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Computerized model portrays
subsurface dynamics around
Eugene Island Block 330 field
off Louisiana. Colors—red is
heat—show heat flux through
four horizons, including the top
of geopressure (second from
top). The Annual Geophysical
Report, p. 50, includes an arti-
cle on the modeling project.
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The search for hydrocar-
bons has been one of the
costliest enterprises of the
20th Century, yet there is still
no sure-fire method for accu-
rately predicting the specific
location of oil and gas without
drilling. This is because there
remains a poor understanding
of how, why, and where oil
and gas migrate within a sedi-
mentary basin.

Addressing this issue, the
Global Basins Research Net-
work (GBRN) has constructed
a “data cube” of the Plio-Pleis-
tocene U.S. Gulf Coast that
contains internally consistent

geophysical, geochemical,
and geological data relevant to
fluid flow within a 60 km x 40
km x 10 km volume of Gulf
Coast sediments.

Using a parallel supercom-
puter, the network is con-
structing a three dimensional
(3D) model of the fluid flow
history within the data cube,
which will lead to the recon-
struction of the fluid flow histo-
ry of the volume. New dynam-
ic technologies resulting from
this method will perhaps pre-
dict the locations of vast quan-
tities of undiscovered oil and
gas.

Research network
Great strides have been
made in the past 10 years in
understanding the static pro-
cesses of sedimentary basins
in terms of their stratigraphic
evolution, tectonics, and struc-
ture. However, sedimentary
basins are beginning to be
looked at as dynamic entities,
as well.

The data cube and Gulf Coast geology™*

Basins are, in effect, ther-
mochemical reactors—com-
plex, interrelated systems, de-
formed and faulted by tectonic
forces, modified by sedimen-
tation, and dramatically influ-
enced by fluid flow—which it-
self produces reactive chemi-
cal change. Indeed, it is fluid
flow within basins that controls
the concentration and location
of oil and gas deposits, as well
as most minerals.

A great deal is known about
the specific processes that
contribute to and affect the
production and migration of
hydrocarbons. However, good
models do not exist to de-
scribe and predict the dynamic
couplings between these ma-
jor basin processes.

Building such models re-
quires large numbers of peo-
ple and technological re-
sources. It is a task too big for
any one university or corpo-
rate group. Thus, GBRN, a
remotely linked, interactive re-
search organization, joins uni-

Fig. 1
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versity and industry scientists
across the U.S. (and eventual-
ly worldwide).

Choosing a basin

Investigating and modeling
coupled basin processes as a
single, dynamic system re-
quires the development of
new methods and techniques
to identify and map the time-
dependence of fluid move-
ment. The ideal location for
developing such technologies
is a basin with active matura-
tion and expulsion of hydro-
carbons. Thus, the Plio-Pleis-
tocene Gulf of Mexico was
chosen as the GBRN’s initial
research focus.

As the dominant hydrocar-
bon producing province in the
U.S. Lower 48, the gulf has
yielded a wealth of geophysi-
cal and geochemical data.
Well over $100 billion has
been spent on gulf exploration
and development in the last 20
years.

However, because of com-
paratively recent movements
of its phenomenal salt struc-
tures, the massive pile of sedi-
ments contributed by the Mis-
sissippi River in the last few
million years, and the relatively
late maturation of its oil and
gas, the U.S. gulf basin is
extremely active. Much re-
mains to be known about it.

South Eugene Island

Before attempting to under-
stand the dynamics of the gulf
basin as a whole, the GBRN
chose a small sector for the
initial modeling effort. It is now
establishing a 3D understand-
ing of the physical and chemi-
cal parameters controlling dy-
namic processes of fluid flow
in the South Eugene Island
region off Louisiana.

This area contains the larg-
est offshore oil field in the U.S.
It is one of the best studied,
most extensively sampled (but
not yet synthesized) subba-
sins in the world.

Specifically, the GBRN is
assembling seismic, surface
heat flow, temperatures, pres-
sures, fluid compositions, cut-
tings and log information for
the South Eugene Island area.
These data are being synthe-
sized into a 3D volumetric de-
scription of the subsurface—a
data cube (Fig. 1).

This collection of internally
consistent data will facilitate a

Eugene Island area subsurface horizons

Fig. 2

| Fig. 2d—Seafloor heat flow

description and definition of
the dynamic processes con-
trolling fluid flow, which will, in
turn, shed light on where addi-
tional oil and gas are located
and why.

Geological background

The geophysical evolution
and structure of the Eugene
Island area is well understood.

The region’s sediment dy-
namics have not been affect-
ed greatly by recent basement
tectonics. Significant sedimen-
tation was delayed until well
after the Jurassic rifting that
opened the Gulf of Mexico.

Abundant terrigenous sedi-
mentation began only after the
Laramide orogeny and the up-
lift of the Rocky Mountains.
Delivery of Laramide erosional
products was further delayed
by the Lower Cretaceous bar-
rier reef system that devel-
oped along the hinge zone of
the gulf.

This reef prevented most
erosional sediments from
reaching the offshore basin;
as a result, organic-rich ma-
rine sediments were deposited
without much dilution.

The Laramide sediments fi-
nally breached the reef during
the Tertiary, when the ances-
tral Mississippi Delta system
dumped an enormous thick-
ness of sediments into the
Gulf Coast basin.

The pre-Tertiary marine
sediments were buried, load-
ed, and heated with unusual
rapidity. This rapid loading trig-
gered the dramatic migration
of the Jurassic Louann salt,
which developed into some of
the most rugged subsurface
topography on Earth. The re-
lief of the Gulf Coast salt is the
greatest on the planet, with the
exception of cumulonimbus
clouds and associated thun-
derheads.

The massive-dumping of all
this sediment prevented nor-
mal compaction and increased
pore pressures within the
deeper sediments to far great-
er-than-hydrostatic (geopres-
sures), causing the delayed
maturation and migration of
large volumes of hydrocar-
bons, which continue to this
day.

Hydrodynamics

Driling data suggest that
large-scale hydrodynamic pro-
cesses are coupled with the




Subsurface heat flow, temperature comparisons
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ongoing deposition of volumi-
nous sediments along the Gulf
Coast. In the deepest portion
of the basin, compaction and
hydrocarbon maturation reac-
tions release large volumes of
high-temperature, geopres-
sured, extremely buoyant flu-
ids.

Thermal buildup and re-
stricted fluid flow are associat-
ed with the top of the geopres-
sured zone, which hydraulical-
ly isolates the deeper compac-
tional system within the basin.
Hydrothermal fluids periodical-
ly expelled from the geopres-
sured “chambers” are known
to migrate both laterally and
vertically for considerable dis-
tances.

In addition to these subsi-
dence and chemically driven
hydrodynamic forces, the
mountainous topography and
movement of hot salt result in
tremendous thermal as well as
hydraulic gradients over very
short distances in the subsur-
face.

The thermal conductivity of
the salt is five times that of
shale, so its location and move-
ment will dominate the deep
thermal structure of the basin.

The high thermal conductivity of
the salt relative to the surround-
ing sediments causes the re-
fraction of tremendous quanti-
ties of heat away from the deep
basin shales and toward the
salt highs. Isotherms can even
become subvertical near salt
columns.

The form and magnitude of
this hydrodynamic fluid flow
are controlled by both the
buoyancy forces of the fluids
(temperature, pressure,
chemical gradients, and fluid
densities) and the permeabili-
ty pathways available to the
fluids. As in most geological
situations, the predominant
convecting fluid in the Gulf
Coast is water—though oil,
gas, and saline brines are
variously included.

The rate and duration of
fluid movement in such a dy-
namic sedimentary basin is
not slow and steady-state but
is transient and can be ex-
tremely rapid. Compaction
and hydrocarbon generation
create geopressures large
enough to cause repeated
hydraulic fracturing of the
geopressured chambers.

In turn, this releases bursts

of large volumes of water ac-
companied by oil and gas up
the large growth faults and
into overlying sediments.
Similar transient releases of
fluids from deep within
geopressured chambers are
thought to occur in many oth-
er hydrocarbon producing ba-
sins elsewhere in the world.

Constructing the cube

From seismic reflection
profiles, cutting analyses,
and log data, salt topography
and subsurface stratigraphic
horizons were constructed.
These, together with the sea-
floor heat flow, were used to
construct the Eugene lIsland
data cube (Fig. 2).

The base is the top-of-salt
surface (Fig. 2a), which was
mapped from seismic profiles
and verified by gravity obser-
vations. The complex red and
blue grids are major normal
fault systems, associated
with oil and gas accumula-
tion. Fig. 2b depicts the addi-
tion of a prominent sedimen-
tary horizon above the salt.

The Lenticulina (1) biostra-
tigraphic surface—dated 2.5
million years before present

(ma)—is the base of the
sand/shale sequence that is
the primary hydrocarbon pro-
ducer in the area. The top of
this productive interval, the
Angulogerina (B) biostratigra-
phic surface (1.5 ma) is
shown in Fig. 2c, and the
upper boundary layer of the
data cube, the distribution of
surface heat flow, is shown in
Fig. 2d.

Massive sands predomi-
nate from the seafloor to the
Ang (B) surface, and
geopressured shales are
found predominantly from the
base of the Lent (1) surface
to the salt.

The plumbing system is
complex. It distributes oil and
gas rising along the faults
from the geopressured
shales into the lower-pres-
sured sand intervals within
the sand-shale sequence.
Water accompanies the hy-
drocarbons upward and
moves into the even more
permeable sands higher up
the section.

The plumbing is actually
upside down in that the most
buoyant substances, the oil
and gas, are trapped by the




Convective -heat flow projection*
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Eugene Island data cube*

an undiscovered oil field.

*Viewed from northeast corner along Blue fault. Red is heat from
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deepest permeable layers,
whereas the water moves up-
ward to flood the shallower
sands. This stripping of the
hydrocarbons is related to
geopressure offsets across
the major growth faults.

Heat, fluid flow

The locations of oil and gas
fields in the Eugene lIsland
area are well known, but the
controlling fluid flow forces
that put them there are not
well understood.

The data cube horizons
give a static view of how the
structure and stratigraphy
might relate to fluid flow and
to the movement of oil and
gas. However, the physical
and chemical dynamics in-
volved still need to be de-

fined. As a start, the GBRN
has been mapping thermal
and pressure surfaces and
analyzing their relationships
to each other and to the stra-
tigraphy.

Surface heat flow has
proved to be an effective tool
in scientific and geothermal
exploration for interpreting
subsurface fluid movements,
but the technique has not
been used at all in the oil
industry. Fortunately, a high-
density surface heat flow sur-
vey was conducted in years
past over the Eugene Island
data cube area by Gulf Oil
Co. with the support of La-
mont-Doherty Geological Ob-
servatory.

This unique data set, since
donated to Lamont by Chev-

ron Corp., provides a new
and important dynamic ob-
servation for the investigation
of the relationships among
structure, tectonics, heat
flow, and fluid flow in the Gulf
Coast (Fig. 3).

To identify the convective
movement of heat in the sub-
surface, the locations and
magnitudes of the surface
anomalies were checked
against a compilation of tem-
peratures measured in 300
wells from a detailed study
area within the data cube.

Conductive heat transfer
Studying the measured
surface heat flow anomalies
more closely, the GBRN
sought to determine if the up-
per boundary thermal anom-
alies were caused by upwell-
ing within an active fluid flow
system. More specifically, the
group wanted to determine
the spatial relationship of
these surface heat flow
anomalies to the salt topog-
raphy (with its very high ther-
mal conductivity) and wheth-
er the convective flow of hot
fluids above the salt had dis-
placed the thermal anoma-
lies. -
Conductive heat transfer
theory predicts a strong spa-
tial correlation between the
tops of such massive salt
bodies of extreme relief and
high heat flow. (Within the
data cube the salt topogra-
phy has up to 20,000 ft of
relief.)
GBRN participants calcu-
lated the magnitude of the
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heat flow likely to be conduct-
ed through the top-of-salt and
geopressured shales and into
the base of the sand-shale
interval, the Lent (1) horizon
(bottom surface of Fig. 3c).
The difference between the
surface heat flow (top sur-
face, Fig. 3a) and the con-
ductive heat flux likely to be
exiting the geopressured
Lent (1) layer was then calcu-
lated (center surface, Fig.
3b). This difference is as-
sumed to be from convective
heat flow occurring just
above the top-of-geopres-
sure and represents the heat
transfer that cannot be ex-
plained by conduction.




Modeling fluid burst along fault zone*

Fig. 6

I Subsurface temperatures at equilibriumJ

Red fault

*0f fluid upward along a fault from deep, geopressured shales.

Top of geopressure

| Subsurface temperatures after burst* ]

Reservoir filling

The convective heat flow
surface quantifies the magni-
tudes and directions of fluid
flow required to move the
heat conducted from loca-
tions centered on the salt
highs to the locations at the
seafloor surface, where the
heat flow anomalies were
measured. Thus, the very
displacement of the surface
heat flow anomalies relative
to the locations of the salt
highs is a strong indicator
that active fluid flow is pres-
ently occurring within the
data cube.

While a great deal of heat
rises up the salt, the shales
overlying the base of salt
have remarkably low heat
flow (the purple area in Fig.
3). In effect, the heat flow has
bypassed those shales, leav-
ing them colder than they
should be at that depth. This
has important implications for
the delayed timing of hydro-
carbon maturation.

Top of geopressure

The most important dy-
namic boundary in the Gulf of
Mexico is the top-of-geopres-
sure surface. The transition
zone from hydrostatic pres-
sures above to those ap-
proaching lithostatic contains
most of the hydrocarbon ac-
cumulations in the gulf. This
transition zone varies in
thickness from a few hundred
feet to several thousand feet
and is not a flat surface. In
fact, it has been shown from
well logs, mud weights, and
drill stem tests to have sever-

al thousand feet of relief in
the data cube area.

Using a novel seismic re-
flection strength mapping
technique, the GBRN has
shown the surface to be off-
set across the hydraulically
important growth faults (Fig.
4).

More importantly, the con-
vective heat flow anomalies
from the completely indepen-
dent geothermal data set cor-
relate strongly with both the
locations of major offsets in
the top-of-geopressure sur-
face and the major locations
of oil and gas accumulation in
the data cube area (in Fig. 4,
the red areas are high heat
flow oil and gas fields). This
suggests that the movement
of hot fluids from the
geopressure chambers up-
ward along the faults is likely
to be a significant distributor
of heat and hydrocarbons in
the area.

Geopressured shales

Darcy fluid flow velocities
of up to several meters per
year, sustained over a few
hundred years, are required
to account for the magni-
tudes of temperature anoma-
lies observed along the faults
within the data cube (Figs. 5
and 6 and cover).

Also, the volumes of fluid
transport required to sustain
the thermal anomalies are
too great for steady state de-
watering. Therefore, the fluid
flow must have occurred epi-
sodically, as “bursts” from
the geopressured shales

deep within the data cube
area. That is, these very high
fluid flow velocities can be
maintained only with episodic
opening of very high perme-
ability pathways along the
growth faults as a result of
hydraulic fracturing.

Preexisting fault zones can
be hydraulically opened only
when geopressures build to
values that exceed the frac-
ture reopening pressure in
the data cube (the minimum
compressive stress magni-
tude). Rapid bleeding off of
the geopressure quickly
closes the faults again, but
large volumes of hot fluid will
have been released into the
sand-shale sequence above,
thus the correspondence be-
tween hot spots and faults
(Fig. 5 and cover).

As the water, oil, and gas,
accompanied by heat, move
upward, the oil and gas are
stripped off into the first avail-
able space within the more
normally pressured sands
abutting the growth faults.
The water keeps on moving
upward, until it reaches aqui-
fers in the sands. The heat
continues to conduct and
convect right up to the sur-
face, where it can be mea-
sured.

Finite element modeling

The data cube horizons
give a dynamic view of how
the structure and stratigraphy
relate to fluid flow and to the
movement of oil and gas. But
the physical and chemical
equations involved still have

not been defined. An expla-
nation of how these coupled
processes evolve also is
needed. Specifically, the flow
has not yet been modeled.

Basins begin to fill with flu-
id and sediment at rifting.
With time, the coupled effects
of sedimentation, compac-
tion, heating, tectonism, and
chemical alteration turn these
water-filled sediments into
rock, with the accompanying
maturation and expulsion of
oil and gas, as well as the
displacement of much of the
water.

The permeability structure
evolves with time and is af-
fected not only by changes in
primary rock properties (po-
rosity, mineralogy, lateral
continuity of facies) but also
by secondary changes such
as diagenesis, faulting, and
secondary fracturing.
GBRN’s success in firmly
connecting observed subsur-
face fluid flow to geopres-
sures and episodic thermal
convection within the data
cube make it clear that pre-
cise modeling of the flow of
oil- and gas-saturated fluids
is now possible.

The coupled equations de-
scribing fluid flow, tempera-
ture change, fault movement,
and chemical change, among
others, have been cast in ma-
terial coordinates and solved
at the Cornell National Su-
percomputer Center by a so-
phisticated 3D finite element
code. The code is unusual in
that the differential equations
that it solves are input as




short (40-100 line long) input
files called templates.
Component models (such
as fluid flow or temperature)
can be described by separate
templates and solved in paral-
lel, with the terms that couple
the equations then calculated
at each iteration or time step.
To date, templates have
been developed that describe
and couple changes in 1) sea
level; 2) sedimentation; 3)
compaction, diapirism, and
faulting; 4) compactively,
convectively, or topographi-
cally driven fluid flow; and 5)
temperature. In the next year,
salinity changes, inorganic
chemical alteration, and or-
ganic maturation component
models will be added.
These changes should en-
able the complete description
of the processes occurring in
the Eugene Island data cube.
For example, the difficult nu-
merical task of describing
transient bursts of fluid up a
fault zone has already been
modeled in 2D (Fig. 6).

Outlook
Goals of the GBRN are to

compile comprehensive data
on a representative portion of
the Gulf of Mexico basin and
to make this data available
on-line to all the GBRN re-
search institutions on modern
workstations.

The workstations are the
tools that allow construction,
visualization, and interpreta-
tion of the data cube. They
also allow the interaction of
model results and observa-
tions in the complex, multidis-
ciplinary combinations that
represent geologic reality in
actual basins.

Over the next year or so,
the GBRN will work with the
data cube to simulate the flu-
id flow history of the South
Eugene Island area with in-
creasing complexity.

When the model is run-
ning, results will be transmit-
ted to all the collaborating
institutions and displayed on
workstations using an X-Win-
dows interface. In this way,
the model runs can be close-
ly monitored in real time. If
parts go astray, the run can
be aborted or corrected in
midcourse.

In the largest sense, the
GBRN is pioneering the use
of a network organization for
carrying out scientific re-
search. If a significant contri-
bution to the understanding
of how fluids flow in a basin
can be made, the efficacy of
a networked research organi-
zation will be demonstrated.

Meanwhile, GBRN'’s scien-
tific aim is to deliver a “proof of
concept” demonstration that
specific subbasins can be
modeled in sufficient detail to
reconstruct the history of fluid
movements and the locations
of mineral and hydrocarbon
resources. In fact, the devel-
opment of dynamic explora-
tion and production technol-
ogies perhaps portends the
discovery of a whole new gen-
eration of oil and gas in the
thermochemical reactors
called sedimentary basins.
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