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ABSTRACT

The objective of this Class III projecf was't‘bo demohstrate that reservoir
characterization and enhanced oil recovery (EOR) by CO, ﬂood can increase production
from slope and basin clastic reservoirs in sandstones of the Delaware Mountain Group in
bthe Delaware Basin of West Texas and New Me‘xico. Phase 1 of the project, reservoir
characterization, focused on Geraldine Ford and East Ford fields, which are Delaware
Mountain Group fields that produce ffom the uptier Bell Canyon Formation (Ramsey
sandstone). The demonstration phase of thbe project was a CO, flood conducted in East
Ford field, which is operated by Orla Petco, Inc., as the East‘ Ford unit.

Reservoir characterization utilized outcrop characterization,’hi gh-resolution
sequence stratigraphy, subsurface field studies, and 3-D seismic data. Ramscy sandstones
- are interpreted as having been deposited in a channel-levee system that térfninated in
broad lobes; overbank splays filled topographically low interchannel areas. Porosity and
permeability of the reservoir sandstones are controlled by calcite cement that canbe
concentrated in layers ranging from 2 to. 16 inches in thickness.

CO, injection in the East Ford unit began in July 1995. As a result of the CO, flood,
production from the East Ford unit has increased from 30 bbl/d at the end of primary
production to more than 185 bbl/d in 2001. The unit has produced 180,097 bbl of oil from
the start of tertiary recovery through May 2001, vand essentially all production can be
attributed to the enhanced oil recovery project. Oil recovery has been improved by the
CO, flood, but not as much as had been éxpected. Geologic heterogeneities caused by
both depositional and diagenetic processes are apparently influencing reservoir
displacement operations. Results of the reservoir characterization can guide modifications

‘to the existing pattern of injectors and producers.



EXECUTIVE SUMMARY

This volume summarizes work done 'rby the Bureau of Economic Geology, The
University of Texas at Austin, as part of the U.S. Department of Energy (DOE) Oil
Recovery Field Demonstration Program, Class III. The goal of the program, and this
project, is to increase oil production from domestic slope and basin clastic reservoirs in
the near term to prevent their premature abandonment and the resulting permanent loss of
| resohrces to the United States. Specifically this project demonstrated that enhanced oil
recovery (EOR) by CO, flood can increase production from slope and basin clastic
reservoirs of the Delawére Mountain GroUp in West Texas and New Mexico.
‘Fl‘lrthermore, the project dcmonstfated that reservoir characterization, using outcrop
characterization, subsurface field studies,r énd othér techniques, provides essential
information for designing efficient production strategies. |

Slope and basin clastic resérvoirs in sandstones of the Delawére Mountain Group in
the Delaware Bésin of West Texas and New Mexico containéd more than 1.8 billion
barrcls (Bbbl) of oil at discovery. Recovery efficiencies of these reservoirs have averaged
less than 20 pércent since production began in the 1920’s, and, therefore, a substantial
amount of the original’ oil in pléce remains unprbduced. Many of these mﬁture fields are
nearing the end of primary or secondary productioh and are in dangef of abandonment
unless effeétive, économic methods of EOR can be implemented.

Project objectives were divided into two main phases. The original objectives of the
reservoir-characterization phasé of the project were (1) to gain a detailed ﬁnderstanding
of the architecfure and heterogeneity of two representative fields of the Delaware
Mountain Group, Geraldine Ford and Ford West, which produce from the Bell Canyon
and Cherry Canyon Formations, respectively; (2) to choose a demonstration area in one

of the fields; and (3) to simulate a CO, flood in the demonstration area. After completion



of the study of Geraldine Ford and Ford Wgst fields, thekori ginal industry partner,
Conoco, Inc;, decided‘ ndt to continue. | |

A new industry partner, Orla Petco, Inc., joihed the project, and the reservoir-
characterization phase was expanded to include the East Ford unit, which it operates. The
| East Ford unit, immediatély adjacent to thé Ford Geraldine. unit, produces from the samé
‘ reservbir, the Ramsey sandstone. This additional réservqir characterization demonstrated

that the geologic model‘ and log-intérpretation methods developed during the study of the
Ford Geraldine unit could be successfully transferred to another field in the Delaware
“sandstone play. | |
:Thé East Fofd unif underwent primary recovery through June 1995. As a result of
serious producibility prqblemseparticularly hi gh water production without a water
drive—primary recovery efficiency at the East Fdrd unit was less than 15 percent. Unless
- methodologies and technologies to overcome these producibility problems could be
applied, much of the remaining oil in the East Ford unit would not be recovered.
The Phase 2 demo_nsiratibn for the project was the CO, flood being conducted in the
East Ford unit. vOrla Petco began the C02 flood in the Rainsey sandstone in July 1995,
‘and the response phase was reached in Deberﬁbcr 1997. As a result of the CO, flood,
production from the East Ford‘ unit has increaséd from'30v bbi/d at the end of primary
vproductioryl‘to more thah 185 bbl/d in 2001. The unit has produced 180,097 bbl of oil from
the start of tertiary recovery througﬁ May 2001, and essentially all productibn can be
| attributed to the EOR project.

Oil recovery has beén in‘i'prov'ed‘ by the CO, flood of the East Ford ﬁnit, but not as
much as had been expected. Analysis of the results of the ﬂdod suggesté that geologic -
hcterogeneities affect rescrvdir displacement operations. CO, iﬁjector wells in splay
sandstones apparently have poor communication with wells in channel sandstones,

- perhaps because communication is restricted through levee deposits. The field also

appears to be divided into threeareas of better interwell communication; communication



between wells in different areas is restricted. The areas may result from facies changes,
subtle structural or bathymetric controls on deposition, or variations in sediment-transport
direction.

Modification of the existing east-west alignment of injectors and producers may
overcome the problem of apparently restricted communication between splay sandstones
and channel sandstones at the north end of the field. Pressure response in the central area
of the field has been slow, suggesting that communication is restricted between the
producing wells in this area and the injector wells that are located in the north and south
areas of the field. Adding an injector well in the central area may overcome this problem.
The south area of the field is responding well to the existing north-south line of injectors.
Recovery might be improved in this area by bringing on additional producers, which
could be accomplished by overcoming mechanical problems with some of the shut-in
wells.

Through technology transfer, the knowledge gained in the study of the East Ford and
Ford Geraldine units can be applied to increasing production from the more than 350
other Delaware Mountain Group reservoirs in West Texas and New Mexico, which
together contain more than 1.5 Bbbl of remaining oil. The technology and methodology
used in this project have been transferred to Delaware Basin operators through
inexpensive workshops and through technical presentations and publications at the local
level. Presentations at national technical meetings have made technolog:ies and results

available to all domestic operators.



INTRODUCTION |

This report summarizes the results of research conducted for the DOE Class 111
projeet “Application of Advanced Reservoir Characterization, Simulation, and
Production Optimization Strategies to Maximize Recovery in Slope and Basin Clastic
Reservoirs, West Texas (Delaware Basin).” The objective of the project was to
demonstrate that reservoir characterization and enhanced oil recovery (EOR) by CO,

flood can increase ‘production from clastic reservoirs in basinal sandstones of the
Delaware Mountain Group in West Texas and New Mexico. Because current production
frorn Delaware Mountain Group reservoirs averages less than 20 percent of the 1.8 billion
barrels (Bbbl)bof original oil in place (OOIP), a clear opportunity for improving recovery
exists. The goal is to increase prOduetion and prevent premature abandonment of
reservoirs in mature fields in the Delaware Basin of West Texas and New Mexico.

Project objectives were divided into two main phases. The ori'ginalobjectives of the
reservoir-characterization phase of the project were (1) to gain a detailed understanding
of the architecture and heterogeneity of two representative fields of the Delaware
Mountain Group, Geraldine Ford and Ford West (ﬁg. 1), which produce from the Bell
Canyon and Cherry Canyon Formations (fig. 2), respeetively; (2) to choose a ‘
demonstration area in one of the fields; and (3) to simulate a COz flood in the

 demonstration area (Dutton and others, 1996, 1997a, b, 1998). After completion of the
study of Geraldine Ford and Ford West fields, the original industry partner, Conoco, Inc.,
decided not to continue. |

| When anew industry partner, Orla Petco, Inc., joined the project, the reservoir-
characterization nhase was expanded to include the East Ford unit, which lies

immedi‘ately adjacent to the Ford Geraldine unit and produces from a branch of the same
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Figure 1. Map showing location of the Delaware Basin and paleogeographic setting
during the Late Permian. Present-day exposures of the Delaware Mountain Group and
locations of the outcrop study area, Geraldine Ford, Ford West, and East Ford fields are
superimposed onto the paleogeographic map. Modified from Silver and Todd (1969).
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surrounding shelves. Modified from Galloway and others (1983), Ross and Ross
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Ramsey sandstone channel (fig. 3). Reservoir characterization focused on the Ramsey
- sandstone, the youngest sandstone in the Delaware Mountain Group énd the main
producing interval in the‘East Ford unit. |
This additionél reservoirv‘characteri'zation provided an excellent opportunity to fest
the transferability of the geologic model and log-interpretation methods developed during -
resemoir characterizaﬁbn of the Ford Geraldine ﬁnit to another field in the Delaware
 sandstone play. Reservoir characterization of the East Ford unit built upon the earlier,
integrated reservoir-characterization study of the Ford Geraldine unit (Dutton and others,
1999a). Both units produce from thé most prolific horizon in the Bell Canyon Formation,
and the reservoir-characterization studies of these units provide insights that are
applfcable to other slope and basin clastic fields in the‘ Delaware Basin. The technologies
» used for reservoir characferization of the East Ford -uhit included (1) subsurface log, core,‘
and petrophysical study; (2) h‘igh—re‘solution sequence sfrati graphy; (3) mapping of nearby
outcrop reservoir analogs; and (4) anélysis of production history.
The Phase 2 demonstration for the project Was a C02 flood being conducted in the
East Ford unit. Orla Petco, the operator of the East Ford unit, began the CO, flood in the
Ramsey sandstone in July 1995. Orla Petco has made available to the project all the
injection and productidn'daté‘ generated éince the flood was initiated, providing an
excellent opportunity to evaluate the success of the flood and compare the results with the
reservoir characterization. The CO, flood at East Ford field reached the respéhse phase in
December 1997, so cvéluatioﬁ of the flood results could begin as soon as Phase 2 started
in July 1999. Assessment of the effectiveness of the CO, ﬂodd to improve recovery in a
mature Ramsey sandstone field‘was the focus of Phase 2.
In Phase 2 fhe kndWledg_e gained during reservoir characterization was applied to
increasing recovery from the CO, flood in the East Ford unit. Comparisbns were made
between production from the unit during the CO, flood and the geologic model

developed during Phase 1. This comparisoh provided an importaht opportunity to tést the
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accuracy of reservoir-characterization studies as tools in resource preservation of mature
fields. In addition, the results of the CO, flood were used to refine and improve the
geologic model of the East Ford unit.

Through technology transfer, the knowledge gained in the study of the East Ford and
Ford Geraldine units can be applied to increasing production from the more than 350
other Delaware Mountain Group reservoirs in West Texas and New Mexico (fig. 4),

which together contain more than 1.5 Bbbl of remaining oil.

Geologic Setting

Upper Permian (Guadalupian) Delaware Mountain Group strata (fig. 2) compose a
3,500-ft-thick succession of slope and basin deposits in the Delaware Basin that are
important contributors to Permian Basin petroleum production. The Delaware Basin, the
western subbasin of the Permian Basin, is located in West Texas and southeastern New
Mexico (fig. 1). The Delaware Basin was semirestricted, with its south end partly open to
the seaway and its north end surrounded by an extensive carbonate shelf and reef
complex. Shelf to basin floor correlations of time-equivalent strata indicate that water
depths were between 1,000 and 2,000 ft during deposition of the Bell Canyon Formation
(Kerans and others, 1992).

Basinal limestones and organic-rich siltstones divide the Delaware Mountain Group
into cyclic successions of sandstone and siltstone at several scales (Jacka and others,
1968; Meissner, 1972; Jacka, 1979; Gardner, 1992, 1997a, b). At the largest scale, thick
limestones or organic-rich siltstones that are basinwide in extent divide the Delaware
Mountain Group into three clastic wedges. These wedges, which are each 1,000 to 1,500
ft thick, are approximated by the Brushy Canyon, Cherry Canyon, and Bell Canyon
Formations (fig. 2). The Bell Canyon Formation contains five limestone tongues that

extend basinward from the shelf margin and divide the Bell Canyon into four sandstone
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bodies or intermediate cycles. The intermediate-order sandstone bodies are further
subdivided by thin, organic-rich siltstones into 20- to 100-ft thick units referred to as
high-order cycles (Gardner, 1992, 1997a, b).

The Bell Canyon Formation is composed of sandstones, siltstones, and minor
amounts of carbonate. Detrital clay-size material is almost completely absent. Sandstones
and siltstones of the Bell Canyon Formation thin near the margins of the basin where they
interfinger with and onlap adjacent carbonate slope deposits of the Capitan Formation
(fig. 2). The Bell Canyon Formation is overlain by gypsum deposits of the Castile
Formation.

The cyclic interbedding of sandstones with organic-rich siltstones and limestones in
the Delaware Mountain Group has been interpreted to record frequent changes in relative
sea level (Meissner, 1972; Fischer and Sarnthein, 1988; Gardner, 1992, 1997a, b). During
highstands in relative sea level, sands were trapped behind a broad, flooded shelf and
prevented from entering the basin. Thin, widespread, organic-rich siltstones accumulated
on the basin floor by the slow settling of marine algal material and airborne silt.
Associated limestones were deposited by sediment gravity flows that originated by the
slumping of carbonate debris along the flanks of a rapidly aggrading carbonate platform.
During subsequent lowstands in relative sea level, the carbonate shelf was exposed and
sandstones bypassed to the basin floor. Textural characteristics of the sands, such as the
absence of detrital clay-size material and the lack of channels on the shelf, suggest that
wind was an important agent in transporting the sands to the shelf margin (Fischer and
Sarnthein, 1988). Paleocurrent indicators show that the sands entered the basin from the

Northwestern Shelf and Central Basin Platform (Williamson, 1978) (fig. 1).

Delaware Sandstone Oil Play

Fields in the Delaware play produce oil and gas from slope and basin sandstone

deposits that form long, linear trends. Structural contours on limestone beds capping the
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reservoir sandstones indicate monoclinal dip to the east and northeast, almost directly
opposite original depositional dip, because Late Cretaceous movement associated with
the Laramide orogeny tilted the Delaware Basin eastward (Hills, 1984). Production from
Geraldine Ford, East Ford, and other upper Bell Canyon fields in the Delaware Basin
occurs from the distal (southwest) ends of east-dipping, northeast-oriented linear trends
of thick Ramsey sandstone deposits. Most hydrocarbons in these fields are trapped by
structurally updip facies changes from higher permeability reservoir sandstones to
low-permeability siltstones.

The Delaware play is now mature and has a drilling history of progressively deeper
pool discoveries in the Bell Canyon, Cherry Canyon, and Brushy Canyon Formations.
Approximately 379 reservoirs have been discovered in sandstones of the Delaware
Mountain Group in West Texas and southeast New Mexico (Dutton and others, 2000a).
In the 1920's, reservoirs were discovered in the Ramsey sandstone, the youngest
sandstone of the Bell Canyon Formation. Geraldine Ford field (figs. 1, 3) was discovered
in 1956, and East Ford field was discovered in 1960. By 1998, 79 large fields (having
cumulative productions of >100,000 bbl) had been discovered in the Bell Canyon
Formation (Dutton and others, 2000a). The 63 large Bell Canyon fields in Texas had
produced 178 MMbbl of oil through 1998, and the 16 large Bell Canyon fields in New
Mexico had produced 30.7 MMbbl.

In 1952, deeper reservoirs were discovered in the Cherry Canyon Formation (fig. 2).
By 1998, 62 large Cherry Canyon fields had been developed (Dutton and others, 2000a).
The 36 large Cherry Canyon fields in Texas had produced 48.3 MMbbl of oil through
1998, and the 26 large Cherry Canyon fields in New Mexico had produced 26.7 MMbbl.
More recently, deeper pool discoveries have been made in the Brushy Canyon Formation
(DeMis and Cole, 1996). A total of 41 large Brushy Canyon fields had been discovered

through 1998 (Dutton and others, 2000a). The 3 large Brushy Canyon fields in Texas had
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produced 0.5 MMbbl of oil through 1998, and the 38 large Bell Canyon fields in
New Mexico had produced 44.8 MMbbl (Dutton and others, 2000a).

Delaware Mountain Group fields in Texas and New Mexico contaiﬁed more than
1.8 Bbbl of OOIP (M. Holtz, BEG, personal comfnunication, 1994). These fields had
produced more than 340 MMbb] of oil through December, 1998, but 1.5 Bbbl remains.

OUTCROP CHARACTERIZATION OF BELL CANYON SANDSTONE
RESERVOIR ANALOGS

Interpretation of processes that deposited the sandstones of the Delaware Mountain
Group has long been controversial, and this controversy is of practical importance
because different depositional models predict different sandstone distribution, geometry,
and continuity. Applying the correct depositional model is critical to effective reservoir
development, but subsurface data commonly do not provide the interwell-scale
information needed to differentiate between competing depositional models. Thus, a
key component of the reservoir characterization was to investigate well-exposed outcrop
analogs of the Ramsey sandstone reservoirs.

Outcrops of the Bell Canyon Formation are present within 24 mi of the East Ford
and Ford Geraldine units (figs. 1, 5). We studied these outcrops to better interpret the
depositional processes that formed the reservoirs and to determine the dimensions and
characteristics of reservoir sandstone bodies in well-exposed sections. The geologic
model developed by this outcrop study provides insight into the production performance

of the East Ford unit and other Delaware Mountain Group reservoirs.
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The outcrop study focused on a stratigraphic unit in the Bell Canyon Formation that
is analogous to, but older than, the Ramsey Sandstone. The interval is the uppermost
high-order cycle below the McCombs Limestone (fig. 2). The scale and position of this
stratigraphic unit are analogous to that of the Ramsey interval, which is the uppermost

high-order cycle below the Lamar Limestone (fig. 2).

Depositional Model

Bell Canyon sandstones are interpreted as having been deposited by sandy high- and
low-density turbidity currents that carried a narrow range of sediment size, mostly very
fine sand to coarse silt. Six facies were identified in outcrop: facies 1 is a massive,
organic-rich siltstone; facies 2 is an organic-rich, laminated siltstone; facies 3 is a
laminated siltstone; facies 4 is composed of thin-bedded sandstones and siltstones that are
graded or display partial Bouma sequences (Bouma, 1962); facies 5 is a structureless
sandstone; and facies 6 is a large-scale, cross-laminated sandstone (Barton and Dutton,
1999).

Stratigraphic relationships mapped in outcrop indicate that the sandstones were
deposited in a basin-floor setting by a system of leveed channels having attached lobes
and overbank splays (figs. 6a, 6b, 7) (Barton, 1997; Barton and Dutton, 1999; Dutton and
others, 1999a). Individual channel-levee and lobe complexes stack in a compensatory
fashion and are separated by laterally continuous, laminated siltstones. These siltstones
are interpreted to have been deposited by the settling of marine organic matter and
airborne silt during periods when coarser particles were prevented from entering the
basin.

Lobe deposits, which are broadly lenticular sandstone bodies, are as much as 25 ft
thick and 2 mi wide. They are composed of massive sandstones having dewatering

features such as dish and flame structures (fig. 6¢). Lobe sandstones were deposited by
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unconfined flow at the mouths of channels. In a prograding system, lobe facies would
have been deposited first and then overlain and partly eroded by the channel-levee-
overbank system (fig. 7). Lobe sandstones are commonly interbedded with sheets of
laminated siltstone.

Channels are largely filled with massive and cross-stratified sandstone (fig. 6d).
Channels mapped in outcrop range from 10 to 60 ft in thickness; most are 20 to 40 ft
thick. Channel widths are 300 to 3,000 ft, giving aspect ratios of 10 to 100. In updip
areas, channel positions remained relatively fixed. As a result, individual channels are
highly amalgamated and form a body that has dimensions larger than those of any single
channel (fig. 8a) (Barton and Dutton, 1999). Downdip the spacing of the channels
expands (fig. 8b). The expansion reflects migration of the channel laterally during the
initial stages of channelization and channel avulsion or bifurcation, or both, during later
stages (Barton and Dutton, 1999).

Flanking the channels on both sides, wedges composed of thinly bedded sandstone
and siltstone (fig. 6e) are interpreted to be levees. The width of levee deposits mapped in
outcrop varies (fig. 8). Many levee deposits are about 500 ft wide, but some are as wide
as 0.5 mi (Barton, 1997). The levees thin away rapidly from the channel, decreasing in
thickness from 20 to 3 ft over the distance of a few hundred feet to 0.5 mi (Barton and
Dutton, 1999). Sandstone-bed thickness and sandstone content (net:gross) decrease in a
similar fashion. Near the channel margin, sandstone beds in the levees are several feet
thick, whereas several hundred feet away they are several inches to a foot thick.
Sandstone content decreases from about 70 percent near the channel margin to less than
10 percent where the levees pinch out.

Massive sandstones that display a broad, tabular to irregular geometry onlap the
levee deposits (figs. 7, 8). Convoluted bedding and dewatering structures such as dish and
pillar structures are common in these beds. The massive sandstones are 3 to 25 ft thick

and as much as 3,000 ft wide (Barton, 1997). These massive sandstones are interpreted as
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overbank splays that filled topographically low interchannel areas (fig. 7); the somewhat
irregular geometry of the overbank splays is related to the underlying topography.
Stratigraphic relationships suggest that the splays formed during the final stages of
channel filling (Barton and Dutton, 1999). Volumetrically they contain much of the
sandstone in the system (fig. 8). It is difficult to distinguish overbank-splay deposits from
lobe deposits by lithofacies alone; the location, shape, and stratigraphic position of
massive sandstones are needed to differentiate these depositional elements.

Interpretation of the subsurface reservoirs at the Ford Geraldine and East Ford units
was guided by the depositional model developed from this study of well-exposed outcrop
analogs in the Bell Canyon Formation. The depositional model is widely applicable to
other reservoirs that produce from Delaware Mountain Group sandstones. The results of
the outcrop study can be transferred by operators to their own fields and guide reservoir
characterization. A benefit of this study, therefore, was the development of a depositional

model that can be applied throughout the play at no cost to operators.

RESERVOIR CHARACTERIZATION OF FORD GERALDINE UNIT

Geologic Characterization

Geraldine Ford field, operated as the Ford Geraldine unit, produces at 2,600 ft from
a stratigraphic trap in the upper part of the Bell Canyon Formation of the Delaware
Mountain Group (fig. 2). The 99 MMbbl of OOIP (Pittaway and Rosato, 1991) makes it
the largest Delaware Mountain Group field in the basin.

The depositional model developed from outcrop study of Bell Canyon sandstones
(Barton and Dutton, 1999) was used to interpret the processes that deposited the Ramsey
sandstone at the Ford Geraldine unit and to map the geometry and dimensions of the

architectural elements within it (Dutton and Barton, 1999; Dutton and others, 1999a). The
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Ramsey reservoir interval at the Ford Geraldine unit is composed of a 0- to 60-ft-thick
sandstone bounded by the Ford and Trap laminated siltstones (fig. 9). In the north part of
the Ford Geraldine unit, the Ramsey is divided into two sandstones (Ramsey 1 and
Ramsey 2) separated by a 1- to 3-ft-thick laminated siltstone (SH1) (Ruggiero, 1985). In
the south part of Ford Geraldine unit, only the Ramsey 1 sandstone is present.

The Ford Geraldine unit has an excellent subsurface database for reservoir
characterization. Geophysical logs from 305 of the 340 wells in the unit and 3,615 ft of
Ramsey sandstone core from 70 wells were available (Dutton and others, 1999a). These
data were supplemented by descriptions of 681 ft of core from 13 additional wells by
Ruggiero (1985). Previous studies of Geraldine Ford field and other nearby Bell Canyon
fields by Payne (1973, 1976), Williamson (1978, 1979), Berg (1979), Ruggiero (1985,
1993), and Gardner (1992, 1997a, b) provided the foundation for this study.

The facies observed in cores from the Ramsey interval of the Ford Geraldine unit are
similar to those that were identified in the upper Bell Canyon outcrop (Barton and
Dutton, 1999; Dutton and others, 1999a). The six facies are (1) organic-rich siltstone
(lutite); (2) laminated siltstone (laminite); (3) rippled sandstone and siltstone (fig. 10a);
(4) massive and contorted sandstones with abundant dewatering features (fig. 10b, c, d);
(5) cross-stratified sandstone (fig. 10e), and (6) massive sandstone (fig. 10f).

The Ramsey 1 sandstone occurs throughout the Ford Geraldine unit (fig. 11). It
pinches out at the northwest and southeast margins of the field and reaches a maximum
thickness of >35 ft along a curving northeast-southwest trend. At the southwest end of the
field, the single trend of thick sandstone splits into several smaller trends (fig. 11). The
SHI siltstone represents a break in sandstone deposition within the Ramsey interval,
when laminated siltstone was deposited. The younger sandstone in the Ramsey cycle,
called the Ramsey 2 (Ruggiero, 1985), is thinner than the Ramsey 1, having a maximum

thickness of 14 to 18 ft along a sinuous, bifurcating, northeast-southwest trend (fig. 12).
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(d)

laminated sandstone. (f) Massive sandstone. From Dutton and Barton (1999).
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Figure 11. Isopach map of the Ramsey 1 sandstone, the main reservoir interval at Geraldine Ford
field. Itis interpreted as a channel-levee system that progrades over an elongate lobe. At the southwest
end of the field, the channel (shaded) apparently breaks up into many smaller branches with attached

lobes. The channel was identified from core descriptions and the sandstone thickness.
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The Ramsey 2 sandstone did not prograde as far into the basin in the Ford Geraldine area
as did the Ramsey 1 sandstone.

On the basis of core descriptions, subsurface mapping, and the depositional model
developed from outcrop, the 0- to 60-ft-thick Ramsey sandstone interval in the Ford
Geraldine unit is interpreted to consist of sheetlike lobe deposits overlain and incised by
channel and levee deposits. Because of the narrow range of grain sizes in Ramsey
sandstones and the absence of detrital clay, log patterns are generally not diagnostic of
facies. Comparison of sedimentary structures viewed in core with facies identified in
outcrop was key to interpreting the reservoir facies. Lobe and overbank splay deposits
consist of massive and convoluted sandstones with load and dewatering structures, which
suggest that the sandstones were deposited rapidly from high-density turbidity currents.
Channel facies, which are approximately 1,200 ft wide and 15 to 35 ft thick (figs. 11, 12),
overlie and locally incise the lobe deposits. They consist of massive and crossbedded
sandstones interpreted to have been deposited from high-density turbidity currents.
Channel margins, characterized by rippled and convoluted sandstones interbedded with
siltstones, are interpreted as channel levees formed by overbanking of low-density
turbidity currents. The levees are onlapped by massive sandstones interpreted as

overbank splays.

Reservoir Quality

Average porosity in the Ramsey interval (Ramsey 1 and 2 sandstones and SH1
siltstone) is 22.0 percent, as determined by 4,900 core analyses. Standard deviation is
4.1 percent. Geometric mean permeability of the Ramsey interval is 16.2 md, with a
standard deviation of 6.3 md. Arithmetic average permeability is 38.4 md. The Ramsey 1
sandstone is somewhat more porous and permeable than is the Ramsey 2 sandstone

(table 1).
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Table 1. Mean porosity and permeability of upper Bell Canyon sandstones and siltstones in Ford
Geraldine unit and range of values.

Mean porosity Geometric mean permeability
(range)(percent) (range) (md)

Trap siltstone 12.7 (4.3-21.7) 0.4 (0.01-45)

Ramsey 2 sandstone 20.5 (10.2-25.3) 17 (2-230)

SH1 siltstone 18.0 (3.8-26.8) 0.2 (0.1-26)

Ramsey 1 sandstone 21.8 (2.9-29.2) 19 (0.01-400)

Ford siltstone 16.9 (1.1-20.3) 2 (1-33)
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Ramsey sandstones at Geraldine Ford field are arkoses having an average
framework-grain composition of Qe3F3oR5. Ramsey sandstones in the Ford Geraldine
unit have a very narrow range of grain sizes. The average grain size in sandstone samples
is 0.092 mm (3.44 phi), and the range is 0.085 to 0.107 mm (3.6 to 3.2 phi). The
proportion of silt-sized grains in the sandstones ranges from 4 to 20 percent.

Cements constitute between 4 and 30 percent of the sandstone volume in Ramsey
sandstones, with calcite and chlorite being the most abundant. Calcite cement has an
average volume of 7 percent and ranges from 1 to 29 percent. Chlorite (average =
3 percent) forms rims around detrital grains, extending into pores and pore throats.

There is a statistically significant relationship between volume of cement and both
porosity and permeability (Dutton and others, 1999a). Calcite is the most important
component of total cement, and it has the greatest impact on reservoir quality. In samples
with more than 10 percent calcite cement, geometric mean permeability is 1.3 md and
average porosity is 14.4 percent. Sandstones having less than 10 percent calcite cement
have geometric mean permeability of 46 md and average porosity of 23.1 percent. When
only the poorly calcite cemented samples (containing <10 percent calcite) are analyzed,
grain size and chlorite cement volume show a significant correlation with permeability.
Thus, the main control on porosity and permeability in the Ramsey sandstones is
authigenic calcite, and to a lesser extent chlorite and grain size also influence reservoir

quality.

Petrophysics of the Ramsey Sandstone

Petrophysical characterization of the Ford Geraldine unit was accomplished by
integrating core and log data and quantifying petrophysical properties from wireline logs
(fig. 13a) (Asquith and others, 1997; Dutton and others, 1999b). The first step in the

petrophysical analysis was to construct cross plots of neutron porosity and interval transit
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Figure 13. (a) Flow chart of petrophysical analysis. (b) Normalized relative permeability curves
were used to select an S, cutoff for net pay at 60 percent (from Asquith and others, 1997). Normalized
curves were derived from five curves measured in the FGU 156 well. The method of normalization
was based on the work of Schneider (1987). K,, is the relative permeability to oil, and Ky, is the
relative permeability to water.
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time (ITT) versus core porosity in order to determine log-to-core porosity transforms.
Core porosity was plotted versus core permeability to derive a porosity—permeability
transform equation. Additional tasks included (1) mapping formation water resistivity
(Ry,) across the unit, (2) determining the Archie Parameters m (cementation exponent)
and n (saturation exponent), and (3) developing a transform for converting resistivity
measured by the deep laterolog (LLD) to true formation resistivity (R,) when a log
measuring flushed-zone resistivity (R,) is unavailable (fig. 13) (Asquith and others,
1997).

This approach combines traditional log-analysis techniques with new methods that
were developed for this study to compensate for missing data. The approach is presented

in detail in Asquith and others (1997) and is summarized later.

Porosity Transforms

Because the old gamma-ray and neutron logs were run by many different companies
at different scales and sensitivities, the gamma-ray logs were normalized to API units and
the neutron logs to porosity units. The procedure for normalization was similar to that
outlined by Barrett (1995). High and low gamma-ray and neutron values were selected
for each well, however, so that the normalizing transforms each had different slopes and
intercepts.

Because the Ramsey sandstone contains authigenic clays and interbedded organic-
rich siltstone, it was necessary to correct for the volume of clay and silt in the calculation
of neutron porosity. The clay correction was obtained from gamma-ray responses in clean
sandstones versus response in organic-rich siltstones, the closest lithology to shale
available in the section. Gamma-ray cutoffs for organic-rich siltstone and clean sandstone

were determined at 90 and 40 API units, respectively, by plotting gamma-ray response
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versus interval transit times (Asquith and others, 1997). The volume of clay (V) was
then calculated by the following equations:

IGR = (GR - 40)/(90 — 40)

Vg =0.33[2(2 XIGR) _ 1.0] (Atlas Wireline, 1985)
where IGR = gamma-ray index and GR = gamma-ray value from log. The V) was used

to correct the normalized neutron porosity by multiplying by (1.0 — V) (Asquith and

others, 1997).

Interval transit time (ITT) logs and normalized and clay-corrected neutron logs
were then correlated to core porosity by reduced major axis regression (Asquith and
others, 1997). The resulting equations for porosity are as follows:

Porosity (percent) = (0.59 x ITT) -31.5

Porosity (percent) = (1.11 X clay-corrected neutron porosity) + 0.67

Calculation of Water Saturation

Resistivity logs are electric logs that are used to determine hydrocarbon-versus-
water-bearing zones (Asquith and Gibson, 1982). Resistivity logs can be used to calculate
water saturation in a formation if several parameters are known, including (1) formation
water resistivity (R,,), (2) true formation resistivity (R,), (3) Archie’s cementation
exponent (m), and (4) Archie’s saturation exponent (n) (Archie, 1942). R,, values
were calculated across the Ford Geraldine unit from a map of prewaterflood salinity
(Ruggiero, 1985; Asquith and others, 1997). The R, values at 75°F ranged from 0.11 to

0.18 ohm-m, with the highest values to the southwest.

True Formation Resistivity

Calculating accurate water saturations in the Ford Geraldine unit was difficult

because a deep laterolog (LLD) was commonly run without an accompanying log to
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measure either flushed-zone resistivities (Microlaterolog, MLL, or Microspherically
Focused Log, MSFL) or invaded-zone resistivities (Shallow Laterolog). These additional
logs make it possible to correct the resistivities of the partially invaded zone measured by
the LLD to the true formation resistivity (R,) needed for calculation of accurate
saturations. Without applying this transform, water saturations in wells with only LLD
logs would be overestimated. To overcome this problem, a linear regression transform
was developed between R, (as calculated in 12 Ford Geraldine unit wells having both
shallow-resistivity measurement tools run as well as the LLD) and the LLD curve
response (Asquith and others, 1997):

R;=1.3002 x LLD + 0.3397

Archie Parameters m and n

Special core analyses from a well in the Ford Geraldine unit (FGU-156) included
four measurements of the cementation exponent, m. The average of the measured m
values was 1.88. To verify the measured values, we used log data to back-calculate m
from ITT porosity and flushed-zone resistivity log values (Asquith and others, 1997).
This method gave a value for m of 1.83, which was used in the modified Archie equation
for the Ford Geraldine unit.

Special core analyses also measured saturation exponent (n), but the values were
low (average =1.32) and probably not accurate. For this reason, a new technique was
developed (Asquith and others, 1997) to calculate the value of n using core porosity and
water-saturation values from relative permeability curves by the following equation:

n=LOG (F xR,/R) /LOG (S)
where:

n = saturation exponent

F = 1/¢1-83 (¢ is porosity)

R,, = formation water resistivity at formation temperature (0.092 ohm-m)

33



R, = true formation resistivity (R;=1.67 X LLD - 0.67 x MLL)
S\ = water saturation from relative permeability curves
The value of n that was calculated using this method, 1.90, is more realistic than the
core-measured average value of 1.32 (Asquith and others, 1997). Therefore, for the Bell
Canyon sandstones in the Ford Geraldine area, water saturations should be calculated by

the following modified Archie equation:

Sw = [(1/91-83) x (R,, / R)]}/1.90

Net-Pay Cutoffs

Cutoffs to define net pay for the Ramsey sandstone in the Ford Geraldine unit were
established for V, ¢, and S, on the basis of core and log data and published
information. Accurate values for V are difficult to determine for the Delaware
sandstone because of the absence of adjacent shales. Therefore, we selected a V cutoff
on the basis of the work of Dewan (1984), which suggests a V,; cutoff of 15 percent for
reservoirs with dispersed authigenic clay. This cutoff was used because of the common
occurrence of authigenic clay in the Delaware sandstones (Williamson, 1978;
Thomerson, 1992; Walling, 1992; Asquith and others, 1995; Green and others, 1996).

A plot of core porosity versus core permeability for the Ramsey sandstone in the
Ford Geraldine unit resulted in the selection of the following ¢ cutoffs:
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