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GEOPRESSURED GEOTHERMAL FAIRWAY EVALUATION
~ AND TEST-WELL SITE LOCATION
FRIO FORMATION, TEXAS GULF COAST

D. G. Bebout, R. G. Loucks, A. R. Gregory

‘Abstl.'act

, Tertiary strata of the Texas Gulf Coast
.. comprise .a number of terrigenous deposi-
tional wedges some of which thicken

. abruptly at their downdip ends as a resuit-of

contemporaneous movement of growth

- faults and underlying salt. The Frio Forma-

- tion, one of these wedges, has been studied’

regionally by means of a grid of correlation
- cross sections aided by micropaleontological

- control. By means of these sections, the Frio -
was subdivided into six map units; maps of -
sandstone distribution within these units

delineate principal elongate sandstone
" trends parallel to the Gulf Coast composed of

deltaic, barrier-bar, and strandplain sand-.

stones.

These broad regional studies, followed by ‘

. detailed local investigations, were pursued in

- order to delineate prospective areas: for
- production of geopressured geothermal en-"

ergy. A prospective area must meet the

following minimum requirements: reservoir.

~volume of 3 cubic miles, minimum per-
- meability of 20 millidarcys (md), and fluid

- temperatures of 300°F. Several geothermal -
~ . fairways were ndentmed asaresult ofthls Frio

. study

The Hldalgo Fairway'i |s locatedin Hldalgo ONE E 5
. Each sequence is composed of a gradational

Cameron, and Willacy Counties, and.con-
tains many thick, laterally-extensive deltaic
sandstone bodies with fluid temperatures
greater than 300°F, but with extremely low

‘permeabilities. The Armstrong Fairway,
located in Kenedy County, containsanumber

--of thick-sandstones which extend:over an

area of 50 square miles and have probable

-core permeabilities of 20 millidarcys, but fluid
temperatures of less than 300°F. The Corpus
_Christi Fairway, located primarily in-Nueces

.- County, contains sandstones with tempera-

. tures greater than 300°F, but the sandstone .-
beds are thin and are limited in lateral extent. *
and low in permeability. The Matagorda" .

Fairways contain sandstones which have

" high fluid temperatures but are thin-and

extremely limited in area. In the Brazoria

Fairway the section deeper than' 13,500 feet -
contains several hundred feet of sandstone

with ﬂ,uid,terhperaturesb g,reater than‘ 300°F
and permeabilities. between 40 and 60 mil-

- lidarcys. The major limiting factor in each of
- theabove fairways is the scarcity of adequate -
‘permeability in reservoirs with fluid tempera-

tures of 300°F. Only the Brazoria -Fairway
meets all of the specifications for a geother- '
mal prospect. .

{n the- Brazona Fairway, located in

Brazoria and Galveston Counties, contem-. -
“poraneous deltaic sedimentation, movement

along growth faults, and mobilization of deep
salt into domes resulted in the accumulation

~ ofseveral hundred feet of sandstone with fluid
~temperatures greater than 300°F. Per-.

meabilities within these reservoirs are greater -
than 20 millidarcys; this high-permeability is
related to secondary leached porosity, which

. . developed. in the. moderate to deep .
" ‘subsurface. -

A prospective geothermal well site has

?- ~.been located within the Austin Bayou Pros-
pect, Brazoria Fairway, which willhave 250to. - -

350 feet of reservoir sandstone with core
permeabilities between 40 and 60 millidarcys,

and fluid temperatures from 300° to 350°F.

The ‘sandstone-shale section within ‘the

- Austin Bayou area is represented by seven.

progradational depositional sequences.

vertical succession, characterized by low-
porosity prodelta and distal delta-front shale
and sandstone at the base, to .porous dis-

~ tributary-mouth bar and delta-plain sand-

stone and shale at the top. The older depo-

- sitional sequences represent the distal half of
" alobate delta; and the later events represent '
_'the entire deltaic complex. ,

~ .- Effective.gas permeabilities,’ determmed

from production flow tests, are estimated to -
range from 1 to 6 millidarcys, and absolute
permeabilities lie. between 2 and 10 mil-

lidarcys for selected wells in the Chocolate

Bayou f|e|d Brazoria County, Texas. !n a -
reservoir with a permeability-of 10 millidarcys,

a sandstone thickness of 380 feet, and a =

drawdown pressure of 5,000 psia (pounds

- per.square :inch, abs_olute)-, a flow rate of

40,000 barrels of water per day can be



" achieved. Salinity of this water will range from
40,000 to 80,000 ppm (parts per million), and

methane content may range from 25 to 45
cubic feet per barrel. The average geothermal
gradient is 1.8°F per 100 feet, and reservoir

fluid pressures lie between 0.465 and 0.98
psia per foot for depths below 10, 000 feet in
the Chocolate Bayou field.

In summary, detailed geologlcal geo-
physical, and engineering studies conducted
on the Frio Formation have delineated a

geothermal test well site in the Austin Bayou

Prospect which extends over an area of 60
“square miles. A total of 800 to 900 feet of

sandstone will occur between the depths of

13,500and 16,500 feet. Atleast 30 percent of

the sand will-have core permeabilities of 20to -

60 millidarcys. Temperature at the top of the
sandstone section. will be 300°F. Water,
producedatarate of20,000to 40,000 barrels
per day, will probably have to be disposed of
by - injection into’ shallower sandstone
reservoirs. : ‘

More than 10 billion barrels of water-are in
place in these sandstone reservoirs of the

Austin Bayou Prospect; there should be

approximately 400 billion cubic feet of
“methane in solution in this water. Only 10

percent of the water and methane (1.billion

barrels of water and 40 billion cubic feet of

methane) will be produced without reinjec-
‘tion of the waste water into the producing

formation.- Reservoir- simulation studies in-
_ dicate that 90 percent of the methane can be
" produced with reinjection.

Introduction

For more than 2%: years.the Bureau of
Economic -Geology and the Department of
Petroleum Engineering, University of Texas at
Austin, have been conducting a study to
evaluate production of potential geothermal
energy from the geopressured Tertiary
sandstones along the Texas Gulf Coast. The
objective: of 'the geothermal project is to
locate several prospective reservoirs which
will meet the following specifications: reser-

voir volume of 3 cubic miles; minimum per-
meability of 20 millidarcys,' and fluid tem-

' It should be emphasized that this permeability is to salt
water at subsurface pressures and temperatures.
Core-analysis permeabilities referred to in this report, on
the other hand, are based on air in unconfined cores at
" surface pressures and temperatures.’ Subsurface per-
_meabilities' are expected to be considerably lower.than
equivalent core-analysis permeabilities.

perature of 300°F or greater ‘Water to be
produced is expected to have a salinity of
20,000 to 80,000 ppm total dissolved solids
and to be saturated with methane (40 to 50
cubic feet per barrel of water). The ‘initial
bottom-hole pressure will be greater than
10,000 psi. A broad-based survey indicated
that three formations—the Frio, Vicksburg,

- and Wilcox—have potential to meet these
specifications (figs. 1 and 2).

A successful geothermal well should
produce hot water at a rate of 20,000 to
40,000 barrels per day: Thermal and physical
energy will be used to run turbines to produce
electricity at the site, and the methane will be -

“stripped off ‘and routinely - processed as

natural gas. Salinity of the waterisexpectedto
be too high to use on the surface for
agricultural purposes and probably will have
to be reinjected through disposal wells into a
shallower reservoir. '
Thisinvestigation was subdividedinto two
major phases: regional resource assessment
and detailed site 'selection. The objective of
the regional studies was to outline geothermal
fairways in which thick sandstone bodies
have fluid temperatures higher than 300°F.
Actually, 250°F ‘uncorrected bottom-hole
temperatures recorded on well logs were
mapped for convenience; because bottom-
hole conditions were not stable at the time of
the ‘recordings, the 250°F recording will
correct to near 300°F. Subsurface control
was based on a grid of wells spaced 5 to 10

. miles apart. Fairways resulting from the

regional study, then, became areas which
warranted additional work through the site
selection phase in order to determine reser-
Voir size, relationship to major and minor
growth faults, porosity and permeability, and
nature of the porosity (diagenetic fabric).
From this site selection study favorable sites -
for the location -of ‘geothermal wells were
identified.

Regional. assessment and. site selection
studies:of the Frio Formation have been
completed, and reports summarizing the
regional studies of this formation along the
Lower, Middle, and Upper Texas Gulf Coast

_have been published earlier by the Bureau of

Economic Geology (Bebout, Dorfman, and
Agagu, 1975; Bebout, Agagu, and-Dorfman,
1975; and Bebout, Loucks, Bosch, -and
Dorfman, 1976) (fig. 3). More detailed infor-
mation concerning the regional distribution of .
Frio -sandstones is-available ‘from these
reports; a summary is included in this report.
Results of the detailed site selection study of
the Austin Bayou Prospectare also described
here.
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Conclusions and R_ecomhtendations“ -

Broad regionél and detailed local subsurface studies have resulted in the delineation of a -
prospect area, the Austin Bayou Prospect of the Brazoria Fairway, which meets the
minimum requirements for a geopressured geothermal test weI|

_ Regional studies of'sandstohe distribu--
tion within the Frio Formation have outlined .
areas of thick sandstone accumulation. In- -

general, the Frio consists of a gulfward-

thickening and dipping wedge of sandstone
and shale. A high-sand depocenter consist- ..

ing of deltaic, strandplain, and barrier-bar

-sandstone facies occurs near the center of -

- the wedge. Thin, fluvial-plain sandstones
occur withina dominantly shale section updip

- of this depocenter. Sandstone bodies -
downdip inthe shelf and prodeita environ- -

‘ments are also thin and occur in a thick shale
section. Sandstone distribution maps com-
bined with isothermal maps permit the delin-

~ eation of areas in which thick sandstone

bodies are expected to contain fluid tem-

peratures greater than 300°F. These areas,

termed ‘'geothermal fairways,” have been

studied in detail in order to determine their:
~ potential for producing geopressured

- geothermal energy. Five geothermal fairways

have -been -identified along the Frio-
‘trend—Hidalgo, Armstrong, Corpus Christi,

Matagorda, and Brazoria (fig. 4). -

Three depositional-structural models’» -
represent the five fairways (fig. 4). The most.
simple model, Model |, is developed in the: ..
Corpus Christi and Matagorda Fairways
along the Middle Texas Gulf Coast. Massive

sandstones occur between 6,000 and 9,000

~ feet below sea level; the top of the zone of
‘geopressure occurs just beneath these .

sandstones where. the subsurface fluid tem-
perature is approximately 200° F. Thin

tongues of sandstone reach gulfward from
the main sand depocenter and become
- increasingly more thinly bedded and finer -

- grained. Fluid temperature. reaches 300° F
near the distal end of these tongues; growth

“faults which developed later during post-Frio..
~ deposition separate these distal sand bodies -
from their updip equivalents. The potential. -

geothermal reservoirs of the Corpus Christi
and Matagorda Fairways are mferred to be
distal sandstones.

" The Hldalgo and Armstrong Farrways-
along the Lower Texas Gulf Coast are

~_represented by Model Il (fig. 4). During
deposition of thick deltaic sands of the lower

partof the section, 7 oontemporaneous growth i

faults developed which allowed for the ver-

tical accumulation of thick sands on the

_‘gulfward side of the faults. As a result of rapid
- downward movement along the faults, the. .
‘sandstones subsided into the deep subsur-
- face. Top-of geopressure occurs near the top

of the thick deltaic wedge, and the fluid

‘temperature is approximately 200° F. Thick
-sandstone bodies occur several thousand
feet below the top of geopressure and, in

many cases, contain fluid temperatures in

- “excess of 300° F. The Hidalgo and Armstrong
- Fairways both contain thick deltaic’ sand-
'stone reservoirs of this type.

The  Brazoria Fairway along the Upper

© Texas Gulf Coast is represented by Model Hi:

(frg 4),in which extensive progradatron :
occurred during deposition of the lower part

‘of the formation, and large quantities of sand

were transported far gulfward of the normal
trend of main sand deposition. Thick deltaic:

-sands accumulated in a large salt-withdrawal -

basin bounded on the updip side by growth-

-faults which developed contemporaneously

with deposition: Fluid temperatures within -

“this thick sandstone mass. are higher than
300° F. After deposition of this lower pro-
gradatuonal part of the section, a transgres- -
“sion of the shoreline caused the main sand
- depocenter to shift updip, where - prograda-

tion resumed. However, the upper main sand
trend of the Frio never again reached gulf-

~ .ward to the position of the lower depocenter.
-~ Top -of geopressure occurs just beneath
-these updip massive sandstones where the

fluid temperature.is approximately 200° F
The reservoir sandstones of ‘the Brazoria .

“Fairway are deltaic in origin and accumulated
_on the downdip side of growth faults lnltlated'
- by salt movement. .

The above models |llustrate that reser- .

- voirs of adequate sand volume and high fluid-

temperature occur in at least two fairways, -
Hidalgo and Brazoria. However, permeability -

" is a third major limiting factor which must be

considered. Along the Lower Texas Gulf

~Coast from Aransas County south to the Rio

Grande, very low permeability has been
recognized for many years in sandstones
occurrmg deeper than 12,000 feet. ‘Sand-
stones in the Corpus Christi Falrway have



recorded sidewall-core permeabilities rang-
ing from 1.2 to 14.0 millidarcys at depths
greater than 14,000 feet; sidewall-core
. permeabilities are known to be greater than
the core permeability. In the Armstrong
Fairway, analyses of cores from deeper than
17,000 feet exhibit permeabilities that range
from 0.0 to 73.0 millidarcys; core is not
-available from the shallower reservoir of this
fairway, but cores from nearby fields indicate
that permeability is very low at the shallower
depth as well. In the Hidalgo Fairway, thou-
sands of core analyses show average per-
meability of slightly greater than 1 millidarcy.
In contrast, to the north in the Matagorda and
Brazoria Fairways, permeability is conside-
rably higher and, in many sandstones, it
ranges from the tens to hundreds of mil-
lidarcys. Because of the high permeability, in
addition to the thick sandstone and high
temperature, the Brazoria Fairway is con-
sidered a prospective geothermal fairway,
and the Austin Bayou Prospect has been
located within this area.

Detailed geological, geophysical, and
- engineering studies conducted in Austin
Bayou Prospect have delineated a geother-
mal test well site (fig. 5). These studies
indicate that the top of the sand section will
occur atadepth of 13,500 feet, and the base,
at 16,500 feet. A total of 800 to 900 feet of
sandstone should occur in this section of
3,000 feet (at least 30 percent of the sand will
have core permeabilities of 20 to 60 mil-
lidarcys). Temperature at the top of the sand

section will be 300°F. The entire prospect.

“extends over an area of 60 square miles;
however, information about the depositional
environments in which. these sandstones
were deposited indicates that each individual
sandstone should not be expected to be
continuous for mere than 2 miles in a strike
direction.

The test well should penetrate 840 feet of
prospective reservoir sandstone. Average
porosity of 20 percent or higher is predicted
for 250 feet of the sandstone and 5 to 20

~ percent for the remainder. Provided that a

maximum drainage area of 16 square milesis

present and that all pore space is filled with

water, the aquifer will contain more than 10

billion barrels of water. The total resource

should be more than 400 billion cubic feet of
methane in place.

o



MODEL II: BRAZORIA FAIRWAY

GEOPRESSURE
3S0p o,
0% XXXXXX):

RESERVOIR

SALT WITHDRAWAL BASIN

MODEL I: CORPUS CHRISTI —
" MATAGORDA  FAIRWAYS

'BRAZORIA FAIRWAY
thick sand

high temperature
high permeability

MATAGORDA FAIRWAYS ™\

*thin sand

*limited areal distribution
high temperature
high permeability

HIDALGO = ARMSTRONG
FAIRWAYS

MODEL I:

CORPUS CHRIST! "FAIRWAY
*thin sand

high' temperature
*low permeability

ARMSTRONG FAIRWAY

thick sand
*moderate temperature

*permeability ‘unknown : :
O . 25 50 Miles

(IS N S
HIDALGO FAIRWAY
- thick sand )
high temperature : . :
*low permeability - - *LIMITING FACTOR

~Figure 4. Frio geothermaI'fairways, depositional models, and reservoir
quality.  For.actual examples of these models see f1gures 13 (Model 1I),
14 (ModeI I), and 15 (ModeI III)
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Tertiary Depositional and Structural Style

Tertiary strata of the Texas Gulf Coast comprise a number of terrigenous depositional
wedges, some of which thicken abruptly at their downdip ends as a result of contempo-
‘raneous movement of growth faults or underlying salt or both.

~ Duringthe Tertiary Period large quantities
of sand and mud were transported across a
broad fluvial plain. and = were de-
posited along the margins of the Gulf of
Mexico. These sediments accumulated inthe
form of a number of wedges which thicken
and dip gulfward (fig. 6). The overall trend is

N - one of gulfward progradation so that each

younger sedimentary wedge is shifted ba-
sinward of the previous wedge. Large growth
fault systems formed near the downdip edge
of each wedge within the area of maximum
deposition (fig. 7). Faults developed as a
result of rapid loading of large quantities of
sand and mud on thick, low-density shale of
previously deposited wedges. Deeper, thick
Jurassic salt was also mobilized into a series
of ridges and troughs because of this loading;
linear trends of salt domes resulted.
Movement of growth faults provided space for
the accumulation of abnormally thick sec-
tions of sand and mud and also for isolation of
porous downdip sandstones from porous
updip sandstones. Because of this isolation,
 fluids. within the sandstone reservoir. were
- trapped, and on further loading and burial,
‘geopressured reservoirs were developed
(Bruce, 1973).
‘ At least eight of these sandstone-shale
wedges are recognized along the Texas Gulf
Coast (Hardin, 1961). Each wedge is com-

posed of sand and mud which was t‘rahs-

" ported across a broad fluvial plain and either
deposited in deltaic complexes or reworked

by marine processes into strandplains and-
barrier bars. The Frio Formation is one of the
thickest of these wedges. Consequently, the
Frio is very similar to both the underlying and
overlying wedges. Because of this similarity,

_identification in many cases is dependent

upon the recognition of marker foraminifers.
The Frio Formation contains a number of
diagnostic foraminifers (fig. 8), and the base
of the formation is identified by the occur-
rence of Textularia warreni, and the top, by
Marginulina vaginata.

The time-equivalent strata of the subsur-
face Frio. Formation are sandstone, shale,
and volcanic ash- of the outcropping Ca-
tahoula Formation. Catahoula strata are less
than 500 feet thick and occur a few hundred
feet above sea level (figs. 9 and 10). Out-
cropping Catahoula and shallow subsurface
Frio. deposits (down to 3,000 feet below
surface) are the targets for extensive uranium
exploration (Galloway, 1977). The Frio of
intermediate depths (down to 10,000 feet)
has produced a large proportion of the Texas
Gulf Coast oil and gas, and the ~deep sand-
stones (deeper than 13,000 feet) are being
studied as potential geopressured geother-
mal reservoirs.
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Figuré 6. Depos1t1ona1 sty]e of Tert1ary strata a1ong the Texas Gulf
Coast (Bruce 1973). . o
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SERIES GROUP/FORMATION

Miocene Anahuac Discorbis nomada
Heterostegina texana

Marginulina vaginata
Cibicides hazzardi

Nonion struma

Nodosaria blanpiedi
Oligocene . Textularia mississippiensis
Anomalia bilateralis

Frio

Vicksburg Textularia warreni

Figure 8. Foraminifer markers, Miocene and Oligocene of the Texas Gulf
Coast. : .
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Reglonal Geolog|c Investlgatlon Based on Gnd of Frlo

Correlatlon Sectlons

To facilitate the study of the regional sandstone distribution, the Frio Formation has been
subdivided into six units by. means of a grld of correlatlon cross sections and

mlcropaleontologvcal control.

Regional assessment employs a data
base of electrical logs from widely spaced
wells, approximately 5 to 10 miles apart (fig.

11). Correlation. of the well logs is accom- '

plished by means of a grid of dip and strike

cross sections. Foraminifer markers (fig. 12)

have been used extensively in .order to es-
tablish the correlation fabric on the sections,
but they have not been used for detailed
correlation from well to well. Correlation lines,
““T" markers, were established within the Frio

. using the micropaleontology and pattern -

correlation of the electrical logs. This resulted
in-the subdivision of the formation into six
thinner and thus more meaningful mapping
units (figs. 13 to 15). Growth faults, which are
abundant in the Frio, have been omitted from

" these regional correlation cross sections in .

order-that the depositional patterns and
regional changes in sandstone dis-
tribution may be more readily recognized.
Regional cross sections (figs. 13 to. 15)
show that the main sand depocenter, located
approximately in the center of the section and
outlined by the stippled pattern, occurs from
6,000 to 9,000 feet below sea level. The main

~sand depocentér shifts gulfward in succes-

sively younger units with local exceptions as
shown in the lower unit on the WW' section
(fig. 15). Amount of progradation variesalong
the trend. Top of the geopressure.zone
occurs within or just below these massive
sandstones. Isothermal lines indicate that
fluids in these thick sandstones have tem-
peratures lower than 200°F. Thick sand-
stones were deposited as high-constructive
lobate deltas along the Lower and Upper
Texas Gulf Coast (figs. 13 and 15), and as
barrier bars along the Middle Texas Gulf
Coast (fig..14). Updip of the main sand
depocenter, the section thins and is com-
posed dominantly of shale with thin, discon-
tinuous. sandstone beds, typical of fluvial
sequences. Down dip of the main sand
depocenter, the section thickens but is
composed dominantly of shale with thin, local
sandstone beds deposited in prodelta and
shelf environments. The 300°F isotherm
occurs within these prodelta and shelf facies
except where movement along enormous
growth faults has resulted in the subsidence
of thick deltaic sandstones to similar depths
(flgs 13 and 15).
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Interpretation of Depositional Environments from Sandstone

Percent Maps

Maps of sandstone dlstrlbutlon delineate an elongate main sandstone trend parallel to the
Gulf Coast that .is composed of delta, barner bar and strandplaln deposits.

Sandstone pércent (figs. 16 to 21) and

net-sandstone maps of each correlation unit -

on the regional sections define main sand
depocentersas elongate trends parallel tothe
Gulf Coast. These trends are illustrated with
stippled patterns on the sandstone percent
maps: Net-sandstone maps of the Frio units
are available from the Middle and Upper
Texas Gulf Coast reports (Bebout, Agaguand
Dorfman, 1975; Bebout, Loucks; Bosch, and
Dorfman, 1976).

In unit T5-T6, the unitin which the largest
number of prospective gecthermal reservoirs

occur, the sandstone percent along the main

sand depocenter ranges from 40 to more than
60(fig. 16). Along the Lower.and Upper Texas

Gulf Coast the somewhat lobate shape of the.

sandstones suggests deltaic deposition;
along the Middle Texas Gulf Coast, on the
other hand, sandstone bodies are elongate
and ‘strike aligned -and:were deposited as
strandplainsand barrier bars (Boyd and Dyer,
1964). Updip of the -main sand depocenter,

sandstone percentage decreasestoless than

30, -and the ‘sandstones occur as narrow
bands perpendicular to the coastline. These
dip-aligned sandstones are interpreted as

representing relict river channels across a
fluvial plain. Downdip of the main sand
depocenter, the sandstone percentage
rapidly decreases to zero. Individual sand-
stone units are of limited areal extent. The
uriits were deposited in the shelf and prodelta
environments. In addition, they are farthest .
from the source and are finer grained than

updip equivalents, and they are commonly

thinly interbedded with shale. This pattern on
the sandstone percent map of T5-T6 is
repeated on  the maps of the other cor-
relation units (figs. 17 to 21).

Isothermal lines on the sandstone per-
cent map (figs. 16 to 18) show that the 200°F
line is, for the most part, just downdip of the
main sand - depocenter, and that the 300°F
isotherm occurs within the shelf and prodelta
facies. Geothermal fairways outlined in the
regional studies (fig. 22) were identified by
this superposition of the sandstone percen-
tage and the 300°F isotherm. Updip of these
geothermal fairways, much thicker,  more
extensive, and more porous and permeable
sandstones occurwhich may contain sig-
nificant quantities of methane; however, fluid
temperatures .in these sandstone reservoirs
are only 150° to 200°F.
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