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The primary obje‘ctive of this report is increased understanding of a key

- complex gas. reservoir system—the Canyon sandstones of the Val Verde Basin,
-Texas. A secondary objective-is to describe new stratigraphic, diagenetic, and

structural geologlc tools that will be widely applicable to other geologically
complex reservoirs. This study aims to develop a model of the Canyon’s
physical geologrc framework, which is necessary to understand the distribution
and reservoir behavior of the gas resource. Using this geologic framework,

- Canyon operators can target areas where new wells,” recompletions, or

additional analyses will be most beneficial, thus reducing risk and costs while

increasing the success of their exploration and development programs. Such

knowledge is also necessary for effectrve, efficient applncatnon of new.

- technologies for resource extractron

3 Canyon sandstones have yielded almost 2.2 tnlllon cubic feet (Tcf) of gas and—

in existing wells—contain estimated additional reserves of 2 Tcf. Operator
interest and -activity are at an- all-time high, and continued drilling will
undoubtedly lead to significant reserve growth. Average recovery per
completion is-a modest 0.7 billion cubic ft (Bcf), but the range is broad (up to 5

- Bcffwell), and average drilling density is still relatively low. Low well density and
~ the geologic complexity in the play documented by our study and recognized

by operators suggest that opportunities exist for increasing Canyonk
productivity by taklng advantage of better understandlng of reservoir

-attributes.

Geologrcal heterogenelty is the main cause of low productivity from Canyon
sandstones.- Most Canyon reservoirs occur within a crosscutting mosaic of

~lenticular channel and lobe facies of submarine-fan depositional systems. In the

pervasively gas-saturated-Canyon trends, the challenge for geologists is to

~understand and predict the distribution of high-deliverability compartments
~ within the reservoir mosaic. Our study shows that the occurrence and nature -

of Canyon sweet spots are controlled by (1) depositional processes that

“control sandstone distribution ~and initial - reservoir properties, (2)
_postdepositional diagenetic modifications that preserve or destroy reservoir

quality, and. (3) structural activity leading to the development of natural_
fractures and permeable pathways :
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-Res'ults ’

Geologic controls on Canyon reservoir quallty were established, drstrrbutron of
reservoir sandstone facies was mapped at regional and local scales, .
compositional and diagenetic influences on petrophysical properties were
determined, and charactenstrcs of natural fracture systems were documented

Ozona and Sonora Canyon gas producing trends contain thick (up to 1,000 ft)
stacks of sandstone, which ‘are vertically compartmentalized by shale.
Individual sandstone beds are only inches to a few feet thick between shale
interbeds. ‘Ozona and Sonora sandstones are widespread, extending across
large parts of Crockett and Sutton Counties, but individual sandstone bodies
rarely extend more than a few miles. This stratigraphic complexity results from
deposition in a series of small, laterally coalescing submarine fans. Reservoir |
quality in thick-bedded but lenticular, fan-channel sandstones is generally better
than it is in thin-bedded but more sheet-like fan-lobe sandstones. Techniques
were developed to distinguish and map these"two components of Canyon

- submarine fans, and their mfluence on reservoir quality was documented using
production data.

‘Within individual Canyon sandstone bodies, reservoir qualrty is - further

compartmentalized by composrtlonal ‘and diagenetic variations. Clay laminations
and matrix are abundant in many zones, and postdeposmonal compaction and
cementation have reduced reservoir quality 'in clean sandstone layers

. Diagenetic studies show, however, that the presence of siderite cement is the
‘key to good within-sandstone reservoir quality in many Sonora Canyon’
sandstones. Our studies show what factors control siderite genesis, but it is

currently not possible to predict the exact location of siderite-controlled sweet
spots. This result points to an area of well log analysis or development that

could aid Canyon operations: tools for siderite cement recognition.

Nevertheless, a subtle relationship to depositional facies was documented
suggestrng that predrctlve capabrlmes could be developed

Natural fractures are wrdespread in - both Sonora and Ozona Canyon
sandstones. For the most part these fractures as seen in core are short (less

‘than 10 inches tall) and this, as well as the closely spaced interbeds in Canyon

turbidites that will tend to create vertical permeability barriers and baffles,
suggests that successful horizontal drilling to exploit these fractures will be
challenging and possibly ineffective. On the other hand, large fractures may -

- exist elsewhere in the Canyon; their identification ‘and exploitation are potential

areas of future Canyon activity. Natural fractures can also promote permeability -
anisotropy and hydraulic fracture tortuosity, and awareness of their existence

- and character can help gurde reservoir stimulation and management decrsrons

As part of our study of the role of dragenesrs and natural fractures, we tested
certain rock properties. We have used laboratory tests to document fracture
toughness of Sonora and Ozona sandstones—values average 1.77+0.46
MN/m'-3> to 1.7240.60 MN/m'-5. By developing criteria for recognizing
reactivation of natural fractures and by documenting reactivation in Canyon
core, this study shows that fracture reactivation and- possrbly the growth of
multrple fracture strands near the wellbore is likely in rocks with fracture

toughness values within the range reported for other tight gas sandstones.
These- results can be taken mto account in fracture treatment design.
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Technical
* Approach

~ Implications

The approach of this study was to use available subsurface data—geophysical
well logs and limited core—to map regional and field-scale Canyon sandstone
distribution, interpret and characterize depositional systems and facies,
investigate how the diagenetic history of the sandstones has modified reservoir
porosity and permeability and other rock properties, and document the
occurrence and attributes of natural fractures in Canyon cores. As part of the
study of the effects of diagenesis and natural fractures, a laboratory study was
carried out that characterized the fracture toughness of Canyon Sandstones.

Heterogeneous, tight reservoirs, such as those in Canyon sandstones, require

sophisticated geologic characterization techniques to identify favorable areas.
Innovative characterization techniques were successfully applied, and a good
basic understanding of controls on Canyon reservoir properties was achieved.
When results of this research are combined with experiences of Canyon
operators, both the potential and the technical challenges of the Canyon gas
play become apparent. Research findings presented here have value as a
starting position for the more focused analyses that operators perform when
designing exploration and development programs. Finally, now that the basic
geologic controls on Canyon reservoir quality are understood, a next step
would be to develop techniques for predicting or detecting specific effects of
cement distribution and natural fractures at regional and local scales. ’
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Canyon Sandstone Gas Play:
‘A Target for Reserve Growth

H. S. Ham/in

Canyon sandstones form a low-permeability,
geologically complex gas play in the Val Verde Basin of
southwest Texas (fig. 1). Canyon gas reservoirs, at depths
between about 2,500 and 8,500 ft, have yielded almost
2.2 trillion cubic ft (Tcf) of gas and have estimated
additional reserves in existing wells of 2 Tcf (Hugman
and others, 1993). Continued play development will
probably increase this number. Canyon reservoirs account
for a significant portion of domestic tight gas production,
reserves, and new completions (fig. 2). Low well density
and geologic complexity suggest that opportunities
-abound for increasing Canyon productivity through an
improved understanding of reservoir characteristics.
Within the limits of the data available to us, the research
-results presented in this report provide that improved
understanding of Canyon reservoir geology (table 1). A
relative dearth of published geologic descriptions of
Canyon sandstones and the current high level of industry
interest were important motivations for this study.

The majority of low-permeability gas production in
- the greater Permian Basin area comes from Canyon

CENTRAL
BASIN
PLATFORM

QA14298(a)c

Figure 1. Map of Texas showing principal Late Pennsylvanian-
Early Permian tectonic elements and Canyon:Sandstone gas

-play.

sandstone reservoirs in the Val Verde Basin (Dutton and
others, 1993). The total extent of Canyon producing
trends spans 3,800 mi? (National Petroleum Council,
1980). Our study focuses on the two most prolific parts
of the Canyon: the Ozona Canyon trend in Crockett -
County and the Sonora Canyon trend in Sutton County.
Excellent potential for reserve growth beyond existing
estimates lies in infill and extension drilling in the main
producing trends and in new-field discoveries in the
southern and western parts of the basin. Historically, the
number of Canyon completions tripled between 1975
and 1991, and one quarter of all new domestic tight gas
completions (exclusive of the Appalachian basins) in 1991
were Canyon wells (fig. 2) (Hugman and others, 1993).
Average recovery per completion is a modest 0.7 billion
cubic ft (Bcf), but average drilling dens:ty is still relatively
low (1.25 wells/mi?). ‘
Geological heterogeneity is the main cause of low
productivity from Canyon sandstone reservoirs. Geo-
logical heterogeneity is manifested by irregularly shaped
permeability compartments-and internal baffles and
barriers to vertical and lateral flow. In the pervasively
gas-saturated Canyon trends, the challenge for geologists
is to understand and predict the distribution of “sweet
spots” or high-deliverability compartments within the
complex reservoir mosaic. Our study shows that the
occurrence and nature of Canyon sweet spots are
controlled by (1) depositional processes that control
sandstone distribution and initial (pre-diagenesis)
reservoir properties, (2) postdepositional diagenetic
modifications that preserve or destroy reservoir quality,

and (3) compaction and tectonic activity leading to the

development of natural fractures and permeable
pathways. Although based primarily on well logs
supplemented with limited core data, the research
described in this report nevertheless achieved these
important objectives:

¢ identified regional sandstone fairways to
_ guide exploration and development ,

* interpreted and characterized depositional
systems and facies and documented their control
on productivity :

* showed how the diagenetic hlstory of the
sandstones has modified reservoir porosity and
-permeability and other rock properties
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* found potential targets for future exploitation by
documenting the occurrence and attributes of
natural fractures in Canyon cores.

* identified growth of multiple fracture strands and

near-wellbore tortuosity as potential influences
on reservoir response to hydraullc fracture
treatment.

~ Although the influences of depositional environment,
diagenesis, and natural fractures on Canyon reservoir
quality can'be documented, no technologies yet exist for
failsafe identification of sweet spots. Our research shows
that, with the fundamental knowledge summarized in this
report as a base and using comprehensive sets of core

and seismic data, significant future advances in the

development of such technologies are possible.

Ben'efit'sbf'
Canyon Research

Canyon operators are well aware of the problems,
and challenges involved in developing the Canyon gas
resource. In a telephone survey conducted as part of our
study, Canyon operators cite several lines of evidence
that indicate that reservoirs are heterogeneous and
are composed of small permeability compartments:
(1) interstratification of water-saturated and gas-saturated
sandstones, (2) multiple pay zones having different
pressures, (3) low productivity from thick pay zones, and
(4) variable drainage areas. Although operators agree that
the economic future of Canyon gas development is
bright—reserves are high, drilling costs are relatively low,




Table 1. Summary of research objectives, techniques, and results presented in this report.

Challenge

Document regional sandstone
distribution

Characterize reservoir facies

Explain field-scale production
patterns
potentials

Document postdepositional
modification of reservoir
properties

distribution

Determine if natural fractures are
present and ascertain whether
they could affect development

Approach

Sandstone maps and cross
sections; well data appendices

Interpretation of core and well
logs; facies mapping

Comparison of sandstone and
facies maps with initial well

Petrographic analysis of
sandstone composition,
diagenesis, and porosity

Studies of core and borehole-
imaging logs, laboratory testing of are widespread and may control
mechanical properties

Benefit

Provided context for exploration
and development

Identified and characterized
prospective reservoir facies;
predicted some reservoir
properties

Identified stratigraphic controls
on productivity; provided starting
point for designing development
programs and for application of
advanced technologies

Identified important controls on
porosity, such as siderite in the
Sonora, further research needed
to develop predictive capabilities

Identified that natural fractures

gas flow locally; reservoir
stimulation may be detrimentally
attected by fractures; potential
exists to improve fracture flow by
acid stimulation

significant infill potential remains—the operators also
recognize that better methods for understanding the
controls on permeability distribution, water saturation,
and relative pay contribution would reduce uncertainty
and increase the success of their development programs.

At a well attended Canyon sandstone workshop,
where the results of this research were presented,
participants completed a questionnaire that provided
additional information about Canyon operators and the
challenges they face. The high attendance at the
workshop (over 350 geologists, engineers, and managers)
attests to the level of interest in the Canyon play and to
the importance of geologic studies to Canyon operators,
who indicated on the questionnaire that they make
extensive use of geological knowledge to reduce risk in
development decisions. Workshop participants
responded that they found the information presented
useful to their work and suggested areas where additional
research is most needed:

* extension of the regional framework beyond the
limits of the Ozona and the Sonora
more rigorous analysis of production data
closer look at hard-to-document controls such
as natural fractures and diagenesis
e incorporation of seismic data into both regional
and field-scale work.

A major benefit of regional geologic reservoir
characterization is the low cost involved in application;
drilling and completion costs are not increased.
According to Canyon operators, an average Canyon gas
well must produce 0.3 Bcf in order to pay for drilling
and completion costs. Since average cumulative recovery
per well is 0.7 Bcf, net profit averages 0.4 Bcf. Well
productivity varies widely, however, and net per-well
profit reaches 5 Bcf locally. Insights from regional studies
aimed at identifying prospective areas and from field-
scale studies aimed at understanding local controls on
reservoir quality can be used to strategically locate wells
for increasing average per-well production without
significantly increasing per-well costs.

Objectives of Study

Canyon sandstones were studied as part of the
Tight Gas Sands project, a research program supported
by the Gas Research Institute (GRI) that focuses on low-
permeability sandstones. The geologic research presented
here is one aspect of this broader, multidisciplinary
program designed to increase knowledge about—and
ultimate recovery of—unconventional gas resources
through integration of geology, log analysis, reservoir
engineering, and hydraulic fracture modeling. The goal



of the geologic studies described here is development of

insights, methods, and technology that can be applied to
the Canyon and to other tight gas sandstones to enable
greater recovery of gas in place in low-permeability
reservoirs.

Much of the data used in this study is derived from
two cooperative wells (fig. 3, Appendix A). Cooperative
“wells are gas wells in which operating companies allowed

GRI contractors to collect data necessary for formation
- evaluation and hydraulic-fracture-treatment design. Data
acquisition and analysis reports for these wells have been
- published elsewhere (CER Corporation, 1991a, 1991b;
~ Miller and others, 1991; NSI Technologies, Inc., 1991a-
1991d; Hamlin and others, 1992b). Industry core
donations were an additional important source of data;
these donated cores are archived at the Core Research
Center of the Bureau of Economic Geology.

- The objective of the geologic study of the Canyon
Sandstone formation is to develop a complete description
of the physical characteristics of the reservoir sandstones,
which is necessary to understand the distribution and
reservoir behavior of the tight gas resource and test and
apply new technologies for resource extraction. Geologic
studies can explain the physical characteristics of Canyon
sandstones and provide information necessary for
accurate formation evaluation, reservoir modeling, and
fracture analysis. Geologic characteristics that are critical
to an understanding of Canyon sandstones, or any other
tight gas sandstone, are

. deposmonal systems and the dlstnbutuon of
~ reservoir facies,
e diagenetic history of the formation and
mineralogic composition of the reservoir
e structural history and setting of the basm and its
contalned reservoirs.

Within the limits of available data, research results
presented in this report provide a comprehensive
description of the basic geological properties of Canyon
~ Sandstone reservoirs.

Methods and Data

~This geologic study focused on (1) Sonora Canyon
sandstones, which extend across western Sutton, northern
Edwards, southwestern Schleicher, and eastern Crockett
Counties and(2) Ozona Canyon sandstones, which
extend across southern Crockett, northern Val Verde, and
northeastern Terrell Counties. Lower Canyon sandstones
in the south and undifferentiated “Wolfcamp” sandstones
in the west are not discussed in this report. The location

- of the GRI cooperative wells directed our initial focuson-
' the Sonora Canyon in Sutton County. Well logs from about -

1,600 wells and 480 ft of Sonora Canyon core from the
two cooperative wells (fig. 3) were our main data sources.
An additional 870 ft of Sonora and Ozona core from
several older wells (fig. 3) provided supplementary data,
especially for natural fracture analysis.

Stratigraphic correlations were made using gamma-
ray logs supplemented locally with acoustic, SP, and
resistivity logs. Macroscopic and microscopic core

~ descriptions provided data for calibrating logs for

lithology and depositional environment interpretations.
Core-to-log depth matching was done by comparing

~downhole gamma-ray logs to core gamma-ray scans.

Gamma-ray logs also formed the main data base for
sandstone thickness calculations, although SP, resistivity,
neutron, and acoustic logs provided additional lithologic

~ information. The cut-off for measuring net sandstone was
~approximately half way between the maximum and
‘minimum gamma-ray responses in the Canyon interval

being measured. A universal cut-off based on API units
was not used because of variabilities in log quality and
measurement conditions. Formation tops and sandstone
measurements from well logs used on regional cross
sections (fig. 3) are tabulated in Appendix B.

The thickest individual sandstone (maximum
sandstone) in each correlation unit was mapped on the
theory that thick-bedded sandstones are generally more

permeable than are thin-bedded sandstones. Further-

more, the distribution of the thickest sandstones typically -
defines the framework of a depositional system,

_particularly one in which lenticular channel-fill

sandstones form a key component. For this study

individual maximum sandstones do not contain shale

interbeds greater than 5 ft thick. Because thick Canyon
sandstones are generally not continuous between wells,
our maximum sandstone maps delineate thickness

‘patterns in a stack of sandstone bodies but not the
“continuity of individual bodies.

Composition of Canyon sandstones were determined
by standard thin-section petrography and scanning
electron microscopy (SEM) with an energy dispersive
X-ray spectrometer (EDX). Point counts (200 points) of
thin sections from representative samples from available

‘cores were used to determine mineral composition and

porosity. Matrix-free sandstones were sampled pref-
erentially because they are likely to represent the best
reservoirs. Grain size and sorting were determined by
grain-size point counts (50 points).

Natural fractures in all available Canyon core (both

~oriented and unoriented) were mapped and described.
‘Oriented core and borehole-lmagmg geophysical logs

provided information on fracture orientation. Petro-
graphic and SEM analyses were used to characterize

- fracture-filling minerals. Laboratory studies of rock

mechanics parameters and the morphology of induced
and natural fractures were carried out in order to better
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‘understand the impact of diagenesis on parameters
~ affecting procedures such-as drilling and hydraulic
fracturing and to understand the conditions under which
“ natural fractures could be reactivated. Methods used in
these studies are described in a later section. -

Geologuc Settmg

The Val Verde Basin is a northwest-trendmg foreland

basin within the Permian Basin region, which also

* encompasses the Midland and Delaware Basins and
- adjacent uplifts (Sanders and others, 1983; Hills and

Galley, 1988). The basin forms an asymmetric trough; its - |

deepest part (foredeep) is adjacent to the Ouachita

structural belt in the south (fig. 1). The Val Verde Basin is

one of a series of foreland basins that formed along
the southern margin of the North American plate as a

result of tectonic loading and other processes associated -
with plate collision and suturing during Ouachita -

orogenesis (Wuellner and others, 1986; Meckel and
others, 1992). Cambrian- to Cretaceous-aged sedimentary
fill in the foredeep reaches 28,000 ft, most of which is

Pennsylvanian and Permian (Desmoinesian to

Leonardian) (fig. 4). The basin is bounded on the north
and east by shelf-like positive structural features: Central
Basin Platform, Ozona Arch, and Eastern Shelf (fig. 1).

Val Verde Basin stratigraphy records the evolution of -

a basin whose shape and fill evolved under the influence
of a nearby active tectonic belt. Lower and middle

Paleozoic shallow-marine carbonates and clastics fill -

the Tobosa Basin, which was located on the southern
passive margin of the North American craton and was
ancestral to the Permian Basin (Hills and Galley, 1988).
The Val Verde Basin became distinct during Late
Mississippian time, when the Tobosa Basin began to
~separate into several basins and uplifts. Following
 widespread carbonate deposition in the middle
Pennsylvanian (lower Desmoinesian Strawn Group),

~ the Val Verde foredeep began to subside rapidly, creating -

‘a deep trough in the south adjacent to a shallow shelf in
the north (fig. 5). Northward-prograding clastic wedges,
derived from rising Ouachita highlands to the south, filled
the southern part of the basin during the late
- Desmoinesian to Virgilian (Lehtonen, 1987). During this
same time (late Desmoinesian to Virgilian), a thin black

shale condensed section was deposited in the northern -

and eastern parts-of the deep Val Verde Basin, and
carbonates accumulated on flanking shelves. Beginning
in the Early Permian (Wolfcampian to early Leonardian),

deposition of clastic slope wedges prograded the southern
margin of the Eastern Shelf southwestward. On the basin
floor the distal parts of these northeastwardly derived
slope wedges merged and interfingered with a continuing
influx of Ouachita sediments from the south. As tectonic

S

’attivity decreased in the Late Permian, carbonate

sedimentation spread across the basin. Cretaceous
carbonate rocks unconformably overlie Permian clastics

~and extend to the surface of the Val Verde Basin. Well,

seismic, and vitrinite reflectance data suggest that, in the -

- southern part of the basin, thousands of feet of Permian

rocks were eroded before deposition of the Cretaceous

“(Sanders and others, 1983).

Regronal distribution of Canyon sandstones and gas
productron in the Val Verde Basin is controlled by the
depositional and tectonic history outlined above. The thin
(100 to 400 ft) black shale that drapes Strawn carbonates
throughout the northern part of the basin is probably the

source for gas in overlying Canyon reservoirs (National
_Petroleum Council, 1980). Lower Canyon sandstones,

which include the Epps and Ray sandstones, are part of

~ the upper Desmoinesian-Virgilian, northward-prograding

wedges that fill the deepest part of the basin but that also

~have experienced the greatest amount of uplift and

erosion (figs. 4 and 6). Lower Canyon sandstones are
currently productive only along their distal margins in-

the north, where they onlap the lower slope of the Eastern

Shelf (fig. 7). The fact that thick lower Canyon sandstones
in the south have yielded little gas may be attributable to - -

~ postdepositional uplift, erosional truncation, and meteoric
- flushing (National Petroleum Council, 1980). Meteoric
" - flushing refers to deep, downward circulation of relatively
. fresh ground water, which is driven by gravitational forces

associated with uplift and topographic relief. As has
recently been shown in the San Juan Basin (Kaiser and
others, 1991), this process can affect movement of gas

‘and water on a basinwide scale. Alternatively, the current

scarcity of lower Canyon gas reservoirs may simply reflect

~insufficient exploration and development.

‘Sonora Canyon sandstones lie basinward ‘of the
southwest margin of the Eastern Shelf (fig. 6), extending
down the slope and onto the adjacent basin floor. The
Sonora Canyon also displays onlap relative to underlying

Strawn carbonates (fig. 4), but depositional patterns.
‘indicate that Sonora sandstones were southward

prograding and derived sediment from source areas to

 the northeast. To the southwest, Sonora sandstones grade
- into’ basinal’ shales, and because they are nowhere in

direct contact with the pre-Cretaceous unconformity

(fig. 4), they may have been somewhat protected from

meteoric flushing. To the northeast Sonora sandstones
thin and pinch out near the margin of the Eastern Shelf.
The Sonora interval is the most prolific of the several

Canyon gas-bearing intervals in the Val Verde Basin and -
~ is productive throughout its extent (fig. 7).

The Ozona Canyon intervak is more tabular relative

to wedge -shaped geometries displayed by underlying -

intervals and apparently records the last major clastic
depositional episode filling the Val Verde Basin. The
Ozona interval seems to occupy a basin floor position
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but lies in a much shallower basin than existed during
deposition of older Canyon intervals. Sediment sources
for Ozona sandstones were mainly to the south and west,
and these sandstones probably extended farther south
prior to erosional truncation (figs. 4 and 6). Along the
southern margins of the Ozona Arch and Central Basin

Platform, Ozona sandstones grade into shelf limestones

and shales. Despite erosional truncation and exposure

‘to meteoric flushing, Ozona sandstones contain gas .

reservoirs that are nearly as prolific as are Sonora
reservoirs. o S '

'_ReSerVOir Engineering‘ |
-and Production Data

Early summaries of petrophysical properties and

production characteristics of Canyon sandstones are
.described in a study by the National Petroleum Council
(1980), and more recent compilations are in reports based
on data from the GRI cooperative wells (Appendix A).
Canyon reservoir porosity ranges from 1 to 15 percent,
- averaging 7.4 percent in the Sonora and 6.9 percent in
the Ozona (table 2). Log porosities in the best reservoir

zones reach 14 percent, although net pay porosity cut-

Table 2. Canyon Sandstone production data, reservoir
- properties, and engineering parameters.

_ Sonora Ozona
Produbing completions : 2,36'2‘ 1,702
in 1992 » _ , )
- Cumulative production 1,401 - . 893
through 1992 (Bcf)} _
Net pay thickness (ft). o 25-720 = 15-300
Porosity, rahgelaverage (%) =~ 2-15/7.4 ' f1‘12/6-9»
Permélability,‘range (md) 0.001-0.4 . 0.001-0.1
-Wa_tef saturation (%) 520 320
- Reservoir temperature, . 125-185 100-175
range (°F) . S ) .
Reservoir pressure, range R 500—3,000. . 500-3,000
(psi) | | =
» Reservoir dept_h, range (ft) ,2,50048,500 2,500~7,000
- 'Post-frac initial potential; . 3,300 2,300
average CAOF (Mcf/d) )
Recovery per completion, - 0.73 - 0.73
average (Bcf) . ) ; . .




off is typically 5 percent. Restored state

(net overburden pressure) core perme-

abilities in Sonora sandstones range from
0.001 to 0.03 md in the GRI cooperative
wells. Basinwide average permeabilities
are slightly higher (table 2), and thin beds
having permeabilities around 1 md have
been reported (Trabelsi, 1994). Because of
low permeabilities, large net pay thick-
nesses are commonly necessary for
economic completions. Water saturations
in Canyon reservoirs commonly exceed
20 percent, and water production is a
problem locally. Formation water resistivity
averages 0.088 W-m at 75RF (80,000 ppm
total dissolved solids), the cementation
exponent is 2.07, and the saturation
exponent is 2.09 (Hamlin and others,
1992b).

Canyon reservoirs typically have low
temperatures and pressures. Reservoir
temperatures range from 100° to 185°F, and
reservoir pressures are 300 to 3,500 psi.
Since depths to Canyon reservoirs range
from 2,500 to 8,500 ft, pressure gradients
range from 0.15 to 0.45 psi/ft. Low
temperatures and pressures are generally
attributed to uplift and meteoric flushing
that occurred prior to deposition of
Cretaceous carbonates (National Petroleum
Council, 1980). At that time natural gas may
have been lost from the system through
breached seals, diffusion, and solution in
circulating ground water. Uplift can also
promote formation of natural fractures by
reducing lateral loads on rocks.

In situ stress measurements in the GRI
cooperative wells indicate stress gradients
of 0.61 to 0.65 psi/ft in sandstone and
+ 0.73 to 0.83 psi/ft in shale (Miller and
others, 1991). A stress profile from the lower
part of the Sonora Canyon is shown in
figure 8. Maximum horizontal compressive
stress was determined by several methods
to be oriented approximately north-
northeast (Miller and others, 1991).
Because of low reservoir permeabilities,
hydraulic fracture treatments are universal
and typically consist of 50,000 to 70,000
gallons of gel and 100,000 to 120,000
pounds of sand. One of the GRI cooperative
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Figure 8. Canyon sandstone (lower Sonora interval) stress profile, example
from Phillips Ward C No. 11, GRI cooperative well (W. Whitehead,
personal communication, 1992).
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Figufe 9. Map showing initial open-flow potentials (after fracture stimulation) for Ozona Canyon gas wells.

wells improved production by hydraulic fracture stimu-
lation from 40 Mcf/d to 339 Mcf/d. Canyon operators
report production improvements of 3 to 10 times after
fracture stimulation.

The availability of a large data base of completion
information from wells in Crockett County permitted us
to make a more detailed characterization of initial
productivity and completion practices in Ozona
sandstone reservoirs. The median initial open-flow
“potential (after fracture stimulation) for 725 Ozona
wells is 1,600 Mcf/d, but the range spans several orders
of magnitude (<100 to >10,000 Mcf/d). Although many
of the low-productivity wells are located around the
margins of the main Ozona trend, where net sandstone
content is low, large well-to-well productivity variations
exist in the heart of the trend (fig. 9). Statistical analysis
revealed that initial well productivity in the Ozona is

11

unrelated to size of fracture stimulation treatment,
completion date (year), reservoir depth, pressure, or
temperature. Aside from certain variations in comple-
tion practices, which can only be assessed qualitatively,
the process of elimination leaves responsible for well
productivity variability only geologic properties that are
intrinsic to the reservoir sandstones: reservoir size, internal
complexity, and quality. Productivity variations as high
as 5,000 to 10,000 Mcf/D between wells located a few
thousand feet apart (fig. 9) constrain the size of reservoir
compartments in the Ozona. Detailed mapping con-
firms that many Ozona and Sonora sandstones are
discontinuous at this same scale. Furthermore, sandstone
continuity is only the first order of reservoir heterogeneity;
permeable baffles and barriers within individual
sandstones are created by sedimentary, diagenetic, and
structural processes.



'Ozona Canyon Stratlgraphy

H. S. Hamlin, S. J. Clift

The Ozona Canyon interval is composed of several
sandstone dominated zones separated by thick shales
(fig. 10). Each sandstone zone typically contains several
- hundred feet of interbedded sandstones and shales, both
having bed thicknesses mostly less than 20 ft. These
. sandstone zones are relatively continuous across the
Ozona trend, although individual sandstones are
discontinuous. The Ozona interval thickens to the
“northwest from less than 1,000 ft in northwest Edwards
County to 1,500 ft in central Crockett County (fig. 11).
The interval thickens more abruptly in southwest
Crockett, where it partly interfingers with and partly
overlies a thick Wolfcamp sandstone interval that is gas
productive to the west in Terrell County (Horton, 1977).
To the south in northern Val Verde County, the Ozona
~interval is erosionally truncated (figs. 4 and 11). For this
study the upper and lower boundaries of the Ozona are
~defined by thin, regionally continuous limestones
(fig. 10). The Ozona interval dips gently (20 to 50 ft/mi)
to the northwest across most of Crockett County, but
dips steepen to 100 to 300 ft/mi in the south near the
pre-Cretaceous unconformity (fig. 12).

Sedimentary structures observed in core, sandstone
geometries and distribution patterns, and regional
paleogeographic context indicate that Ozona sandstones
formed in submarine fan depositional systems (Mitchell,
1975; Berg, 1986; Lehtonen, 1987). Thinly interlaminated
sandstone/shale sequences display sedimentary structures
consistent with deposition from gravity-driven density
flows (turbidity currents). Unconfined turbidity currents
~deposited the thin sandstones that form the broad lobes
of the submarine fan, whereas thicker sandstones, having
lenticular geometries and upward-fining vertical profiles,
formed where turbidity currents were confined to
channels on the fan surface (fig. 13). Thus, the shapes
and internal stratification of Ozona sandstones are
inherited from the submarine fan depositional
environment. .

The Ozona sandstones occupy a basin floor
position adjacent and parallel to the south-facing slope
of the Ozona Arch. Determining source areas and
~ directions of transport for Ozona depositional systems is
“challenging because the southern part of the Ozona

interval was removed during postdepositional uplift and
erosion. Furthermore, sandstone distribution patterns, a
- complicated superposition of sandstone geometries and
orientations, in the extant Ozona suggest multiple
directions of sediment input. In order to unravel some of
this complexity and characterize individual reservoir

sandstone facies, each of the four major Ozona
sandstone-bearing zones is described separately.

Ozona Producing Trend

The main Ozona producing trend is approximately
73 mi long and 28 mi wide across central Crockett County

"~ and extends into eastern.Terrell and northwestern Val
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Verde Counties (fig. 7). The main Ozona trend coincides
with the regional distribution of Ozona sandstone,
although a separate Ozona sandstone is productive in
Adams-Baggett field in southeast Crockett County. Depths
to Ozona reservoirs range from about 6,000 to 7,500 ft
in the main trend and about 4,000 to 5,500 ft in Adams-
Baggett field. Although interwell variability in productivity
is high, wells in the northeast part of the trend have, on
average, greater flow potentials than do wells in the
southwest or southeast (fig. 9). The south part of the trend
experienced greatest uplift and erosion during the
formation of the pre-Cretaceous unconformity and may
have lost some of its gas resource at that time. Pervasive
loss of porosity by silica cementation is another potential
reason for poor reservoir quality locally in the south
(National Petroleum Council, 1980).

Total sandstone content of the Ozona trend reaches
640 ft in southwest Crockett County, but net sandstone
thickness and geographic distribution vary considerably
among the Ozona zones. Stratigraphic cross sections
(figs. 14 through 18) and net sandstone maps (figs. 19
through 22) illustrate these variations. Additionally,
maps of the thickest individual sandstones in each zone
(maximum sandstone) emphasize the distribution of
the most prospective reservoirs (figs. 23 through 26). In
the Ozona trend, the thickest sandstones are generally
the most productive: Finally, maps showing prominent
vertical trends in grain size and sandstone abundance
(log facies maps, see figs. 27 through 30), when used in
conjunction with net sandstone and maximum sandstone
maps, are a powerful tool for reconstructing the sandstone
framework architecture of Ozona depositional systems.

Regional Sandstone
Distribution

Zone 1 is the uppermost Ozona zone, within which
sandstones are most abundant in the lower third (figs. 14

through 18). The upper part of zone 1 is dominated by
shales and thin limestones. Zone 1 sandstones grade into
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Figure 10. Gamma-ray and sonic logs from a typical Ozona well showing the four main sandstone zones.
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Figure 11. Isopach map of Ozona Canyon interval.
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Figure 13. Submarine fan model showing typical gam»ma’i-ray' ‘

log responses caused by Canyon fan channel and lobe facies.

in the southwest, whereas the upper unit is best developed
in the northeast. A separate sandstone unit within zone 2
is located to the southeast in the Adams-Baggett field

~(fig. 20). Zone 2 sandstones extend southward to the

pre-Cretaceous umformlty in Val Verde County and
westward into Terrell County. Along the main Ozona

- trend, thick sandstones displaying upward-fining log

patterns are flanked to the southeast by thinner, upward-

-.coarsening sandstones (fig. 28). In the southeast corner

of Crockett County, however, thick sandstones in the
Adams-Baggett area display primarily upward- -coarsening
log patterns (compare figs. 20 and 28). Zone 2 in the -

“Adams-Baggett area is composed largely of a single sand--
'stone reaching 160 ft in thickness, whereas along the
- main Ozona trend, zone 2 includes several sandstones

Model simplified from illustrations and descnptlons in

Shanmugam and-Moiola (1988).

shale to the southwest and northeast and into limestone

to the southeast. Net sandstone in zone 1 reaches 60 to

150 ftin several isolated depocenters, which are enclosed

in a broader belt containing thinner sandstone (fig. 19).
Thicker sandstones in zone 1 generally display upward-
fining log patterns (fig. 27) and form narrow belts and
pods (fig. 23).

Thick individual sandstone bodies displaying
upward-fining trends probably represent submarine fan
channel deposits, whereas thinner sandstone bodies
displaying upward-coarsening trends were deposited

by prograding fan lobes (Tyler and Gholston, 1988). The

fan channel and lobe facies grade into an enclosing
body of thin-bedded sandstones in thick shales that form
a distal fan lobe fringe (figs. 27 and 13).

Zone 1 sandstones contribute to gas production

having individual thicknesses mostly Iess than 60 ft
(fig. 24).
Zone 2 contains many of the most productive

reservoirs in the Ozona interval. High initial potentials

(>5,000 Mcf/d, see fig. 9) are most common in the
northeastern part of the main trend, where most of the
Ozona gas wells are perforated either in zones 1 and 2
or in zone 2 alone. In the upper part of zone 2, upward-
fining channel sandstones having individual thickness
40 to 100 ft are the most prospective targets. Sandstones
in the lower part of zone 2 are productive in the
southwestern part of the Ozona trend, but because most
wells there are perforated in several different zones, the

~ relative contribution_of zone 2 sandstones to gas

production in the southwest could not be determined.

Zone 3 sandstones are generally located in the lower
part of the zone to the northeast but thicken to fill the
entire zone in the south and southwest (figs. 14 through
18). Zone 3 sandstones extend along the main Ozona

~trend and out of the study area to the south and west,
displaying complicated lobate and belt-like geometries
_ (fig. 21). These complex sandstone geometries are

highlighted on the log-facies map, where northwest-

oriented upward-fining trends are prominent (fig. 29).
The thickest individual sandstones in zone 3 lie mainly -

~in a narrow belt along the axis of the Ozona trend
(fig. 25). '

primarily in the areas where individual sandstone bodies

are greater than 20 ft thick (