcox, Yegua, Vicksburg and Frio fault systems (Figure 1.1), while four younger
growth fault formed in the Texas-Louisiana shelf; the Lunker, Clemente-Tomas, Corsair
and Wanda (Figure 1.1) formed in northwestern portion of the Gulf of Mexico.
2.1.1

Sediment Overpressuring in the Texas Continental Shelf
Overpressuring refers to a pore-fluid pressure that significantly exceeds the

hydrostatic pressure at that depth within buried sediments. Pressure gradients in such
sedimentary formations typically exceed 10.5 kPa/m (0.465 psi/ft) (Figure 2.3). Deep (>
3 km) sediments in the Texas-Louisiana continental shelf are greatly overpressured and is
thus referred to as the ‘geopressured zone’ (Figure 1.1). In order for a geopressured zone
to occur and be maintained, two main conditions have to be met. The first condition is
fluid pressure must be raised above hydrostatic pressure, and the second is a seal or
barrier must be available to maintain the increased pressure. In the Texas continental
shelf, overpressured zones occur at depths as shallow as 2.1-km depth, and they are
within interbedded sandstones and shale in the transition zone from deltaic to marine
sediments (Galloway et al., 1991).
The geopressured zone normally extends deep into deep Mesozoic sediments.
Different mechanisms are considered to be responsible for the observed overpressuring
within it. Overpressuring caused by rapid deposition and burial of fine-grained sediments
that leads to incomplete dewatering of the sediments is observed in the Louisiana coast
where rapid sedimentation occurred in the Plio-Pleistocene. However, factors such as gas
generation and sediment digenesis might also influence overpressuring (Lynch, 1997).
7
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Figure 2.2

Map showing drainage basins and source areas for the major shelf-margin

depocenters (Adapted from Winker, 1981 in Galloway et al., 1991.).
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Figure 2.3

This shows hydrostatic pressure, pore pressure and lithostatic pressure of a

well in the northwest Gulf of Mexico basin (after Galloway et al., 1991.).
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2.1.2

Sedimentary Structural Framework of the Texas-Louisiana Continental

Shelf
The major geological features in the Texas-Louisiana shelf are growth faults, salt
and shale diapirs. Growth faults are a type of listric normal faults that form during
sedimentation with thicker strata observed on the downthrown-hanging wall than the
footwall. Growth faults normally forms in the basinward direction in response to gravityinduced extensional stresses, which cause a relative slip or displacement of overlaying
sediments along a slip-plane (Morton et al., 1985). Evidences have shown growth faults
to be barrier or migration path for fluid migration at different points in time (Hopper,
1991). In the Texas-Louisiana shelf, initiation of growth faults are closely associated with
salt and shale diapirisms.
Salt under geological condition have the ability to flow and form structures. The
movement of salt rock is a result of pressure and density differences between it and the
surrounding and overlying rocks. As differential loading occurs, buoyancy and pressure
difference are created laterally within the salt layer making it unstable. The salt then
tends to move away from areas of high pressure toward areas of lower pressure (Nelson,
1991) and in the process form salt structures. The movement of the salt body acts as a
glide zone that cause extension and deformation in the overlying and surrounding
sediments, thereby initiating the formation of the growth fault. In the Louisiana
continental shelf, salt diapirs are more common than in the Texas continental shelf.
In the absence of salt, overpressured shale can initiate growth faulting. During
rapid sedimentation, sands dewater and compact faster than shale. The undercompacted
10
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shale traps excess pore water that keeps the rock in a ductile state making it susceptible to
flow. Depositional loading of this geopressured mobile shale results in the upward
movement of the shale body. As displacement of the mobile shale occurs, growth faulting
is initiated with accommodation space created on the downthrown side of the fault. As
more sediment continues to be deposited, the mobile shale is further displaced, which
accumulates and forms a shale ridge downdip of the growth fault. This new shale ridge
then acts as a focus for the next growth fault.
2.2

The Mechanism of Heat Transport through Rock Formations
Heat is an amount of energy produced or transferred from one body to another,

while temperature is a physical property of matter that provides an indication of the
amount of free energy available at a location (Beardsmore & Cull, 2001). The amount of
heat required to raise the temperature of one unit mass of a material by a given amount is
called relative heat capacity, or specific heat, C (J Kg-1K-1). Thermal conductivity in a
rock is defined as its ability to conduct heat while thermal diffusivity is a physical
property that controls the rate at which heat dissipates through a material. In terms of
sedimentary basin, heat is transferred from the earth’s interiors as it cools and is released
at the surface. Thermal gradient is the temperature difference over a certain distance and
is defined by (δT/δz) = (T2-T1)/ (z2-z1) where T is temperature and z is distance. Heat flow
(q) is then defined as q= λ (δT/δz). This is referred to as Fourier’s law.
Heat transport occurs by three mechanisms namely conduction, convection and
radiation. Heat conduction is defined as the transfer of thermal energy by contact
according to thermal gradients. As a substance is heated, the particle gains energy, which
11
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causes the particle to vibrate. When these vibrating particles meet other nearby particles,
they transfer energy to them. This form of heat transport is the most dominant of all the
heat transport means in sedimentary basin and lithosphere. It is controlled by the thermal
conductivity of the rock (Beardsmore & Cull, 2001).
Heat convection is thermal energy transported with the movement of a fluid or
solid. In sedimentary basins the flow of pore water, liquid petroleum, and gas are
associated with convection. Convection can be more efficient than conduction in
sedimentary basins when flow rates are high, e.g. in permeable layers or in fractures
(Hantschel & Kauerauf, 2009). This process is dominant in the asthenosphere, the lower
mantle and the outer core. The combined process of heat transported by conduction and
convection is called advection.
Heat radiation is thermal transport via electromagnetic waves such as infrared
wave. Radioactive heat transport is a major factor controlling the heat exchange between
the solid earth and the surrounding atmosphere, but not for the transport in rocks. In
understanding how heat is transported in sedimentary basin, factors that influence heat
transport will be explained.
2.2.1

Lithospheric Heat
As the earth cools, heat transported from the earth’s core flows through the mantle

and crust, and is expelled at the earth surface. The amount of lithospheric heat is critical
in the development of a basin thermal history. The lithosphere comprises of the crust and
the upper portion of the mantle. There are two types of crusts, the oceanic crust and the

12
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continental crust. The study area is underlined by continental crust, so parameter that
influence heat transport through continental crust will be explained.
In general, there is more heat released from younger lithospheres than older ones
(Table 2.1). In a sedimentary basin, heat released from the lithosphere is largely
controlled by the amount of extension/stretching it experienced and the time since the
initial rifting. Previous researchers have proposed to explain the mathematical
relationship between these factors. For example, the model proposed by McKenzie
(1978) is relatively simple and has been widely used. The McKenzie’s model is
commonly used for passive rift margin such as the Gulf of Mexico; however,
modification to the McKenzie model or different model are applied other kind of tectonic
settings. This McKenzie model is based on lithosphere thinning and thickening that
occurs sequentially. An initial phase of stretching that deals with constant thinning of the
crust and upper mantle, and a later cooling phase with restoration of the original
lithosphere thickness (Figure 2.4) (Hantschel & Kauerauf, 2009). This process relies on
time-dependent stretching factor with assumptions that stretching and subsidence occurs
before thermal subsidence occurs and is depth-independent. The stretching factor β is
defined as the ratio of initial and final thickness of the crust (Hantschel & Kauerauf,
2009). The heat flow and tectonic subsidence for a 125 km lithosphere as a function of
stretching factors β is shown (Figure 2.5). Figure 2.5 shows a higher β experiences a
higher initial heat flow during the stretching process and deeper subsidence; however,
after about 50 Ma of cooling, the dependency of the heat flow on β is insignificant (Allen
& Allen, 2005). After stretching, the depth to the top asthenosphere temperature and the
13
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thermal conductivities of the lithospheric layers primarily control the upward heat
transported through it (Hantschel & Kauerauf, 2009). Aside from the amount of heat
transported through it from the core, as much as half of the heat transported through it is
generated from radiogenic materials within (Beardsmore & Cull, 2001).
2.2.2

Radiogenic Heat Production
This is heat generated through the radioactive decay of unstable isotopes. These

unstable isotopes are in motion and when brought to rest their kinetic energy is absorbed
by the rock and thus generates heat (Beardmore & Cull, 2001). As lithospheric heat is
transported through the sediments to the earth surface, it does not remain constants. There
is an increase in the transported heat that is accounted for by the amount of heat
generated within the sediments on account of the concentration of radiogenic material
they contain. The most important of heat generating elements are the uranium isotopes
235

U and 238U, the thorium isotope 232Th and the potassium isotope 40K. These account for

about 98% of the generated heat in rocks (Beardsmore & Cull, 2001). The concentrations
of these elements, rate of decay, and energy of the emitted particles determine how much
radiogenic heat is generated within it (Beardsmore & Cull, 2001).
The amount of heat generated in a rock can by calculated by using the equation
Qr = 0.01 ρr (9.52U + 2.56 Th + 3.48 K) where Qr is total heat generated, ρr is the rock
density, U and Th are the concentration of uranium and thorium in ppm, and K is the
concentration of potassium in % (Hantschel & Kauerauf, 2009). Crustal abundant and
heat generation per element is shown in Table 2.2. In sedimentary rocks, the amount of
heat generated is a function of lithology. Shale rich rocks contain a higher concentration
14
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Table 2.1

Global mean heat flow as a function of surface geology and age

(Beardsmore & Cull, 2001).
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of radiogenic elements than sandstone and carbonate rocks. The abundance of radiogenic
elements in a rock can be measured using a gamma-ray spectrometer. Table 2.3 shows
heat generation values for some sediment in Texas gulf coast.
Mineralogy composition of the crust determines the concentration of radiogenic
materials within it; granitic crust which is normally synonymous with continental crust
has a larger concentration of radiogenic elements compared to basaltic crust which is
synonymous with oceanic crust (Table 2.2) (Beardsmore & Cull, 2001). As continental
crust gets older, the radiogenic elements within are depleted due to natural decay and
therefore exhibit lower surface heat transport, however, the amount of radiogenic
elements is proportional to crustal thickness (Beardsmore & Cull, 2001).
Therefore, a thicker crust will contribute more heat than a thinner crust of the same age
(Beardsmore & Cull, 2001).
2.2.3

Measurement of Heat Flow in Sedimentary Basin
As mentioned above, two main parameters, thermal gradient and thermal

conductivity needs to be determine in order to calculate heat flow. To determine the
thermal gradient, two or more subsurface temperature readings at different location
within the zone of interest are needed. Subsurface temperature data in this study is
obtained by taking borehole temperature readings. After a borehole has been drilled and
drill fluid circulation has been shutoff, a temperature sensitive component such as a
thermistor or a platinum resistance sensor is lowered into the borehole. The lowered
device records the temperature and the measurement time at the depth of investigation.
This is used to calculate the thermal gradient. Due to the cooling effect of the drilling
16
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Graphic representation of the uniform stretching of McKenzie (1978). The crust and upper mantle stretch

(Hantschel & Kauerauf, 2009).

horizontally and thins uniformly with depth with the initial thickness of the lithosphere restored during cooling

Figure 2.4
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Heat flow and subsidence as a function of the stretch factor using McKenzie uniform stretching model. (a)

Tswi = 0oC, Tb = 1333oC,hc = 30km, hm = 95km and ts = 50Ma (Hantschel & Kauerauf, 2009).

Heat flow against time; (b) Subsidence against time. Modeling parameters are β = βc = βm with κ = 0.80410

Figure 2.5
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Table 2.2

Heat generation as a function of rock type. Heat generation and velocity is

denoted by A and Vp respectively (Beardsmore & Cull, 2001).
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fluid, the temperature recorded is not the true borehole temperature. The measured
temperature has to be corrected before it can be used.
There are different methods to correct the borehole temperature, but the Horner
plot method is used to generate the corrected borehole temperature in this study. This
method requires the least information, however, at least two temperatures and time
measurements has to be collected for an accurate temperature correction. This method
plots measured temperature at depth of investigation from each of several logging runs,
against log(T/(t+T)), where T is the time since drill fluid circulation was stopped, and t is
the amount of time drilling fluid was circulated. The longer the time between readings,
the better the measurement will be because the borehole and drill fluid need time to
equilibrate to the original temperature. An example of the Horner plot is shown in Figure
2.6, which shows some bottom-hole temperature (BHT) data from the Texas continental
shelf corrected using the Horner plot method to estimate the Corrected-BHT.
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Table 2.3
Beardsmore & Cull, 2001)

Heat generation in Texas Gulf Coast sedimentary units (McKenna & Sharp, 1998 in
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Figure 2.6

Example of a Horner plot used to correct bottom- hole temperature data

from wells in the Mustang Island Federal lease area, Texas Continental Shelf. Well
number and temperature depth are shown.
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2.3

Factors that Influence Geothermal Heat Transport

2.3.1

Thermal Conductivity
This is a measure of a material ability to transport heat via conduction. Since most

rocks are anisotropic, thermal conductivity alters the thermal conditions vertically and
underneath a layer depending on the direction of heat flow (Beardsmore & Cull, 2001).
Porosity, mineral make-up, and pore fluids affect the bulk thermal conductivity of a rock.
Table 2.4 shows the thermal conductivities values of some clastic rocks. Two
sedimentary rocks with the same mineralogy composition may have different thermal
conductivity if their porosities are different. The rock with less porosity typically has a
higher bulk thermal conductivity than the rock with higher porosity because pore fluid
that fills the void space is less thermally conductive than solid minerals. The bulk thermal
conductivity of a rock is the rock matrix and that of the pore fluid. This can be
approximated by using a geometric mean λ (φ ) = λφf λ(s1−φ ) where λf, λs are fluid and rock
conductivity and ø is rock porosity.
Thermal conductivity of a rock can be measure from determining the rate at
which temperature changes in response to the amount of heat introduce to a material. A
device with a heat source and a temperature sensor is required to measure the thermal
conductivity. As the heat sources releases a pulse of heat into the material, the
temperature sensor measures the rate at which the temperature increase from its initial
temperature to its current temperature.
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Heat conductivities for sedimentary rocks at 20oC (Blackwell & Steele, 1989 in

Wangen, 2010).

Table 2.4
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Heat conductivities for some minerals. The temperature range is 0oC to

400oC (Clauser & Huenges, 1995 in Wangen, 2010).

Table 2.5
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2.3.2

Rock Salt
Salt columns can account for non-vertical heat flow within the sedimentary

column. Salt thermal conductivity (Table 2.5) can be as much as six times higher than the
thermal conductivity of saturated clay and shale (Wangen, 2010). Temperature decreases
the thermal conductivity of salt from 6 W/mK at 5oC to 4.1 W/mK at 100oC, but this
value is still much higher than shaly sediments (Wangen, 2010). The thermal effect of a
simple salt diapir that has its root in a sheet like structure is shown in Figure 2.7a. The
thermal conditions above and beneath the salt diapir is affected by its high thermal
conductivity that funnels heats away from the surrounding rocks. The sediments above
the diapir become hotter while the sediments below become cooler than sediments at
similar depth away from the diapir.
The thermal environment affected by a salt diapir is a distance that is roughly the
same as it height (Wangen, 2010). The effect of the salt diapir may lead to an increase in
the surface heat flow if it is close to the surface. A surface heat flow increases from 42
mW/m2 away from the diapir to a maximum 63 mW/m2 above it, is observed in Figure
2.7b.
2.3.3

Sedimentation Rate
Heat is carried with sediment grains as they move downwards, and if this

downward advection is significant, it reduces the amount of heat transported to the
surface (Beardsmore & Cull, 2001). This is often called the blanketing effect. This effect
is enhanced by the low conductivity of uncompacted sediments at the surface (Wangen,
2010). Most of the heat transported is used to heat the cold sediments as the system will
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try to get back to thermal equilibrium. Sedimentation is a gradual process that occurs
over time, so the magnitude of the depression depends on the rate, duration, and thermal
conductivity of the sediments deposited (Beardsmore & Cull, 2001). Heat flow is
significantly depressed by high sedimentation rates > 100 m/Ma, however, once
sedimentation ceases, it may take tens of millions of years or more for the thermal
equilibrium to return to the basin (Deming, 1994). In instances of constant or slow
sedimentation rate, the heat transported is still reduced compared to the initial states of no
sedimentation, but the magnitude of the depression is smaller than with high
sedimentation rates (Deming, 1994). Figure 2.8 shows how geothermal gradient and
surface heat flow is affected by sedimentation.
2.3.4

Erosion
Erosion results in an upward movement of the rocks in relation to a reference

point on the surface (Beardsmore & Cull, 2001). The effect of erosion on heat flow is
opposite to that of sedimentation; there is an increase in sediment temperature and
surface heat flow before the system returns to thermal equilibrium. This increase is
dependent upon the elapsed time after erosion occurred and rate of erosion (Beardsmore
& Cull, 2001). Figure 2.9 shows how thermal gradient is affected by sedimentation rate
and erosion.
2.3.5

Vertical Flow of Hot Fluids
Episodic flow of hot fluids within sedimentary layer might have a significant

effect on the thermal history of the formation immediately above the flow path
(Beardmore & Cull, 2001). Temperature might be elevated if hot fluids expelled from
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Figure 2.7

(A) This shows how salt diapir distorts the temperature field, (b) Surface

heat flow from the salt diapir in Figure (a) (Wangen, 2010).
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Graph predicting how geothermal gradient (a) and surface heat flow (b) is affected by various

sedimentation rates (Wangen, 2010).

Figure 2.8
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Figure 2.9

Effects of erosion and sedimentation on geothermal gradients. A concave

downward gradient associated with erosion reflect a high geothermal gradient while an
upward concave gradient associated with sedimentation reflect low geothermal gradient
(Bjørlykke, 2010).
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deep sedimentary formations are maintained within a thin aquifer for a thousand years or
more (Beardsmore &Cull, 2001), however, numerical modeling of compaction driven
flow in sedimentary basins shows that it is insignificant in terms of advection transport of
heat (Bjørlykke, 2010). The flow of fluids through sedimentary rocks may take place
through inter-connected pore spaces or along fractures in the rock.
In sedimentary basins, the overall direction of fluid transport is mainly vertical
due to fluid density and pressure difference (Hantschel & Kauerauf, 2009). Fluid
properties taken into account when considering fluid transport are, pressure potential
difference (high to low), distance of potential difference, and mobility of the fluid.
Pressure potential differences are the driving force for fluid transport (Hantschel &
Kauerauf, 2009). The fluid potential up for any phase p is thus defined as up = p − ρpgz
with ρp the density of fluid phase p, g the gravitational acceleration, and z the depth
(Hantschel & Kauerauf, 2009). Fluid transport can be described by Darcy’s equation
(Table 2.6)
Table 2.6

Darcy’s law formula

Q=−

kA dP
µ dl

Darcy’s Law
Q: volumetric flow rate (m3/s)
K: (Intrinsic/specific) permeability (m2)
A: cross-sectional area of the flow path(m2)
μ : dynamic viscosity (Pa.S)
P: pore pressure
l: flow path length (m)

This describes the flow of fluid through a porous medium in response to a
pressure difference. It shows that volumetric flow rate is a function of fluid pressure
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difference, elevation, flow area, permeability and fluid viscosity. Permeability is the
ability of a porous medium to transmit fluid, while fluid viscosity is a fluid resistance to
flow. The pressure potential difference gradient points in the direction of the steepest
decrease of the potential field.
The Darcy’s velocities associated with flow in a sedimentary basin (Figure 2.10)
will have an effect on the temperature regime in the basin. The fluid movement will have
an impact on the temperature of the surrounding sediments, but the temperature effect on
the fluid is insignificant (Wangen, 2010). Fluid movements can either add or remove
thermal energy from a sedimentary sequence and can considerably distort conductive
heat transfer systems (Hantschel & Kauerauf, 2009). This implies that simple onedimension conductive heat flow models may not predict the actual heat flow in some
sedimentary basin (Allen & Allen, 2005).
2.4

Geopressure Zone and Temperature
The top of geopressure zone commonly coincide with an increase in thermal

gradient and is largely controlled by growth faults and changes in sedimentary facies
(Morton, 1991). The increased gradient at the top of geopressure zone is a result of
variations in the thermal conductivities between overpressured and normally pressured
sediments. The high fluid content in overpressured sediments reduces its bulk thermal
conductivity than that of normally pressured sediments. Hence, the thermal gradient
increases in order to balance the heat transported through the sediments. This boundary
also represents an important geologic and hydrologic boundary because it controls fluid
migration caused by pressure potential differences between the overpressured and
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normally pressure sediments. In addition, it aids hydrocarbon accumulation due to the
seal that maintains pressure increase, and digenetic reactions occurs due to fluid
accumulation and high temperature (Morton, 1991).

33

Texas Tech University, Nosa Ogiamien, December 2012

Figure 2.10

Darcy’s velocities associated with hydrothermally driven flow,

compaction driven flow, confined and unconfined aquifers (modified from Giles, 1997 in
Allen & Allen, 2005).
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CHAPTER III
STATEMENT OF PROBLEM
3.1

The Objective
Geothermal gradient is generally greater in the Texas continental shelf than in the

Louisiana continental shelf (Nagihara & Smith, 2008; Nagihara, 2010; Nagihara et al.,
2012). At many localities along the Corsair growth fault zone in the Texas shelf, high
thermal gradient values exceeding 0.05 K/m are found. The research focuses on one of
such hot segments along the Corsair system located in the Mustang Island federal lease
area (Figure. 3.1). The author will investigate the mechanisms responsible for the
elevated geothermal gradients along the Corsair growth fault zone.
The study area consists of the Mustang Island and the Mustang Island addition
federal lease areas (Figure 3.1). This area was selected for this study because it is where
the highest thermal gradient is observed and the sedimentary structure and stratigraphy of
this area is well understood. It also shows a progressive increase in geothermal gradient
from 0.02 K/m to 0.06 K/m within a span of approximately 55 km and crosses the two
main growth faults system in the continental shelf namely the Clemente-Tomas and the
Corsair growth fault system that may serves as conduit for fluid flow.
The Clemente-Tomas Growth fault systems (Figure 3.2) were formed during the
late Oligocene to early Miocene as sediments were deposited along the entire coastal
zone. These growth fault systems detaches into a shale body (Ajiboye & Nagihara, 2012).
The movement of viscous Oligocene sediments initiated the Clemente-Tomas growth
fault system. The expansions of early Miocene sediments are observed within the growth
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faults zone (Bradshaw & Watkins, 1994). This growth fault system occurs on the
basinward flank of a broad and deeply buried anticline (Bradshaw & Watkins, 1994). Its
geometry shows a fairly steep upper part but a gentle slope at the toe region (Figure 3.2)
and activity continued till middle Miocene (Ajiboye, 2011). Observed geothermal
gradient within depth intervals of 3-5km along the fault zone is 0.02 - 0.03 K/m
(Nagihara et al., 2012). The Clemente-Tomas growth fault is within the low thermal
gradient area of the study.
The Corsair fault systems (Figure 3.2) formed during late Oligocene to late
Miocene as sediments deposition prograded the continental shelf margin. The Corsair
system runs parallel to the Texas coastline and is the most laterally continuous fault
within the Texas continental shelf. It was most active during the middle Miocene with
expansion of Miocene sediments. The growth fault exhibits large rollover anticline
broken by antithetic faults in the study area (Figure 3.2). Previous studies have suggested
that this fault detaches into an allochthonous salt mass but its hanging wall overlies shale
ridges (Ewing, 1991; Peel et al., 1995; Watkins et al., 1996). The Corsair fault has a
steeper geometry than the Clemente-Tomas and was active till upper Miocene and
actively cut through younger sediments (Ajiboye, 2011). The Corsair growth fault trend
has been a host to prolific gas reservoirs that are situated on the downthrown side of it.
Observed geothermal gradient within depth intervals of 3 – 5 km along the fault zone is
0.05 - 0.06 K/m (Nagihara et al., 2012). The Corsair growth fault is within the high
thermal well area of the study.
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Previous studies in the Texas Gulf coast (Bodner et al., 1985; Bodner & Sharp,
1988; McKenna, 1997) also observed high thermal gradient values (0.045 - 0.055 K/m)
within the vicinity of the Wilcox fault system and lower values (0.02 - 0.03 K/m) toward
the Frio fault zone. These high thermal gradient values coincide with a positive fluid
pressure anomaly and salinity inversions (McKenna, 1997). They suggested forced
convection of heat along the Wilcox fault system as explanation for the thermal anomaly;
the fault zone acts as a conduits for the expulsion of hot fluid from deep overpressured
Mesozoic sediments which heats up the surrounding sediments. Nagihara (2010)
proposed that a similar mechanism might be responsible for the high thermal gradient
observed within the vicinity of the Corsair fault zone; the Corsair growth fault system
might serve as a conduit for deep overpressured sediment that releases hot fluids into
shallower Miocene sediments. Supporting evidence for this mechanism is the Taylor and
Land (1996) study on the Miocene reservoir in the Picaroon field located within the
vicinity of the Corsair growth fault. They found Miocene formation waters had elemental
and isotopic compositions similar to water produced from Mesozoic reservoirs in south
Texas and central Mississippi. They proposed that major growth faults provide conduits
for the emplacement of Mesozoic formation waters into the Miocene reservoirs. Other
possible mechanisms are presence of large, highly thermally conductive salt masses,
lateral variation in sedimentation rate, heterogeneity in thermal conductivity, and lateral
variation in basal heat released from the lithosphere.
As mentioned in Chapter II, due to the high thermal conductivity of salt relative to
the surrounding sediments, a large salt body can elevate the temperature of the overlying
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sediments. In addition, the height of a salt body is proportional to the thermal effect on
the surrounding sediments. Recent seismic interpretation (Ajiboye & Nagihara, 2012)
shows no visible large salt body in this segment the Corsair fault zone.
Galloway et al., (2000) showed that sedimentation rate on the Texas continental
shelf has slowed down considerably in Plio-Pliocene compared to sedimentation rates in
the Miocene. Biostratigraphic sediments packages (Figure 3.2) mapped by Ajiboye and
Nagihara, 2012 for Miocene to Pliocene sediments in the Mustang Island shows a gradual
thicken of sediments within the Corsair fault system. As mentioned in chapter II, rapid
sedimentation decreases the heat flow, but the reverse is observed in the study area, with
higher gradients observed in the area of faster sedimentation. This implies another
mechanism is responsible for elevating the thermal gradients in the area.
Although the sedimentation rate is similar in both the study area, the sedimentary
facies may vary (Galloway et al., 2000). Changes in sedimentary facies may have a
significant effect on the thermal conducivity of sediments with those with highter sand
content being more conductive. However, in the study area, it is unexpected for the
thermal conductivities of the sediments to vary significantly to account for the high
thermal gradient value observed.
The present study proposes two hypotheses to explain the high thermal gradients
occurring along the Corsair fault zone in the study area. The first hypotheses is
additional basal heat; to determine how much lateral variation in basal heat is needed and
the mechanism required to elevated the temperature regime within the Corsair fault zone .
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The second hypothesis is fluid flow; to determine if hot fluid migration through the fault
of the Corsair system will be enough to elevate the temperatures within the fault zone.
The area considered for the modeling is approximately 460 km2 between 27o 45’
N to 27o 28’ N latitude and 96o 44’W to 96o 16’ W longitude (Figure 3.1). Locations for
the 1-D well group and 2-D cross-section line are shown in Figure 3.1. Bathymetry
ranges from -80 to -500 ft ( -25 to -150 m) subsea within the Mustang Island area (Figure
3.3).
The two hypotheses were tested by constructing computer simulation models of
heat and fluid transport through the sediments of the study area. On computer, I will
reconstruct the geologic history of the basin rifting, sedimentary deposition, deformation,
etc., and will examine how such geologic processes affect the geothermal and hydrologic
regime of the study area. Such simulations are often called ‘basin models’ by researchers
in the petroleum industry. In constructing basin models, the software package PetroMod
of Schlumberger, which uses the finite element method in performing heat and fluid
transport simulation.
In constraining/calibrating the basin models, I used an interpreted twodimensional seismic cross section line (Ajiboye & Nagihara, 2012; McDonnell et al.,
2009; Peel et al., 1995), 14 digital wire-line logs that includes spontaneous potential (SP),
gamma ray (GR), resistivity, sonic and density logs provided by Devon energy (Figure
3.1). Measured depth from the wells ranges from 1.5 - 5.5 km with the oldest penetrated
sediments being lower Miocene. In addition, corrected-bottomhole temperatures from
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Figure 3.1

Geothermal gradient map of depth > 3 km of the Mustang Island and

Mustang Island Addition. The study area intersects thermal gradients values of 0.02 0.03 K/m and 0.05 - 0.06 K/m (modified from Nagihara et al., 2012). Distribution of
dataset used in the study is also shown.
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Seismic section showing growth (green), synthetic (blue) and antithetic (red) faults in the

Nagihara, 2012). The labels A though H denote the sedimentary packages.

mapped chronostratigraphic horizons interpreted from the wells in the Texas shelf (modified from Ajiboye &

Clemente-Tomas and Corsair fault systems. Bulim 1, BIG A, DISC 12, BIG H, ROB L, and MARG A are

Figure 3.2
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Nagihara et al., 2012 and Repeat Formation Test (RFT) from the Bureau of Safety and
Environmental Enforcement (BSEE) for calibration of temperature and petrophysical
properties were used (Figure 3.1). To model the effect of forced convection within
sediments, I use another finite element modeling software package COMSOL
Multiphysics. The basin models for the study area should reproduce the geothermal
gradients observed in my study area and should be helpful in identifying the mechanisms
responsible for the elevated geothermal gradients along the Corsair fault zone.
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Figure 3.3

Map showing the bathymetry and the location of one and two-dimensional

models within the study area.
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CHAPTER IV
METHODOLOGY
4.1

Overall Methodology
My overall strategy is to generate basin models that reproduce the geothermal

gradients observed in various parts of the study area. By doing so, I can identify
mechanisms responsible for the geographic variation in geothermal gradients and test the
two hypotheses.
In order to accomplish this, I first construct a 1-D model for the low-thermalgradient area (Figure 3.1). The model takes into account heat transport in the vertical
direction only. Assuming the geothermal setting is not heavily influenced by fluid flow
through sediments, a 1-D heat conduction model should be able to duplicate the observed
geothermal gradient. The model should serve as the base model for the study area and
should yield realistic estimates on important thermal parameters such as porosities and
thermal conductivities of the sediments, basal heat flow, basin stretch factor, and
radiogenic heat production in the igneous crust. Upon completion of the 1-D model for
the low-thermal-gradient area, I proceed to construct a 1-D model for the high-thermalgradient area using the same basal heat flow and petrophysical parameters derived from
the base model. This gives the temperature profile of the high thermal gradient area
without the influence of fluid flow or additional heat from the basement.
Using this information, I proceed to find out how much additional basal heat is
needed to increase the thermal gradient to match the observed data. Using all the
information from the 1-D models, a 2-D model that connects both thermal gradient areas
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is constructed. With the 2-D model, I examine whether or not the sedimentation history
and sedimentary properties are favorable for inducing fluid flow along the faults. If fluid
flow is possible, I will determine the Darcy’s velocities that can induce large enough
thermal anomalies to explain the observed thermal gradients.
Construction of a basin model is a two-step process:
•

The first step is to reconstruct the tectonic history and stratigraphic evolution of
the study area.

•

The second step is to model the heat and fluid transport through the basement
rock and sediments.

Basin models can be constructed in one, two, or three dimensions. One-dimensional
models compute fast and require the least amount of data in constraining them. However,
1-D models cannot adequately simulate fluid flow through sediments, unless the flow is
vertical. In examining fluid flow, 2-D or 3-D models are preferable, but they require
more computational speed and memory. Two-dimensional basin models can be
constructed using an interpreted 2-D seismic cross section, or correlated along a series of
well logs with relative ease, and thus they are widely utilized by researchers in the
industry. Three-dimensional basin models can be most realistic, but are not utilized very
often, because they are computationally very expensive, and, in many cases, there are not
enough geologic data for adequately constraining the model. Therefore, my research
utilizes 1-D and 2-D basin models.
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4.2

Elements of One Dimensional Basin Models

4.2.1

Basal Heat Flow
Because geothermal heat travels upward, one of the most important parameters

for a basin model is the heat entering from the lithosphere to the bottom of the sediments.
Because the amount of heat from the lithosphere is largely controlled by the amount of
stretching it experienced during its rifting and the time since the rifting (Figure 2.4), it is
necessary to reconstruct the early opening history of the basin. A number of previous
studies have constrained average thermal properties of the lithosphere. Previous
researchers in the Gulf (Sawyer et al., 1991) have used a total thickness of 125 km with
85km mantle thickness and 40km crustal thickness. A base temperature of 1350oC, a heat
capacity of 1.171 kj kg-1oC-1 and thermal conductivity of 3.13W m-1 oC-1 (Parsons and
Sclater, 1977 in Stein. C.A, 1995).
In the Texas continental shelf, the crust underneath the sediment is the thin
transitional crust with present day thickness ranging from 8 - 15 km along the shelf
(Sawyer et al., 1991). In the study area, the crust is ~15 km with a stretching factor of
2.66 used as suggested by Sawyer et al., (1991). For modeling purposes, rifting occurred
from 220 Ma to 169 Ma (Buffler, 1991), which is before the deposition of the Louann salt
in the Texas continental shelf.
Another parameter that was considered is radiogenic heat production within the
crust. In thin transitional crust, there is an abundant of radiogenic elements and will
contribute to heat flow into the basin. A radiogenic heat production value of 2.82 mW/m3
was assigned (Beardsmore & Cull, 2001). This is the estimated value for radiogenic heat
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production for granitic rocks. Applying all the parameter mentioned above, a present day
basal heat flow value of 34.70 mW/m2 is derived (Figure 4.1).
4.2.2

Structural Framework and Sedimentation History
As described in Chapter II, sediment accumulation and erosion affect geothermal

transport through the sediments. That is why it is necessary for a basin model to
reconstruct the structural history and stratigraphic development of the area of interest.
Geological events such as erosion, erode or completely remove stratigraphic information.
Structural geologic processes such as faulting, and continuity of the strata affect the heat
transport through the sediments. A one-dimensional basin model can take into account
only the effect of sediment accumulation and erosion, while for the two-dimensional
model may be able to account for faulting and folding. In addition, thermal conductivity
of sediment is largely controlled by its porosity and lithology. Therefore, the
reconstruction of the sedimentation history for basin modeling must reproduce sediment
compaction and lithologic variation.
In this study area, growth faulting and lack of age control in sediments deeper
than ~5 km make it difficult to accurately reconstruct sedimentation history prior to the
Miocene, however, six biostratigraphic horizons (Table 4.1) identified by Ajiboye and
Nagihara (2012) was used for sediments younger then lower Miocene.
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Figure 4.1

Heat flow trend vs. time for a β of 2.66. The dash line demarcate syn - rift from post rift period.
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Table 4.1

Sedimentation rate (m/Ma) of lower Miocene until upper Pliocene layers

Biostratigraphic Layer

Low Thermal Gradient

High Thermal Gradient

Regional Buliminella 1

62.5

117

Bigenerina A

87

101

Discorbis 12

119

108

Bigenerina Humblei

198

268

Robulus L

94

145

Marginulina A

405

225

Ajiboye (2011)
Thickness data regarding sediments older than lower Miocene were obtained from
previously published seismic stratigraphy studies (Ajiboye & Nagihara., 2012; Peel et al.,
1995; McDonnell et al., 2009). The thicknesses of these layers were measured from the
seismic stratigraphy studies and assigned the corresponding age from the geologic time
scale. These thicknesses were inputted into PetroMod, along with the seafloor depth
obtained from the well logs to calculate the depth of each interval. After obtaining the
thickness of each layer, average lithologies were assigned for each layer (Table 4.2).
Because Cenozoic sediments in the study area are terrigeneous, I primarily use
the shale ratio estimate that can be obtained from gamma-ray logs (Table 4.3) as the
lithology indicator assuming that it is a simple binary sand-shale system. For each layer,
the volume of shale was calculated (Figure 4.2), averaged, and used as the estimated
lithology. In addition, Goldhammer and Johnson’s 2001 "Middle Jurassic–Upper
Cretaceous Paleogeographic Evolution and Sequence-stratigraphic Framework of the
Northwest Gulf of Mexico Rim” and Galloway et al., 2000 “Cenozoic depositional
history of the Gulf of Mexico basin” were used to determine average lithologies type and
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percentages for older sediments. The lithologies used for modeling are limited to the six
main lithotypes – pure sand, 75% sand: 25% shale, 50% sand: 50% shale, 25% sand: 75%
shale, pure shale, and 80% micrite 20% shale.
In estimating sedimentation rates, one must account for compaction of sediments
in the basin model. Compaction reduces the thickness of a sedimentary layer over time.
Therefore, if one simply divides the thickness with the age difference between the top
and the bottom sediment, it results in underestimation of the sedimentation rate. Because
compaction also influences the sediment’s porosity, it also affects thermal conductivity
estimation.
Table 4.2

Stratigraphic Units for the Low Thermal Gradient Well

Layer
Pliestocene
Regional
Buliminella 1
Bigenerina A
Discorbis 12
Bigenerina
Humblei
Robulus L
Marginulina A
Oligocene
Eocene
Paleocene
Cretaceous
Jurassic

Top
Deposited
Limestone
Depth Thickness from
Deposited Sand Shale (Micrite)
[m]
[m]
[Ma]
to [Ma]
%
%
%
33
236
3.92
0
25
75
268
489
735

221
245
530

6.76
9.11
12.25

3.92
6.76
9.11

50
75
75

50
25
25

1265
1442
2189
3658
6221
6918
9418
11415

177
747
1469
2563
697
2499
1997
1015

15.41
18.1
23.03
33.9
55.8
65.5
145
169

12.25
15.41
18.1
23.03
33.9
55.8
65.5
145

75
25
25
25
25
25

25
75
75
75
75
75
20
20

50

80
80
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Table 4.3

IGR=

Relationship between Gamma Ray Log and Volume of Shale

GRlog-GRmin
GRmax -GRmin

Volume of Shale
IGR
= gamma ray index
GRlog = gamma ray reading of formation
GRmin = minimum gamma ray (clean sand)
GRmax = maximum gamma ray (shale)
Asquith and Krygowski (2004)

Present day porosity values can be obtained from cores retrieve from a borehole,
or by interpreting a petrophysical log (sonic, bulk density, neutron or NMR logs) that
detail the borehole. In this study, bulk density and neutron logs were available for most of
the wells in the study area, but density porosity derived for bulk density logs was used. It
is the most straightforward approach and a well-known relationship between bulk density
and porosity has been determined; as bulk density increase, porosity decreases. In
addition, neutron logs overestimates porosity due to the presence of clay.
Using Geographix-Prism, bulk density was converted to density porosity using
the relationship in table 4.4. The porosity values are imported into PetroMod – Wells
editors and are used to calibrate the calculated porosity values. A different compaction
factor was assigned to the shale used for lower Miocene and older sediments. This is
performed to better model the compaction of sediments that might be affected by
disequilibrium compaction in the shale. An incorrect porosity model will induce error
when the thermal conductivity of sediments is calculated. Calculated porosity vs. well
data porosity for the low thermal group is shown in Figure 4.5. In modeling compaction,
the method by Athy (1930) in PetroMod is used. This relates an exponential decrease of
porosity with depth for a given rock type (Figure 4.5).
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Figure 4.2

This digital well log shows gamma ray log (left) and volume of shale

(right) for a portion of the low thermal gradient well.
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Table 4.4

Relationship between Bulk Density and Porosity
Bulk density vs. porosity relationship
∅=

𝜌ma-ρb

𝜌ma-ρfl

∅ = porosity

ρb= bulk density of the formation
ρfl =density of the saturating fluid
ρma = rock matrix (or grain) density
Asquith and Krygowski (2004)

The petrophysical parameters used for calculating compaction were calculated
automatically by PetroMod as a function of rock type specified for each layer.
Table 4.5

Relationship between Depth and Porosity

Porosity vs. Depth Relationship (Athy’s law)
∅0 = Initial porosity
∅ = porosity at depth
∅(z)=∅0exp(-kze)
k=compaction parameter
ze= equivalent hydrostatic depth

Hantschel and Kauerauf (2009)

Due to the complex nature of pore pressure generation and the lack of information
about the pressure seal in the study area, the pore pressure could not be accurately
calibrated. PetroMod has limitation when it comes to calibrating pore pressure. It
accounts for overpressuring caused by disequilibrium compaction of sediments, but is
limited when calculating overpressures caused by diagenetic porosity changes. Oil and
gas wells are also located within the study area, and pore pressure increases during
hydrocarbon cracking (oil-gas) in the area, therefore, this also needs to be considered in
order to get an accurate pore pressure calibration. Isolated sands reservoirs surrounded by
low permeability shales will have a higher pore pressure than surrounding sediments
making calibration of pore pressure difficult. Therefore, the estimate of pore pressure
without considering this parameter is on the low end, but the value is suitable for the
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scope of the study. Because of the linear relationship porosity and permeability has,
having a correct porosity model (Figure 4.6) constrains the permeability model.
4.2.3

Heat Transport
PetroMod uses the finite element method in calculation of heat and fluid transport

through the sediments. The finite element method is a numerical technique use for
finding approximate solution to partial differential equation (PDE). It divides
complicated problem into small elements (mesh/grid) that are solved in relation to each
other. In solving the numerical calculations in PetroMod, small enough mesh sizes had to
be chosen to model the geologic processes. Using different mesh/cell thickness, I
compared cell thickness with calculated results and chose 10 m for the computational
time and model resolution.
After reconstructing the sedimentation history, the next step is to model the heat
transport through the sediments as they accumulate. This entails applying the necessary
boundary conditions for both heat and fluid transport, and estimating the thermal
properties of the sediments.
The basal heat flow is the bottom boundary of the model and has been described
in section 4.2. The upper boundary condition is the sediment-water-interface temperature
(SWIT). The global mean surface temperature calculator developed by Wygrala (1989) is
used for estimating SWIT for different location of the study area. This method proposes a
decrease of 1.5oC per 100 m in shallow water (Hantschel & Kauerauf, 2009). Climatic
and seasonal changes affect the seafloor temperature of the continental shelf and should
be taken into account when applying SWIT (Nagihara, 2006).
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The thermal properties of the sedimentary units used in the models, were
calculated using the lithology library that is programmed into PetroMod. Physical
properties of lithologies such as clean sandstone, shale, siltstone, etc are provided in the
library. By using the estimated lithologies (Table 4.2) to create the actual rock
compositions found in the Gulf of Mexico, PetroMod calculates the expected values for
properties such as thermal conductivity, initial porosity, heat capacity, etc. However,
these values were within the range of values measured in the Gulf of Mexico (McKenna
& Sharp, 1998; McKenna & Sharp, 1996).
4.2.4

One Dimensional Fluid Flow
In the 1-D model, all flow is considered vertical and caused by the compaction of

sediments. This is accounted for in the heat transport when PetroMod models sediments
compaction.
4.2.5

Calibrating Models
Basin models must adequately represent reality. In constraining/calibrating the

model, I compare the model-predicted temperature versus depth curve against the
corrected BHTs for the area the model represents (Figure 4.3). I also compare the modelpredicted porosity versus depth curve against the log-derived porosities (Figure 4.4).
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Figure 4.3

Comparison of calculated porosity and well data for the low thermal

gradient well group. The blue line represents modeled porosity. The black plus sign
represent well data.
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Figure 4.4

Comparison of calculated temperature data with well data for the low

thermal gradient well group. The blue line represents modeled temperature. The black
plus sign represents well data.
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4.3

Additional Elements Necessary for Two Dimensional Basin Models

4.3.1

Structural Evolution
Because 2-D basin model can account for heat and fluid transport in the

horizontal direction as well as the vertical, it is possible for them to incorporate more
geologic complexity.
In modeling structural evolution of the study area, I used an interpreted twodimensional seismic section (Figure 3.2), which connects the low and high thermal
gradient area. This is then inputted into PetroMod 2D. Interpreted horizons and faults are
transferred to produce a simplified structural framework of the interpreted cross section
(Figure 4.5). Only the main growth faults (Clemente-Tomas and Corsair) which are
considered to be migration pathways and barriers in the area are used in the model.
Lithologies estimates from the 1-D models with measurement from well logs that are
within the vicinity of the cross section are used to estimate the lithologies. The complete
modeled structural and sedimentation history used is shown in Figure 4.6.
4.4

Advective Fluid Transport
In 2-D, lateral flow along faults/fractures is possible and will affect the

temperature distribution within the sediments. The thermal effect of fluid is decoupled
from the heat flow equation in PetroMod, so in order to take into account the thermal
effect of lateral fluid flow, the program COMSOL multiphysics is used.
To model the effect of forced convection, a simple 12 km by 6 km homogenous
sedimentary layer with a narrow zone (fault) is constructed in COMSOL (Figure 4.7). The
fault is assigned a higher permeability than the surrounding sediments. This allows flow
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Modeled seismic section. Biostratigraphic horizons (black horizontal lines) and the main growth faults

(green lines) are modeled. Location of the wells used are also shown and labeled.

Figure 4.5
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60
Complete stratigraphy of the modeled seismic-section with major faults (green lines) and horizons (black

lines). The solid black line shows the location of the wells use for calibration of the model.

Figure 4.6
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to be focused along this fault zone. The mesh size along the fault was assigned a value of
10 cm. This value was used to model geological conditions within the basin.
To see the effect of forced convection (Figure 4.7), the model was calibrated using the
calculated temperature profile of high thermal gradient area derived from PetroMod.
Steady state flow of water through the fault at 12 km was allowed through the fault zone.
This is done by increasing the hydraulic head, which increases the pressure gradient and
aids flow (Table 2.6). Figure 4.7a shows the temperature profile without the forced
convection, however, Figure 4.7b shows an increase in temperature within the vicinity of
the fault as fluid flows through the fault.
To simulate the thermal effect of fluid flow, the equation ΔQ = cwmwΔT = cwρw
VwΔT where cw, ρw and Vw are the specific heat capacity, the density, and transported
volume of the water (Hantschel & Kauerauf, 2009) is coupled with the heat transport
equation and solved. This calculates the temperature difference ΔT between two points
for a moving water mass mw with a temperature. After performing the numerical
calculations, Darcy’s velocity and elapsed time of flow needed to account for the
temperature difference between calculated temperature and well data is resolved.
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A simplified COSMOL model of the study area. This shows homogenous sediments with a

narrow fault (black line) used to model the effect of forced convection on temperature.

Figure 4.7
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The effect of forced convection in a homogenous layer with fluid flow confined within a narrow fault

50,000 years.

(black line) for a duration of 50,000 years. (A) shows temperature profile at time 0, while (b) shows temperature at

Figure 4.8
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CHAPTER V
SEDIMENTARY THERMAL MODELING RESULTS
One and two-dimensional modeling results are presented for the well group of
low thermal gradient (0.02 - 0.03 K/m) and a higher thermal gradient (0.04 - 0.05 K/m)
(Figure 3.1).
5.1

One Dimensional Basin Modeling Results

5.1.1

Low thermal gradient area
The low thermal gradient well group is located in the vicinity of the Clemente-

Tomas growth fault system (Figure 3.1). This model is the base model for the study area
and is considered not to be heavily influenced by fluid flow. It gives reasonable
parameters such as the stretch factor and thermal conductivity values that will be used in
the high thermal gradient and two-dimensional model. A basement thickness of 15 km
that corresponds with a stretch factor (β) and heat flow value of 2.66 and 34.70 mW/m2
respectively is used to simulate present-day heat transport through the sediments (Figure
4.1). A SWIT of 19.66oC is applied as the upper boundary condition. The stratigraphic
units composing this well group are shown in Table 4.1.
A good fit between the calculated porosity and the porosity derived from well
data is seen in Figure 4.3. This provides evidence that a good compaction model has been
developed for the area. With a good compaction model developed, temperature
calibration is performed with the result shown in Figure 4.4. The calculated temperature
shows a good fit with the corrected-BHT. The accuracy of this model has determined that
good constrains on the thermal parameters in the study area has been established.
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5.1.2

High Thermal Gradient Well Group
With the petrophysical properties established, modeling of the high thermal area

is then performed. This well group is located in the vicinity of the Corsair growth fault
system (Figure 3.1) and as mentioned in Chapter III, this area might be influenced by
fluid flow or have a higher basal heat flow than the low thermal gradient area.
Using the petrophysical properties established in the low thermal gradient area,
sediments compaction, and temperature calculations were performed. A good porosity
model was established (Figure 5.1), but the calculated temperature was too cool and did
not fit the corrected-BHT data point (Figure 5.2). The difference between the calculated
temperatures and corrected-BHT within depths of 3-5 km is roughly 22oC. To account for
this temperature difference, an additional 8 mW/m2 of basal heat is needed to fit the
calculated data to the well data (Figure 5.3). Table 5.1 shows the stratigraphic units.
Table 5.1

Stratigraphic Units for the High Thermal Gradient Well

Layer
Pliestocene
Regional
Buliminella 1
Bigenerina A
Discorbis 12
Bigenerina
Humblei
Robulus L
Marginulina A
Oligocene
Eocene
Paleocene
Cretaceous
Jurassic

Top
Deposited
Limestone
Depth Thickness from
Deposited Sand Shale (Micrite)
[m]
[m]
[Ma]
to [Ma]
%
%
%
96
654
3.92
0
50
50
750
973
1155

223
182
625

6.76
9.11
12.25

3.92
6.76
9.11

50
50
50

50
50
50

1780
2073
2396
4465
6562
7263
9763
11775

293
323
2070
2097
701
2499
2012
1000

15.41
18.1
23.03
33.9
55.8
65.5
145
169

12.25
15.41
18.1
23.03
33.9
55.8
65.5
145

50
25
25
25
25
25

50
75
75
75
75
75
20
20
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Figure 5.1

Comparison of calculated porosity and well data for the high thermal

gradient well group. The blue line represents modeled porosity. The black plus sign
represent well data.
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Figure 5.2

Comparison of calculated temperature and well data for the high thermal

gradient well group with additional mW/m2 of basal heat. The blue line represents
modeled temperature. The black plus sign is measured temperature data derived from
well logs.
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Figure 5.3

Comparison of calculated temperature and well data for the high thermal

gradient well group with additional 8 mW/m2 of basal heat. The blue line represents
modeled temperature. The black plus sign is temperature data derived from well logs.
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5.2

Two Dimensional Basin Modeling Results
Incorporating the petrophysical properties from the 1-D model with the

interpreted seismic section, the 2-D model was created. This model connects both thermal
gradient areas and examines whether or not sedimentation history and sedimentary
properties are favorable for fluid flow along the fault.
Porosity distribution at present day is shown in Figure 5.4. This shows how
porosity varies from the low to high thermal gradient areas along the cross section. The
model shows porosity decreasing with depth. This model is calibrated using the 1-D
porosity data (Figure 4.3 and 5.1) and additional porosity data from well logs (Figure 4.6)
along the cross section and gives a good fit.
Temperature distribution at present day across the low and high thermal area is
shown in Figure 5.5 with the isotherm distribution shown in Figure 5.6. This temperature
model is calibrated using the base model (Figure 4.6). The low thermal gradient area fits
the corrected-BHT while the high thermal gradient is cooler than the corrected-BHT.
Pore pressure distribution at present day with the faults considered as fluid flow
barriers is shown in Figure 5.7 with the isobars distribution shown in Figure 5.8. To
determine if the conditions within the high thermal gradient area are conductive to fluid
flow, the main corsair growth fault was opened for a period of 50,000 years (Figure 5.9 5.11). This duration of time was determined based on observation made from simulation
results. Figures 5.9-5.11 shows a decrease in pore pressure with time as fluid flow occurs
along the Corsair growth fault. Fluids from deeper sediments are expelled upwards into
shallower sediments, with the expulsion of fluids reducing the pore pressure in deeper
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Figure 5.4

Two-dimensional porosity model at present day.
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Figure 5.5

Two-dimensional temperature model at present day.
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72
Two-dimensional temperature model showing isotherm (redlines) at present day. This is overlaid on the

estimated lithology cross section.

Figure 5.6
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Two-dimensional pore pressures model at present day. Pore pressure build up is observed along the fault

zones because they are considered as fluid barriers. Location of one-dimensional well groups are shown.

Figure 5.7
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Two-dimensional pore pressures model showing isobars (dark brown lines) at present day. Pore pressure

lithology cross section.

build up is observed along the fault zones because they are considered as fluid barriers. This is overlaid on the estimated

Figure 5.8
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sediments within the vicinity of the Corsair growth fault. This is an indicator that the
conditions within the high thermal gradient area is conducive for fluid flow and that
fluids flows to shallower sediment when the fault in considered opened.
5.3

Advective Heat Transport Associated with Fluid Flow along Faults
Figures 5.9 - 5.11 shows that the Corsair fault is conducive for fluid flow, so a

simplified 2-D COMSOL model was created to determine the Darcy’s velocities and
duration of flow needed to account for the temperature difference (22oC) between the
calculated temperature and well data (Figure 5.2) within 3 -5 km.
This model uses the calculated temperature from the high thermal gradient area
(Figure 5.2) to build the temperature profile without the influence of fluid flow. When
fluid is allowed to flow along the fault, the temperature is observes (Figure 4.8) and
recorded, when the temperature increases by 22oC from the base temperature.
COSMOL uses the finite element method to calculate the effect of force
convection on temperature profile. The mesh size within the fault zone is defined small
enough to be able to accurately model the effect of fluid flow (Figure 5.12). As
mentioned above, the geometry of the fault (Figure 4.6) is a lot simpler than the real fault
geometry, however, this geometry is suitable to model the effect of force convection
along the fault.
This degree of increase is dependent on the fault thickness. The Darcy’s velocities
vs. duration of flow required to increase the temperature by 22oC for fault thickness of 25
cm, 50 cm, 75 cm, and 1 m was created (Figure 5.13). Fault thickness refers to the zone
of high permeability parallel to strike within the fault in which upward fluid migration
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occurs. The total volume of fluid necessary to raise the temperature is an important
parameter to be considered. The relationship between Darcy’s velocities and total volume
for the different fault sizes used is shown in Figure 5.14.
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77
Isobars (dark brown line) and fluid vectors > 60 g/yr (blue arrows) predicted for flow along a highly

permeable fault at time 0. This is overlaid on the estimated lithology cross section.

Figure 5.9
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Isobars (dark brown) and fluid vectors (blue arrows) predicted for flow along a highly permeable fault

10,000 years after fluid expulsion began. This is overlaid on the estimated lithology cross section.

Figure 5.10
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Isobars (dark brown line) and fluid vectors > 60 g/yr (blue arrows) predicted for flow along a highly

permeable fault 50,000 years after fluid expulsion began. This is overlaid on the estimated lithology cross section

Figure 5.11
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Simplified COSMOL model showing a super-fine mesh used to model the fluid flow

through the fault.

Figure 5.12
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Figure 5.13

Darcy’s velocities vs. duration of flow required to raise the temperature by 22oC for different fault
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Figure 5.14

Darcy’s velocities vs. total volume of fluids required to raise the temperature by 22oC for different fault
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CHAPTER VI
DISCUSSION
6.1

The Hot Basement Hypothesis
The 1-D models show that if there is no fluid flow along the faults, an additional

basal heat of 8 mW/m2 (42 mW/m2) is necessary to explain the high thermal gradients in
the vicinity of the Corsair fault (Figure 5.3). Potential mechanisms that can account for
the 8 mW/m2 of basal heat are radiogenic heat production due to variation in crustal
thickness and recent stretching of the lithosphere in the vicinity of the high thermal
gradient.
Previous publications have shown that the crustal thickness in the area to be
within the range of 8 – 15 km. My calculations indicate that an additional 8.5 km of crust
to the upper limit of this range is needed to account for the temperature increase. This
pretty much discounts radiogenic heat production due to variation in crustal thickness as
a viable mechanism that can account for the additional 8 mW/m2 of heat.
There can be two mechanisms that can cause a local positive anomaly in basal
heat. One is higher abundance of radiogenic heat source within the crust and the other is
recent reheating of the lithosphere. We do not have relevant data to examine the
possibility of the first. Satellite-derived free air gravity values within the study area
shows higher gravity values in the high thermal gradient area and lower values in the low
thermal gradient area (Figure 6.1). Rangin et al., (2008) suggest the gravity variation to
be a result of additional stretching of the crust during the Cenozoic. This resulted in a
local shallowing of the Moho that is observed as a gravity high. Incorporating this
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Figure 6.1

Gravity map of the study area. Offshore satellite-derived free air

anomalies (modified from Bird et al., 2005).
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hypothesis of Cenozoic stretching (40 - 18 Ma) into the original crustal stretching model
(Figure 6.2) it is possible to account for the 8 mW/m2 of basal heat needed.
6.2

Lateral Fluid Flow Hypothesis
Previous researchers have suggested occurrence of fluid flow along growth faults

in the Gulf of Mexico and their causing geothermal anomalies. As previously mentioned,
much evidence exists for the thermal anomalies along the Wilcox fault zone resulted
from fluid flow (McKenna, 1997). Taylor and Land (1996) suggest that occurrence of
fluid flow in a segment of the Corsair fault zone farther east in the Brazos federal lease
area based on their chemical analysis of sedimentary pore fluids. Finally, Anderson et al.,
(1991) actually observed fluid flow along a growth fault in the Eugene Island area off
Louisiana and associated temperature anomalies.
To analyze the hypothesis of forced convection increasing thermal gradient in my
study area, no hydrologic or geochemical data are available. Therefore, a simple model
that couples the equations of heat and fluid transport was performed. The difference
between the calculated temperature from the high thermal gradient area and correct-BHT
is approximately 22oC. Modeling results (Figure 4.8) from COMSOL indicates that fluid
migration through a fault can increase the thermal gradient under certain conditions.
Darcy velocity, and the duration of flow affect the magnitude by which temperature is
affected by force convection. Darcy velocities vs. duration of flow graphs were made for
different fault thickness (Figure 5.13). An inverse relationship between Darcy velocity
and duration of flow is observed; to increase the temperature in a short duration of time, a
larger Darcy velocity is required, and vice versa. However, it is important to note that
85

Figure 6.2

Heat flow vs. Time graph for additional Cenozoic rift event.
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Darcy’s velocities reduces with an increase in fault thickness, to elevate the temperature
by the same amount (Figure 6.3). Another parameter calculated is the fluid budget for
each Darcy velocity and duration of flow. For a higher Darcy velocity, a smaller fluid
budget is needed to increase the temperature (Figure 5.14). However, it is important to
note that the total volume of fluid needed increases with increasing fault thickness.
The calculated Darcy velocities are higher than normal compaction driven flow in
sedimentary basin (Figure 2.10). These high levels are not sustainable over steady state
flow, and maintaining these high velocities require a highly permeable pathway. In
addition, the total volume of fluid required to sustain the thermal anomalies are too great
for steady state dewatering; therefore, episodic flow of fluids is suggested because it
suggests high Darcy velocities with smaller fluid budget within the shortest time period.
Why is there an increase in thermal gradient along the Corsair fault zone but not along
the Clemente-Tomas growth fault zone? The Corsair fault is more likely to act as a
conduit due to the depth of faulting (Figure 3.2), fault continuity along strike, relative
parallel and extreme fluid overpressures. The Corsair faults cuts the complete
sedimentary section and sole out into Jurassic salt on top of the basement rock (12 – 15
km) (Peel et al., 1995). This allows for higher pressure gradients conducive for episodic
flow and provides hotter fluid for the fault. In addition, the faults are closely spaced and
continuous from Texas to Louisiana coast (Ewing, 1991) which would make for a more
efficient migration of fluid upward the fault zone (McKenna, 1997). The main ClementeTomas fault in the area is not a deep seated fault, but it toes out onto the OligoceneEocene shale ridge (Ajiboye, 2011). In addition, the Clemente-Tomas being shallower
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than the Corsair will have temperature and pressure regime less than that of the Corsair.
If fluid flow occurred along the Clemente-Tomas fault, the event might have been of
smaller magnitude with the thermal anomalies already dissipated or no thermal anomalies
occurred.
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Darcy Velocity vs. Fault Thickness graph needed to increase the temperature at 3 - 5 km by 22oC for a

time span of 10,000yrs.

Figure 6.3
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CHAPTER VII
CONCLUSION
In order to determine the mechanism that causes spatial variation in thermal
gradients within the Mustang Island Federal Lease area in the Texas Continental Shelf,
one and two dimensional basin models along a 55 km profile line crossing the area of low
and high geothermal gradients were created. Corrected BHTs, well logs, and previously
interpreted seismic sections provided constraints to these models.
This study found that the high thermal gradient observed might be attributed to
either the lateral variation in basal heat or the hot fluid flow from deep overpressured
sediments along the Corsair fault zone. Only 8 mW/m2 of additional basal heat is
necessary in explaining the high geothermal gradients of the study area. Such amount of
additional basal heat can be derived, if there was a secondary rifting event along the
Corsairs fault zone, as speculated by Rangin et al., (2008). If fluid flow elevated
temperature by forced convection, it must be episodic processes due to the limited
availability of the fluid in the sedimentary pore spaces. However, the models from this
study show that flow speed > 6 m/yr for a duration of < 1 million years is possible and
enough in explaining the high geothermal gradients
By further understanding the heat transport mechanisms associated with the high
geothermal gradients, further works on the crustal thickness and composition of the
igneous crust on the Texas continental shelf will be beneficial. In addition, geochemistry
analysis on sediments within the Corsair fault zone with focus on mineralization will help
to determine the volume of fluid and episodes of fluid flow. Performing reservoir fluid
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analyzes in the Miocene sediments will help to determine the source of the expelled
fluids potentially responsible for the high thermal gradients observed.
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APPENDIX A
PARAMETERS AND CALCULATION METHODS
A1: Shale-2 is mixed with the sand for lithologies older than Robulus L in the high
thermal gradient well group and older than Marginulina A in the low thermal Gradient
well group.
Table A.1

Modeling Parameters used in PetroMod

Sandstone Shale

Thermal
Conductivity
Model Key

Sekiguchi Sekiguchi Sekiguchi Sekiguchi Sekiguchi
Model
Model
Model
Model
Model

Sekiguchi
Model

3.9

1.4

1.4

3

2.6

4

3.82

1.69

1.69

2.69

2.4

3.42

0

0

0

0

0

0

320

320

320

320

320

320

1.14

1.6

1.6

1.19

1.15

1

Off

On

On

On

Off

Off

Thermal
Conductivity
at 20C
Thermal
Conductivity
at 100C
Thermal
Conductivity
at Min.
Temperature
[oC]
Thermal
Conductivity
at Max.
Temperature
[oC]
Anisotropy
Factor
Thermal
Conductivity
Depositional
Anisotropy
(on/off)

Shale-2

Limestone
Upper
Upper Crust
Mantle
(Micrite)

Lithology
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Lithology

Sandstone Shale

Shale-2

Limestone
Upper
Upper Crust
(Micrite)
Mantle

Depositional
Anisotropy

1.14

1.02

1.02

1.02

1.15

1

Thermal
Expansion
Coefficient
[1e-6/K]

33

33

33

33

33

33

Model

Elemental Elemental Elemental Elemental Elemental
Analysis Analysis Analysis Analysis Analysis

Elemental
Analysis

1

3.7

3.7

1

6.5

0.03

3.3

12

12

1

17

0.03

0.01

0.03

0.03

0

0.06

0

0

0

0

0

0

0

0

0

0

0

0

0

Off

Off

Off

Off

Off

Off

0

0

0

0

2.5

0

0

0

0

0

7

0

Uranium
[ppm]
Thorium
[ppm]
Potassium
Porosity [%]
Gamma Ray
[API]
Time
Correction
Heat Flow
Production
Value
[microW/m^3]
Half Depth
Value

Waples
Heat Capacity
Model for
model
Rocks
Heat Capacity
at 20oC
0.208
[kcal/kg/k]
Heat Capacity
at 100oC
0.24
[kcal/kg/k]
Heat Capacity
Min.
0
Temperature
[oC]

Waples
Waples
Waples
Waples
Model for Model for Model for Model for
Rocks
Rocks
Rocks
Rocks

Waples
Model for
Rocks

0.206

0.206

0.2

0.191

0.19

0.238

0.238

0.231

0.221

0.221

0

0

0

0

0
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Lithology

Shale-2

Limestone
Upper
Upper Crust
Mantle
(Micrite)

320

320

320

320

320

2.8

2.8

2.74

2.65

3.2

67

67

51

1

1

1

1

1

1

1

Sandstone Shale

Heat Capacity
Min.
320
Temperature
[oC]
Density
2.68
[g/cm^3]
Initial Porosity
41
[%]
Minimum
Porosity [%]

1

Compaction
Model Key

Not
Not
Athy's Law Athy's Law Athy's Law Athy's Law
Compactabl Compactabl
(Depth)
(Depth)
(Depth)
(Depth)
e
e

Olivine
Density
Function

0

0

0

0

0

0

Compressibilit
24.48
y Max [Gpa-1]

403.27

403.27

85

0

0

Compressibilit
1.14
y Min [Gpa-1]

4.03

4.03

1.98

0

0

Hubbert Factor
24.68
k [Gpa-1]

100

100

47.66

0

0

16.31

191.57

191.57

32.12

0

0

38.74

52.7

52.7

78.94

0

0

0.2

0.35

0.35

0.26

0

0

0.28
Depth

0.65
Depth

0.5
Depth

0.52
Depth

0
Depth

0
Depth

Clay Content

0

0

0

0

0

0

Beta Factor

0

0

0

0

0

0

Schineider
Factor ka
[Gpa-1]
Schineider
Factor kb
[Gpa-1]
Schineider
Factor phi
[Gpa-1]
Athy Curve
Curve Flag
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Limestone
Upper
Upper Crust
(Micrite)
Mantle
0
0
0

Lithology

Sandstone Shale

Shale-2

e100

0

0

Permeability
Model Key

Multi-Point Multi-Point Multi-Point Multi-Point Impermeabl Impermeabl
Model
Model
Model
Model
e Basement e Basement

0

Permeability at
5% Porosity 0
[log(mD)]

0

0

0

0

0

Permeability at
75% Porosity 0
[log(mD)]

0

0

0

0

0

Specific
Surface Area

1.00E+08 1.00E+08 0

0.00E+00

0

0.2

0.2

0

0

0

3

1.2

1.2

1.1

1

1

50

50

50

50

1

1

1

1

1

1

1

1

Crit. Oil
0.01
Saturation [oC]

0

0.01

0

0

0

Crit. Gas
0
Saturation [oC]

0

0

0

0

0

Connate Water
0.05
Saturation

0.05

0.05

0.05

0.05

0.05

a*por+b

a*por+b

a*por+b

a*por+b

Perfect Seal Perfect Seal

-1.49

0

-1.49

-0.04

0

0

Scaling Factor 0
Anisitropy
Factor
Permeability
Horizontal
Upscaling
Factor
Vertical
Upscaling
Factor

Capillary
Pressure HgAir Key
Capillary
Pressure
(a*por+b)
Parameter A
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Lithology

Sandstone Shale

Shale-2

Limestone
Upper
Upper Crust
Mantle
(Micrite)

Capillary
Pressure
(a*por+b)
Parameter b

42.51

0

42.51

1.29

0

0

Use Bilinear

bilinear

bilinear

bilinear

bilinear

bilinear

bilinear

Capillary
Pressure
(a*perm^b)
Parameter A

0.37

0

0.37

0.37

0

0

Capillary
Pressure
(a*perm^b)
Parameter A

-0.24

0

-0.24

-0.24

0

0

Capillary
Pressure
46.58
a*10^(b*por)
Parameter A

0

46.58

1.34

0

0

Capillary
Pressure
-0.055
a*10^(b*por)
Parameter b

0

-0.055

-0.032

0

0

Upscaling
Factor

1

2.56

1

1

1

Fracture Limit
0.8
(Lithostatic)

0.8

0.8

0.8

1

1

Fracture Curve none

none

none

none

none

none

Poisson Ratio 0.35

0.35

0.35

0.35

0.35

0.35

2.56

from
from
from
from
from
from
Elastic Model Compactio Compactio Compactio Compactio Compaction Compaction
n Curve
n Curve
n Curve
n Curve
Curve
Curve
Constant
Value 1 [psi]

2900800

2900800

2900800
100

2900800

2900800

2900800
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Lithology

Sandstone Shale

Shale-2

Limestone
Upper
Upper Crust
(Micrite)
Mantle

Constant
Value 2 [psi]

2900800

2900800

2900800

2900800

2900800

2900800

Off

Off

Off

Off

Off

Plastic On/Off Off

Drucker
Drucker
Drucker
Drucker
Drucker
Drucker
Plastic Model Prager with Prager with Prager with Prager with Prager with Prager with
Cap
Cap
Cap
Cap
Cap
Cap
Tensile
1450.4
Strength [psi]

1450.4

1450.4

1450.4

1450.4

1450.4

Fricition Angle
0
alpha [degree]

0

0

0

0

0

Critical State
Pressure PC
[psi]

1450.4

1450.4

1450.4

1450.4

1450.4

1450.4

Critical State
Pressure QC
[psi]

1450.4

1450.4

1450.4

1450.4

1450.4

1450.4

Max. Mean
2900.8
Pressure [psi]

2900.8

2900.8

2900.8

2900.8

2900.8

Hardening
On/Off

Off

Off

Off

Off

Off

Off

Soluble in
Off
Water (on/off)

Off

Off

Off

Off

Off

Fraction Factor 0.1

0.1

0.1

0.1

0.1

0.1

Diffusion
through water Off
(on/off)

Off

Off

Off

Off

Off

Diffusion
0
Coeff. [m^2/s]

0

0

0

0

0

Gas Hydrates
Off
(On/Off)

Off

Off

Off

Off

Off

Salinity

35

35

35

35

35

35
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Lithology

Shale-2

Limestone
Upper
Upper Crust
(Micrite)
Mantle

0.01

0.01

0.01

0.01

0.01

Off

Off

Off

Off

Off

On

On

On

On

On

On

On

On

On

On

100

100

100

100

100

none

none

none

none

none

none

none

none

none

none

Sandstone Shale

Minimum Gas
0.01
saturation
Permafrost
Off
(on/Off)
Calculate HC
Generation
On
Pressure
(On/Off)
Calculate HC
Generation
Pressure from
On
Secondary
Cracking
(On/Off)
Fluid
Compressibilit 100
y [Gpa-1]
Opal CT
none
Model
Opal CT
none
Opal Quartz

none

none

none

none

none

none

T [oC]

0

0

0

0

0

0

Ea [kcal/mol] 0

0

0

0

0

0

A [1e+25/mol] 0

0

0

0

0

0

Clay Conent

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Porosity Opal
A-> Opal CT 0
[%]
Permeability
Opal A ->
0
Opal CT [
log(mD)]
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Lithology

Shale-2

Limestone
Upper
Upper Crust
Mantle
(Micrite)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Sandstone Shale

Capillary
Pressure Opal
0
A -> Opal CT [
Mpa]
Porosity Opal
CT-> Quartz
[Mpa]
Permability
Opal CT->
Quartz
[log(mD)]
Capillary
Pressure Opal
CT-> Quartz
[Mpa]
Pore Water
Mg2+
Pore Water
SO+42Pore Water
Ca2+
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Table A.2

Corrected-Bottom Hole Temperature for the Low Thermal Gradient Well
Group

Measured Depth
[km]
1.003
3.007
3.72
4.125
4.435

Table A.3

Corrected
Temperature
[oC]
47.78
85
139.44
126.67
139.44

Corrected-Bottom Hole Temperature for the High Thermal Gradient Well
Group

Measured Depth
[km]
0.934
2.264
3.53
4.448
4.76
4.886

Corrected
Temperature
[oC]
61.67
92.78
144.44
162.22
176.11
180
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APPENDIX B
PARAMETER FOR COMSOL MODELS
Table B.1

All Parameters used to model a Fault Thickness of 25 cm

Name

Value

a
TimMax
dip
W
Z
Qb
Krock
perm1

0.25m
1000000
45[deg]
3[km]
12.5[km]
0.058[W/m^2]
2.5[W/(m*K)]
1e-10[m^2]

perm2
poro
rhoW
CpW
muW
KW
T0
year

Table B.2

Description

aquifer thickness
total time duartion in years
dip of the aquifer
half model width
model depth
basal heat flow
rock thermal conductivity
permeability of the aquifer
permeability of the impermeable
1e-15[m^2]
rock
0.2
porosity of the aquifer
1000[kg/m^3]
water density
4180[J/(kg*K)]
water heat capacity
0.001[Pa*s]
water dynamic viscoisty
0.6[W/(m*K)]
water thermal conductivity
292[K]
surface temperature
365.25*24*3600[s] one year in seconds

Flow Velocity and Total Volume of Fluid for a Fault Thickness of 25 cm

.25M
Flow Velocity(m/y)
297.606
122.544
78.778
31.511
21.007

Time
(yr)
10000
50000
100000
500000
1000000

Volume
(m3)
186003.75
382950
492362.5
984718.75
1312937.5
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Table B.3

All Parameters used to model a Fault Thickness of 50 cm

Name

Value

a
TimMax
dip
W
Z
Qb
Krock
perm1

0.50m
1000000
45[deg]
3[km]
12.5[km]
0.058[W/m^2]
2.5[W/(m*K)]
1e-10[m^2]

perm2
poro
rhoW
CpW
muW
KW
T0
year

Table B.4

Description

aquifer thickness
total time duartion in years
dip of the aquifer
half model width
model depth
basal heat flow
rock thermal conductivity
permeability of the aquifer
permeability of the impermeable
1e-15[m^2]
rock
0.2
porosity of the aquifer
1000[kg/m^3]
water density
4180[J/(kg*K)]
water heat capacity
0.001[Pa*s]
water dynamic viscoisty
0.6[W/(m*K)]
water thermal conductivity
292[K]
surface temperature
365.25*24*3600[s] one year in seconds

Flow Velocity and Total Volume of Fluid for a Fault Thickness of 50 cm

0.50M
Flow Velocity
(m/y)
148.802
59.519
43.765
17.506
14.005

Time
(yr)
10000
50000
100000
500000
1000000

Volume
(m3)
372005
743987.5
1094125
2188250
3501250
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Table B.5

All Parameters used to model a Fault Thickness of 75 cm

Name

Value

a
TimMax
dip
W
Z
Qb
Krock
perm1

0.75m
1000000
45[deg]
3[km]
12.5[km]
0.058[W/m^2]
2.5[W/(m*K)]
1e-10[m^2]

perm2
poro
rhoW
CpW
muW
KW
T0
year

Table B.6

Description

aquifer thickness
total time duartion in years
dip of the aquifer
half model width
model depth
basal heat flow
rock thermal conductivity
permeability of the aquifer
permeability of the impermeable
1e-15[m^2]
rock
0.2
porosity of the aquifer
1000[kg/m^3]
water density
4180[J/(kg*K)]
water heat capacity
0.001[Pa*s]
water dynamic viscoisty
0.6[W/(m*K)]
water thermal conductivity
292[K]
surface temperature
365.25*24*3600[s] one year in seconds

Flow Velocity and Total Volume of Fluid for a Fault Thickness of 75 cm

0.75M
Flow Velocity
(m/y)
99.786
43.766
29.76
12.254
8.228

Time
(yr)
10000
50000
100000
500000
1000000

Volume
(m3)
561296.3
1230919
1674000
3446438
4628250
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Table B.7

All Parameters used to model a Fault Thickness of 100 cm

Name

Value

a
TimMax
dip
W
Z
Qb
Krock
perm1

1.0 m
1000000
45[deg]
3[km]
12.5[km]
0.058[W/m^2]
2.5[W/(m*K)]
1e-10[m^2]

perm2
poro
rhoW
CpW
muW
KW
T0
year

Table B.8

Description

aquifer thickness
total time duartion in years
dip of the aquifer
half model width
model depth
basal heat flow
rock thermal conductivity
permeability of the aquifer
permeability of the impermeable
1e-15[m^2]
rock
0.2
porosity of the aquifer
1000[kg/m^3]
water density
4180[J/(kg*K)]
water heat capacity
0.001[Pa*s]
water dynamic viscoisty
0.6[W/(m*K)]
water thermal conductivity
292[K]
surface temperature
365.25*24*3600[s] one year in seconds

Flow Velocity and Total Volume of Fluid for a Fault Thickness of 100 cm

1M
Flow Velocity (m/y)
77.028
35.015
22.767
9.628
6.652

Time
(yr)
10000
50000
100000
500000
1000000

Volume
(m3)
770280
1750750
2276700
4814000
6652000

108

