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EXECUTIVE SUMMARY

The Bureau of Economic Geology, The Univcrsity of Texas at Austin, has conducted an
integrated outcrop characterization and reservoir modeling study on deep-water sandstones of the
Permian Bell Canyon Formation, West Texas. The study was funded by Statoil.

The primary objective of this study was to construct a deterministic three-dimensional
teservoir model of facies architecture within a submarine channel-levee and lobe system on the |
ﬂ)asis of data collected from well-exposed outcrops.

The Permian-age Delaware Mountain Group (the Brushy Canyon, Cherry Canyon, and Bell
Canyon Formations) was deposited in a deep-water setting by a system of submarine channel
levees with attached lobes. Facies and 'stratigraphié relationships were described on the basis of
]aterally continuous outcrops‘ of the Bell Canyon Formation and were placed in a well-defined
¢yclic stratigraphic framework. Sequénce-stratigrap,hic concepts were used to deﬁné
depdsitionally based rock bodies that were mapped in three dimensions.

In the Willow Mountain case study, eight lithosomes were mapped, and facies distributions
were documeﬁted within each lithosome using facies ‘isopach or proportion maps. The mapped
yolume was 20 m thick, 2,000 m in length parallel fo depositional strike, and 1,000 m in length
perpendicular to depositional strike. The surface and facies maps were edited and reconciled
1sing three-dimensional geocellular modeling software, and the resulting areal grids of rock-
body thickness were stacked to construct a reservoir model, using a cornerpoint geometry
description that is compatible with current reservoir simulation software.

In addition to the text of this report, extensive data and figures are included on

accompanying CD-ROM volumes.




SCOPE

This report summarizes an integrated outcrop characterization and reservoir modeling study
of deep-water sandstones of the Permian Bell Canyon Formation, West Texas. A deterministic
three-dimensional reservoir model of facies architecture within a submarine channel-levee and
obe system was constructed on the basis of data collected from well-exposed outcrops in the
Willow Mountain area. The main body of this report is divided into three sections. Section 1
{ocuments facies and bedding architecture of a well-exposed channel-levee and lobe system.
Section 2 focuses on the organization and structure of geologic data collected from the outcrop
used to map the rock bodies. Section 3 discusses the gridding methods used to construct the
reservoir model. Relevant data and images are included on CD-ROM'’s transmitted with this

report.

SECTION 1: OUTCROP CHARACTERIZATION OF BELL CANYON SANDSTONES
Introduction

The objective of this section is to describe the architecture of upper Bell Canyon sandstones
As seen in outcrbp exposures. The outcrops were examined to address two primary issues: (1) to
determine by what process the sandstone and siltstones were deposited, and (2) to identify
fundamental architectural elements aﬁd document their geometry, dimensions, and internal facies

composition.

Regional Setting and Stratigraphic Framework

The Bell Canyon Formation is a deep-water siliciclastic unit that accumulated in the
Delaware Basin during the Late Permian. The Delaware Basin, located in West Texas and
southeast New Mexico, is a circular basin about 150 km in diameter (fig. 1). The basin was

semirestricted with its southern end partially open to a seaway and its northern end surrounded
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‘igure 1. Map showmg location and paleogeographlc setting of Delaware Basin during the Late
Permian.




by a broad, shallow carbonate shelf and a narrow, steeply dipping carbonate slope. Shelf-to-basin
c_orrelations of time-equivalent stra'ra indicate that water depths were between 300 and 600 m
during deposition of the Bell Canyon’Forrrra‘rion (Kerans and others, 1992). Bedding surfaces
within the carbonate reef 'and slope dip steeply basinward, dropping as much as 600 m O\rer the

listance of several kilometers.

o

The Bell Canyon Forrnation is the youhgest formation in the Delaware Mountain Group.

The Delaware Mountain Group includes (in ascending stratigraphic order) the Brushy Canyon,

o -

Cherry Canyon, and Bell Canyon Formations\(ﬁg. 2). Maximum thickness of the Bell Canyon
Formation is about 360 m near ‘the center ofthe basin. Near the margins of the basin it

nterfingers with and onlaps adj acent carbonate reef and slope deposits of the Capitan Formation.

[y

Time-equivalent shelf strata include (in ascendmg stratigraphic order) the Seven Rivers, Yates
and Tansill Formations. The Bell Canyon Formatlon is overlain by gypsum deposrts of the
“Castille Formation. |

The Delaware Mountain Group is compesed largely of siltstone and fine sandstone with
minor amounts of carbonate mudstone and pelagic organic matter. Clay-sized'siliciclastic
material is almost entirely absent. Based on Folk’s elassiﬁcation (1974), petrographrc analysis of
~ the sandstone and srltstones indicates they are arkoses with an average composition of Q65 F,, R,
Dutton and others, 1997a)

The sandstones, siltstones; and carbonates of the Bell Canyon Formation are organized into

yclic successrons (Jacka and others, 1969; Melssner 1972 Jacka, 1979; Gardner, 1992) At

(o)

least three scales of cychelty have been recogmzed these are referred to as low-, intermediate-,

o

nd high-frequency cycles (fig. 3). At the largest scale (low-frequency), thick limestones and/or

rganic-rich siltstones divide the Delaware Mountain Group into three clastic wedges that are

)

(§'%]

00 to 450 m thick and that roughly correspond to the Brushy Canyon, Cherry Carlyon, and Bell
Canyon Formations. The clastic wedges thin and pinch out near the margin of the basin as they

nlap or interfinger with carbonate slope deposits.

o)
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The Bell Canyon Formation contains five limestone tongues that include (from oldest to

youngest) the Hegler, Pinery, Rader, McCombs, and Lamar. The limestone tongues are composed

£ decimeters-thick beds of graded carbonate mudstone (fig. 4). They extend basinward from the

~ shelf margin and subdivide the Bell Canyon Formation into intermediate-scale cycles informally

referred to as BC-1 through BC-5 in ascending stratigraphic'order (see fig. 3). The intermediate-

:ale cycles are 30 to 90 m thick and are further subdivided by thin organic-rich siltstones into

units referred to as high- frequency cycles (Gardner 1992). The high- frequency cycles are 6 to 30

m thick and tend to show a trend of upward-i 1ncreasmg followed by upward decreasmg sandstone

ontent.

The cyclic successions of the Delavyare Mountain Group have been interpreted by a number
f researchers to reflect frequent changes in relative sea level during their deposition (Meissner,
972 Fischer and Sarnthern 1988). During h1ghstands in relative sea level, sands were trapped

ehind a broad, ﬂooded carbonate shelf and were prevented from entering the basin. Th1n

widespread, organic-rich srltstones accumulated on the basin floor through the slow settling of

marine algal material and airborne silt. Basinal limestones were deposited by sediment gravity

ows that originated from the slumping of carbonate debris along the flanks of a steep, rapidly

ggrading carbonate platform. During subsequent lowstands in relative sea level, the carbonate

helf was exposed and sandstones bypassed to the basin floor. Textural characteristics of the

ands, the absence of clay-sized material, and the lack of channels on the shelf strongly suggest

that wind was an important agent in delivering the sands to the basin margin where they

ccumulated as large sand masses (Fischer and Sarnthein, 1988). Slumping of the sand masses
long the shelf edge generated dense sediment-rich mixtures that moved downslope and into the
asin as turbulent sediment gravity flows (Payne 1976; Berg, 1979; Jacka, 1979; Zelt and

lossen, 1995; Bouma 1996). Paleocurrent indicators suggest: that sand entered the basin from

ot

e Northwest Shelf and Central Basm Platform (erhamson 1978) The flows passed through

channels and emerged on the basin ﬂoor where they spread as unconfined flows. F lows that

spilled over channels depos_ited sediment to form levees adjacent to the channels. Laterally
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Figure 4. Photographs of graded carbonate mudstone, Lamar limestone, Bell Canyon Formation,
West Texas.



extensive siltstones were deposited from suspension by fallout of airborne silt or by silt derived

from density interflows (Harms, 1974; Williamson, 1978; Harms and Williamson, 1988). |

‘Data and Methods
Study Area

‘The Bell Canyon Formation is exposed in the Delaware Mountains of West Texas (see

=

ig. 1). The exposure extends to the sout:heakst for a distance of about 80 km, roughly parallel to
the direction of sediment transport that is to the south and southeast in this pai't of the Delaware
Basin (Williamson, 1979). The outcrops examined in this study are located on Cowden Ranch,
Culberson County, Texas, about 25 km to the southeast of the Guadalupe Mountains (fig. 5).
Shelf-to-basin correlkations indicate that the outcrops examined were deposited in a basin-floor
s¢tting about 18 km from the basin slopé (Sonnenfeld, 1991; Kerans énd Fitchen, 1995).

Outcrop work focused on characterizing stratigraphic and facies relationships at interwell
scale within the uppermost high-order cycle of the intermediate-scale cycle BC-3 (see fig. 3).
The top of this high-order cycle is the McCombs Limestone, and the base is the first regionélly
correlative organic-rich siltstone. This cycle shows an overall trend of upward-increasing grain
size and bed thickening followed by a trend of upward-decreasing grain size and bed thinning.
The scale and position of this high-ordér cycle is analogous to the highly productivbe' Ramsey
Sandstone (Williamson, 1978; Dutton and others, 1997a). |

Facies and stratigraphic relationships were documented in three case studies within this

hi gh-frequenéy. cycle. The location of the case studies is shown in figure 6. A two-dimensional -
vi éw of the facieé and bedding architecture within a channel-levee complex is illustrated at a
study area referred to as Wild Horse Draw (see fig. 6). A three-dimensional view of the stacking
p?ttern of channels, levees, and lobes within a single high-order cycle is examined at a study area
referred to as Willow Mountain (see fig. 6). Regional faciéé and stratigraphic relationships within

the high-order cycle are illustrated in a cross section that passes through the Willow Mountain
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study area and extends in a north-to-south fashion for a distance of about 7.5 km, roughly

plirallel‘ to the depositional axis of the system (see fig. 6).

Sedimentology

Bedding architecture and facies distribution were doéumented from well-exposed outcrops
by mapping facies and tracing bedding surfaces between measured logs and recording their

d] stribution on photomosaics that provided complete coverage of the outcrops. Facies is a widely
used term for grouping rock types-on the basis of origin or any number of similar characteristics.
In this study, facies are used to define groups with similar sedimentary features at the laminae to‘
bed scale. Bounding surfaces represent breaks in sedimentation that may be erosional or
conformable. They are classified according to order and type in a hierarchy that ranges from
individual laminae to basin-wide unconformities or flooding surfaces. The mapping of facies
together with bedding surfaces has proved to be a useful approach for dividing ancient rocks into
sediment bodies that are depositionally related ahd characterized by their geometry, lithology,

bedding architecture, and scale (Allen, 1982; Friend, 1983; Miall, 1985).

Facies

Six facies were described and categorized by number. Characteristics of the six facies are
summarized in table 1.
Facies 1 is an organic-rich, laminated siltstone that lacks the extremely fine, parallel

amination of Facies 2 (fig. 7a). It ranges in thickness from a few centimeters to a few decimeters

—

and often occurs as a relatively thin, discontinuous drape at the base of a channel or at the top of
alsandstone bed. The base of the organic-rich siltstone is often gradational with underlying
massive, graded, and ripple-laminated sandstone beds. The top of the organic-rich siltstone often
dﬁsplays an abrupt contact with overlying sandstones or laminated siltstones. Burrowing is

common, especially near the top of the bed. The characteristics and position within an upward-

12
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Figure 7a. Core photograph of massive, organic-rich siltstone (Facies 1) from Ramsey Sandstone at
Ford Geraldine Unit, Culberson County, West Texas.
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fining sequence suggest this facies is similar to the E division of the Bouma sequence and is
interpreted to record the fallout erm suspension of silt and organic matter from a turbulent
sediment gravity flow.

Facies 2 is a dark-gray to black, finely laminated, organic-rich siltstone. The fine

laminations are the result of tan to light-gray siltstone laminae that are a fraction of a millimeter

[

hick and alternate with dark, organic-rich laminae that are a millimeter to several millimeters

o+

hick (fig. 7b). Overall organic content varies syStematicaliy, depending on regular increases or
decreases in the thickness of the organic-poor or organic-rich siltstone laminae. The organic -
content of these siltstones has been reported to be as high as 46 percent. Analysis of the ofganic
matter has shown that most of it is derived from marine algal matter (Williamson, 1978;
Bozanich, 1979). Fossilized bones or teeth, nodular concretlons of chert, siderite, and phosphate,
ale thin, centimeter-thick beds of volcanic ash are common constituents. Upper and lower

contacts of Facies 2 are gradational with Facies 3 and occur at the top of upward-fining

—

aminated siltstone or at the base of the upward-coarsening laminated siltstone. Facies 2 is.
interpreted to have been deposited by the settling of marine algal material and airborne silt. The
-presence of fossils and volcanic ash beds suggests it was deposited during a prolonged period
when silt and sand were prevented from entering the basin (Meissner, 1972; Harms, 1974;
Williamson, 1978 Harms and Williamson, 1988; Fischer and Sarnthein, 1988; Gardner 1992)
Facies 3 is a laminated siltstone that is similar to Facies 2 but contains considerably less
organic matter. The dominant sedimentary structure is extremely even, parallel lamination |
produced by the regular alteration of dark, organic-rich siltstone laminae that are a fraction of a
millimeter thick, with tan to light-gray siltstone laminae that are a fraction of a millimeter to 3
mm thick (fig. 82). Individual laminae are normally graded with the transition from light to dark
laminae recording a decreas.e in grain size and an increase in organic matter. Rarely, the siltstone
laminae are truncated by shallow scours displaying a few millimeters of relief. The scoured
surfaces are usﬁally draped by overlying laminae but may occasionally be overlain by isolated

current ripples that are widely spaced, display rounded profiles, and are less than a centimeter

15
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Figure 7b. Core photograph of laminated, organic-rich siltstone (Facies 1) from Ramsey Sandstone
at Ford Geraldine Unit, Culberson County, West Texas.
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Figure 8. (a) Outcrop photograph of laminated siltstone (Facies 3) from Wild Horse Draw, Culberson
County, West Texas. (b) Outcrop photograph of thin-bedded sandstones and siltstones (Facies 4)
from Wild Horse Draw, Culberson County, West Texas.
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hick. Burrowing is not common and is usually restricted to horizontal bedding planes. Laminae

re often organized into sets that are a few centimeters to a few decimeters in thickness and show

[

ov]

progressive increase or decrease in lamina thickness or organic content. In turn, the sets may

(]

ombine to form upward ﬁnmg or upward-coarsemng successions that are as much as several
meters in thickness. The laminated siltstones occur as laterally extensive sheets that mantle

underlying deposits. Facies 3 is interpreted to record regular fluctuations in the settling of marine

)

lgal material with airborne silt or silt derived from low-density interflows. The presence' of

truncated laminae and current ripples suggests that weak bottom currents occasionally reworked

=+
=

1e sediments.

Facies 4 is composed of thin-bedded sandstones and siltstones that are normally graded,

o

isplay partial Bouma sequences (Bouma, 1962), and have abundant current lamination (fig. 8b).
Sandstone beds are a few centimeters tp a few decimeters in thickness and often have erosional
bases. Individual beds usually fine upward, from sandstone at the base tb siltstone ait the top. The
most common sequence of stratiﬁcatiop types is similar to the BC or BCD division of the Bouma
sequence, with beds beginning as horizontally laminated sandstone or ripple-drift, cross-
la,minatéd sandstone, and pa’ssing‘upward info a wavy-laminated siltstone. Graded sandstones at
the base of the bed are occasionally observed. The sequénce of stratification types and abundance
of ripple-drift cross-lamination indicates that Facies 4 was deposited from waning, turbulent
sediment gravity flows. | |

Facies 5 consists of sandstones thét are structureless or massive in appearance (fig. 9a).
Sandstone beds are several decimeters to several meters thick, are weakly graded to ungraded,
and display abrupt, nonerosional béses. Flame structures and convoluted bedding
contemporaneous with deposition are common along the base of many sandstone beds (fig. 9b)
Dewatering features 1nclude dish and pillar structures that are most abundant in the upper
portions of the beds; other features include siltstone clasts that are concentrated near the top of

the bed and float in a matrix of fine sand. The lack of lamination, presence of floating clasts

18
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Figure 9. (a) Outcrop photograph of structureless sandstone (Facies 5) from Willow Mountain,
Culberson County, West Texas. (b) Photograph showing deformed bedding contemporaneous with
deposition (Facies 5) from Willow Mountain, Culberson County, West Texas.
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(see fig. 9b), and abundance of water escape and load structures suggest the sandstones were
rapidly deposited from high-density sediment gravity ﬂows‘ (Lowe, 1982; Kneller, 1996).
Facies 6 consists of sandstones displaying dune-scale cross-lamination that varies from
infilled scours to climbing dunes. The infilled scours are scoop-shaped with sides inélined up to
75 degrees in dip. In plan view the scours have an elliptical to circular shape that is about 0.5 to
115 m long and 0.3 to 0.75 m across. Laminae onlap and overlap the margins of the scour (fig.
10a). The climbing, dune-scale cross-lamination, often referred to as é megaripple drift
(Williamson, 1978; Harms and Williamson, 1988), is similar to a ripple-drift cross-lamination,
only larger in scale. The most common form shows full preservation of laminae on the stoss side
of the dune (fig. 10b). Laminae on the lee side of the bed have tangential bases suggesting the
presence of turbulent eddies during deposition. Cross-laminated sandstones are restricted to
channel fills. The scale, form, and occurrence of the cross-lamination suggest the sands were

deposited from confined, highly turbulent sediment gravity flows.

Depositional Elements

Depositional elements are sediment bodies or lithosomes defined by their bounding
surfaces, geometry, bedding architecture, and facies. They represent a particular process or suite
of processes occurring within a depositional system (Miall, 1985). Depositional elements that are

recognized within Bell Canyon include (1) amalgamated channels, (2) isolated, winged channels,

~

3) lobes, (4) interchannel lobes, (5) laminated siltstone sheets, and (6) organic-riCh, laminated
siltstone sheets. Geometry, dimensions, and lithology of the six lithosomes are summarized in
table 2.

The amalgamated channels have an irregular convex-downward geometry. They are
bounded at the base by an erosion surface and are composed largely of cross-laminated

andstones. The bodies are several meters to 10 m thick and a hundred to a thousand meters in

[72]
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Figure 10. (a) Outcrop photograph of large-scale cross-laminated sandstone (Facies 6) from Willow
Mountain, Culberson County, West Texas. (b) Outcrop photograph of climbing dunes (Facies 6)
from Willow Mountain, Culberson County, West Texas.
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width parallel to depo‘sitionél strike. The arrialgamated cvhannels are a highly truncated and
amalgamated complex of channels that form a composite body with a larger aspect ratio
(width:thickness ratio of 50:100) than an individual channel fill.

The winged-channel elements have a narrow, lenticular core flanked on both sides by beds

=

hat gradually thin and taper away from the body (fig. 11). The channel has an erosive base and is

Q.

omposed largely of cross-laminated sandstones. The channels fange in size from several meters

to 15 m in thickness and tens of meters to several hundreds of meters in width parallel to

o

lepositional strike. The flanking wings have a wedge-shaped geometry with an aspect ratio of

ground 100. Thickness of the flanking wings ranges from 1 to 6 m, and their length ranges from

wn

everal hundred to several thousand meters. The wings consist lergely of thin-bedded sandstones

o

ind siltstones or thick-bedded massive sandstones that tend to become finer grained farther from

the channel. Paleocurrents Wifhin the wings deviate by about 15 ‘degrees away from the axis of

=

he channel. The Winged channels are interpreted as aggradational channel fills flanked by

vinglike levees that maintained the channel fnargins (Mutti and Normark, 1987). The channels

]

re interpreted to have been deposited by confined turbidity currents. The channel wings are

o

et o

nterpreted to have been deposited by unconfined turbidity currents that spilled over the margin
of the channel. |

The lobes are bfoad lens-shaped to convex-upward bedies.‘-They generally lack an erosive
base and are eomposed chiefly of mediﬁm— to thick-bedded massive sandstones. Thicknesses
reach as mueh as 10 m with aspecf ra;cios on the order of 100 to 10,000. The geometry and
abundance of structureless sandstone suggest the lens-shaped bodies were deposited as sandy
lebes at the mouths of channels by unconfined, highly depletive sediment gravity flows.

The interchannel lobes are irregularly shaped sandstone bodies, internally similar to the
broad, lens-shaped bodies. They lack an erosive base and ,consist‘ chiefly of massive‘sandstonesb

with lesser amounts of cross-laminated sandstones. Width and thickness are poorly correlated,

o

bnd'geometry appears to be closely associated with underlying topography. Stratigraphic

—t

elationships indicate they are contemporaneous with or succeed associated channel-levee
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BOUNDING SURFACES ELEMENT

Bed or bedset Lam Laminated siltstone
Ch Channel
HRE Lv Levee
=====Type 3 Ob Overbank QAo2955

Figure 11. Outcrop photograph of channel-levee deposit from Willow Mountain, Culberson County,
West Texas.
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oposits. Features of the sandstone and bedding relationships indicate the irregularly shaped

pdies were deposited as interchannel lobes within topographic lows that existed between

adjacent channel levees.

- The laminated siltstones occur as sheets that mantle underlying deposits. The sheets are less

than a meter to moré than several metefs in thickness. Over an area of 5 to 6 km there is little

ariation in thickness except where the laminated siltstones have been incised by overlying

channels. The sheets of laminated siltstone were not observed to drape a channel base or margin

r to occur as part of a channel fill. The uniform thickness and lateral extent suggest that the

sheets were deposited from suspension by the settling of airborne silt or silt derived from

Iaterally extensive, low-density interflows.

The sheets of organic-rich siltstones are similar to the sheets of laminated siltstone but are

thinner and less frequent. They occur at the top of an upward-fining succession of laminated

siltstone or at the base of an upward-coarsening succession of laminated siltstone. The organic-

ch siltstone sheets are interpreted to be condensed sections depbs_ited by slow settling of marine

algal matter during a prolo‘nged period when the basin was starved of sand and silt. Their

stinctive lithology and lateral extent make them excellent correlation markers.

These depositional elements or lithosomes are organized in a systematic fashion to form

yclic successions referred to as high-frequency cybles. The cYcIeS are bounded by organic-rich

Itstones that display gradational contacts with overlying and underlying laminated siltstones.
he laminated siltstone sheets may combine to form composite sequences that are as much as 10
| thick and tens of kilometers in length. In the lower half of the cycle, the lamihated siltstones

nd to coarsen upward and are interstratified with broad, lens-shaped sandstone bodies that

show an upward-bed-thickening trend. This succession is locally incised and replaced by |

malgamated chamiels that pass upward into winged-chanhel-fo‘rm bodies interstratified with the
road, irregularly shaped sandstone bodies. The winged channels display crosscutting
lationships and stack vertically and laterally to form multistoried complexes. Channel

rientation within a complex varies by as much as 90 degrees. An upward-fining succession of
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iminated siltstones ‘interstr‘atiﬁed wi'th'broad’,l lens-shaped sandstone bodies that display an
pward-bed-thinning trend abrupﬂy dveﬂies the deposits ﬁnd caps the cycle.

The high-freqilency cycle is interpreted to record deposition from é system of channel-
vees with attached lobes. The multistoried channel complex records repeated episbdes of

nannel aggradation and avulsion. The systematic change in cycle architecture indicates the

ystem prograded into the basin, aggraded, and then retrograded. Bounding, organic-rich

sihtstones record periods when sediment was prevented from entering the basin.

Case Studies -

7ild Horse Draw

At Wild Horse Draw, a complex of crosscutting channels and interchannel deposits are
itremely well exposed. The exposure is about 800 m in length and aligned parallel to
>positional strike. A map of the study area and the location of lithologic logs are shown in
gure 12. The bedding architecture and distribution of facies were documented along the west
all of the wash and shown in figure 13. Paleochannel trends were mapped between adjacent
alls of the wash.

The complex of crosscutting channels and interchannel deposits is bounded by sheets of
ganic-rich, laminated siltstones (see fig. 13). The channel corhplex is up to 6 m thick, and the
)unding laminated siltstones are up to 2 m thick. The channel complex overlies an erosivé

irface that locally incises through the underlyirig laminated siltstone. Erosion surfaces within

the channel complex have several meters of relief and divide the channel complex into three

diment bodies or lithosomes. The lithOSomes are 4 to 5 m thick and hundreds of meters wide.

Erosional surfaces are occasionally overlain by a relatively thin, massive, organic-rich siltstone.

he lithosomes have a lens-shaped geometry with a thiék, sandy channel fill that is flanked by

edges of thin-bedded sandstones and siltstones. The thin-bedded sandstones and siltstones thin

and taper away from the channel fill. Paleochanhel trends were mapped between adjacent walls

of the wash: the paleochannel directions range from S30°W to S45°E (fig. 14).
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o Section locations
shown in Fig. 12
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igure 12. Map of Wild Horse Draw study area showing location of measured logs and cross section.
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Faéies 4

Facies 5

Facies 6

Figure 14. Plan-view map showing paleochannel trends from Wild Horse Draw.

J
| .
1:km’
Contour interval 20 ft

Paleochannel trends

-------- ‘Limit of exposure
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No. 3 S45°E Youngest

QAb9777c
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The channel fills are 4 to 5 m thick and 30 to 50 m across. They have a massive appearance
1d are composed chiefly of large-scale cross-laminated sandstones. Portions of the fill,

specially near the top and center of the channel, are massive and often have dewatering and dish
ructures. Angular to well-rounded siltstone clasts that are up to several centimeters in diameter
¢ occasionally pfesent near the base of the channel.

The margins of the channel are draped by sandstone,beds that can be traced from the

channel fill into adjacent interchannel areas. Within the channel fill, individual beds have a

gmoidal geometry that is 3 to 4 m in height and as much as 1 m thick. Beds dip as much as
J degrees toward the axis of the channel. On both sides of the channel, the beds are stacked

ertically and slightly offset toward the center of the channel (fig. 15). As a result, opposing

cl?annel margins are relatively symmetrical and appear as mirror images. Beds that extend over

the margin of the channel rapidly flatten and show a change from cross-laminated sandstones

ithin the channel fill to massive and parallel-laminated sandstones over the margin. As the beds

are traced laterally away from the channel they gradually thin and pinch out over several hundred
meters by downlapping onto an erosional surface. Beds flanking the channel fills also tend to
show systematic changes in facies. As a whole they tend to become finer grained and more thinly

bedded away from the axis of their respective channels. Individual beds generally show a change

om massive and parallel-laminated sandstones to thin-bedded, ripple-laminated sandstones and

ltstones away from the channel axis. In the interchannel areas, individual beds or bedsets are

often overlain by thin, discontinuous, massive, organic-rich siltstones. The massive, organic-rich

|tstones are up to 10 cm thick and pinch out toward the channel. Flame structures are common

along the base of many of the massive sandstones and tilt away from the channel axis by about

15 degreés.

Beds flanking channel fills also show variation in facies composition. The beds flanking the

two oldest channel fills are composed largely of thin-bedded sandstones and siltstones that

internally show extremely complex and irregular bedding geometries. By cohtrast, beds that

30




ﬂ}ank and are contemporaneous with the youngest channel fill consist largely of massive
sandstones that, despite thinning and pinching out, show little lateral variation in the facies.

The bedding architecture and biconvex geometry suggest the channéls were maintained by
levee deposits that tended to aggrade vertically during deposition with little or no lateral
migration. The channel stacking pattern suggests that individual channels were capable of
aggrading 3 or 4 m above the surrounding area before becoming unstable and avulsing into
topographically low interchannel areas. The lens-shaped georﬂetry of the channel fills is
interpreted to reflect differences in depositional topography rather than differences in compaction
between sandy channel fills and silty interchannel areas. Interchannel beds that are immediately
adjacent to the channel margin tend to thin abrliptly toward the channel and in some cases
display onlapping relationships. It is also important to note that interchannel areas experience
significant erosion or scour immediately followiﬁg each avulsion event. The restriction of Cross-
laminated sandstones to chénnel fills indicates that they were deposited by confined turbidity
currents. In contrast, levees and interchannel deposits are éomposed of massive sandstones and
thinly bedded sandstones and siltstones, suggesting tﬁat they were deposited by unconfined
turbidity currents that spilled over the channel margins. The internal architecture and stacking

- pattern of channels observed at Wild Horse Draw are interpreted to record three episodes of
ciannel development and avulsion (fig. 16). Each episode consists of a series of events that
include (1) widespread erosion, (2) channel-levee aggradaﬁon, 3) shannel filling, and |

(4) channel avulsion.

Willow Mountain

At Willow Mountain, the stacking pattern of channels and lobes was documented over an
atea of several square kilometers. A map of the study area and location of lithologic logs are
shown in figure 17. Stratigraphic relationships from the northern half of the mountain are

illustrated in five cross sections that are aligned in an east-to-west fashion parallel to the
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Suspension deposition of mantling organic-rich siltstone and laminated siltstone

South North

Erosion followed by deposition of channel levee (channel direction: S 20° W)

Slouth North

110,

puth

Avulsion followed by deposition of 2nd channel levee (channel direction S 30° W)
North

. Avulsion followed by deposition of 3rd channel levee (channel direction S 45° E)

V.

Suspension deposition of mantling organic-rich siltstone and laminated siltstones

South . North

FACIES BOUNDING SURFACES
Laminated organic-rich siltstone —— Bed or bedset
mwmmm  Type 1
Laminated siltstone yp
— Type 2
Thin-bedded sandstone and siltstone
— Type 3

Massive thick-bedded sandstone

Large-scale cross-laminated sandstone QAc239¢

Figure 16. Diagram illustrating the interpreted sequence of events for Wild Horse Draw.
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figure 17. Map of Willow Mountain study area showing location of measured logs and cross sections.



depositional strike of the system (figs. 18 through 22). The cross sections are 1 to 3 km in length
and are spaced about 0.25 to 0.35 km apart. -

The high-frequency cycle is 15 to 20 m thick and bounded at the base and the top by thin
(30-to 60-cm§thick), organic-rich laminated siltstones. Both the overlying and underlying
qrganic-rich laminated siltstones have transitional contacts with Facies 3 and can be traced across
the entire study area of 50 km?. Within the high-order cycle, sandstone thickness ranges from 0.3
to 18 m and varies systematically with.an upward-bed-thickening trend followed by an upward-
bed-thinning trend. In some cases the lower upward-bed-thickening trend has been‘replaced by a
relatively thick, erosive-based sandstone channel that is uniform to upward fining.

Sandstones in the upper and lower half of the cycle display a broad tabular or lens-shaped
geometry. Individual sandstones are up to several meters thick and thin toward the east (fig. 23).
The sandstones are interstratified bwithvsheets of laminated siltstone that are between 1 and 2.5 m
thick and show little lateral variation in composition or in thickness. Contacts between the
tabular sandstones and siltstone sheets are abrupt but nonerosional. The middle of the cycle
consists of a heterogeneous mix of narrow channel-form sandstone bodies and broad, irregularly
shaped sandstone bodies interstratified with wedges of thin-bedded sandstone and siltstone

fig. 24). The channel-form bodiss are up to 20 m thick and several hundred to a thousand meters
yide. The channels are aligned in a northwest-to-southeast fashion and extend for several
kilometers parallel to depositional dip. Within the complex, channel stacking patterns change in a

systematic fashion. In the lower part, the channel-form bodies are highly amalgamated and

runcated. In the middle part, they are vertically stacked in an offset pattern and are flanked by
edges of thin-bedded sandstone and siltstone similar to the Wild Horse Draw study area. In the
pper part, they bifurcate and are flanked by broad, irr’egularly shaped sandstone bodies.
The high-order cycle is interpreted to have been‘deposited by a system of channels and
levees with atfached lobes. Vertical trends suggest the system initially prograded basinward
southeast), then aggraded, and finally, retrograded (fig. 25). Initially, clastic sediments were

prevented from entering the basin and organic-rich laminated siltstones were deposited by the

36




"UOTIBULIO ] UOAUR)) [[of ‘Q[94d I19pIO0
-y31y 9[3uIs © UIYIM SIOBLINS A3Y JO SAJBI} PUB SAIOBJ JO uonnqrusip Surmoys (Uonedo] 10j 9 “S1J 93S) ,yV—V UONI3s $S0I)) "g] dInJ1,]

o(e)2696av0 2UO0ISPUBS PAJBUIWE|-SS010 a|eds-abie I

¢ odA| wg 0

S adfL BUO0ISpUBS PappPag-y}2Iyl SAISSB 1 0002 ' .

00| wmmmm= 8U0]S]|IS puk auolspues pappaqg-ulyl 9lgz
(w) ()

30V44NS ONIANNOg

El

1 4 S S'S S'9 S'L 8 Y6 VOl
uonoeg uonoss uoloasg uonoeg uoioseg uoi0es uonoag uoI08g uoies
1SOM 1se3

N4 4

37



B B '
East West

Section  Section Section Section Section Section
12 V 1 10B 9B 8

BOUNDING SURFAGE IR X R PRt e

Depth

- - - Type 1 (ft) (m)
2016
Type 2
Type 3 " ‘ 2000 ft
FACIES 0 6m

Thin-bedded sandstone and siltstone

- Massive organic-rich siltstone

Laminated organic-rich siltstone Massive thick-bedded sandstone

E Laminated siltstone Large-scale cross-laminated sandstone

QAb9692(b)c

Figure 19. Cross section B-B’ (see fig. 16 for location) showing distribution of facies and traces of
key surfaces within a single high-order cycle, Bell Canyon Formation.
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BOUNDING SURFACES
- - Type 1 —_— Type 2

Type 3 QAc331c

Figure 23. Photograph illustrating sandstone architecture of high-order cycle. Photograph is from
Willow Mountain between lithologic logs 4 and 5 (see fig. 17 and cross section A—A”).
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I. Deposition of silt and organic matter from III. Deposition of channel and levee deposits/may be

=2

spispension preceeded by erosion

V {

FACIES

Organic-rich laminated siltstone

Laminated siltstone

Thin-bedded, rippled, and
horizontally laminated sandstone
and siltstone

Massive sandstone

Cross-stratified sandstone

QAc186¢c

'igure 25. Diagram illustrating depositional facies model for high-order cycle examined at Willow
ylountain.
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[72]

low settling of pelagic and organic material, airborne silt settling from suspension (step I).gThe
'upward-bed-thiekehing succession of broad, lens;shaped sandstone bodies interstratified with

heetlike, laminated siltstones in the lower half of the cycle was deposited during the initial

wn

=

rogradational phase (step II). As the system Co‘ritinued to prograde, the sandstone lobes and

w2

heets of laminated siltstones were partially eroded and repiaced by a system of amalgamated

hannels. Upward, the system shows a gradual change from amalgamated channels to narrow,

o —

ridely spaced channels flanked by well-developed levees 1nterpreted to represent the

. §

v

goradational part of the system (step IID). The retrogradatronal part of the system is represented

o

y bifurcating channels flanked by mterchannel lobes (step IV) that are in turn abruptly overlam

o

y an upward- ﬁnmg and bed-thinning succession of sheetlike, lammated sﬂtstones interstratified

§

vith broad, lens-shaped sandstone bodies (step V).

=

legional Cross Section

A more regional view of facies and stratal relationships within the high-order cycle is

illustrated in across section that extends south from Delaware Wash for a distance of about

|

.5 km roughly parallel to the depositional axis of the system (fig. 26). In the cross section, the
channel- 1evee complex exposed at Willow Mountam appears to pass out of the plane of the cross

ection. Finer-grained levees that flank the margins of the channel complex form wedges that

2]

radually thin and pinch out to the northeast and southwest over a distance of about 2 km.

aQ

Rarther to the -svouth (basinward), near the southern end of Cowden Ranch, the high-order cycle
progressively thins to about 12 m and consists of a single sandstone body that is about 6 m thick
and has bounding laminated siltstones. The sandstone body has a broad tabular geometry, has an

abrupt but nonerosive base, and is composed largely of structureless sandstones. Organic-rich

wn

iltstones above the sandstone body indicate that it correlates with the overbank sandstone lobes

at Willow Mountain.
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To the north (shelfward) near Delaware Wash, ‘the high-order cycle gradually thickens to

more than 23 m. At this position it appears that there are three distinct channel levees with

[

ttached lobe com_pléxes. The first two complexes step basinward, whereas the youngest steps
back toward the shelf. The basal and uppermost complexes correlate with channel-levee and lobe

omplexes that are older and younger, respectively, than the one exposed at Willow Mountain.

o

The separate channel-levee and lobe complexes appear to be on the order of several tens of
kilometers wide. However, the lack of outcrop éxposute does not allow the limits of these

lements to be defined precisely. Patterns of thiCkening and thinning also suggest that the

(@)

complexes are stacked in a compensating, offset fashion with younger complexes avulsing into

)

nd filling topographic lows.

A final observation of importance is that the thickness of the laminated siltstones within the

=

igh-order cycle remains relatively constant from one end of the cross section to the other.

Q

hanges in thickness within the high-order cycle are largely related to increases or decreases in

7]

andstone thickness. The constant thickness of the laminated siltstones also suggests they would

be useful correlation markers at the reservoir and field scale.

‘SECTION 2: DATA STRUCTURE AND MAPPING METHODS
kGeologic Data

A three-dimensional reservoir model of facies architecture within a high-order cycle was

(@]

onstructed for the Willow Mountain case study using data collected from a series of closely

2]

paced, strike-parallel outcrop exposures.
Three types of bounding surfaces and lithosomes were recognized and mapped:

1. The Type 1 bounding surface is a relatively flat nQnerosional surface‘.' Type 1 surfaces are

[

Iways marked by an abrupt chahge from organic-rich siltstone to laminated siltstone (Facies 2).

ype 1 surfaces occurred at the base and top of the high-order cycle.

—
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2. The Type 2 bounding surface is also a felatively flat nonerosional surface marked by an

brupt change to a laminated siltstone. These surfaces may overlie Facies 1, 3;4, 5, or 6—any

[S)

facies except Facies 2.

3. The Type 3 bounding surface is a relatively high-relief surface that varies from erosional
to nonerosional. |

The bounding surfaces defined three types of lithosomes:

1. The Type 1 lithosome is bounded at the base by a Type 2 bounding surface and at the top

o

y a Type 1 bounding surface. Type 1 lithosomes consist of an upward-fining succession of
laminated siltstones at the base that are gradually replaced by organic-rich siltstones at the top.
2. Type 2 lithosomes are bounded at the base by a Type 2 bounding surface and at the top by

ither a Type 2 or a Type 3 bounding surface. Type 2 lithosomes consist of an upward-coarsening

(@)

uccession that passes from laminated siltstone at the base to massive sandstone or, rarely, into

[72]

fam—

arge-scale cross-laminated sandstones at the top.

3. Type 3 lithosomes are bounded at the base by a Type 3 bounding surface and at the top by

Q

ither a Type 2 or a Type 3 bounding surface. These lithosomes consist of an upward-fining
succession of sandstones and siltstones that vary from relatively thin successions of thin-bedded
sandstones and siltstones to relatively thick successions of large-scale cross-laminated |
sandstones or massive sandstones overlain by thin-bedded successions of sandstones and
swiltstone.

The Type 1 lithosome is interpreted to be distal-fan deposits overlain by a condensed

ection; Type 2 is interpreted to be composed of sandy lobes and distal fan deposits; and Type 3

wn

[y

s interpreted to be a complex of channel—levée and overbank deposits. The channel-levee

omplexes vary in composition, from largely amalgamated channels to widely spaced channels

Q

separated by levee and overbank deposits.
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Drafting the Maps

The original set of maps was drafted by hqnd and was based upon measured sections and |
other outcrop data. These maps ére attached in appendix A. The maps overlie a base map of the
study area (see fig. 17) that displayS the topographic elevation and locations of lithologic logs.
The study area is about 2,000 m in length and 1,000 m across and is aligned in a southwest-by-
nprtheast féshion. The average paleocurrent of the channels is to the southeast so that the long

xis of the study area is a near-strike section to the channels.

&

On the basis of systematic changes in facies, the cycle was divided into mappable rock
bpdies or lithosomes. Lithosomes were correlated between adjacent cross sections (figs. 18
ﬂ?rough 22), and topography maps Were created for each bounding surface (see table 3).
Proportion and isopach maps were used to define the distribution of facies within each lithosome

(see table 3). A total of nine surfaces were mapped, defining eight rock bodies or lithosomes. All

[yl

opography maps are relative elevations above or below the G (yellow) surface. Each lithosome

s composed of two or three facies that are arranged in a regular or predictable fashion. The

[

distribution of facies within each lithosome was defined by mapping the proportion or thickness
of all but one of the facies. A total of 10 facies maps were created for the 8 lithosomes. The
distribution of the unmapped facies within each lithosome was defined as either (1) the
différence between the total lithosome thickness and the combined thickness of the mapped

facies or (2) one minus the combined proportions of the mapped facies.

Digitizing the Maps

A total of 20 hand-contoured méps © bouhding' surfaces and 11 facies isopach or proportion
maps) were scanned and digitized with NDS (Neuralog Digitizing System, Neuralog, Inc., 1997).
NDS semiautomatically digitizes the mapé and verifies them by overlaying the original and
digitized contours on a graphics screen. This step needs to be quite precise, especially for maps

with very closely spaced contours. The maps used in the Willow Mountain study had closely
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Table 3. Structure and characteristics of bounding surfaces and lithosomes.

Lithosome Bounding
(ordered surface
from bottom (ordered from

to top) bottom to top)

N W s

I-Brown (9)

H-Red (8)
G-Gray (7)
F-Yellow (6)
E-Orange (5)
D-Green (4)
C-Blue (3)
B-Purple (2)
A-Black (1)

Type

—_

“ NN WLWWWWWMNDPPPPNDND

Composition
(facies
ordered from Thickness
bottom to top)

3/2

3/5
3/5
4/6/5
6/5/4
6/5/4
3/5

3/5

50

(ft)
7-8
1-3
3-45
12— 50
0-— 40
0-30
0-12
0-8

Depositional element
Dista}l fan and condensed
section
Distal fan and sandy lobe
Distal fan and sandy lobe
Channel-levee and overbank
Channel-levee and overbank
Channel-levee and overbank
Distal fan and sandy lobe

Distal fan and sandy lobe



spaced and complex-shaped contours to reflect channels in bounding-surface maps and channel-
fill, -levee, and overbank deposits in lithofacies maps (see figs. A4, AS5,A6,Al11,A12, A13,A14,
and A15). ’ |

A rectangular mapping domain was chosen with the origin in the northwest corner. The x-
axis is nearly parallel to the depositional strike. The dimensions of the rectangle are 4,000 ft
along the y-axis and 8,800 ft along the x-axis (approximately 1,200 by 2,640 m). The grid
interval (50 by 50 ft; approximately 15 by 15 m) was chosen as a compromise that adequately
preserved the detailed features of the maps While still keeping the model small enough that it was
manageable for 3-D modeling, gridding, and simulation.

Four mapping software packages were tested for the conversion of digitized contour maps
to gridded maps: CPS-3 version 4.5 (Schlumberger-GeoQuest, 1997), GES version 7.5
(Geographix, 1997; Landmark, 1997a), PCMS (PC Mapping System) version 2.0 (Zycor, 1986),
and Z-map Plus 3.0 (Landmark, 1997b). Because these maps are so compleX, none of the
mapping programs gave satisfactory results if used without modification. One of the reasons for
these poor results was the sudden change in slope across from the low-dip interchannel areas to
steeply dipping channel margins (see figs. A4, A5, A6’,, and A14). In addition, there are large
areas where the elevation or thickness was nearly constant (see figs. A2, A6, A7, A8, and A10).
[n such cases, small oscillations and errors can destroy the features that are trying to be captured.
[n the most difficult casés, the maps had channels (with rapid slopé changes) adjacent to nearly
flat zones (see figs. A11, A12, A13, A15, and A16).

After several iterations, a combined approach of using PCMS for primary gridding and
CPS-3 for detailed editing was estéblished. PCMS automatically creates sevéral cross-sectional
profiles across strike and dip direction of the map. The profiles help guide the gridding process,
especially when sudden changes in slope and/dr curvature are encountered. PCMS is a PC-DOS
“based program without a modern graphic user interface, so CPS-3 was chosen to work in tandem

with PCMS to edit the grids.
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First, extra contours were drawn in areas with high curvature to influence the gridding and .
to control the slope change. Second, polygons were drawn in large flat areas to blank the grid to
zero for pinch-outs or to set the grid to a constant for flat zones. Third, a “cut-and-paste”

approach was used to accommodate the situation of adjacent curved and flat areas (figs. A4, AS).

],

'he steeply sloped channel area of the contour map was cut out to grid separately. Then, the
resulting map was clipped and pasted back into the relatively flat grid. Individual grid points

8 ldng the suture between the two maps were examined and modified to ensure smoothness.
These steps were repeated until satisfactory results were obtained. After all the maps were
gridded, the facieé isopaéh and proporfion maps were converted to elevation maps; these maps
are used to indicate the lithofacies boundary within lithosomes. The stacking order and meaning

of all maps are summarized in table Al.

SECTION 3: PRODUCING THE THREE-DIMENSIONAL GRIDDED MODEL

The structure of the maps was selected to facilitate the construction of a three-vdimensional'

model: all maps have a common origin and orientation, and the maps are designed so that they

ill correctly sum to the correct thicknesses or proportions between the key bounding surfaces.
till, considefablé checking and editing aré required to ensure that the three-dimensional model
ccurately captures the map-view features of each of the depositional elemenfs, to make certain

that surfaces do not cross, and to create an accurate gridded representation of the reservoir
architecture. Once the modél has been reconciled in this way, it is a relatively straightforward

process to create a cornerpoint geometry description for use in reservoir simulation.

‘Geocellular Model Construction

The 3-D geocellular modeling program Stratamodel (Landmark, 1997b) was chosen to build

this 3-D outcrop geological model. In the construction the following procedures were used:
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1. All the maps were verified in 3-D display to make certain that surfaces did not cross and
pinch-outs occured at the correct location.
2. The bounding surfaces and facies maps were stacked using “Framework Modeling.” This

produced reasonable and accurate depositional orders and patterns. Many iterations of checking,

aQ

diting, regridding, and rebuilding are required to ensure that the framework of the geocellular
model accurately represents the outcrop-based reservoir model.
3. The internal facies composition was introduced using the “Model Operation” for

ndividual facies units.

e

4. After the model was compieted, displays of cross sections, isosurfaces (using the
“Geobody” function), and modeled surfaces were bﬁilt for visualization and analysis.

5. Finally, the finished model was converted to a comefpoint grid for a commercial
reservoir simulator.

Strike cross sections verified that the geometry of the lithosomes was correctly represented

n the geocellular model (see fig. 27). The complex stacking of the various channel sandstones is

[

very clear in this cross section. The reservoir model can be further dissected by looking at
individual facies: such a view separates channel, levee, and distal facies (see fig. 28). Several of
the lithosome bounding surfaces are shown in fig. 29; the branching channel is immediately
aLppafent. Figures 30 and 31 show how the facies distribution is related to key surfaces in the
reservoir model. In the construction of the reservoir model, many surfaces truncated lower
surfaces. In figure 32, the green surface is shown crossing the orange and blue surfaces (the mesh
Joattern is used for transparency). More views are included in appendix B and on the

accompanying CD-ROM (vol. 2).

Cornerpoint Grid Construction

With the model reconciled ‘by viewing and editing the geocellular model, the gridded arrays
of elevation for each of the surfaces can be converted into a cornerpoint geometry description

that can be imported into reservoir visualization and simulation software.
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Lithosome

Figure 27. Lithosome stacking and truncation displayed along the near-strike section from geocellular
model (along the x direction).

Facies

Qrganic-rich laminated siltstone

Laminated siltstone

- Thin bedded ri pled and laminated
sandstone an snltstone

Massive sandstone

:] Cross-stratified sandstone

QACc988c
Figure 28. Facies distribution on near-strike section from geocellular model (along the x direction).

54



Bounding
surface

ot e,
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e

QACc989c

Figure 29. Bounding surfaces stacked to form the model. This view shows the purple, blue, green,
orange, and yellow surfaces.

Facies

Organic-rich laminated siltstone

Laminated siltstone

- Thin bedded rcifpbd and laminated
sandstone and siltstone

Massive sandstone

D Cross-stratified sandstone

Figure 30. Facies distribution on strike section related to the blue surface 2.
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Facies

Thin bedded ri pled and laminated
sandstone an: sdtstone

Massive sandstone

QAc991c

Figure 31. Channel facies (Facies 6, shown in yellow) and levee facies (Facies 4, shown in purple)
layered on the orange bounding surface. This shows how lithosome composition was controlled
within the model.

Bounding
surface

QAc992c

Figure 32. Truncating relationships between the blue, green, and orange bounding surfaces. In the
area of the channels, the surfaces can be seen to cross. The compound surfaces, defined by this
crossing or truncation, will form the boundaries of the lithosomes in the gridded model.
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lusl

diting the Grid

The maps form the basis for the cornerpoint model. The surface elevation maps are stacked

in the order specified by the geologist. The 9 lithosome'-bounding surfaces and 11 facies maps

[e)

ombine to give 8 lithosomes and a total of 19 simulation model layers. The stacking order,
lithosome number, map name, and a brief description of each map are given 1n table Al. The
properties of the facies are given in table C1. Stacking order, lithosome num‘ber, facies, fraction
of areal coverage, and average thickness for each simulation layer are given in table C2. |

Several data verification steps must be applied'during grid construction. First, all maps must

o

e checked to ensure that their origins; units, orientations, and dimensions are consistent.

5]

econd, each pair of maps must be examined, to ensure that there are no points where they cross.

.

f the crossing is small (in this study, 0.10 ft or appfoximately 5 cm), then the value is simply -

reset. If the crossing is larger, the error is flagged and the maps must be corrected before gridding

~

Q

an proceed. Third, void blocks must be detected and set so that the gridded model contains no
blocks that exfend beyond the intended study“atrea. The process of flagging the void blocks is
particularly important right along the edge of the intended study area. Alqng this edge, each grid
cell contains some cornerpoints that are defined and other cornefpoints that ére “missing.”
Reservoir simulation software can detect most void blocks automatically, but gridding software
must flag the edge blocks as voids before the geometry is imported into the simulator. |
Otherwise, odd-shaped blocks around the model péfiphery will make visualization difﬁcult and

imulation all but impossible.

2]

A set of C-language routines (named “Stackmaps™) was written to perform the grid

verification and editing. The Stackmaps. program reads a control file that specifies the names of
the maps, the stacking order, names of output files, gridding tolerances, and so on. The gridding
control file used to construct the Willow Mountain model is included on CD-ROM Vol. 2. After

erforming the verification and editing, Stackmaps writes a set of summary and geometry files.

5~
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The geometry is specified by the trajectory of the cornerpoints (“COORD” record; Intera, 1994),
the cornerpoint elevations (“ZCORNER” record), and a list of active block flags (‘ACTNUM”
record). All geometry files have header sections giving relevant grid data. Relatively minor
modifications are needed to make the ggometry files compatible with other simulators (Computer
Modeling Group, 1997). The geometry files are iﬁéluded on volume 2 of the CD-ROM set
transmitted with this report. The source code, header files, a make file, and an IRIX 6.2
executable for Stackmaps are also included on volume 2, as are example input and output files.

The gridded model has 267,520 cells; only 102,482 cells are active.

Viewing the Cornerpoint Grid

The reservoir model was loaded into simulation software (Intera, 1994). The simulator
completed the geometry calculations and initialized the model using ideal gas properties apd an
assumed set of saturation functions. Flow was not simulated; only the static model was analyzed.
The simulator input files are included in volume 2 of the CD-ROM set.

The rock properties were set using core data from the Ford Geraldine Unit (Dutton and
others, 1997a and b). The geometric mean permeability (see table C1) was loaded into the
xrdirection permeability, and the arithmetic mean porosity (see table 1) was loaded into the
porosity array. To increase the usefulness of the 3-D visualization, facies were loaded into the
simulator as the y-direction permeability and lithosome numbers were loaded as the z-direction
permeability. The y-direction and z-direction permeability arrays would have to be reset before
this reservoir model could be used in flow simulation.

The reservoir simulator output files were reformatted for input to a 3-D visualization
program (Intera, 1994). The entire model is shown in figure 33; note the axes to indicate the
otientation of the view. The channelized bodies are especially complex in shape, as shown in
figure 34. A 3-D visualization program can spin the model and take it apart. Views of all eight

lithosomes are shown in figures C1-C8. Several sequences of views were animated and recorded
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Figure 33. Perspective view of the complete three-dimensional reservoir model, with color indicating
facies. The vertical scale has been exaggerated by a factor of 20.

2 3 4 5 6
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Figure 34. Perspective view of the channel and levee facies within Lithosome 4. Color indicates
facies. The vertical scale has been exaggerated by a factor of 20.
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inf QuickTime format. In the four animations, the layering of the model is dissected, the channel-
body geometry is highlighted, the grid is shown, and views from many perspectives are
compiled. Because the animations are composed of a small number of frames, they are best
viewed by stepping through the aﬁimations frame-by-frame. The animations can be viewed
without special software; only a QuickTime player or plug-in is needed. The images and

animations are included on volume 2 of the CD-ROM set.

CONCLUSIONS AND RECOMMENDATIONS

1. High-frequency cycles within the Bell Canyon Formation of the Delaware Mountain
Group in the Permian-age Delaware Basin have been studied in outcrop, deterministically
mapped in three dimehsions, and represented using contour maps, a geocellular model, and a
cornérpoint geometry description.

_ 2. The deep-water clastic systems contain facies and depositional elements that reflect slow
settling into a distal basin setting, overbank deposition of low-density turbidity currents,
unconfined flow of turbidity currents, and channelized flow of higher—density turbidity currents.
3. The facies associations and bedding geometries indicate that the depositional elements
include highly éontinuous distal siltstone layers, lobe and interchannel lobe deposits, channels,
and channels with attached levee deposits. |

4. The stacking pattern of these elements reflects progradation, aggradation, and
retrogradation within the high-frequency cycles at Willow Mountain and Wild ﬁorse Draw.

5. The exposures at Willow Mountain are continuous and extensive, and allow construction
of deterministic mapé of key surfaces and lithosome composition.

6. The maps prepared for the Willow Mountain outcrop data set were stacked and a three-
dimensional reservoir model was created. The three-dimensional geocellular and cornerpoint

qlodels are consistent with the field observations.
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7. The three-dimensional models can be further manipulated using geocellular modeling
software, or imported to reservoir simulation or seismic modeling software.
8. The key data sets, selected images, and other items of interest are included on CD-ROM’s

transmitted with this report. The contents of the CD’s are summarized in appendix D.
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* Appendix A. JConto>ur Maps.

Table A1. Maps stacking order for geocellular and cornerpoint models.

Stacking order

(bottom to top) Map name File name Description
1 A-Black 8.grd | Provides base elevation for entire model; base surface for

Lithosome 1.

2 1-3/5 7a.grd | Separates Facies 3 (below) from Facies 5 within Lithosome 1.
3 B-Purple 7.9rd | Top of Lithosome 1 and base of Lithosome 2.
4 2-3/5 6a.grd | Separates Facies 3 (below) from Facies 5 within Lithosome 2.
5 C-Blue 6.grd | Top of Lithosome 2 and base of Lithosome 3.
6 3-6/5 5b.grd | Separates Facies 6 (below) from Facies 5 within Lithosome 3.
7 3-5/4 5a.grd | Separates Facies 5 (below) from Facies 4 within Lithosome 3.
8 D-Green 5.grd | Top of Lithosome 3 and base of Lithosome 4.
9 4-6/5 4b.grd | Separates Facies 6 (below) from Facies 5 within Lithosome 4.
10 4-5/4 4a.grd | Separates Facies 5 (below) from Facies 4 within Lithosome 4.
11 E-Orange 4.grd | Top of Lithosome 4 and base of Lithosome 5.
12 5-6/4 3b.grd | Separates Facies 6 (below) from Facies 4 within Lithosome 5.
13 5-4/5 3a.grd | Separates Facies 4 (below) from Facies 5 within Lithosome 5.
14 F-Yellow 3.grd | Top of Lithosome 5 and base of Lithosome 6.
15 6-3/5 2a.grd | Separates Facies 3 (below) from Facies 5 within Lithosome 6.
16 G-Gray 2.grd | Top of Lithosome 6 and base of Lithosome 7.
17 7-3/5 1a.grd | Separates Facies 3 (below) from Facies 5 within Lithosome 7.
18 H-Red 1.grd | Top of Lithosome 7 and base of Lithosome 8.
19 8-3/2 nia.grd | Separates Facies 3 (below) from Facies 2 within Lithosome 8.
20 I-Brown ni.grd | Top of Lithosome 8; top of entire system.

Notes:

1. The names for the bounding surfaces of the lithosome are consistent with the stratigraphic description.

2. The convention for the surfaces within facies is : (lithosome number)-(facies below)/(facies above).

3. The file names are the names used within the cornerpoint grid construction.
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Figure Al. Topographic map on black marker A (feet below datum).
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Figure A2. Topographic map on purple marker B (feet below datum).
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Figure A3. Topographic map on blue marker C (feet below datum).
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Figure A4. Topographic map on green marker D (feet below datum).
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Figure AS. Topographic map on orange marker E (feet below datum).
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Figure A6. Topographic map on gray marker G (feet above datum).
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Figure A7. Topographic map on red marker H (feet above datum).
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Figure A8. Isopach map (feet) of Facies 5 from Lithosome 1.
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Figure A9. Isopach map (feet) of Facies 5 from Lithosome 2.
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Figure A10. Proportion map for Facies 4 from Lithosome 3.
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Figure A11. Proportion map of Facies 6 from Lithosome 3.
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Figure A12. Proportion map of Facies 4 from Lithosome 4.
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Figure A13. Proportion map of Facies 4 from Lithosome 4.
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Figure A14. Proportion map of Facies 4 from Lithosome 5.
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Figure A15. Proportion map of Facies 6 from Lithosome 5.
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Figure A16. Isopach map (feet) of Facies 5 from Lithosome 6.

83



26|00 ft
0 "~ 700m
Contour interval 1 ft

QAb9839c

Figure A17. Isopach map (feet) of Facies 5 from Lithosome 7.
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Appendix B. Views of Reservoir Model.

Facies

- QOrganic-rich laminated siltstone
- Laminated siltstone

- Thin bedded rippled and laminated
sandstone and siltstone

Massive sandstone

Bounding
surface

Figure B1. Facies distribution of Litho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>