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Abstract 
In a fivecounty area of South Texas, geopressured-geothermal reservoirs in the Paleocene-Eocene 

Wilcox Group lie below medium- to heavyail reservoirs in the Eocene Jackson Group. This fortuitous 
association suggests the use of geothermal fluids for thermally enhanced oil recovery (TEOR). Geothermal 
fairways are formed where thick deltaic sandstones are compartmentalized by growth faults. Wilcox 
geothermal reservoirs in South Texas are present at depths of 1 1,000 to 15,000 ft (3,350 to 4,570 m) in 
laterally continuous sandstones 100 to 200 ft (30 to 60 m) thick. Permeability is generally low (typically 
1 md), porosity ranges from 12 to 24 percent, and temperature exceeds 250°F (1 21 "C). 

Reservoirs containing medium (200 to 25" API gravity) to heavy (10" to 20" API gravity) oil are 
concentrated along the Texas Coastal Plain in the Jackson-Yegua Barrier/Strandplain (Mirando Trend), 
Cap Rock, and Piercement Salt Dome plays and in the East Texas Basin in Woodbine FluviallDeltaid 
Strandplain and Paluxy Fault Line plays. The Jackson-Yegua BarriedStrandplain (Mirando Trend) is the 
most favorable play for TEOR of medium to heavy oil because of the abundance of candidate reservoirs, 
relative simplicity of reservoir architecture, and shallow depth of burial. Updip p inchat  of shallow 
barrier bar/strandplain sandstones largely controls the distribution of medium- to heavy-oil reservoirs in 
the Jackson Group. Subtle structure, small faults, and sandstone-body pinchduts form lateral barriers of 
the reservoirs. Structural, depositional, and diagenetic variations cause reservoir compartmentalization. 
The medium- to heavy-oil reservoirs are typically porous (25 to 35 percent) and permeable (100 to 
1,Ooo md), slightlydayey, fine- to medium-grained sand and sandstones Calcitecemented zones of low 
porosity (approximately 5 percent) and permeability (approximately 0.01 md) compartmentalize the 
reservoirs. 

Injection of hot, moderately fresh to saline brines will improve oil recovery by lowering viscosity and 
decreasing residual oil saturation. Smectite clay matrix could swell and clog pore throats if injected 
waters have low salinity. The high temperature of injected fluids will collapse some of the interlayer 
clays, thus increasing porosity and permeability. Reservoir heterogeneity resulting from facies variation 
and diagenesis must be considered when siting production and injection wells within the heavy-oil 
reservoir. The ability of abandoned gas wells to produce sufficient volumes of hot water over the long 
term will also affect the economics of TEOR. 

Keywords geopressured-geothermal reservoirs, hot-water flood, Jackson Group, Mirando 
Trend, oil plays, South Texas, thermally enhanced oil recovery, Wilcox Group 

Introduction 
In Texas, geothermal resources are largely untapped 

despite their wide distribution. Three regions in the State 
that contain geothermal resources include the 
(1 geopressured-geathermal zone along the Texas Gulf 
Coast, (2 )  rift-associated hydrothermal area of the 
Trans-Pecos, and (3) fault-associated hydrothermal area 
of Central Texas (fig. 1). Geothermal resources could 
provide an auxiliary source of energy for diverse 
applications as well as a possible supply of pomble 
water at some localities. Low-temperature hydrothermal 
resources associated with the B a l m  and Mexia-Talm 
Fault Zones have experienced the most, albeit limited, 
development in Texas (Woodruff, 1982). Geopressured- 

geothermal resources along the Texas Gulf Coast have 
received the most study (for example, Meriwether, 1977; 
Bebout and Bachman, 1981; Dorfman and Morton, 1985; 
Negus-de Wys, 1990, 1991; Rim and others, 1991) 
because they possess the highest temperatures and have 
associated natural gas. In the 197(Ys, early estimates 
indicated that vast energy resources associated with 
the geopressured-geothermal fluids might be able to 
gemrate electricity and produce natural gas ()ones, 1976; 
Wallace and c#hers, 1979). Subsequent m r c e  estimates 
using data gathered from geopressured-geothermal 
research programs drastically shrank the earlier overly 
optimistic estimates of the size of the resource base 
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Figure 1. Map outlining areas containing geothermal resources in T e w  and geopressuredwnnal corridors along 
Texas Gulf Coast (Bebout and others, 1978,1982; Crpgocy and athen, 1980; Woodruff, 1982). 

(Gregory and others, 1980). Declines in the price of oil 
and gas also had a negative impact on the economics of 
geothermal resource utilization (Wrighaon, 1981 1. Without 
price or tax incentives, the generation of electricity 
through production of geopressured-geothermal energy 
is unlikely to be economical, given the current price 
(1 990-1 992) for competitive energy sour- such as oil 
($20 to $25/bbl) and gas ($1 .SO to S2.WM43. 

Geothermal waters in Texas range in temperature fiwn 
less than 100°F to greater than 350°F (~38°C to >177"O 
but are not hot enough to directly generate electricity 
using steamdriven turbines. These geothermal resources 
may be suitable for binary-cycle conversion, in which 

the geohrmal fluids vaporize a working fluid (fieon, 
isdxnane, 01 isopentane), which would then drive a 
turbine generator. The technology for commercial use of 
moderate-temperature geothermal fluids to generate 
electricity has been proven in California and has also 
been succesrfully tested in a geopressured-geothermal 
well in Texas. 

Generating electricity efficiently from geopressured- 
geothermal resources requires using all of the multiple 
components of the resource, such as thermal energy 
(hot water), chemical energy (dissolved natural gas), and 
kinetic energy (hydraulic power), each of which is 
uneconomical to exploit individually. The large initial 
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investment inhibits developing geothermal resources 
that are a relatively low unit value commodity. In Texas, 
the commercial success of such a procedure is  currently 
hampered by uncertainties about the size and productivity 
of individual geothermal reservoirs, low prices for natural 
gas, flat demand for electricity, higher rate of return 
from competing energy resources such as oil and gas, 
high costs of drilling and completing geothermal wells, 
high costs of customized plant design and fabrication, 
and high costs of disposal of spent fluids. Geothermal 
fluid must also be produced cheaply and in large 
quantities to be economically feasible. The economics 
are especially sensitive to the flow rate and productive 
life of individual wells, which are best determined on 
the basis of long-term flow tests. Many variables can 
affect well productivity and flow rates, and reservoir 
performance must be individually determined for each 
well. However, the direct use of geopressured-geothermal 
fluids for applications that require varying temperatures 
is the most likely way the energy will be used in the 
near term (Lunis and others, 1991 1. 

Direct Use of 
Geothermal Resources 

Direct uses include space heating or other industrial 
processes that require moderate temperatures, such as 
agriculture, aquaculture, or thermally enhanced oil 
recovery (TEOR). First proposed by Negusde Wys (1 9891, 
recovery of heavy oil by injecting geopressured- 
geothermal fluids for hot-water flooding is one direct- 
use method with particularly attractive economic 
incentives (Negus-de Wys and others, 1991 1. Heavyail 
resewoirs are characterized by poor recovecy efficiencies 
because the oil is highly viscous and resists extraction. 
Enhanced recovery strategies that apply geothermal 
energies to reduce viscosity in medium to heavyail 
reservoirs have the potential to improve recovery 
efficiency, resource conservation (heat would not be 
generated by combustion), and environmental protection 
(no release of greenhouse gases). Because of the difficulty 
of conserving the heat energy during longdistance 
transport (Hannah, 19751, geothermal resources must be 
located close to heavyail reservoirs. 

In the Gulf Coast region, geothermal and heavyail 
resources are located together in South Texas where a 
geothermal fairway in the Paleo<-Roe-Eocene MICOX 
Grouplies2to3mi(3to5km)belawatrendofheavy- 
oil reservoirs in the shallow Eocene Jackson Group. 
Geothermal fluids produced from the deeply buried 
Tertiary geopressured-geothermal reservoirs could be 

injected into shallow oil reservoirs to supply both the 
heat energy and fluid for enhanced oil recovery by steam 
or hot-water flooding (fig. 2). Although the incremental 
gain in production from injecting hot water is substantial 
compared with that gained from injecting cold water 
during a typical waterflood, such improvements are less 
significant than those resulting from injecting steam 
(Burger and others, 1985). A TEOR process would result 
in energy savings and resource conservation by 
maximizing the percentage of oil recovered from the 
reservoir and by eliminating the standard practice of 
heating the injection fluids through combustion of 
hydrocarbons. In situations where steam injection is 
impractical or uneconomical, injection of geothermally 
heated water may offer an economically attractive 
alternative. Although Negus-de Wys and others (1 991 
suggested that TEOR geopressured-geothermal fluids 
could be economically viable in South Texas because of 
the docation of geothermal resources below heavy4 
reservoirs and because of the size of the heavy-oil and 
geothermal resources, the geothermal-well productivity 
and dissolved gas content may have been overestimated. 

0 bjectives 
This report characterizes geothermal resources and 

medium- to heavyail reservoirs in Texas, with emphasis 
on the South Texas area where geothermal and medium- 
to heavyail reservoirs are colocated. Specifically, we 
consider the feasibility of using geothermal brines to 
supply heat and fluids for a TEOR program to increase 
production from medium- to heavyail reservoirs. The 
report is organized in five sections that (1) provide 
background information on types of geothermal 
resources and review geologic and engineering 
characteristics of the geopressured-geott.1ermal resources 
in Texas, (2) examine the use of geothermal fluids for 
lEOR, (3) characterize medium- to heavy41 reservoirs 
and plays in Texas, (4) characterize medium- to heavy- 
oil reservoirs in the Mirando Trend in South Texas, and 
(5) discuss suitability of medium and heavyail reservoirs 
in South Texas for gleothermally wrced TEOR We focus 
on characterizing aspects of heavy41 reservoirs that 
would affect use of geopmsured-geothermal fluids in a 
TEOR program. The study area includes five counties in 
South Texas (Dwal, Jim Hogg, Starr, Webb, and Zapta 
Counties) where known geothermal fairways in the deep 
Wilcox Group (Gregory and others, 1980; Bebout and 
dbs, 1982) are favorably located below the shallow 
Mirando Trend of medium- to heavy-oil reservoirs 
(Galloway and others, 1983; Hamlin and others, 1989; 
Seni and Walter, 1990; Negusde Wys and others, 1991 1. 
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Geothermal Resources in Texas 
Types of Geothermal 
Resources 

Geothermal resources can be divided into categories 
on the basis of the nature and origin of the resource: 
hydrothermal, petrothermal (hot-dry rocks), and 
geopressured-geothermal. The heat energy for the first 
two categories is generally supplied by a large body of 
hot rock, or magma. In a hydrothermal system, ground 
water becomes heated or vaporized after contacting 
surrounding hot rock. Such resources are considered 
renewable if ground water is replenished by seasonal 
rainfall or snowmelt. In petrothermal systems, the energy 
content of hot rocks is abundant but not inexhaustible. 
The phase of the geothermal fluid is dependent on depth 
and pressure and may include hot water, steam, or a 
mixture of the two. The Geysers, California, is an example 
of a vapordominated syjtem that provides electrical 
power at a relatively low cost because the single steam 
phase contains no liquids that need to be separated 
(Barker and others, 1991 1. 

In geopressured-geothermal systems, water trapped 
within a subsurface sandstone reservoir is heated by 
pressure and surrounding hot strata during rapid, deep 
burial of sediments within young sedimentary basins 
(Dorfman and Kehle, 1974; Bebout and others, 1978). 
The depositional and structural style of the Cenozoic 
strata along the Texas Gulf Coast favored the 
accumulation of thick lenses of permeable sandstone 
that became hydrologically isolated during burial 
(fig. 3). The geopressured-geothermal reservoir is sealed 
by relatively impemable shale and faults. Insulating 
layers of thick shales encase the reservoir sandstones 
and retain heat within the geopressured reservoirs. The 
high temperature of the geopressured fluids is a result of 
the normal increase in temperature during burial and 
convective transport of heat by fluid flow. The typical 
geothermal gradient in the Gulf of Mexico region is 
1.6OF/loO ft (25°C km-') (Bodner and others, 1985). 
Regionally, temperatures and geothermal gradients in 
the subsurface generally decrease from as high as 
2.7OF/100 ft (42OC km-l) along the inner coastal plain to 
1.1 OF/lOO ft (1 7OC km-l) offshore. In addition, gradients 
are higher toward the southwest, increasing by as much 
as 0.53°F/100 fi (8°C km-') across South Texas (Bodner 
and others, 1985). Abrupt increases in temperature 
gradients at depth commonly correspond to over- 
pressuring (Lewis and Rose, 19701, particularly near 
growth faults. Gradients then decrease to nearly normal 
levels at greater depths. 

The fluids become overpressured by partially 
supporting the weight of the overlying column of rock 
during continued burial. In a normally pressured area, 
fluid pressure increases with increasing depth as a 
function of the weight of the overlying column of water. 
This normally pressured area is referred to as the hydro- 
static zone. In the Gulf Coast region, formation fluids are 
considered geopressured when fluid pressure gradients 
exceed 0.465 psi/ft (10.5 kPa m-'1 (Bebout and others, 
1982). limited fluid circulation within the overpressured 
interval causes the pressure gradient to rise from 0.7 to 
1.0 psifi (15.8 to 22.6 kPa m-'). Geothermal fairways 
are typically characterized by temperatures greater 
than 300OF (>149"C), fluid pressures above 0.7 psifi 
b15.8 kPa m-l), and sandstone thicknesses exceeding 
300 ft b91  m). Because geopressured-geothermal fluids 
are sealed within deep reservoir strata, they should be 
considered nonrenewable resources similar to oil and 
gas. A b g h  geopressured-geothermal resources are best 
known in the northem Gulf of Mexico basin, geopres- 
sured basins are common in the United States and 
worldwide (Fed and others, 1976). 

Geopressured= 
Geothermal Resources: 
Previous Research 
The Bureau of Economic Geology and the Center for 

Geosystems Engineering of The University of Texas at 
Austin have participated in a long-term research pre 
gram funded by the U.S. Department of Energy (DOE) 
to evaluate geopressured-geothermal resources in 
Texas ( m n  and Deller, 1975, 1976; Podio and 
othefs, 1976; Bebout and others, 1978,1982; Dorfman 
and Fisher, 1979; Gregory and others, 1980; Bebout 
and Wchman, 1981 ; Dodge and Posey, 1 981 ; Morton 
and others, 1983; Dorfman and Morton, 1985; Riggs 
and others, 1991). Similar programs have been funded 
by D O E  to evaluate geopressured-geothermal reservoirs 
in Louisiana (Bebout and Gutienez, 1981; McCulloh 
and PinO, 1981; Snyder and Pilger, 1981 1. As a result of 
this research program, a substantial body of information 
is now available UWIcerning the location, distribution, 
and productivity of the resource. The initial research 
task was to assess the potential for electrical generation 
from the deep subsurface brines in onshore Tertiary strata. 
Primary goals were to b t e  prospective reservoirs that 
met the following specifications fluid temperatures of 
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Figure 3. Schematic model of depositional and st~chrra l  styk of Cenozoic strata along Texas Gulf Coast (after Bebout 
and others, 1982). 

3 0 O O F  (149OC) or higher, pressure gradients higher 
than 0.7 psiA b15.8 kPa rn-'), a reservoir volume of 
3 mi3 (12.5 km3), and minimum permeability of 20 md 
(0.02 pm2) (Bebout and ahers, 1978; Morton, 1981). 
The recognition that geothermal brine contained 
substantial dissolved natural gas focused mearch on 
quantifying the gas component. Early, optimistic projec- 
tions (Jones, 1976) suggested that brines contained as 
much as 40 to 120 sctrbbl (7.2 to 21.6 d gas m-3 
brine). However, gas solubility was h n d  to be a function 
of the salinity of the brine; high salinities reduced 
gas solubility (Blount and others, 1979; Gregory and 
others, 1980). Long-term well tests of geothermal 
wells indicated that gas content of the brines ran@ 
from 20 to 34 scfrbbl (3.6 to 6.1 m3 gas m3 brine) 
(Negus-de Wys and others, 1991). More detailed 
information on regional-assessment and site-selection 
studies of Tertiary formations in the Texas Gulf Coast 
has concentrated on the Frio, Vicksburg, and Wilcox 
strata (Bebout and others, 1975a, b, 1976,1978,1982; 

Loucks, 1979; Gregory and others, 1980; Edwards, 1981 ; 
Mortorr and others, 1983; Winker and athers, 1 983). 

Geothermal Corridors 
Broad geopressured-geothermal corridors within 

Tertiary formations in the Gulf Coast of Texas (figs. 1 
and 4) contain localized geothermal fairways or pros- 
pects that are characterized by the coexistence of high 
subsurface fluid temperatures b25O"F [>121"C]) and 
thick permeable sandstones. Geopressured-geothermal 
aquifers develop when thick sandstone bodies are 
hybologically isolated by subsidence and rapid burial 
within fault Mocks (Winker and others, 1983). Thick 
sandstone bodies provide the necessary large reservoirs 
for the geothermal fluids. In the Gulf Coast Basin, such 
corridors typically are present where deltaic, shoreline, 
and shelf-margin sandstones accumulated syndeposi- 
tionally on the downthrown side of regional growth faults 
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in stippled pattern (Bebout and others, 1978). Medium 
and heavyoil reservoir0 are most common in Jaccksocr 
Group (lined pattern). 

(fig. 3). Belts of growth faults were formed by large-scale 
basinward sliding of the unstable shelf edge and by salt 
and shale tectonics (Ewing, 1986). In addition to 
determining the thickness of reservoir sandstones and 
the temperatures of geothermal fluids, examining 
permeability is necessary to characterize first-order 
geothermal prospeaivity (Bebout and others, 1978). 

Around the northern and western arc of the Gulf of 
Mexico depositional basin, reservoirs of geopressured- 
geothermal fluids lie in major sandstone-rich Tertiary 
sequences, including: (1 1 the Paleocene-Eocene Wilcox 
Group, ( 2 )  the Eocene Yegua Formation, (3) the 
Oligocene Vicksburg Group, (4) the Oligocene Frio 
Formation, and (5) Miocene formations. Yegua and 
Vicksburg strata contain geothermal resources that are 
less favorable for produdion because reservoir sand- 
stones at suitable depths are laterally restricted or have 
low permeability kouck~, 1979). In Texas, M i  strata 
have not been buried to sufficient depth to host favorable 
geothermal resources. In Louisiana, however, Miocene 
strata have been buried more deeply, and a DOE 
geothermal design well-Gladys McCall No. l-has been 
completed in Miocene strata (Clark, 1985; Durrett, 1985; 
Prichett and Riney, 1985). Both the Wilcox and Frio 
depositional units in Texas contain the thick, sandstone- 
rich corridors at the appropriate de@ and stmctural 
setting to produce geohmnal fluids (Bebout and ot)lers, 
1978, 1982). Within these broad corridors are smaller 
geothermal fairways or prospects that contain thick 
potential reservoir sandstones with elevated reservoir 
temperatures and pressures. 

Wilcox Geothermal Fairways 
The Wilcox Group, together with the underlying 

Midway Croup, constitutes the oldest thick sandstone/ 
shale wedge within the Gulf Coast Tertiary System. The 
faulted downdip section of the Wilcox Group constitutes 
the Wilcox geathermal corridor. Sediments within the 
updip part of the Wilcox wedge were deposited primarily 
by fluvial systems. Large delta systems deposited thick, 
sandstone-rich sequences in the lower and upper 
Wilcox (Edwards, 1981; Bebout and others, 1982). 
Marine processes reworked some deltaic sediments 
and redistributed sediments alongshore in barrier 
bar/strandplain environments. Growth faults developed 
between the shoreline and shelf margin of the larger 
delta lobes, where thick deposits of sand and mud 
accumulated over unconsolidated offshore mud of the 
Underlying sediment wedge. Subsidence along these 
faults isolated thick sandstone sequences, which 
prevented escape of pore fluids during burial. 

Six geothermal fairways are identified within the 
corridor on the basis of sandstone distribution and 
reservoir temperature (fig. 5). The geology of these six 
geothermal fairways is represented by two Wilcox 
resetvoir models (Bebout and others, 1982; Gregory and 
uhers, 1980). Table 1 summarizes characteristics of the 
reservoir models. 

Model I-South Texas upper Wilcox 
Fairways 

Model I represents upper Wilcox geopressured- 
geothermal reservoirs in South Texas. High-constructive 
lobate deltas of the upper Wilcox are growth faulted 
along the lower Wilcox shelf margin, forming vertically 
stacked reservoirs of delta-front sandstones (Edwards, 
1981 1. Zapata, Duval, and Live Oak Fairways represent 
major sand dep0Genters associated with three delta- 
lobe complexes. In the Zapata Fairway, m e  than 
1,500 ft (>457 m) of net sandstone accumulated in 
growthfaulted compamnents (Seni and Walter, 1990). 
The maximum thickness of individual sandstone bodies 
is as much as 200 fi (61 m). To the mth, in the Dwal 
and Live Oak Fairways, individual sandstone bodies are 
thinner, and net sandstone packages are 300 to 700 ft 
(91 to 21 3 m) thick. Reservoir temperatures are moderate 
to high (2500 to 471OF [12l0 to 244OCI) as a result of 
high geothermal gradients and substantial reservoir 
depth (fig. 6). Reservoir sandstones in the upper Wilcox 
are relatively continuow along strike, but numerous 
growth faults restrict continuity in a dip direction. 
Average porosity in model I fairways, which ranges from 
17 to 22 percent, is favorable, but permeability is the 
restraint on geothemMl reservoir potential in the upper 
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Fairways and prospects 
Barrier bar and strandplain deposits 
Fluvial deporlts 
Deltaic deposits 

Foult zone 
Subdivision boundaries OA.02388 

Figure 5. (a) Wilcox geopmsured-geotheml reservoir modeb I and II and geopmmred-geothemul corridor d 
fairways (Gregory and others, 1980; Bebout urd others, 1982). (b) Fri0 geopressuredgeothed reservoir models II, IV, 
and V and geopressuredgeotherl corridor, fairmys, and prospects (Bebout urd others, 1978; G v r y  a d  others, 
1980). 
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Table 1. Characteristics of geopressured-geothermal reservoir models.* 

Model 
Model I 
Upper Wilcox 

Lower Wilcox 

Model I1 

Upper Wilcox 

Lower Wilcox 

Model Ill 
Upper Frio 

Lower Frio z 
vicksburg 

Model IV 
Upper Frio 

Lower Frio 

Model V 
Upper Frio 

Matagoda 
Fairway 
Brazoria Fairway 

Thick, laterally extensive 
Sands 

Thin, areally extensive 
sands 

Moderately thick sands, 
moderately continuous 
Thick, laterally ewknsive 
sands 

Methane Porosity urd Factors limiting 
Temperature Prcssure Salinity solubility permeability reservoir potential 

Moderate to Moderate to Low to Low to Low 
high high moderate moderate 

High High Low High very low 

Low to Low to Low to high Low to Low 
moderate moderate moderate 

Low to moderate methane 
solubility, low porosity and 
permeabi I ity 
Thin sands, very low porosity 
and permeability 

Low porosity and permeability, 
low pressure in updip areas 

High High High High Low, locally high Low porosity and permeability 
in De Witt Fairway 

Thick, areally limited sands Moderate to Moderate to Low to High Low 

Thin, basal sands, laterally \kry high \kry high Low to High w low 

Thick, areally limited sands High High LOW to High w b w  

high high moderate 

continuous moderate 

moderate 

Thick, areally extensive Low Low High Low to High 
Sands moderate 
Thin, areally limited sands Moderate to Moderate to Low Moderate to Low 

high high high 

Thin to moderately thick Low to Low to Moderate to Low to High 
sands, areal extent variable moderate moderate high moderate 

Thin, areally limited sands High Moderate to High Moderate to High 
high high 

Thick, areally extensive High Moderate to High Moderate to High 
Sands high high 

Areally limited sands, low 
porosity and permeability 
Low porosity and permeability 

Areally limited sands, low 
porosity and permeability 

Low to moderate methane 
solubility, low pressure 
Areally limited sands, low 
porosity and permeability 

Low to moderate methane 
solubility and pressure, low total 
sand volume 
Thin, areally limited sands 

Thin, areally limited sands 

c s ul 
'Gregory and others (1 980). 2? 



"1 T-BB.OB+0.021.D R2-0.88 / 

I 1 

Figure 6. Plot of temperature as a function of depth for 
deep upper Wilcox wells in South Texas. Well log bottom- 
hole temperature corrected to equilibrium temperature 
after the method of Kehle (1 971 1. 

Wilcox. At depths where geothermal reservoirs are 
developed, average permeabilities are very low, ranging 
from 0.01 to 0.5 md (9.87 x 10-6 to 4.93 x 10-4 p2). 
Core analysis indicates that low porosities and perme- 
abilities will limit production from potential geopressured- 
geothermal reservoirs (Rebout and others, 1982). 

Model 11- Lower Wilcox De Witt, 
Colorado, and 
Harris Fairways 

Model I I  represents potential geothermal reservoirs 
in the lower Wilcox along the middle and upper Texas 
Coastal Plain (Gregory and others, 1980; Bebout and 
others, 1982). The sandstone geometry and structure in 
De Witt, Colorado, and Harris Fairways are characteristic 
of this model. Highanstructive, lobate lower Wilcox 
deltas were extensively growth faulted when they 
prograded across the underlying Cretaceous carbonate- 
shelf margin. Delta-front sheet sands accumulated to 
great thicknesses across growth-fault zones. Reservoir 
size is limited by restricted dip extent and lateral facies 
changes. In the De Witt Fairway, from 400 to 1,000 ft 
(121 to 305 m) of net sandstone accumulated. A 
maximum net sandstone thickness of 1,200 to 1,600 ft 
(366 to 488 m) is found in the lower Wilcox in the 
Colorado Fairway. Maximum net sandstone thickness is 
more than 2,000 ft b610 m) in the Harris Fairway. 
Available a r e  data show that most permeabilities of 
model II sandstones in the deep subsurface are less 
than 1 md (~9.87 x 1 P  pm2). Locally, permeabilities 
are highest in the De Witt Fairway, where permeabilities 

range from less than 2.1 to greater than 100 md 
(d.07 x 1W3 pm2 to >9.87 x 1W2 pm2). The highest 
permeability is typically at the top of sandstone-bearing 
intervals in thick channel-fill sandstones. 

Frio Geothermal Fairways 
Five geothermal fairways and three prospects that lie 

within the Frio geothermal corridor along the Coastal 
Zone of Texas were simplified into three reservoir models 
(Bebout and others, 1978; Gregory and others, 1980) 
(fig. 5b). The geothermal fairways are present where 
contemporaneous growth faults promoted the accumu- 
lation of thick deposits of sandstone at a depth currently 
characterized by high subsurface temperature and 
pressure. A substantial body of data had been previously 
collected for geothermal resources in the Frio Forma- 
tion in Texas (Bebout and others, 1975a, b, 1976,1978). 
Reservoir-specific information relevant to the production 
of geothermal energy in the Frio Formation of Texas has 
been evaluated in one DOE design well (Morton, 1981 ; 
Morton and others, 1983; Winker and others, 1 983). 

Model 111- Hidalgo and Armstrong 
Fa i ways  

The Hidalgo and Armstrong Fairways in South Texas 
contain geothermal waters having temperatures from 
250" to more than 300'F (121' to >149'C). Fluid 
temperatures in the Armstrong Fairway are relatively low. 
Thick, extensive sandstones characterize both fairways. 
Total net sandstone of more than 300 ft (>91 m) extends 
over an area of 50 mi2 (129 km2) in the Armstrong 
Fairway. Numerous thick sandstone reservoirs of 
adequate size are present at depths greater than 
13,000 ft (>3,962 m) in the Hidalgo Fairway. However, 
both fairways are limited by extremely low perme- 
abilities. Near the Frio Hildago Fairway, a favorable 
resource fairway was mapped in the underlying 
vicksburg Formation that is also Characterized by low 
permeabilities (Loucks, 1979). Swanson and others 
(1 9761, analyzing fields producing from the geothermal 
zone, found that most sadstme permeabilities are less 
thanorequalto1 mdk9.87x1O'pm2). 

Model IV-Corpus Christi Fairway 
The Corpus Christi Fairway contains high-tempera- 

ture geothermal waters in the range of 300" to 340°F 
(1 49' to 1 71 "0 in bath upper and lower Frio sandstones. 
Updip strandplain sandstones grade downdip across 
closely spaced fault zones into thin sandstone beds 
separated by thin shale beds representing shelf and slope 
deposits. Although sandstone-prone zones are 400 to 
900 fi (122 to 274 m) thick, individual sandstone beds 
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Figure 7. Location of General CNdc O i W  Pleasant Bayou Nor. 1 ud 2 geqmssudgeothed test wells Cungle 
location for both welb is at black dot) and structure on hi0 1s llprbcr Wxtm and o h m ,  1983). 

range in thickness from 1 to 10 ft (0.3 to 3.0 m). Limited 
core data indicate that porosities range from 9 to 
22 percent and permeabilities average less than 5.3 md 
( 4 2 3  x 1W3 &I. Local zones of high permeability 

at the top of some sandstones. Reservors in the Corpus 
Christi Fairway are relatively small because of restricted 
sand deposition and syndepositional and later faulting, 

(80 to 300 md [7.90 x l e  elm' bo 2.96 x 1w’ pIll21) exist 

Frio sandstones accumulated in the Brazoria Fairway. 
Bebout and others (1978) mapped and identified the 
Baux ia  Fairway as the most favorable site for testing 
geopmsu~edgrea)rermal resources in the Frio Formation 
in Texas (fig. 5b). Sandstone d r s  in the Matagorda 
Fairway are thin dawndip equivalents ofthick sandstone 
resewoirs in the Brazoria Fairway (Gregocy and others, 
1980). The Matagorda Fairway contains sandstone 
reservoirs with high fluid temperatures b 3 W F  [a1 71 “CD, 
but the reservoirs are thin and limited in lateral extent 
(Bebout and others, 1978). Geological characterization 
of potential Tertiary geopressured-geothermal reservoirs 
led to the Austin Bayou Prosped (within the Brazoria 
Fairway) as a site for the first DOE design well to evaluate 
the geopressured-geothermal enetgy rewurce (fig. 7). 

Model V-Brazoria and Matagorda 
Fa i ways 

Along the upper Texas coast in Brazoria and GakSon 
Counties, thick, porous, and highly permeable lower 
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0 Design well 

A Weti o f  opportunity 

- OAa238!3 
150 km 

Figure 8. Location map of geopressured-geothennal comdors and pthermal  test wells, Texas Gulf Coast (Morton and 
others, 1983). 

Structural style in the Brazoria Fairway represents the 
interaction between deltaic sedimentation, growth 
faulting, and salt dome growth. Thick reservoir sand- 
stones accumulated in a large salt-withdrawal basin that 
is bounded on the updip side by a major regional growth 
fault. Several hundred feet of potential geothermal 
reservoir sandstones contain fluids at temperatures higher 
than 300°F (>149OCI. Permeability values from cores of 
sandstone units in the Brazoria Faitway range from less 
than 0.1 md (~9 .87  x lC5 p d )  for cores with low 
porosities of less than 15 percent to several hundred 
millidarcys ( ~ 1 4 0  to 1,050 md ( ~ 1 . 3 8 ~  1C’ to 
I .04 c(mz]) when porosity exceeds 20 percent Generation 
of secondary porosity at resewoir depths has improved 
the permeability of Frio sandstones in the Brazoria 
Fairway (Lou& and athers, 1980,1981 1. 

DOE Geothermal Well 
Testing Program 

Reservoir data were collected from wells drilled in 
various potential geothermal reservoirs in Texas and 

Louisiana (Gould and others, 1981 ; Morton and others, 
1983; Clark, 1 985; Durrett, 1985; Garg and Riney, 1 985; 
Pritchett and Riney, 1985; Rodgers and Durham, 1985; 
Rodgers and others, 1985). These wells include oil and 
gas wells drilled by industry and used for short-term 
tests (Wells of opportunity program) and D O E  geothermal 
wells used for long-term reservoir testing, characteri- 
zation, and fluid production (Design Well program) 
(fig. 8). The short-term and long-term tests were designed 
to (1) document reservoir conditions, (2) define the 
productivity and life of the geothermal reservoir, 
(3) analyze g&rmal fluids and dissolved gases, and 
(4) demonstrate potential for technical transfer to private 
companies. 

DOE Design Well Program 
Four design wells were drilled and tested (Lombard, 

1985) (table 2). An additional well was drilled as a gas 
well and was transferred to DOE. The first design well, 
the General Crude-DOE Pleasant Bayou No. 1 was 
drilled in 1978 and completed as a disposal well after 
drill pipe became stuck in the geothermal section. 
Pleasant Bayou No. 2 was offset 500 ft (152 m) and 
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Table 2a. Characteristics of geopressured-geothermal test wells. DOE design wells.* 

Well name 
Age/fonnation 

Unit 

Depth (ft) 

T h i c k  (ft) 

Bottomhok premure (psi) 

Flowing pmure (psi) 

Bottomhok temperature ( O F )  

Surface temperature (OF) 

Gadwater ratio 
Percent methane 

Percent C q  
Reservoir size (EM)  

Total dbrdwd di (me/l) 
CI (mg/L) 

Porosity (%I 
Permeobilii (md) 

Sustained flow rate 

Long-term production (MMbbl) 

l imi t iq  facton 

General Crudc/DOE 
f’kasant B;ryou No. 2 

OligoceneFrio 

T5 sand 

16,500 

60 

11,050 

3,000 

301 

292 

23.7 

85 

10.5 

8 

131,320 

70,000 

19 

200 

20,000 

19.5 

Well sanding when 
production >20,000 bbl 

TeChnadril-F urd S/DOE 
Gladys McCall No. 1 

Miocene/lower Miocene 

No. 8 sand 

15,158-1 5,490 

300 

12,783 

2 , m  

298 

268 

27 

85 

10 

4 

95,000 

57,000 

23.8 

64 

19,837 

27.3 

Dow/DOE 
L R. Sweezy No. 1 

OligoceneIAnahuac 

Cibicides jefkrsonensis 

13,340 

50 

11,410 

- 

237 

- 
17.5 

- 

10 

- 
27 

61,526 (81 7 on 
buildup) 

9,800 

Well sanding when 
production >10,000 bbl 

Gulf-TeChnadril/OOE 
Amoco Fee No. 1 

Oligocene/Frio 

M iogypsinoides 
(No. 5 sand) 

15,387-1 541 4 

27 

12,052 

4,749 

2 79 

20.9 

20 

42-1 40 

2,046-2,648 

1.1 

High production rates not 
sustainable; reservoir 

barriers 

Superior Oil Co. 
H u h  No. 1 

OligoceneFrio 

Miogypsinoides 

21,546 

500 

18,500 

3,500 

360 

330 

34 

93 

4 

14 

195,000 

11 5,000 

15,000 

- 
No long-term tests 

‘Modifd hom Klaurinski (1981), Morton (1981), Morton and others (1983), Clark (1985), Garg and Riney (19851, Peterson (1985), Negus-de Wys and others (19901, and 
Eaton Operating Company (1991). Dashes indicate information is not available. 



Table 2b. Characteristics of geopressured-geothermal test wells. DOE Wells of Opportunity.* 

Well name 

A & f ~ t i o n  

Depth (ft) 

Unit 

Cross sand thick- (ft) 

Net sand t h i c k  (ft) 

Bottom-hok p m n  (psi) 

Shut-in surface p m n  (psi) 

Bottom-hok temperature (OF) 

CuJweter ratio 

Total disrolved r o l i  (mg/L) 

Porosity (XI 

Permeability (md) 

Sustained flow rate 

limiting factors 

Riddle Saldana 
No. 2 

Eocedupper Wilcox 

First Hinnant 

9,745-9,835 

90 

79 

6,627 

2,443 

300 

47-54 

13,000 

20 

7 

1,950 

Tight 

Lear Koelemay 
No. 1 

Eocene/Yegua 

Leger sand 

11,590-1 1,729 

139 

77 

9,450 

4,373 

260 

30 (plus gas cap) 

15,000 

26 

85 

- 

Restricted reservoir 

Rosa Kraft 
No. 1 

Oligocene/Frio 

Anderson sand 

12,750 

120 

109 

10,986 

9,507 

263 

- 
23,000 

23 

39 

34 

Damaged reservoir 

Wainoco Oil and Gas 
P. R. Cirouard No. 1 

Oligocene/upper Frio 

Marginulina texana 

14,720-1 4,827 

107 

91 

13,203 

6,695 

2 74 

40 (estimate) 

23,500 

26 

- 

15,000 

Restricted reservoir 

~~ 

*Modified from Klauzinski (1981), Mortm(1981), Morton and others (19831, Clark (19851, Garg and Riney (19851, Peterson (19851, Negusde Wys 
and others (19901, and Eaton Operating Company (1991). Dashes indicate information is not available. 



successfully completed to 16,500 ft (5,029 m) in 1979 
(Bebout and others, 1978; Morton and others, 1983). 
The DOE Pleasant Bayou No. 2, in Brazoria County, 
Texas, is the only well in the geothermal-geopressured 
program that has successfully produced energy. An 
experimental hybrid power system (Hughes and 
Campbell, 1985; Eaton Operating Company, 1991 
produced approximately 1 megawatt per day through 
(1 1 a binary-cycle turbine utilizing heat from geothermal 
brines to vaporize isobutane and (2) gas-engine combus- 
tion heat from separated natural gas. Natural gas from 
this well was also sold to a pipeline. This test extended 
from September 1989 to lune 1990. The DOE Pleasant 
Bayou No. 2 sustained production of 20,000 to 
23,000 bbl/d (3.68 x 1 W2 m3 r1 to 4.23 x 1 W2 m3 8)  
of brine at a well-head temperature of 268°F (131OC) 
(Eaton Operating Company, 1991 1. Approximately 
20 MMbbl(-3.18 x 1 O6 m3) have been withdrawn, and 
39 MMcf (1 .10 x 1 O6 m3) of gas were extracted from 
the well's estimated 7.8 Bbbl (1.24 x 109 m3) fluid 
reservoir (Eaton Operating Company, 1991 1. The test 
facility successfully dernonstrated the ability to convert 
multicomponent geopressured-geothermal energy into 
useful power. However, the costs of electricity and gas 
produced from the test were not economically viable 
when compared with that produced from conventional 
energy resources. 

DOE Wells of 
Opportunity Program 

The DOE Wells of Opportunity program used existing 
oil and gas wells for short-term reservoir tests. Six 
conventional oil and gas wells that were tested in the 
program during 1980 and 1981 sustained fluid produc- 
tion rates of 1,950 to 15,000 bbl/d (3.59 x 1 W3 m3 r1 
to 2.76 x lW2 m3 sl) from conventional 2 3/& to 
3 1/2-inch (6.0- to 8.9-u-n) tubing (Klauzinski, 1981). 
Riddle No. 2 Saldana in Martinez field, Zapata County, 
South Texas, is a well of opportunity that has tested the 
First Hinnant sandstone (upper Wilcox), which cotrelates 
with the Live Oak delta complex in McMullen and Live 
Oak Counties (Morton and others, 1983). This well 
provides the most direct data on the geothermal well 
productivity of the upper Wilcox in South Texas The 
sandstone has good reservoir continuity and poor to 
excellent reservoir quality. For the Riddle No. 2 Saldana, 
average porosity from the sonic log was 16 percent, 
average permeability was 7 md (6.91 x 1 C3 p?), salinity 
was 13,000 ppm TDS, maximum temperature was 
3 0 O O F  (1 49OC) (Morton and others, 19831, and maximum 
flow rate was 1,950 bbl/d (3.59 x lW3 m3 8)  (table 2). 

Figure 9. Average petmeability plotted as a function of 
depth for various Texas geothermal corridors: Wilcox 
(Klauzidi, 1981; Bebout and others, 1982; Morton and 
o h m ,  1983); Vicksburg (Swanson and others, 1976; 
Laucks, 1979); and Frio (Bebout and others, 1978; Morton 
and others, 1983). 

Average permeability data from previous geopres- 
sured-geothermal research programs (fig. 9) represent 
permeabilities derived from diamond core, sidewall core, 
drill-stem tests, pumping tests, and median values 
averaged from many samples. These undesirable 
variations in measurement techniques impose an 
additional scatter to data that characteristically have a 
wide natural dispersion. Despite the scatter in the data, 
there is a clear distinction between the relatively low 
permeabilities of Vicksburg. Frio, and Wilcox strata in 
South Texas and the extraordinarily high permeabilities 
measured in the Frio in the Brazoria Fairway. In the 
South Texas area, where Wilcox and younger Tertiary 
strata are deeply buried (1 1 ,OOO to 14,000 ft [3,353 to 
4,267 m]) in the hot geothermal zone, typical 
permeabilities range from less than 0.01 to 1 md 
(4 .87  x 10-6 pd to 9.87 x le pd). For instance, 
Morton and others (1983) reported that average 
permeability was 17 md (1.68 x 1C2 pm2) in the First 
Hinnant sandstone (17 measurements) over a depth 
range of 9,720 to 9,840 ft (2,963 to 2,999 m) at the 
Riddle No. 2 Saldana. In cmtmt, at Pleasant Bapu No. 2, 
aterag permeat>llitieS are 230 md (2.27 x 10-1 p d )  in 
the Andrau Sand (27 measurements) Over a deph range 
of 14,484 to 14,766 fi (4,415 to 4,501 m) (Morton and 
others, 1983, p. 54-57). Rosita field in Duval County, 
an upper Wilcox gas field from which abundant 
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Figure 10. Permeability (urrstrersed air pemeability) versus 
porosity in upper Wilcox gas wells, Duval County, Texas. 

porosity/permeability data are available, shows that in 
the deepest and hottest reservoirs, most permeability 
values are less than 1 md k9.87 x 1 o-' (fig. 10). 
Permeabilities from the Frio Pleasant Bayou No. 2 
geothermal well in Brazoria County, when compared 
with those from the upper Wilcox Fandango field in 
Zapata County (fig. 111, are typically one to two orders 
of magnitude greater for a given constant porosity. 

Summary of 
Geopressured-Geothermal 
Resources in Texas 

The thick mervoir sandstones and locally high porosity 
and permeability characterize reservoirs of model V in 
the Frio Formation d the central Tews Gulf Coast as the 
most favorable for production ofppesund+@mnal 
resources in Texas. Both the Frio Formation and Wilcox 
Group contain sandstone reservoirs of sufficient thick- 
ness and temperature to be viable geothermal resources. 
Maximum temperatures of thick reservoir sandstones in 
the Frio are approximately 3WF (-149oC). l a d y ,  upper 
Wilcox reservoirs (model 1) contain geothermal fluids in 
excess of 450°F b232OC) and thick reservoir sandstones 
The favorable trend of high fluid temperature, low 
salinityhigh gas saturation, and thick reservoir sandstone 
in the South Texas Wilcox Group must be balanced 

QAlW8& 
Porosity (percent) 

F i n  11. Penneabilii (unstreroed air permeability) versus 
@ty, F A  Chocolate Bayou field, Brazoria County, 
Texas, and an upper Wilcox field in Zapata County, South 
Texas. 

against the consistent trend of decreasing porosity and 
permeability with depth. 

The limiting factor affecting geothermal productivity 
is the low permeability of potential reservoir sandstones. 
Low permeability is endemic for South Texas Wilcox, 
Frii, and Vid<sburg Fairways (Swanson and others, 1976; 
Bebout and others, 1978, 1982; Loucks, 1979). 
Comparison of porosity/permeabi lity re1 ationshi ps 
between South Texas Wilcox reservoirs and ideally 
favorable Frio reservoirs along the central Texas Gulf 
Coast indicates that the Frio resecvoirs at similar reservoir 
depth typically have permeabilities that are one to two 
orders of magnitude greater. The abundance of unstable 
volcanic rock fragments in South Texas favors a burial 
diagenesis pathway that results in reduction of original 
primary porosity by cementation. Along the middle Texas 
amtal area, secondary porosity by feldspar dissolution 
in the deep subsurface (Loucks and others, 1980,1981 ; 
Milliken and others, 1981) has enhanced porosity and 
permeability of deeply buried sandstones. 
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Direct Use of Geothermal Fluids for 
Improved Oil Recovery 

The role of hot-water flooding in the mobilization 
of heavy oil is poorly documented (DuBar, 19901, and 
relatively few field applications have been designed to 
assess the effectiveness of hot-water floods to increase 
production of heavy crude. Important exceptions are 
the pilot test in the Schoonebeek field, the Netherlands 
(Dietz, 1972), and the Loco field in southem Oklahoma 
(Martin and others, 1972). According to DuBar (19901, 
these two tests demonstrated that, although the process 
was more complicated than originally anticipated, hot- 
water flooding could increase heavy-oil production. 
Currently, Amoco Production Company is using gee 
thermal fluids in a hot-water flood of oil reservoirs in 
Wyoming (Lunis, 1990). 

Hot-Water Flooding 
Raising the temperature of the reservoir and the oil i s  

the primary method employed in thermal recovery 
techniques for decreasing in situ v i d t i e s  and increasing 
production from heavy-oil reservoirs. Hot-water flooding 
is  one method of heating the reservoir to decrease the 
oil viscosity and thus improve the displacement efficiency 
over that obtainable from conventional waterfloods 
(Craig, 1971 1. Hot-water flooding is essentially a displace- 
ment process in which both hot and cold water mobilize 
oil. A hot-water flood, whether using geothermally heated 
fluids or conventionally heated water, involves the flow 
of two phases water and oil. Steam and combustion 
processes include a third, gaseous, phase. The displace- 
ment efticiency of hot water is greater than that of add 
water, but much less than that of steam (fig. 12). Hot 
water has a lower transport capacity and sweep efficiency 
than steam injection (Burger and athers, 1985). 

Burger and others (1 985) showed schematically how 
(1) thermal expansion, (2) viscosity reduction, (3) wet- 
tability, and (4) oi lhter interfacial tension affeddisplace- 
ment efficiency of crudes of varying oil density (fig. 13). 
Qualitatively, viscosity reduction is the most important 
mechanism that contributes to inueasing displacement 
efficiency of heavy crudes, whereas thermal expansion 
is more important in displacing light crudes. Burger and 
others (1985) recognized three principal zones that 
develop in a reservoir flooded by hot water (fig. 14): 

Zone 1: At each point in the heated zone, the 
temperature increases with time, which reduces the 

0 0.25 0.50 
Amount injected 

Conventional isothermal water flooding 
Hot-water flooding 
Steam flooding QAa4X 

- ----  --- 
F i p e  12. Oil recovery b e h  breakthough of water 
versus thc amount of water injected: curve A- 
awrvwrtiorul (cdd) water M, curve I U w t  water flood, 
and curve C-steam flood. Modified from Burger and 
others (1 985); printed by perm'wion of the publisher. 

residual oil saturation. The temperature within the res- 
ervoir decreases with increasing lateral distance from 
the injection well. In addition, expansion of fluids and 
matrix leads to a reduction of the specific gravity of the 
oil left in the pore space at the same saturation. 

Zone 2: Oil is being displaced by water that has 
cooled to the temperature of the formation. The oil 
saturation at any point in the zone will decrease with 
time, and under certain conditions may reach residual 
saturation corresponding to the prevailing temperature 
in the zone. The oil saturation will then increase with 
increasing lateral distance from the injection well. 

Zone 3: Reservoir conditions in this zone are consistent 
with the ambient conditions that existed before the hot 
fluids were injected. In contrast to the three zones that 
develop during injection of hot water, four zones develop 
during steam injection: (1) the steam zone, (2) the 
conderrsation zone, (3) the hot-water zone, and (4) the 
unaffected zone (Burger and others, 1985). 

Heavy41 reservoirs are the focus of the cobcation 
research program because literature and laboratory data 
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Heavy oils - Light oils 
Increasing oil gravity 

igure 13. Relative contribution of vircority reduction, 
vaporization, them1 expasion, wetbbility, and water/ 
oil interfacial tension to the improvement of oil 
displacement by hot water or steam. In oib with he 
densities, reduction in vkosity is the most imporhnt 
process. Modified from Burger and others (1 985); printed 
by permission of the publisher. 

indicated that heavy oil from these reservoirs would 
exhibit a greater visccsity reduction during hot-water 
flooding than would light oil ( T i m  and Welte, 1984; 
Negusde Wys and others, 1991). Traditionally, oil is 
classified primarily by its API gravity, and a heavy oil 
has an Aft gravity greater than 100 and less than or 
equal tu 20" (Lane and Carton, 1925; Smith, 1968; lissot 

between heavy and medium oil, however, i s  not 
universally accepted. North (1985) used 22" as the 
boundary between heavy and medium oil. In some 
areas characterized by abundant light oil, such as the 
Arabian Peninsula, oil below 27' is considered heavy 
(North, 1985). 

in this report, heavy oil is defined as having MI 
gravity between 10" and ZOO,  viscosities of 100 to 
10,000 centipoise (CP) (1 to 100 g cm-l 8) at reservoir 
conditions, and specific gravity of 0.93 to 1.0 g ~ m - ~  
(Tissot and Welte, 1984). Medium oil is defined as having 
API gravity between 20" and 25". Dense, viscous oils 
having low All gravities and high viscosity characterize 
the heavy oils repotted in this study. viscosity, the internal 
friction of a fluid that causes resistance to flow, is defined 
by force x distance / area x velocity. Oil viscosities are 
commonly unavailable in public sources of information, 
whereas oil densities and API gravities are typically 
reported. Viscosities vary directly with densities, and thus 
oil viscosity is a function of the number of carbon atoms 
and the amount of gas dissolved in the oil (North, 1985). 
& d i n g  to Tim and Welte (1984, API gravity is 
amgly correlated (correlation coefficient of 0.916 for 
high-sulfur crude oils) to log viscosity. According to 
N e g u s d e  Wys and others (1 991 ), for 200 API-gravity oil 
at a reservoir temperature of 86°F (30"C), viscosity can 
be reduced by an order of magnitude from 100 to 10 cP 
(1 .O to 1 .O x IO-' g un-1 8) if reservoir temperature is 
increased to 21 2OF (1 00°C). The operational difficulty is 
in distributing heat throughout the reservoir and avoiding 
channeling of injected hot fluids. The disadvantages of 
hot-water flooding are substantially mitigated if an ample 
supply of geothermally heated water exists near a heavy- 

and Welte, 1984). The boundary of 20" API gravity oil &ir. 

Reservoir 

(Bottom) (Ambient) - - - - 
Lateral distance (axisymmetric around well) QAa34c 

Figure 14. Displacement zones, wakr mtuntion, and lemperalur, profiles around a well bore durhg injection of hot 
water Ohto a heavy-oil reservoir. h n e  l--hc;leed zone, zone 2--cod zone, d zone u f f e c t e d  zone. Excludes he 
effects of wporbti i  ofthe l i i  mctiorr ofthe oil, thermal ovu?Mnnir)B widrin the reservoir, and reservoir hetempeities. 
Modified from Burger and othen (1 985); printed by pennisSion of the publisher. 
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Heavy Oil in Texas 
Heavy-oil fields compose approximately 25 percent 

of the 100 largest fields in the United States in terms of 
1980 reserves (Interstate Oil Compact Commission, 
1984). Reservoirs containing heavy oil are conceotrated 
in California and Texas; the two states respedively contain 
32 and 31 percent of the nation's 1,108 heavy-oil 
reservoirs (Interstate Oil Compact Commission, 1984). 
Heavy-oil fields in California have produced more than 
12 Bbbl b1.91 x 1 O9 m3) of oil (Interstate Oil Compact 
Commission, 1984, and thermal recovery techniques, 
such as steam flooding or cyclic steam injection, are 
commonly used to improve recovery from these fields. 
Ten percent of the large oil resetvoirs in Texas ("large" 
reservoirs are defined as those having a cumulative 
production greater than 10 MMbbl b1.59 x lo6 d]) 
produce medium and heavy oil (Galloway and others, 
1983). In Texas, medium- and heavy-oil reservoirs, like 
light-oil resetvois, are ~pi?aIly produced without thermal 
recovery techniques. These medium- and heavy-oil 
reservoirs represent an underutilized resource because 
high oil viscosities result in low average recovery 
efficiencies of 20 to 35 percent (Galloway and others, 
1983; Interstate Oil Compact Commission, 1984). In 
contrast, recovery efficiencies for light-oil reservoirs 
average 50 percent (Galloway and otkrs, 1983). 

Data Sources 
To assess the potential of geothermal fluids for 

enhanced recovery of heavy oil, a review was conducted 
during this ShKfY to determine the dis t r iha i  of medium 
and heavy-oil reservoirs in Texas. The Railroad 
Commission of Texas' annual report is the primary souroe 
of public information on oil and gas reservoirs in Texas. 
Although the Railroad Commission of Texas does not 
report reserves, reservoir data include depth, API gravity, 
current annual produdion, and cumulative proddon. 

Galloway and others (1983) selectively analyzed 
large Texas oil m i r s  with production d greater than 
10 MMbbl b1.59 x 1 d m3) and grouped reservoirs into 
geologically defined plays. Reservoir statistics for the 
large oil reservoirs in Texas that originally were tabulated 
in Galloway and others (1983) were computerized and 
updated (cumulative production statistics current to 
January 1, 1990) by Tyler and others (1991). The 460 
large oil reservoirs studied by Galbay  and others (1 983) 
represent approximately 70 percent of the total state oil 

production. Logically, these large reservoirs represent 
the most favorable resource targets for TEOR because 
their larger resource base, in comparison with that of 
small oil reservoirs, is needed to support the additional 
infrastructure expense of developing geothermal fluids. 
Previous compilations of the heavy-oil (and tar sands) 
resources in the United States include Ball and tksociates 
(1962) and the Interstate Oil Compact Commission 
(1 984. The Interstate Oil Compact Commission (1 984) 
provided derailed field reports on major tar sands in the 
United States (typically fields with API gravity <1 0") and 
listed public information on the heavy-oil fields (API 
gravity between 10" and 20"). 

Texas Medium- and 
Heavy-Oil Plays 

Plays containing multiple large medium- and heavy- 
oil reseryOjrs are - along the Texas Gulf Coast 
and in the East Texas Basin (fig. 15). The play, API 
gravity, deph, and cumulative production br all medium- 
and heavy-oil reservoirs in Texas that have exceeded 10 
MMbbl b1.6 x 1 O6 m3) cumulative production are listed 
in table 3 (Tyler and others, 1991 1. These medium- and 
heavy41 reservoirs account for 8.4 percent of the total 
oil production from the large reservoirs in Texas (table 
4). The API gravity of the large reservoirs is strongly 
dependent on reservoir depth (fig. 16). The dominant 
trend is for the oils to become heavier (lower API gravity) 
and more viscous with decreasing depth. All heavy-oil 
resewoirs are shallower than 6,000 ft (4,828 m) and 
have an average depth of less than 3,2200 ft (e975 m). 
The average depth of the medium4 reservoirs is 3,500 
ft (1,067 m). The average size of the heavy-oil reservoirs 
(1 25 MMbbl 12.0 x 1 d m3]), on the basis of cumulative 
production (table 21, is large, reflecting the few (9) large 
heavyail reemirs and the inclusion of one supergiant 
mervoir-t-hwkins W o o d b i M a t  has a cumulative 
production of 81 4 MMbbl(1.3 x 1 O8 m3). 

The gravity of oil varies among a group of related 
reservoirs and even between wells within a single 
menair. Despii this variability, remable trends are 
illustrated in figure 17 for average API gravity and depth 
of all reservoirs within plays of the large Texas oil 
reservoirs. As in individual reservoirs, the average API 
gravity in shallow plays is lower than the average API 
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,o  ~ e o v y - o i l  reservoir 

Medium- o i l  reSerVOll 

Outlines o f  p l o y s  containing 
heavy - oi l  reservoirs 

Numbered reservoirs O r e  
nomed i n  appendix I 

0 60 f t  

0 80  hm 
- 

Figure 15. Map of oil plays in Texas amtaining medium- to heavyail reservoin. Modified from Calkway and others 
(1 983). Names of fields md memh am listed in appendix 1. 
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Table 3. Production statistics from large oil reservoirs in Texas.* 

Field and reservoir 

Big Creek 
Olson 
Pewitt Ranch Paluxy 
Port Neches 
Toborg, Cretaceous 
Hawkins, Woodbine 
Lundell 
Seven Sisters, G. W. 
Aviators, Mirando 
Govt. Wells N 
Govt. We1 Is S 
Mirando City, Mirando 
Sulphur Bluff, Paluxy 
Damon Mound 
Houston S, Miocene 
Humble, Cap Rock., 
Lopez First, Mirando 
Piedre Lumbre, G. W. 
Sour Lake, Cap Rock 
Spindletop, Cap Rock 
Talco, Paluxy 
Bloomington, 4600 
Escobas, Mirando 
Hoffman, Dougherty 
Taft, 4000 
Clam Lake 
Bonnie View 
Gannado W, 4700 
Greta, 4400 
Lake Pasture, H-440 S 
Placedo, 4700 sand 
Tom O’Connor, 4400 
Tom O’Connoc, 4500 
Weigang, Carrizo 
West Ranch, Greta 
Westbrook 
Barbers Hill 
Mauhro, Marginulina 
McFaddin, 4400 
Pickett Ridge 
Quitman, Eagle Ford 
Thompson, Frio 
Thompson S, 4400 
Thompson S, 5400 
Fannett 
Markham 

Play 
Salt Dome 
San AndredOzona Arch 
Paluxy Fault 
Salt Dome 
Yates Area 
Woodbine Sandstone 
Jacksofiepa 
JacksodYegua 
lacksoflegua 
JacksodYegua 
Jackson/Yegua 
Jackson/Yegua 
Paluxy Fault 
Salt Dome 
Frio DeepSeated Dome 
Cap Rock 
JacksonNegua 
JacksonNegua 
Cap Rock 
Cap Rock 
Paluxy Fault 
Frio Barrier/Strandplain 
JacksonPlegua 
JacksotdYegua 
Frio Banier/Strandplain 
Salt Dome 
Frio BarriedStrandplain 
Frio Banier/Strandplain 
Frio Barrier/Strandplain 
Frio Banier/Strandplain 
Frio Banier/Strandplain 
Frio Barrier/Strandplain 
Frio Barrierhndplain 
Wilcox FluviaVDeltaic 
F rio Barrier/Strandplain 
East Shelf Permian Carb. 
salt Dome 
Frio Banier/Strandplain 
Frio Barrier/Strandplain 
Frio Barrier/Strandplain 
cretaceous sandstone 
Frio DeepSeated Dome 
Frio Deep-seated Dome 
Frio DeepSeated Dome 
Salt Dome 
Salt Dome 

API gnvity 

18 
18 
19 
19 
19 
19 
19 
20 
21 
21 
21 
21 
21 
21 
22 
22 
22 
22 
22 
22 
22 
23 
23 
23 
23 
23 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 

(degrees) 
Depth 

( f t )  
4,500 
1,800 
4,300 
6,000 

500 
4,500 
1,500 
2,330 
1,700 
2,200 
2,300 
1,600 
4,500 
3,800 
4,000 
1,200 
2,200 
1,900 
600 
800 

4,300 
4,600 
1,200 
2,000 
4,000 
1 ,179 
4,500 
4,700 
4,400 
4,500 
4,700 
4,400 
4,500 
3,900 
5,100 
2,900 
7,200 
5,200 
4,400 
4,700 
4,200 
5,400 
4,400 
5,300 
8,350. 
4,385 

Cumulative 
production 
(MMbbl) 

25.1 73 
14.04 
23.378 
24.568 
41.231 

814.212 
10.4 
55.955 
10.37 
80.026 
18.1 48 
12.302 
32.1 36 
1 6.94 1 
14.9 

1 68.1 34 
31.352 
21.128 

132.749 
154.681 
279.61 5 
31.568 
13.067 
48.805 
25.284 
12.79 
19.624 
27.6 

133.232 
51.815 
43.076 
14.22 
18.895 
11.193 
99.237 
90.737 

131.067 
26.03 1 
30.334 
16.077 
10.654 

360.41 7 
24.798 
10.7 
53.88 
17.91 7 

*Statistics current as of January 1,1990. List generated from data in Tyler and othen (1991 ). 
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Table 4. Comparative statistics of large heavy-, medium-, 
and light-oil reservoirs in Texas.* 

Total Avenge Avenge 
Reservoits production Production reservoir production depth 

Heavy oil 8 999 2.5 125 3,178 
Medium oil 38 2,296 5.8 60 3,506 
Light oil 415 36,046 91.6 87 6,173 

Total 461 39,340 100.0 85 5,940 

ciltesory (number) (MMbbl) (percentage) (MMbbl) (ft) 

+List generated from data in Tyler and others (1991). 

gravity in the deeper plays. Five plays containing 
medium- and heavy41 reservoirs are significant for 
TEOR Jackson-Yegua Barrier/Strandplain Sandstone, Cap 
Rock, Piercement Salt Domes, Paluxy Fault Line, and 
Woodbine Fluvial/DeltaidStrandplain Sandstone. Of 
these five plays, four art characterized by a shallow 

average reservoir depth of less than 4,500 ft (~1,370 m), 
low average API gravity of less than 2 9 O ,  and tight 
grouping greater than one standard deviation below the 
API depth trend line. The Cap Rock and Paluxy Fault 
Line plays both contain a small number of reservoirs, 
and the individual reservoirs are in an advanced stage of 

5 5 F 7 . 7 9  + .0014 x D (R2 - 0.30) 0 API gravity D - depth (ft) 0 00 

Heavy dl 

1 0 1  - - I - . . I . . - I . = - I - v = I - - I 
0 2000 4000 6000 8000 10,000 12,000 14,000 

Depth (ft) QAa36c 

Figure 16. Graph of API gnvity versus depth for all large oil resewoin in Texas. Graph p r a t e d  from data in Tyler and 
others (1 991 1. 
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G = 29.17 + .0013 x D (R2 = 0.384) 

n = 47 data points 

*‘I gravity 

45 

40 

35 

30 Significant heavy-oil plays 

25 

20 

0 2000 4000 6000 8000 10.000 12.000 

Depth (ft) om7c 

Figure 17. Graph of average API gravity v e w s  avemge depth br dl oil plays in Texas. Graph generated from data in 
Galloway and others (1 983) and Tyler and others (1 991 1. 

depletion. The Woodbine Fluvial/Deltaic/Strandplain 
Sandstone play contains a single supergiant medium- to 
heavy-oil reservoir, Hawkins Woodbine. Oil gravity of 
individual wells within the Woodbine reservoir varies 
widely. Hawkins field produces from a faulted (individual 
faults are typically nonsealing) domal trap over a salt 
anticline in the East Texas Basin (Galloway and u h s ,  
1983). The base of the reservoirs is sealed by a 50- to 
100-ft-thick (15- to 30-m) asphalt layer containing less 
than 1 2 O  gravity hydrocarbons (King and lee, 1976). 
The Piercement Salt Dome and Jackson-Yegua Barrier/ 
Strandplain Sandstone plays contain both heavy- and 
medium-gravity reservoirs. The greater average depth of 
the Piercement Salt Dome play results in the slightly 
higher average MI gravity of this play. Medium gravity 
is characteristic ofthe shallow reservois in the Piercement 
Salt Domes. The Jackson-Yegua Barrierhtrandplain 
Sandstone play has the highest percentage of heavy- 
and medium-gravity reservoirs of the large plays that 
include more than three reservoirs. The following 
section will discuss in greater detail the distribution of 
medium- and heavy-oil reservoirs in the Jackson-Yegua 
Barrier/Strandplain Sandstone play in South Texas. 

Medium- and Heavy-Oil 
Reservoirs in Jackson-Yegua 
Barrier/St rand plain 
Sandstones 

In the South Texas area (Bee, Duval, jim Hogg, 
McMullen, Starr, Webb, and 23pata Counties), large oil 
reservoirs in the J a h  Group compose the Jackson- 
Yegua Barrier/Strandplain Sandstone play (Galloway and 
athers, 19831, whereas both large and small Jackson- 
Yegua fields constitUte the Mirando Trend (West, 1963) 
(fig. 15). For convenience, in this report the term large 
resewis refers only to reservoirs in the Jackson-Yegua 
Barrierhandplain Sandstone play, all of which have 
exceeded 10 MMbbl b1.6 x lo6 m3) cumulative 
production, and the term Mirando Trend refers to both 
the play and the continuum of fields in the trend. 

Sandsme-rich sequences in the Jackson Group in 
South Texas are informally referred to as the Mirando, 
Loma Novia, Government Wells, and Cole sandstones. 
Although the Mirando Trend derived its name from 
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Bose upper Wilcox shallower than 8000 feet 

350 

, 

E X P L A N A T I O N  Geothermal farwoy 
Wilcox sondstone > 100011 

JACKSON - YEGUA JACKSON -YEGUA 
ight-oil reservoir > IO MMbbl Heavy - oi I reservoir p] .. . , . ._ , ....: ;'. ..,.. '.:: 

Bottom-hole temperature -250- 
(corrected F 1 

.@....  
MMbbl >IO 5-10 1-5 0.5-1 0.1-05 <0.1 Contour inlerval 50' F 

On15238 

Figure 18. Map showirlg geopmssuredgemihermal conidol of thc deep upper Mlau in South Texas (Gregory and o h m ,  
1980; Hamlin and o h m ,  19891, the bation of two ge!othemvl fairways (stippled) loroci;itu?d with net sand- in 
the upper Wilcox thicker than 1,OOO ft (300 rn), the dbtnbution of @ oil resenwin (Ewing, 1983), and the loation 
of heavy41 reservoin within the geopreuured-geotherl &or. Heavy-dl reservoirs am reprpsented by d i d  
circles whose sue is psPporhocul to the size of the reservoir. letten associated with each large oil reservoir mkr to 
reservoir names listed in appendix 1. Numkn d t e d  with each heavydl reservoir mfer to reservoir names listed 
in appendix 1. Updip of the conidor, the base of thc upper Wlaw is shabww than 8,000 ft k2,450 m). The corridor 
includes the area downdip of the 250'F (1 21 "C) *mthenn in the upper Wilcox. 

reservoirs in the Mirando sandstone, it includes resenroirs 
in all of the informally named jackson Group sandstones, 
as well as in Yegua sandstones such as the Pettus 
sandstone. The Government Wells and Cde sandstones 
lie within the upper Jackson, whereas the Loma Novia 
and Mirando sandstones are in the lower Jackson. 

Two classes of oil resenairs were analyzed in the 
Jackson Group in South Texas (1) all large oil reseryoirs 
(1 6)  with cumulative production parer  than 10 MMbbl 
b1.6 x 1 od m3) that compose the Jad<son-Yegua Barrier/ 
Strandplain Sandstone play (Galloway and h, 1983) 
and (2)  all heavy41 reservoirs (26) with API gravity less 
than or equal to 20" that are m h e d  within the South 
Texas geo&hermal corridor (fig. 18; tables 5 and 6). In 
this report, the South Texas wilcox geothermal corridor 
is defined by the area where the base ofthe upper 
Wilcox is deeper than 8,000 ft (2,438 m) (fig 18). The 
corridor is downdip of the 250°F (121°C) temperature 
contour in the upper Wilcox and i s  associated with thick 

net sandstones in the deep upper Wilcox (Gregory and 
others, 1980; Hamlin and others, 1989) in the f i veanty  
area of Duval, Jim Hogg, Stan, Webb, and Zapata 
Counties. Well control and locations of cross sections 
are shown in figure 19. 

Large Reservoirs 
O u r  survey of large oil reservoirs within the Jackson- 

Yegua Bariler/Strandplain Sandstone play (Galloway and 
others, 1983; Tyler and others, 1 991 1 includes those that 
have produced heavy- (520°), medium- b2Oo to 25'1, 
and light- b25") gravity oil (table 5). The large reservoirs 
have oil with an average API gravity of 25". One 
a d d i h l  field d reservoir-Lundell (Cdez-WaS added 
to the play compilation' because it achieved cumulative 
produdion greater than 10 MMbbl b1.6 x 1 O6 m3). Not 
all of the large oil reservoirs lie within the geothermal 
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RRC 
district 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

N m 
RRC 

dirtrict 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

Fieldndracnoir 

Aviators, Mirando 
Colorado, cockfield 
Conoa, Driscoll 
Exobas, Mirando 
Govt. Wells N 
Govt. Wells s 
Hoffman, D o u g h y  
Loma Novia, Loma Novia 
Lopez, First Mirando 
Lundell 
Mirando City, M i d  
O’Hem, Peaus 
Piedre Lunbe 
Prado Middle, L a n a  Novia 
Seven Sisters 

Mean 
15 fiekb, 15 d n  

Acldrdrandr 
Avialors, Mirando 
Colorado, cockfieid 
Conoa, Drixdl 
Escobas, Mirando 
Govt. Wells N 
Govt. Wells s 

Loma Novia, Loma Novia 
Loper, First Mirando 
L W l  
Mirando City, Mirando 
O’Hem, pectus 
Piedre Lumbe 
P r d o  Middle, Lana Novia 
Sewn Sisters 
15 tidds, 15 rmrvPin 

Mean 
sun 

- 0 D o U s h e r t Y  

Dbcomy 
tiate 
1922 
1936 
1937 
1928 
1928 
1928 
1947 
1935 
1935 
1937 
1921 
1930 
1935 
1956 
1935 

Idlid - 
700 

1,125 
1,290 

575 
8 75 
850 
795 

1,003 
780 
700 
665 
990 
820 

1,407 
1.150 

915 

W Y  
S d s t O n e  
sandstone 
sandstone 
Sandstone 
Sandstone 
sandstone 
sanddone 
Sandstone 
sandrtone 
sandstone 
sandstone 
Sandstone 
Sandstone 
sandstone 
Sanddone 

Tcrnpcnhrc t.n 
107 
145 
153 
100 
114 

131 
114 
111 

- 

- 
- 

136 
100 
109 
132 

121 

Table 5. Characteristics of large oil reservoirs. 

UPP 
UPP 
NPP 
NPP 
UPP 
UPP 
NPP 
UPP 
UPP 
UPP 
UPP 
NPP 
NPP 
UPP 
N PP 

SG + WD 
SG 

GCE 
sc 

SG + WD 
SG 
SG 
SG 

Combined 
sc 

Combined 
SG 

WD + SG 
SG + G C E  
SG + WD 

1,700 
2,600 
2,800 
1,200 
2,200 
2,300 
2 ,OOo 
2,600 
2,200 
1,528 
1,600 
2,700 
1,900 
3,700 
2,330 

51 
300 
54 
70 
60 
89 

250 
240 
70 
10 
35 

200 
65 
65 
75 

RodUc(i0n 

WF 
M 

PMG 
WF, T 
M, P, T 
PMG, WF 
M, P 

WF, PMG 
PMG, WF, T 

WF 
WF, T 

PMG, WF, T 
PMG, WF, LPG 

PMG, WF 
PMG, WF 

ws 

2,220 109 

Table 5 (cont.) 

Well R d d o i l  
spacing nhwation 
(-1 (%I 

10 25 
10-40 31 

20 9 
10 30 
10 36 
10 20 
16 18 
10 35 
10 25 

- 25 
10 20 
10 25 
10 30 
- 10 15 

- - 

25 

32 357 
28 800 
31 458 
30 500 
32 800 
30 600 
34 757 
26 800 
35 250 

33 1,600 
28 286 
30 300 
32 850 
28 225 

31 613 

- - 

Oil 
m pl rc  
(MMbblI 

37 
52 
69 
28 

150 
40 
55 

176 
75 

46 
83 
95 
38 

142 

- 

1,086 

1 -3 
2-3 - 
1 -3 
2 -3 
2-3 
- 
1 -3 
1 -3 
- 

2-3 
1 -3 
1-3 
1 4  
1 -2 

cund.ative 
production 
(MMbM) 

10.1 
21.7 
20.0 
12.8 
77.3 
16.6 
20.5 
47.7 
30.4 
10.4 
12.1 
22.2 
20.7 
10.4 
- 35.0 

367.9 

Water 
sahmation 

37 
25 
32 
40 
30 
35 
40 
25 
40 

40 
20 
30 
26 
55 

34 

- 

Ultimte 
-w 
(-1 

10.3 
21.8 
23.7 
12.9 
78.0 
18.0 
21.0 
48.0 
33.0 

12.1 
30.0 
22.0 
23.7 
- 56.0 

- 

440.5 

API 

21 
45 
33 
23 
21 
21 
23 
26 
22 
19 
21 
28 
22 
40 
20 

26 

WWitY 

Recovery 
c f t i c i i y  

(XI 

28 
42 
34 
46 
52 
45 
38 
27 
44 

26 
36 
23 
62 
39 

- 

- 

39 

initial 
yroil 
ratio 

287 
139 

800 
880 
85 
40 

- 

- 

- 
- 

125 
- 
- 
600 
- 

3 70 

r 

‘Types of trap are the following: NPP = porosity pinchad acrossa nose (dome, terrace); SSF = simple sealing faulc and UPP = updip porosity pinch-out. 
tTypes of drive are the following: Combined = two or more types of drive; WE = gascap expansion; SC = solutiongas drive (depletion, fluid expansion, etc.); and WD = water drive. 
*Types of produdion technology are LPG = liquified petroleum gas flood; P = polymer flood; PMG = pressure maintenance by gas injection; T = thermal recovery project; and WF = waterflood. 
Dashes indicate information is not available. 
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Table 6. Characteristics of heavy-oil reservoirs. 

h, 
4 

RRC 
district 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

A h & ,  Cde sand 
6Nni S 
Bruja Vieja, Cole sand 
Cedro Hill 
Charm Redardo 
colema 
Dinn 
Edlasater W, Cole 950 
El  Pwrto N, O'Hern 
Govt. Wells N, 900 sand 
Govt. Wells N, lo00 sand 
Govt.WellsN,1150 
Govt. Wells N, 1550 
Govt. Wells S, Hockley 1900 
HdfmanE 
l O e M o r r , 5 0 0 ~  
Kohler NE, Mirando No. 2 
Lnr Animas-lekvre 
Loper N, (Lopez) 
L W l  
alee 
Peters N, first Cole sand 
R a h  Sob 
R a h  Sob, second Cole 
Rancho Sob, extension 
Richardson 
21 iiekh, 26 reservoirs 

MC5M 

Direwcry 
date 

1965 
1944 
1950 
1938 
191 3 
1936 
1949 
1968 
1965 
1948 
1950 
1978 
1949 
1965 
1950 
1952 
1980 
1937 
1951 
1937 
1949 
1959 
1937 
1959 
1939 
1944 

W 8 Y  

sandstone 
sandstone 
Sandstone 
sandstone 
sandstone 
sandstone 
sandstone 
sandstone 
sandstone 
sandstone 
sandstone 
sandstone 
sandslone 
Sandstone 
sandstone 
simdslone 
sandstone 
sandstone 
wstone 
sndstone 
sarukone 
sandstone 
sandstone 
Sandstone 
Sandstone 
Sandstone 

Trip. 

NPP 
UPP 
u PP 
UPP 
UPP 
UPP 
UPP 
UPP 
NPP 
UPP 
UPP 
UPP 
UPP 
UPP 
UPP 
UPP 
SSF 
UPQ 
UPP 
UPP 
NPP 
SSF 
SSF 
u PP 
UPP 
UPP 

Depth 
(HI 

1,040 
1,804 
1,755 
1,440 

339 
1,500 
1,805 

950 
760 
918 

1,062 
1,167 
1,547 
1,919 
2,038 

500 
2,633 
1,793 
2,064 
1,528 
1,697 
1,746 
1,849 
1,840 
1,836 
1.784 
1,512 

Permeability 
API 

gravity 

19 
19 
18 
19 
17 
19 
19 
20 
2 0  
20 
19 
20 
20 
19 
20 
20 
19 
19 
20 
19 
20 
20 
19 
20 
19 
- 18 

19 

'Types of trap are the following: NPP = porosity pinch& across a nose (dome, terrace); SSF = simple sealing fault and UPP = updip porosity pinch-out. 
tTypes of drive are the following: SG = rolution-gas drive (depletion, fluid expansion, etc.) and WD = water drive. 
*Types of produdion technology are the following: T = t h a l  recovery project and WF = waterflood. 
Dashes indicate information is not available. 



Table 6 (cont.) 

RRC 
dirtrict 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

h) 4 
00 4 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

Alworth, Cde sand 
6Nni S 
B N ~  Viqa, Cole rand 
Cebo Hill 
Charm Redondo 
Colema 
Dinn 
Edlasater W, Cole 950 
El Pwrto N, CYHem 
Govt Wells N, 900 rand 
Govt Wells N, lo00 rrrd 
Govt. Wells N, 1 150 
Govt. Wells N, 1550 
Govt. Wells s, Hockley 1900 
HoHmnE 
JoeMos,5oorand 
Kohler NE, Mirando No. 2 
LY AnimaAefevre 
Lopez N (Lopez) 
Lundell 
a lee  
Peters N, first Cole rand 
Rancho solo 
Rancho solo, second cole 
Rancho Solo, extension 
Richardson 
21 W, 26 r a r v o k s  

sun 

CUmJativt 
prod& 
(MMbM) 

.078 

.001 

.001 
6.569 

.659 
3.868 

.319 

.013 

.001 

.315 

.OW 

.023 

.030 

.030 
1.387 
.557 

1 2 1 7  
3.402 
2.22s 

10.358 
.266 
.042 
.465 
.030 
.520 
- .147 

32.92 

PI Awing 
wndrtonc 

Cole 
Cole 
Cole 
Cole 
Cole 
Cole 
Cole 
Cole 

Fourth Mirando 
Cole 
Cole 
Cole 
Cole 

Taracahuas 
Taracahuas 

Second Mirando 
Cole 
Cole 
Cole 
Cole 

First Cde 
Cole 

First Cde 
Second Cole 

Cole 
Cole 

'Types of trap are the following: NPP = porosity p i n c h 4  across a nose (dome, terrace); SSF = simple sealing faulc and UPP = updip porosity pinch-out. 
t T p  of drive are the fdlawing: SG = solutiongas drive (depletion, fluid expansion, etc.) and WD = water drive. 
*Types of produdion technology are the following: T = thermal recowry project and WF = waterflood. 
Dashes indicate information i s  not available. 



Figure 19. Map locating well control and cross sections. Names of wells on cross sections are listed in 
appendix 2. 

corridor. Original oil in place of the large reservoirs in 
the Jackson-Yegua Barrierbtrandplain Sandstone play 
alone is 1.1 Bbbl (1.7 x 1 Oe m3) (Galloway and others, 
19831, and cumulative production is 448 MMbbl 
(7.1 x 10' m3) (Tyler and others, 1991). Recovery 
efficiency using primary and secondary recovery for 
the large reservoirs is  a relatively low 37 percent 
(Galloway and others, 1983). The large reservoirs in 
the trend (Government Wells-cumulative produc- 
tion 80.0 MMbbl (1.3 x lo7 d] through 1990 and 
Loma Novia-cumulative production 48.6 MMbbl 
[7.7 x 1 O6 m3] through 1990) produce medium-gravity 
oil. Two of the large reservoirs, Lundell and Seven Sisters, 
produce heavy oil; eight of the large reservoirs produce 
medium oil. Heavyail reservoirs represent 15 percent 
and medium-oil reservoirs 53 percent ofthe cumulative 
production of the large reservoirs in the Mirando Trend 
in the five-county area. Oil gravity may be quite vari- 
able within a given feM or reservoir. For example, in 
the largest field in the Mirando Trend, Government Wells 
North, 20 separate reservoirs produce from Jackson and 
Yegua sandstones. Oil gravity ranges from 19' to 35.1' 
(mean gravity = 24.64'; standard deviation = 5.1 39 over 
a depth range of 91 8 to 3,264 ft (280 to 995 m), a mean 
depth of 1,855 fi (565 m), and a standard deviation of 
646 ft (1 97 m). 

Heavy-Oi I Reservoirs 
In the South Texas geothermal corridor, 21 heavy-oil 

fields (26 reservoirs) have a minimum cumulative p 

duction of 1,000 bM (159 m3) per reservoir (table 6). 
This corridor covers a small area of the Mirando Trend, 
and thus many heavy-oil reservoirs lie outside the 
geothermal corridor boundary. The heavy-oil reservoirs 
compose a resource target with original oil in place of 
llOto330MMbbl(1.7x1dto5.2x 1dm3)overthe 
South Texas geothermal corridor (fig. 15). Recovery 
efficiency of the heavy-oil reservoirs is estimated at 
10 to 30 percent (Charles Kimmell, Fanion Production 
Company, personal communication, 1990). Total 
cumulative production from the heavy-oil fields in 
the South Texas geothermal corridor is 32.9 MMbbl 
(52  x 106 d). Seven Sisters (first Cole), the largest heavy- 
oil field, had a cumulative production of 56.0 MMbbl 
(8.9 x 106 m9 through 1988; howwer, it is located just 
updip of the geothermal corridor. Lundell, the largest 
heavyail reservoir within the geothermal corridor, had 
a wmubtive pmduaon of 10.4 MMbbl (1.65 x lo6 m3) 
through 1988. 

API Gravity and Depth 
A plot of API gravity versus depth illustrates an 

important correlation of API gravity with depth of the 
large and heavyail reservoirs (fig. 20) of the Mirando 
Trend. The large oil reservoirs show two trends of API 
gravity with depth: (1) a shallow trend of relatively 
cocrsistent API gravity (average API gravity = 21 ") Over a 
depth range of 1,OOO to 2,500 ft (305 to 762 m) and 
(2) a deep trend of increasing API gravity with increasing 
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Figure 20. Plot of API gravity as a funam of depth fix 
two lypes of Jackson Croup reservoirs in South Texas: 
large reservoirs and heavyoil reservoirs. Law rcscrvoirs 
tend to be deeper and have a greater API gravity value 
(less viscous) than heavyoil reservoirs. 

depth over a depth range'of 2,500 to 4,000 ft (762 to 
1,219 m). The heavy41 reservoirs show a relatively 
constant gravity (average API gravity = 19.39 over a 
depth range of 200 to 2,500 ft (61 to 762 m). Heavy41 
reservoirs are much shallower than the large reservoirs 
(mean depth of 1,512 ft [461 ml for heavy reservoirs 
versus 2,273 ft (693 mi br large reservoirs). The overall 
trend of API gravity for both populations of reservoirs 
illustrates relatively constant gravity (average API gravity 
= 20°) for reservoirs at a depth of 200 to 2,500 ft 
(61 to 762 m). The gravity trend then increases linearly 
for reservoirs at greater depths. 

The rapid increase in API gravity at depths greater 
than 2,500 ft b762 m) indicates API gravity is con- 
trolled by depth-related processes. Two possibly inter- 
related processes may be responsible for this increase: 
(1) a depth-related increase in temperature, which 
limits activity of oildegrading bacteria at about 2,500 ft 
(-762 m) and (2)  fresh-water invasion, which is limited 
to the section shallower than 2,500 ft k762 m). The 
consistently low API gravity for the shallow reservoirs 
is  interpreted as resulting from water washing and 
bacterial degradation that was particularly active above 
a depth of 2,500 ft b762 m) (Tim and Welte, 1984). 
In the South Texas area, the corrected subsurface 
temperature would be 1 19OF (4800 at 2,500 ft (762 m) 
(fig. 6). Fresh-water invasion in Jackson Croup sandsbones 
i s  indicated by electric logs that show reversal (positive 
deflection) of the SP curve to a depth of a! least 2,000 ft 
(610 m). The processes that result in formation of b w  
ApI gravity crude oils include biodegradation, water 
washing, loss of volatiles, and oxidation (Philippi, 1977; 

Tissot and Welte, 1984). Deeper than 2,500 ft ( ~ 7 6 2  m), 
the API gravity increases with depth as a function of 
increasing temperature above 11 9 O F  (>48"C), absence 
of meteoric water, and less biodegradation. 

The API gravity of oil in South Texas Mirando Trend 
reservoirs also reveals a stratigraphic and geographic 
segregation among the various Jackson Group sand 
bodies (fig. 21). The Mirando Trend includes reservoirs 
within the upper Jackson Group Cole and Government 
Wells sandstones and the lower Jackson Group Loma 
Novia and Mirando sandstones, as well as within the 
Yegua Formation Pettus sandstone. Seventy-nine percent 
of the oil in the largest reservoirs is in the Government 
Wells and Mirando sands, and the largest reservoirs 
contain predominantly medium-gravity oil. In contrast, 
84 percent of the heavy oil is in Cole sands. The Cole 
sands contain no medium-oil reservoirs that have a cumu- 
lative produdion pater than 10 MMbbl b1.6 x 106 m3). 
The shallow Cole sands contain many small heavy4 
reservoirs, whereas the medium-oil reservoirs in the 
Mirando and Government Wells sands are much larger. 

Discussion 
The greatest concentration of medium- and heavy- 

oil reservoirs lies along the Texas Gulf Coast in 
the (1 Jackson-Yegua BarrierlStrandplain Sandstone, 
(2) Cap Rock, and (3) Piercement Salt Dome plays. 
Many medium-oil reservoirs also lie in the Frio 
&rrier/Strandplain Sandstone play along the central 
Texas Gulf Coast The East Texas Basin also contains a 
few large medium and heavy-oil reservoirs in two 
plays, the Paluxy Fault Line and the Woodbine Fluvial/ 
DeltaidStrandplain plays. The Gulf Coast region in 
Texas is most favorable for juxtaposition of oil plays 
m i n i n g  large medium to heavydl reservoirs and 
gothema1 corridors. The Jackson-Yegua Barrierhand- 
plain Sandstone play (Mirando Trend) is  the most 
favorable play for thermal development of medium- to 
heavyail reservoirs because of the abundance, the large 
size, and the shallow depth of reservoirs. 

The general ttmd of h a s i n g  API gravity (increasing 
viscosity) with decreasing depth is attributed to 
degradation of oil quality through oxidization by contact 
with meteoric waters and biodegradation by aerobic 
bacteria (Tisot and Welte, 1984; North, 1985). According 
tu qssot and Welte (1984, most heavy oils originate 
from normal, light aude oils that have been subsequently 
&graded in the reservoir by one or more processes, 
including biodegradation, water washing, loss of volatiles, 
and inorganic oxidation. As a result, the percentage of 
light fractions in the crude oil decreases and the 
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PRODUCTloN (MMbbl) 

I 1 
Figure 21. Crort section A-A' dong strike from -fa County (soulh) to Duval County (north) illustra6ng stratigraphic 
and lateral distribution of heavyoil d n  VIP1 40") and lyp mcrvoin in 3rc Jackson Croup (from Galloway and 
others, 1983). Pie d m g m  show s e g r q a h  of reservoin within strati& Mum. Heavy4 reservoin are 
concentrated in Cole sands, whereas @ reservoin a n  conamtmBed in Government Wells, Loma Novia, and Mirando 
sands. Wells arc located at southern and northern cndr of reg*ml strike section (fipn 19). Well names are listed in 
appendix 2. 
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percentage of more resistant heavier fractions, including 
the asphaltenes, increases. The extent of degradation is 
associated with depth, proximity to meteoric waters, and 
salinity of formation waters. The medium- and heavyail 
reservoirs in Texas are excellent examples of degradation 
through these processes. In contrast to the dominant 
trend of decreasing API gravity with decreasing depth 
in Texas, some basins, such as Greater Oficina area in 
Venezuela and the Baku region of the Caspian Sea, 
exhibit the opposite trend of decreasing API gravities 
with increasing depth as a result of density stratification 
and increases in water salinity with depth (North, 1985). 

Although medium- and heavyail reservoirs consti- 
tute 10 percent of the large oil reservoirs in Texas, 
their cumulative production represents only 8.4 percent 
of the production from the large oil reservoirs. The 
1.6 percent difference is a result of the lower average 
productivity of the medium- and heavydl reservoirs 

and is  equivalent to a difference of 629 MMbbl 
(1.0 x lo8 m3) (or 1.6 percent x total cumulative 
production of large reservoirs in Texas) in production 
between light- and medium- to heavy41 reservoirs. This 
is one measure of the potential size of the resource 
target that is  available for geothermally enhanced 
recovery. 

Tyler and others (1984) used the plays delineated 
by Galloway and others (1983) to evaluate targets for 
additional recovery of oil in Texas. For the Jackson- 
Yegua Barrierhtrandplain Sandstone play alone, they 
calculated 249 MMbbl (4.0 x lo7 m3) of potentially 
recoverable target oil. Tyler and others (1984) based 
their calculation on 1.13 Bbbl (1.8 x lo8 m3) original 
oil in place, 62 percent unrecovered oil, 27 percent 
residual oil saturation, 33 percent water saturation 
(target oil = [percentage of unrecovered oil4residual oil 
saturatidl-water saturation)] x original oil in place). 

Jackson Group Sand-Body Geometry, 
Facies, and 

Previous regional studies documented the sheetiike 
geometry and strike orientation of barrier bar/strandplain 
sands in the Jackson Group of South Texas (West, 1963; 
Fisher and others, 1970; Kaiser and others, 1978,1980) 
and characterized specific oil fields and reservoirs 
(Galloway and others, 1 983; Wopf, 1 986; Schultz, 1986; 
Hyatt, 1990). Our analysis of Jackson Group sand-boc)y 
geometry and depositional facies in the fivecounty study 
area supports previous interpmtatiuns of the dominance 
of shoreline barrier bar/strandplain facies in South Texas. 
Although the regional architecture of Jackson Group 
sandstones in the Mirando Trend is relatively simple, 
resewoir-scale architecture is complex in terms of sand- 
body geometries, depasitioMl facies, and diagenesis. 
These complexities must be understood because they 
affect the suitability of Jackson Group sandstone resenairs 
for a TEOR program. 

Sand-Body Geometry 
The Jackson Group in South Texas forms a sand-rich 

belt, 20 to 25 mi (32 to 40 km) wide, bounded by 

D iagen es i s 
mudstone both updip and downdip (fig. 22). A d ip  
oriented cross section of the Jackson Group in Zapata 
County illustrates the typical structural setting and 
stratigraphic relationships of the Jackson Group across 
the deep Wilcox geothermal fairway and the association 
of oil reservoirs with the updip p inchat  of strike- 
elongate sandstones (fig. 23). The influence of faulting 
on regional patterns of hydrocarbon entrapment i s  
relatively insignificant, However, small faults do form 
barriers to lateral migration in individual reservoirs. 
The gulfward dip of J a h  strata ranges from 125 to 
250 Wmi (1.4O to 2 . 7 O )  and has enhanced the gravity 
segrpgation and updip migration of hydrocarbons toward 
updip sandstone pinch- 

A strike-oriented cross section from Zapata to Duval 
Counties illushates the lateral continuity of sandstones 
in the Jackson Group of the South Texas study area 
(fig. 24). To the north in Duval County, the Jackson is  
sand rich where Loma Novia and Government Wells 
sandstones are thick. The Mirando and upper Cole 
sandstones are continuous across the area; however, the 
Loma Novia, Government Wells, and lower Cole 
sandstones pinch out to the south. The axis of thickest 
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Figure 22. Percentagedtone map of the lower part of J a h  Croup in South Texas (modified fnwn Kaioer and others, 
1980). The percentage of sand for the lower part of the Jacbon Cmup doer not control the l o a t h  of heavy41 
reservoirs, which preferentially occur widun the Cok sand in the upper part of the J a h  Croup. lhe perentap- 
sandstone map emphasizes the d'btribution of Mirando d. Numben associated with each heavyoil reservoir correspond 
to reservoir names listed in appendix 1. 
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~pre 23. Dip-oriented, structural cross d o n  B-B' illushting rbuctum of J a c h  Glloup and updip pinchwt of upper 
Jackson Croup sand bodies. The CIWJ section b labeled as loul stmcture section in figure 19. Well names are listed in 
appendix 2. 
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Figure 24. Strikedented c m  section A-A’ illustdng lateral antinunity of Jackson Croup d bodier. The cross 
section is labeled as regional st& section in @re 19. The rectiOn demotmhtes the decrea in sadstom from 
northeast to southwest. Datum b top of Y e p  (Pethrr d) ForrmtiOn. Well names are listed in appendix 2. 

UPPER JACKSON GROUP 
NET SANDSTONE (to 

0 2 - 1 0  0 1 - 2  04 

figure 25. Map of net sandstone thidowrr of upper Jackson Croup . W n g  the Cok and Carnmmcnt Welb sands. Net 
sandstone is thickest in northern Duval County. The rtrikcpaalkl orientation of ihe axis of thick net sandstone supports 
the interpretation that upper J a h  Croup sandstones accumrlatpd principally in barrier/strandplain depositional 
environments similar to enviromwnts of deposition of sandstones of the lower J a h  Croup. Heavyail reservoirs are 
preferentially located along updip pinchout of sandstones. 
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Figure 26. Map of net sandstone thickness of fint Cde 4 in Jim 
preferentially located a h g  updip pindrout whem sadstom t h i i  is less than 20 ft. 

and Zapata Counties. Heavyd reservoir0 are 

net sandstone in the upper Jackson has prograded 
basinward 15 mi (24 km) in the rorthem part of the 
study area from the location of the axis for the lower 
Jackson. However, littk seaward progradation of the axis 
of thick net sandstone occurred in the southem part of 
the study area, where the Jackson Group is thicker. 

A sand-percent map of the lower part of the Jackson 
Group illustrates the linear strike orientation of the sand- 
stone belt (fig. 22) (Kaiser and others, 1980). A net-sand- 
stone map of the upper Jackson (fig. 25) (including the 
Cole and Government Wells sandstones) show a similar 
strike orientation of sandstone thickness. Sand-body 
orientation and net sandstone thickness exert a strong 
control on the location of heavy41 reservoirs (fig. 25). 

Heavy~il  reservoirs at Charco Redondo, Ed Later, 
Alworth, Bruja Vieja, Las Animas-Lefevre, and Bruni 
South fields are located along the updip pinch-out where 
net sandstone thickness is less than 100 ft (<30 m). At 
Charm Redondo field the upper Cole sand is 10 to 20 ft 
(3 to 6 m) thick. Reservoir traps form in updip facies by 
losing porosity through (1) sand-body pinchaut and 
(2) increasing percentage of clay in the sand body. 

The updip and dawndip pinch& of a single Cole 
sand body in Jim Hoggand Zapata Counties can also be 
demonstrated within a vertically r e s t r i d  stratigraphic 
section. The thickness of the first Cole sandstone is as 
much as 100 ft ( G O  m) and its width is  approximately 
8tolOmi(13to16krn)(fig.26). 
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Figure 27. Cross section illustrating C-C' faaes relationship in first Cok sand. Cross section is labeled as facies dip cross 
section in figure 19. Datum is top of first Cole sand. Well names am listed in appendix 2. 

Depositional Facies 
Reservoir sandstones in the Mirando Trend (and 

jackson-Yegua Barrierhtrandplain Sandstone play) are 
in the barrier bar/strandplain system of the Jackson Group 
and Yegua Formation. This study focused on the jackson 
Group, which contains the most reservoirs. sand-rich 
barrier barhtrandplain facies are surrounded by mud- 
stones. Updip to the west, mudstones generally were 
deposited in lagoonal environments with secondary 
floodplain environments; downdip to the east, mudstones 
were dominantly deposited in shelf environments. A dip 
oriented facies cross section illushates lateral relationships 
between depositional facies and indicates that the 
sandstones were deposited in a variety of sand-rich 
depositional environments (fig. 27). 

Thickness relationships and log character were used 
to identify depositional facies (figs. 27 and 28). A 
depositional facies map (fig. 28) of the first cde sandstme 
indicates that heavyail reservoirs are located along the 
updip pinch-out of barrier-fringe facies against l a p a l  

mudstones. Sand-body thickness is greatest in the barrier- 
axe and strandplain sandstones that are characterized 
by progradational base and blocky tops. Lagoonal 
mudstones are present updip of barrier barhtrandplain 
sandstones. Barriercore and back-barrier sandy facies 
rapidly grade updip into sand-poor lagoonal facies. Fluvial 
facies are isdated within muddy lagoonal facies on the 
landward updip margin of the sand-rich belt. Within the 
lagoonal mudstones are isolated, diporiented fluvial- 
deltaic sandstones consisting of thin upward-coarsening 
packages at the base and multiple upward-fining 
packages at the top. Fluvialdeltaic sandstones apparently 
did not ptqpde a m  the extensive lagoonal mudstones 
and breach or feed the barrier barkrandplain in the 
study area. Southward thinning of net sandstone and 
strike-oriented sandstone trends indicate that longshore 
drift probably supplied sand from the north, where 
progradation d the shoreline was the most extensive. In 
a basinward direction, barrier-fringe sandstones thin 
gradually and are replaced by offshore mudstones and 
siltstones. 

' 
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Figure 28. Map ofdcpolition;ll bcies of Crst Cde sand. 

Reservoir Texture 
and Diagenesis 

The abundant core allowed sandstone texture and 
mineralogy to be characterized at Charm Redondo feu, 
which is associated with the updip pinch- of the 
first Cole sand (figs. 23 and 29). The oil reServOir at 
Charco Red& field is typically a friable, uncemented, 
clean fine sandstone that coarsens upward as the 
percentage of fine silt and day declines (figs. 29 and 
30). Fabric has been destqed by drilling or burning 
organisms. Textural analysis indicates that the reservoir 
sandstones are poorly to well sorted, strongly fine skewed, 
and medium to fine grained, and they contain 75 to 
95 percent sand and 1 to 7 percent day. Bwrowed, oyster- 
bearing, fine sandy mudstones overlie and underlie the 
reservoir. The surrounding mudstones are very poorly 
sorted and fine skewed, a subequal mixture of fine sand 

and sib with 15 to 22 percent clay. Thin calcite-cemented 
zones within the reservoir are tight and apparently affect 
the distribution ofthe oil (figs. 29 and 30). 

Swelling m i t e  clays are present in mudstones that 
encase the reservoir. X-ray diffraction analysis was done 
to identify clay mineralogy (fig. 311, and reservoir 
sandstones at Charm Redondo field were found to 
contain a relatively low percentage (1 to 7 percent) of 
mectite clays. The presence of smectite clays in other 
heavy- and medium-oil m i r s  in the Jackson Group 
is likely to be common wing to the similar depositional 
and diagenetic history. The percentage of clay minerals 
in a given reservoir is expeded to depend on the location 
of the reservoir with respect to sand-body pinchat and 
to depositional facies. 

A detailed cross section based on closely spaced cores 
(50 ft (15 m]) reveals diagenetic heterogeneities related 
to the presence of low-permeability zones of calcite- 
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Figure 29. Cross section rhowing updip pindwut of first Cob sand at chua, Redonlo field. Textural and composit'ml 
variations based on description and analysis of COR fmm a\ua, Rtdondo field. Well names are listed in appendix 2. 

cemented sandstone that apparently segment heavyail 
reservoirs at Charm Redondo feM (fig. 32). In an updip 
position, offlapping calcitecemented zones occur in the 
upper part of the sandstone body, dip basinward, and 
extend to the lower parts of the sandstone body in a 
downdip position. These zones apparently formed along 
accretionary-grain surfaces that cross the sand body. 

Porosity/permeabiIity plots of reservoirs in the 
upper Cole sand at Charco Redondo and Seventy-Six 
West fields reveal a large population characterized by 
high porosity and permeability and a smaller group 

characterized by low porosity and permeability (fig. 33). 
Core analyses indicate zones with high porosity (25 to 
35 percent) and permeability (100 to 3,000 md 
(1.0 x 10-I to 2.96 j d l )  are separated by calcite- 
cemented zones with low porosity (5 to 15 percent) 
and permeability (0.001 to 10 rnd [1.0 x 10-6 to 
1 .O x 1 W2 p d l )  (fig. 32). The low-permeability, calcite- 
cemented zones apparently segment the reservoirs into 
ampmem, intenuping reservoirdrainage and poemally 
affecting pathways of in@ pthennal fluids. 
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Composition Description 
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Figure 30. (a) Dercription of core from upper Jacbon Group fimt cdc sand at CJurco Redondo field, Zapata County. (b) 
Textural data based on wet sieve ad+. Chpiti0n;J var ia th  result largely from variations in the percentage of 
matrix clay and silt that is admixed with the abundant fine to medium 4. 

39 lot25193 



4 Fi@re 31. Clay mineral analysis determined by X-ray 
diffractition of finer than 2 um separates from first Cole 

GLY COLATION 

2 4 6 8 10 12 14 

Degrees Z@ 

- 181 R 101 R --- 

sand f r ~ m  a r c o  ~edondo h e ~ ,  &ata County. Smectite 
is the dominant clay mineral in dl three samples, illite is 
present in samples 181 and 201, and W h i t e  m prpsent 
in trace amounts in all three nnples. The shift of the 
smectite peak during glycolation and heating and collapse 
during heating indicates the presence of swelling clays. 

I 
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figure 33. Plot of porosity and permeability from Charm 
Redondo and Seventy-Six West fields. Moot samples are 
in one of two classes: high porosity (>25%), high 
permeability (>lo0 md); and low porou'ty (c25%), low 
perme;lbility ( 4 0  md). Sampler with low permeability 
d low porosity are thin calcitecemented r u d s b n e s .  
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Figure 32. Cross Oection of Chaw Redondo field util'uing core description. Core cmskted predominantly of disaggregated 
sand as a result of shallow depth of burial (180 to 200 ft (55 to 60 m]). Thin calcitecemented sudstones urd muddy 
intervals appear to be flow barriers that segment the reservoir into compartments. Well n a m  are listed in appendix 2. 
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Suitability of South Texas 
Heavy-Oil Reservoirs for 

Thermally Enhanced Oil Recovery 
The proximity of heavy4 reservoirs to geothermal 

corridors is necessary for geothermal fluids to be used in 
a geothermal I y enhanced oi I recovery process. However, 
proximity alone does not automatically ensure the 
commercial or technical feasibility of the process. 
Characteristics of the potential target oil and geothermal 
reservoirs must be carefully considered. Conditions 
significant for a possible geothermally enhanced oil 
recovery process in the South Texas area include the 
(1) size of heavy-oil reservoirs, (2) relatively shallow, 
thin heavy-oil reservoirs with thin oil columns, 
(3) generally excellent porosity and a permeability 
complicated by low-pern eability barriers, (4) swelling 
clays in oil reservoirs, and (5)  low permeability in the 
geothermal reservoir. 

Small reservoir size is a major impediment to thermal 
recovery techniques because the added expense per 
barrel (m3) of thermally recovered oil would be high. 
Heavy-oil reservoirs ir: the Mirando Trend tend to be 
small. The 26 heavy4 reservoirs that overlie the South 
Texas Wilcox geothermal fairway have a tatal cumulative 
production of only 32.9 MMbbl (5.2 x Id m3), or an 
average of 1.3 MMbbl (2.1 x 1 d m3) per reservoir. Of 
the large reservoirs in Texas, excluding the supergiant 
Hawkins Woodbine reservoir, the heavy4 fields have 
the smallest average size of 28 MMbM (4.4 x lo6 m3), 
and medium reservoirs have an average size of 60 MMbbl 
(9.5 x 106 m3). 

The shallow depths of heavydl reservoirs (mean depth 
of 1,512 tl[461 mJ) constrain the upper limit of injection 
pressures to prevent hcture of the reservoir. However, 
even at these relatively shallow depths, injected 
geothermal fluids at 35OOF (1 7700 will still be hot water 
and not steam. Although hot water is a less efficient 
mobilizing agent than steam, such inefficiency would 
be mitigated if an abundant supply of lowaxt geothem\al 
water were available. 

A thin, blanket-type oil column in a thin reservoir 
that pinches out updip is an ideal geometry kw favorable 
sweep efficiencies of ConventiOMl (nonthermal) water 
floods. However, the thinness of the reservoir is 
unfavorable for hot fluids because heat loss to the 

surrounding country rock will be high (Martin and 
others, 1972). Although the lateral continuity of heavy- 
oil reservoirs i s  generally favorable for minimizing 
reservoir compartmentalization, diagenetic calcite- 
CemeMed zones have compartmentalized the oil reservoir 
at Cham Redondo field. Complex lateral facies variations 
are also likely to segment the oil reservoir. Such zones 
are thought to be common in other heavyail reservoirs 
of the Mirando Trend. A complete characterization of 
calcite-cemented zones and facies distribution would 
help to predict how reservoir performance is affected by 
flow barriers. 

injection of foreign fluids into an oil reservoir is of 
concern because of possible reactions that could 
adversely affect oil production. A common undesirable 
reaction encountered during injection of fresh water or 
steam into a reservoir is plugging of pore throats as a 
result of swelling of smeaite days. Such plugging reduces 
porosity and permeability. Smectite clays are susceptible 
to swelling when fresh water becomes bound into the 
clay shubure. High-salinity fluids do not cause smectite 
clays to swell. Although smectite is present in Mirando 
Trend reservoirs, the percentage of clay in a given 
Mirando Trend resetvoir is going to be variable and 
controlled primarily by depositional facies distribution 
and the relation of oil reservoir to its updip pinchat. 

Inability to predict salinity distribution in the deep 
upper Wilcox makes the potential problem of swelling 
clays difficult to assess. The salinity of formation waters 
is amtrolled by a m p l e x  and poorly understood inter- 
action between local and regional geology, faults, 
compaction, bulk mineralogy, clay diagenesis, tem- 
perature, fluid migration and composition, and salt 
tectonics (Gregory and others, 1980). Geothermal 
reservoirs along the Texas Gulf Coast display wide 
variations in salinity within generalized trends. Salinity 
typically increases with deph to the geopressured zone. 
in the geopressured zone salinity decreases. In the deepest 
zone, salinity trends beaww unpredictable. Generally, 
in the South Texas area, the salinity is lower (in the 
range of <lO,OOO ppm to >8O,OOO ppm) than it is at 
comparable depth a b g  the upper Texas coast, reflecting 
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the general paucity of halite deposits and salt domes 
(Gregory and others, 1980; Hamlin and others, 1989). 

Geothermal fairways in Tertiary strata in the South 
Texas area, including the Frio, Vicksburg, and upper 
Wilcox reservoirs, were originally not considered 
favorable for high-volume production (20,000 bbl/d 
[0.037 m3 sl]) of geothermal fluids owing to generally 
poor reservoir quality (low permeability) compared with 
that of other geothermal fairways (Bebout and others, 
1978; Loucks, 1979; Bebout and others, 1982). How- 
ever, production rates from South Texas geothermal 
reservoirs are likely to be as much as 2,000 bbVd 
(S0.W m3 sl), which may be adequate for geothermally 
enhanced oil recovery. 

Favorable Colocation 
Characteristics 

A computerized datz, file at the Railroad Commission 
of Texas (RRC) was a c d  to determine the status of 
existing wells drilled after 1970 in South Texas 
that might serve as suitable geothermal wells at a fraction 
of the cost of drilling a geothermal design well. The 
wells examined are from the inventory of well logs on 
file at the Bureau of Economic Geology (BEG). The South 
Texas well log data base at the BEG exceeds 700 wells, 
including shallow Jackson logs (100 to 3,000 ft 130 to 
91 4 m]) and deeper Wilcox logs (>s,OOO ft [>2,438 ml). 
BEG has acquired logs from more than 90 percent of 
the wells in the South Texas area that penetrate through 
the upper Wilcox. The status of post-1970 wells in the 
BEG file (266 wells) is as follows: 44 percent (1 18) are 
current producers, 23 percent (60) are abandoned 
producers, 21 percent (55) are plugged and abandoned, 
12 percent (33) were not inventoried by the RRC, 
and pre-1970 wells with logs in the Wilcox interval 
(294 wells from the BEG well fik) have an average 
depth of 7,238 ft (2,206 m), whereas post-1970 wells 
have an average depth of 12,836 ft (3,912 m). Of the 
groups of well types examined, abandoned gas wells 
were considered most favorable because they are likely 
to be deep, to have intad casing, and to have an existing 
infrastructure of pipelines and dwr production facilities. 
Abandoned gas-producing wells have the deepest average 
depth of 14,765 ft (4,500 m). Appendix 4 lists abandoned 
gas wells in the South Texas fivecounty area that have a 

drilled depth below 8,000 ft (2,438 m) and are in the 
inventq of well logs on file at the BEG. 

A 2.5-mi (4-km) radius was plotted around abandoned 
gas-producing wells in the South Texas colocation area 
to determine the extent of colocation of the wells and 
potential heavy- and medium-oil reservoirs (fig. 34). The 
boundaries of 38 heavy- and medium41 fields in the 
Jackson Group contact or lie within a 2.5-mi (4-km) 
radius around abandoned gas wells in the upper Wilcox 
in the South Texas colocation area. Approximately 35 
abandoned gas wells exist within a 2.5-mi (4-km) radius 
of a heavy41 or large reservoir field. Fifty-two percent 
ofthe heavy-oil fields in the South Texas area are within 
2.5 mi (4 km) of an abandoned well in the deep upper 
Wilcox, whereas 65 percent of the large (>lo MMbbl 
[>1.6 x lo6 m3]) reservoirs in the Jackson Group 
(Galloway and others, 1983) are within the same radius. 
On the basis of surface distance alone, many deep 
abandoned gas wells are favorably located with respect 
to heavy- and medium-oil reservoirs. 

The productivity of abandoned gas wells (water 
temperature and water production rates) is not addressed 
in this report. However, temperatures at a given depth 
can be estimated in South Texas Wilcox wells on the 
basis of corrected bottom-We temperature versus depth 
(fig. 6) from all wells in the South Texas BEG log file that 
penetrate the Wilcox. At the average depth of 14,765 ft 
(4,500 m) for abandoned gas-producing wells in South 
Texas, the average temperature would be 377OF (1 92OC). 

Thecomemom ' I poduction casing size-of5 1/2 inches 
for the deep upper Wilcox gas wells allows a tubing size 
d 3 1/2 inches (8.9 cm) or 2 3/8 inches (6.0 cm) to fit 
inside. With conventional casing and tubing, production 
rates for geotkmal fluids typically are limited to less 
than 20,000 bbl/d (~0.037 m3 rl). However, well- 
productivity limits imposed by standard casing and tubing 
diameters should nat be a significant constraint when 
the geothermal fluids are to be used for hot-water 
flooding. During conventional waterflooding in Jackson 
Gnwp oil reservoirs in South Texas, injection rates are 
400to600 bbUd (7.4 x 1P m3s1 to 1.1 x lW3 m3s1) 
for injection wells (RRC hearings files for Seventy-Six 
West field). A line of five injection wells with an injec- 
tion rate of 500 M/d (9.0 x 10-4  m3 s1 would require 
a single geothermal well producing 2,500 bbVd 
(4.6 x m3 5'). Abandoned gas wells could form a 
axwffective conduit for accessing geothermal reservoirs 
because as a group they are relatively deep and can 
contain relatively hot water. 
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Conclusions 
1. The best region in Texas to test the viability of 

using geopressured-geothermal fluids to improve 
oil recovery is South Texas, where abundant heavy- 
oil resewoirs of the Jackson Croup immediately 
overlie geothermal fairways in the upper Wilcox 
Group. Mirando Trend medium- and heavy-oil 
reservoirs are well suited for testing TEOR tech- 
niques because they have generally excellent 
porosity and permeability but low recovery effi- 
ciency as a result of high oil viscosity. The rela- 
tively small size of the heavy-oil reservoirs is a 
disadvantage. 

2. Approximately 35 abandoned gas wells that 
penetrate the deep, upper Wilcox in the South 
Texas colocation area are within 2.5 mi (4 km) of 
reservoirs containing heavy and medium oil in 
the overlying Jack%.? Group. With appropriate 
workover, abandoned gas wells may serve as cost- 
effective geothermal wells. 

3. In the South Texas colocation area, heavy-oil 
reservoirs are concentrated in the Jackson Group 
Cole sandstone, whereas medium-oil reservoirs are 
concentrated in the Government Wells, Lorna 
Novia, and Mirando sandstones. The medium41 
resource is larger than the heavydl resource. 
Microbial degradation and fresh-water washing of 
light oil are inferred to have concentrated the heavy 
oil in the shallower Cole sandstone reservoirs. 

4. Jackson Group sandstones in South Texas are 
characterized by a sheetlike geometry as a conse- 
quence of deposition in barrier bar/strandplain 
environments and are surrounded by lagoonal and 
shelf muds. Heavy- and medium-oil reservoirs in 

Jackson Group sandstones are trapped pre- 
dominantly by porosity changes as a result of updip 
stratigraphic pinch-out of barrier-fringe sands. 
Subtle structural influences such as nosing and 
small faults also assist in oil entrapment. lntrafield 
permeability barriers compartmentalize oil 
reservoirs in Charco Redondo field. 

5. Swelling smectite clays occur within Jackson Group 
reservoir sandstones. When exposed to fresh water, 
smeaite clays will swell and could potentially 
interfere with reservoir performance by reducing 
permeabi I ity. 

6. Deep geothermal fairways in South Texas contain 
geopressured-geothermal brines having tempera- 
tures locally that exceed 350°F (1 77OC), but they 
are characterized by low permeability, which 
would limit their produaivities. 

7. Upper Wilcox geopressured-geothermal reservoirs 
in South Texas will not produce brine at the 
rate of 20,000 bbVd (0.037 m3 s-l), which 
occurred from the Frio Formation at the Pleasant 
Bayou geothermal test well in Brazoria County. 
However, production rates of approximately 1,000 
to 2,000 bbl/d (-1.8 x m3 s-l to 3.7 x 

m3 s-') have been demonstrated in a 
production test from the upper Wilcox at Riddle 
No. 2 Saldana in Zapata County, South Texas. 
Such rates may be adequate to (1) test the tech- 
nology for geothermally enhanced oil recovery, 
(2) determine engineering data on South Texas 
geothermal reservoirs, and (3) study interactions 
between geothermal fluids and heavy41 reservoirs. 
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Appendix 1 : Medium- and 

jackson-Yegua Barrier/Stnndplain 
1. Lundell 
2. Seven Sisters 
3. Aviators 
4. Govt Wells N 
5. Govt Wells S 
6. Mirandocity 

8. Piedre Lumbre 
9. Escobas 

10. Hoffman 

7. Lopez 

Cap Rock 
1 1. Humble Cap Rock 
12. Sour Lake Cap R o c k  
13. Spindletop Cap Rock 

Fwre15 

Fwre18 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 

Alworth (Cole sand) 
Bruni S 
Bruja V i j a  (Cole sand) 
Cedro Hill 
Charco Redondo 
Colmena 
Dinn 
Edlasater W (Cole 950) 
E l  Puerto N (O'Hem) 
Govt Wells N (900 sand) 
Govt Wells N (1 OOO sand) 
Govt Wells N (1 150) 
Govt Wells N (1550) 
Govt Wells S (1900) 
Hoffman E 
Joe Moss (500 sand) 
Kohler NE (Mirando No. 2) 
Las Animaclefevre 
Lopez N (Lopez) 
Lundell 
a l e e  
Peters N (first Cole sand) 
Rancho Sob 
Rancho Sob (second Cole sand) 
Rancho Sob (extension) 
Richardson 

Heavy-Oil Reservoirs 

Piemment salt Dome 
14. BigCreek 
15. Port Neches 
16. Damon Mound 
17. Clam Lake 
18. B a h n  Hill 
19. Fannett 
20. Markham 

Woodbine Fluvul/De!ltaiic/Straddplain 
21. Hawkins 

Paluxy Fault Line 
22. Pewitt Ranch 
23. Sulphur Bluff 
24. Talco 

b q e  oil fwldr 
A. Aviators 
B. Colorado 
C. Conoa, Driscoll 
D. Escobas 
E. Govt Wells N 
F. Govt Wells S 
G. Hoffman 
H. LomaNovia 

1. Lundell 
K. Mirandocity 
L. (YHem 
M. PiedreLumbre 
N. Prado 
0. Seven Sisters 

1. Lopez 
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Appendix 2: Wells on Cross Sections 

Figure21 (A47 
1. ZA-406 
2. DU-126 

Figure 23 (8-87 
1. ZA-364 
2. ZA-394 
3. ZA-359 
4. ZA-357 
5. ZA-349 
6. ZA-418 
7. ZA-338 
8. ZA-334 
9. ZA410 

10. ZA406 
11. ZA413 

Fieurn 24 (A47 
1. a406 
2. JH-37 
3. JH-34 
4. DU-78 
5. DU-89 
6. DU-59 
7. DU-146 
8. DU-126 

Figurn 28 (C-C’) 
1. JH-1 
2. JH-3 
3. JH-15 
4. JH-34 
5. JH-334 
6. JH-324 
7. JH-326 

Figure 29 
1. T-225C 
2. ZA-330 
3. U-310 

Figurn 32 
1. T-180-0 
2. T-l80C 
3. T-180-8 
4. T-180-A 
5. T-O-A 
6. T-O-B 

Southland Royalty No. 2 A. Garcia 
Royal Oil and Gas No. 1 -R F. Lowe Bindewald 

Delaney Oil and Gas No. 3 A. de Vela 
Moss No. 1 Vela 
Moss No. 3 Vela 
Florence E. Green No. 1 Mission Prod. 
Moss and Watson No. 6 Vela 
Suburban Pmpane No. 1 Trevino 
DeLange and Fallis No. 2 P. Trevino 
Schwab et al. No. 1-6 A. Garcia 
Guardian No. 1 A. Garcia 
Southland Royalty No. 2 A. Garcia 
Allen No. 1 A. Garcia 

Southland Royalty No. 2 A. Garcia 
Humble Oil and Refining No. 1 Colorado GU 1 
Cox and Cox No. 1 A. Martinez 
Union Producing Co. No. 1 Brennan-Benavides 
Getty (Texaco) No. 1 V. K. GNY 
Floumoy et al. No. 1 Cwllar Brothers 
Shel l  Oil No. 2 A. R. Hubbard GU 1 
Royal Oil and Gas No. 1 -R F. Low Bindewald 

Shell Oil No. 1 J. E. Fulbright 
Austral No. 2 Marn Mdean 
Atlantic Richfield No. C 4  Marn Mdean Trust 
Cox and Cox No. 1 A. Martinez 
Coastal Well Service No. 1 Felix Stroman 
Humble Oil and Refining No. 2 Moody Ranch 
Humble Oil and Refining No. 1-0 Mostena Oil and Gas 

Tewco No. T-225C Charm Redondo 
Schwab et al. No. 3 Fbres 
Miller and Pierce No. 1 E. 1. Flores et al. 

Tewco No. T-180-0 C h a m  Redondo 
T e w m  No. T-l8OC Charm Redondo 
Tewco No. T-180-8 Charm Redondo 
Tewco No. T-180-A Charm Redondo 
Tewco No. T-O-A Charm Redondo 
Tewco No. T-0-B C h a m  Redondo 

7. T-OC Tewco No. T-OC Charm Redondo 
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Appendix 3. Abandoned Deep Gas Wells in South Texas 

Well 
number 

1 

2 
3 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42 

BEG 
number 

DU-50 
DU-65 
DU-66 
DU-81 
DU-82 
DU-83 
DU-85 
DU-96 
DU-97 
DU-99 
DU-105 
DU-110 
DU-124 
DU-126 
DU-132 
DU-141 
DU-153 
DU-158 
WE-2 
WE-1 6 
WE49 
WE-52 
WE-56 
WE-58 
WE-59 
WE-60 
WE-65 
WE-67 
WE-68 

JH-25 
JH-34 
ZA-17 
U-4 1 
U - 4 6  
U - 6 0  
ZA-63 
U - 8 2  
U S 5  
ZA-88 
ZA-92 

ZA-100 
ZA-130 

Well name 

Harkins No. 1 -A Garza-Cuellar 
Eason-Harper No. 1-1 60 Peters Estate 
Eason No. 1 Peters Estate 
K. P. Exploration No. 2 Wm. Hubberd 
Exxon No. 1 Bravo Land Co. 
Harkins and Co. No. 1 La Venada 
Shell No. 1 J. F. Welder Heirs 
Marine Contractors et al. No. 1 Hall-Weiderkehr 
Fair and Woodward No. 1 1. Luptack 
Harkins and Co. No. 1-1 00 D.C.R.C. 
Harkins and McDonald No. 2 D.C.R.C. 
Exxon No. 2-H D.C.R.C. 
Inland Ocean No. 1 Ross 
Royal Oil and Gas No. 1 -R F. Lowe Bindewald 
Harkins and Co. No. 1 A. S. Serna 
Shell No. 1 J. S. Garcia 
Tana Oil No. 1 Hahl 
T. D. Exploration No. 1 De la Fuente 
Houston Oil and Minerals No. 1 F. Billings 
Hughes and Hughes No. A-1 0. Laurel 
E. P. Operating Co. No. 2 A. Z. Laurel 
Forest Oil No. 1 Rosa V. de Benavides 
C o r n  No. 1 Carlos Benavides 
Conoco No. 8-3 Carlos Benavides 
C o r n  No. A-2 Alicia Henry-BMT 
C o r n  No. A-1 Alicia Henry-BMT 
Sager No. 1 C. B. Dickenson 
Aminoil USA No. 2 Moglia 
Forest Oil No. 1 G. C. Villareal GU 
Pan American Sales Cop. No. 3 Gutierrez 
Cox and Cox No. 1 A. Martinez 
Blocker No. 252 Hinnant 
Pennzoil Production No. 1 A. R. Cutierrez 
Houston Oil and Minerals No. 1 Asche 
Pennzoil Production No. 1 A. Vela 
Samedan Oil No. 1 Maties Unit 
Pennzoil Production No. 1 C-1 A. Vela 
Pennzoil Production No. 1 P. Gonzales Vela 
Texas Oil and Gas Cop. No. 1 Cuerra #Ma 
Gulf Energy and Minerals US. 

No. 1 -A G. Gonzalez 
Good Hope Refineries No. 1 Falcon 
Hughes and Hughes No. G-1 L. A. Hinnant 

Field mme 

Los Reyes 
Peters S 
Peters S 

L d Y  
Rejeletta S 

La Venada 
Bold Forbes 
Govt. Wells 
East 76 
Govt. Wells 
Piedre Lumbre 
Petrox 
Labbe S 
Hostetter S 
Los Reyes 
Rosita NW 

Herbst-Wilcox 
Lopez w 
Tom Sherman 
E l  Milagro 
cole w 
Picoso 
Picoso 
Perdido 
Ped ido 
Picoso E 
Moglia 
Oilton N 

Travis Ward 
Petmleo 
Toquachie Creek 
Jennings S 
C h a m  
Comitas SW 
Cinco de Mayo 
El  Grulb 
E l  Grullo 
Roleta 
Falcon Lake N 

Onepol 
Aviators S 

Reservoir 

Weatherby sand 
Wilcox 
Wi lcox 
Wilcox B 
10,000 sand 
Weatherby 
Carrizo P 
Mi rando 
Wilcox 

Wilcox W 
Wilcox 71 00 

Wilcox Upper 
Wilcox 10,200 
Weatherby sand 
Wilcox S-8 

Herbst 111 
F loyd-A 
10500 
Seventh Hinnant 
Wi lcox 
Wilcox 10,300 
Wilcox 1 1,800 
Taylor Lobo 
Taylor Lobo 
Carrizo 8000 
1 1200 
10600 
First Hinnant 
Wilcox 

Wilcox 8550 
9100 
7000 
101 50 
6760 
7300 
6800, 7483 
Wilcox 6400 

Wilcox Upper 
11800 
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Well 
number 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

55 
56 
57 

BEG 
number 

ZA-132 
ZA-140 
ZA-146 
ZA-150 
ZA-151 
ZA-153 
ZA-156 
ZA-160 
ZA-170 
ZA-181 
ZA-184 
ZA-185 

a - 1  90 
ZA-199 
ST-1 2 

Appendix 3 (cont.) 

Well Inme 

Hughes and Hughes No. M-1 Hinnant 
Shell Oil No. 1 L. Taylor 
Shell Oil No. 1 G. G. Hinojosa 
Shell Western E and P No. A-2 H. B. Zachry 
Shell Oil No. 3 Murza 
Shell Oil No. 2 L. Gana et al. 
Shel l  Oil No. 3 M. T. Longoria 
Killam and Hurd No. 2 E. Vela 
Pennzoil Production No. 1 A. Garcia 
Blocker Explor. No. 1-1 12 L. A. Hinnant 
Entex Petroleum No. 1 A. M. Vela 
Gulf Oil No. 1 Saldana Unit 

FkM name 

Aviators S 
El  Grullo E 
Fandango 
Fandango 
Fandango 
Fandango 
Randado Ranch 
Wildcat 
Volpe SE 
Toqwchie Creek 
Herlinda Vela 
Martinez 

Canus Petroleum No. 1 San Miguel et al. 
Gulf Oil No. 1 Vela de Pefia 
C d e r  No. 2 N. Silva 

Cwllar 
Cinco de Mayo 
Falcon Dam 

Reservoir 
Wileox 1 1050 
Taylor sand 

Wilcox Upper T6 
Wilcox Upper T6 

Queen City 

Wilcox 7730 
Wilcox 
Wilcox 
First Hinnant 

9215 
8500 
Wilcox 

Upper 
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