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VERIFICATION OF GEOLOGICAL/ENGINEERING MODEL IN WATERFLOOD AREAS 

By B. Sharma, M. Szpakiewicz, M. Honarpour, R. Schatzinger, 

and R. Tillman 

ABSTRACT 

A geological/engineering model was constructed for the extended Tertiary 

Incentive Project (TIP) mile area of Unit A in Bell Creek field, Powder River 

County, Montana. The model was constructed to develop a methodology for 

characterizing reservoir heterogeneity for barrier island deposits. This 

report summarizes the status of the NIPER geological/engineering model as of 

September 1987. 

A structure map of Muddy formation sandstones and an isopach map of the 

reservoir were constructed to delineate the framework of the pay zones. In 

addition, reservoir quality was differentiated by grouping facies into three 

classes. Valley incisions and indications of localized faulting have been 

documented within the barrier-island deposit. Valley fill deposits 

unconformably overlie portions of the barrier island sequence in the Bell 

Creek field. 

The distribution of geological heterogeneities and their influence on 

fluid flow characteristics were determined by generating maps and cross 

sections based on integration of log, core, petrographic data, and the 

qualitative information gathered from analogous outcrops. Parameters mapped 

include the distribution of porosity, log-derived geometric mean permeability, 

clay content, and Dykstra-Parsons coefficients of permeability variations. 

The salient features of the geological and fluid flow model of the barrier-

island deposit include: 

1. The axial part of the deposit has the best reservoir quality because 

of lithostratigraphic patterns and pores which are relatively free from clays 

and other cements. Elongated zones parallel to the depositional strike of the 

Muddy formation are heterogeneous because of the stacking of facies and 

increased cementation or selective compaction, or both. 

2. The effects of faulting (and probably fracturing), valley incisions, 



diagenesis, and compaction have introduced overlapping (multigenetic) 

heterogeneities effecting fluid flow characteristics. 

3. A wide variety of scale of heterogeneities (structural, depositional 

facies, diagenetic) occurs within the field. 

4. Production from several stacked shallowing-up barrier-island 

sandstones is strongly effected by post-barrier erosion and valley fill 

sedimentation. 

5. Because the low-permeability back-barrier facies and their 

interfingering with lagoonal facies acted as a barrier to the oil bank swept 

during waterflood operations, the area of best waterflood performance lies 

between the barrier axis and the back-barrier deposits. 

The geological and engineering models were integrated and account for 

areal variations in production data. The correlation of production 

performance with geological heterogeneities strongly supports the geological 

model of the barrier island deposit. 

Results of the mathematical simulation of the geological/engineering model 

will be reported later. 

This report covers the work performed from May 1, 1987 to August 31, 1987 

in fulfillment of task 10A for project BEl being performed for the Department 

of Energy. 

INTRODUCTION 

Bell Creek field is located in Carter and Powder River counties of 

Montana, on the northeastern flank of the Powder River Basin (Fig. 1). This 

field was selected for a study seeking to develop a methodology for 

construction of a quantitative geological/engineering model capable of 

predicting the effect of reservoir heterogeneities on flow patterns and on 

residual oil saturation within barrier island sandstone reservoirs. Bell 

Creek field was selected because (1) its production is mainly from a prolific 

barrier island deposystem, (2) analogous outcrops of the formation occur 

within 40 miles of the field, and (3) primary, secondary, and tertiary 

subsurface data are available from the field. ' 

The distribution, continuity, and internal characteristics of marine 
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sandstones are controlled by the environment to deposition and tectonic 

setting as well as by subsequent erosional, tectonic, and diagenetic 

processes. An understanding of the depositional history of the reservoir is 

important for predicting the genesis, distribution, magnitude, and frequency 

of occurrence of the various heterogeneities. Based on a spatial description 

of the fluid flow properties in the reservoir and analysis of performance and 

pressure distribution during different recovery stages, the most important 

geological heterogeneities that control fluid production have been identified, 

and a preliminary scaling has been completed. 

The construction of a detailed geological/engineering model is the basis 

for development of the methodology for characterizing reservoir 

heterogeneity. The NIPER geological/engineering model is the subject of this 

report. The area selected for geological and production performance studies 

is a four-section area within production Unit A (Figs. 1 and 2) which includes 

the Tertiary Incentive Project (TIP) pilot. Log, well test, production, and 

core data were acquired for construction of the geological model of a barrier 

island reservoir. In this investigation, emphasis was on the synthesis and 

quantification of the abundant geological information acquired from the 

literature and field studies (subsurface and outcrop) by mapping the 

geological heterogeneities that influence fluid flow. The geological model 

was verified by comparing it with the exceptionally complete production data 

available for Bell Creek field. This integration of new and existing 

information from various geological, geophysical, and engineering disciplines 

has enabled better definition of the heterogeneities that influence production 

during different recovery operations. 

The succession of lithology, sedimentary structures, and textures in the 

barrier island Muddy sandstone at Bell Creek field is similar to those 

observed in recent barrier island deposits. Characterization of Bell Creek 

field may shed light on heterogeneities encountered in other reservoirs 

producing from similar barrier bar deposits. 
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GEOLOGY 

Introduction 

The Lower Cretaceous Muddy formation, which produces oil from Unit A in 

Bell Creek field, Montana, is composed of two genetically different major 

sandstone reservoir units interpreted as (1) barrier islands (littoral marine 

bars) and (2) valley fills. 

The entire barrier island assemblage and related environments of 

deposition are underlain and overlain by marine shales — Skull Creek and 

Shell Creek/Mowry shale, respectively. 

Oil productivity in Bell Creek production Unit A depends on at least five 

geological factors:3-5 

(1) stratigraphic relation of the barrier sandstones to the valley fill 

deposits; 

(2) development and architecture of the barrier island facies 

- internal distribution of facies within the dominant 

sedimentary cycle of the barrier deposit, and 

- stacking or overlap of subsequent fragmental 

cycles of barrier deposition; 

(3) depth and width of erosional cuts into the top of barrier island and 

type of their infilling; 

(4) distribution, type, and degree of importance of diagenesis (clay 

filling, compaction); and 

(5) local faulting which appears to modify fluid flow patterns between 

individual wells and groups of wells. 
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Depositional Model of Muddy Formation 

Paleogeographic reconstructions during Muddy deposition in the area of 

Bell Creek field clearly show the interrelationship between dominant 

depositional environments including continental (delta channels and deltaic 

plain); brackish marine (lagoon, estuary, and tidal flat); and coastal marine 

(barrier islands) sedimentation in the northeastern Powder River Basin where 

Bell Creek oil field is located. 

Since the discovery of Bell Creek field, at least three different concepts 

regarding relationships between barrier-bar sandstones and valley fill 

deposits in the northeastern part of the Powder River Basin have been 

presented: 

1. The barrier deposits lie stratigraphically above an unconformity which 
6 7 

separates them from the underlying Skull Creek shale. ' 

2. Valleys (and their subsequent fills) are incised into barrier island 

deposits and are stratigraphically younger. The barrier island 
Q 

deposits are genetically related to the Skull Creek shale. 

3. The barrier islands and valley fills are in part synchronous. 

There are no indications that valley fills underlie the barrier sandstones 

in the Bell Creek Unit A area. In all of the recently described cores from 

Unit A, the lower shoreface barrier facies conformably overlie the marine 

Skull Creek shales.1* The same is true for analogous barrier island sandstone 

outcrops exposed near New Haven, Wyoming, about 40 miles southeast of Bell 

Creek field. Incision of valley fills into the top of barrier deposits is, 

however, commonly observed in Bell Creek cores, strongly supporting Weimer's 
a 

concept (number 2 above). 

However, if the Bell Creek barrier was deposited on a tectonically 

uplifted high, it would be possible to accept at least two independent 

periods of valley erosion and fill during deposition of the barrier and 

associated deposits. The first period of erosion and subsequent valley fill 

may have occurred during lower Muddy sedimentation in topographic lows (as 

documented in the Recluse field area) and a later one postdated the upper 

Muddy sedimentation which incised into the barrier island sandstones and 

lagoonal facies in the Bell Creek area. The Bell Creek Muddy oil reservoir, 

therefore, appears as a complicated system of barrier sandstones with channel 
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cuts and subsequent valley fills uncnnformably superimposed. This model finds 

numerous recent analogues along the Texas Gulf Coast and elsewhere. Recent 

patterns of the barrier Island sedimentation In the limited States Indicate 

that-valley fill sediments either underlying or Incised Into the barrier 

Island top (as Is the case In Bell Creek) occur commnmly together and should 

be considered as typical association of this type of near-shore sandstone 

deposit. 

A question concerns influence of eustacy on sandstone ocojirrence9 

eroslonal cuts, and Infilling of valley Incisions with non-marine sediments. 

Figure 3 shows the correlation and the stratlgraphlc sequence of the Lower 

Cretaceous (Albian) periods of deposition and erosion with sea level high- and 

low stands. Skull Creek shales and barrier Island sandstones were deposited 

during T % and T s time Intervals, respectively. When sea level dropped during 

T s, the valleys Incised Into the barrier tops, ^ccumuilatlon of valley fills 

took place during subsequent sea level rise, marked T 7 on the diagram. 

Deposition of the Muddy formation, with an average total thickness of about 40 

feet as Interpreted from logs, was completed during I 7. Further continuous 

deepening of sea (transgression period) in the Bell Creek area resulted In 

enveloping the Muddy complex In Alblan Shell Creek/Nowry shale and Cenomanlan 

(Upper Cretaceous) Belle Fourche shale. The stacking of barrier Island facies 

belonging to different episodes of barrier formation (progradatlon/regresslon) 

resulting from minor fluctuations of sea level during the T s period is 

discussed further in this report. 

Architecture and Lithoqenetic Characteristics of Barrier Island and Valley Fill 

Deposits in Bell Creek 

At typical stratlgraphlc cycle of major barrier Island facies exhibits 

predictable characteristics (Fig. 4). Oeposition-related reservoir quality 

and productivity potential of barrier-Island sediments should coincide with: 

(1) patterns of vertical stacking of facies, (2) changes In thickness of 

barrier Island deposits due to erosion, and (3) the range of permeability 

values In productive facies. Stacking of several cycles of barrier 

sedimentation is recognized in Bell Creek cores; for example, in well WI-16 

where 21 feet of shoreface and foreshore facies is underlain by 2.8 feet of 

possible backbarrier (washover) facies and overlain by another 3.6 feet of 

8 



Modified Section 
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FALLING 

M.Y. 

Time of Deposition / Erosion 

T, Ti - Inyan Kara Group (Lakota and Fall River Sandstones) 

T2 - Skull Creek Shale 

T3 - Lower Muddy Valley incisions (in topographic lows) 

T« - Lower Muddy Valley filling (accumulation in topographic lows) 
(Newcastle Type) 

T5 - Barrier Islands formed (Middle Muddy) on topographic highs 
(Bell Creek. New Haven tvoe) 

Valley incisions into Barrier Islands 
(Bell Creek, New Haven area) 

T7 - Valley infill (Upper Muddy) brackish marine and continental 
(Bell Creek) 

T8 - Shell Creek / Mowry Shale 

T9 - Belle Fourche Shale 

FIGURE 3. - Relationship of deposition and errosion to sea-level changes 
during lower Cretaceous stages in NE Powder River Basin based 
on lithostratigraphy of Muddy formation deposits in Bell Creek. 
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FIGURE 4. - Typical depositional sequence of barrier island facies and 
variations in their depositional energy and geologic 
characteristics. 



possible backbarrier (washover) facies. The thickness of barrier island 

sandstones representing one or more overlapping sedimentary cycles varies, 

with a maximum observed development of 32 feet. 

The pattern of shifting of the barrier bodies in time and space has not 

yet been documented. In addition to local thickening due to deposition of 

more than one cycle of barrier sedimentation, total barrier thicknesses are 

seldom preserved because of erosional processes during and after deposition of 

the barriers. Most susceptible to erosion are the aeolian deposits which 

commonly occur at the top of the barrier (Fig. 5); aeolian deposits are only 

rarely preserved in ancient shoreline deposits. However, thin layers of dune 

deposits overlying foreshore facies were observed in some Bell Creek cores; 

for example, in well C-8. Foreshore and shoreface (supratidal, intertidal, 

and subtidal) facies have much better preservation potential, and they compose 

most of the producing barrier island sandstone interval. Stacking of 

foreshore and shoreface sequences results from relative sea level drop 

(regression) and sea level rise (transgression). During periods of 

regression, the original barrier island sequence was partially eroded, and 

during the following transgression another barrier island sequence was 

deposited above remnants of the previous one. In a series of events 

subsequent to and independent of barrier building, valley cuts locally removed 

significant portions of the upper part of the barrier complex. Locally, only 

remnants of the original barriers are preserved, and in extreme cases the 

entire barrier was removed by the erosional processes which cut near or below 

the base of the barrier (Fig. 5). Significant erosional reduction of 

thickness of barrier island sediments (including local complete removal) 

strongly affects their storage capacity and transmissivity to fluids. 

Complete hydraulic disconnection of the reservoir may occur, as seems to be 

the case between production Units A and B (Fig. 1). 

There are indications of two stages of valley incision during late Muddy 

deposition; an earlier stage affecting in most cases only barrier island 

deposits, and a later stage, affecting barrier island and the valley fill 

deposits of the first stage, as documented at the western extremity of Unit A. 
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West 
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Channel cut 
(marine fill) 

Deep 
valley 
cut 

Tributary valley cuts 
(fluvial and estuary fill) 

East 
(Landward) 

Valley cut 

Barrier 
front 

Valley fill 
(fluvial) 

Channel cut 
(marine fill) 

Classification of deposits (A,B,C) as in table 5. 
Eroded top of the barrier. 
Note details of valley cut infillings. 

Valley fill 
(marine and 
estuary ss) 

FIGURE 5. - Conceptual distribution of observed barrier and related non-
barrier facies in Bell Creek field. Quality of reservoir rocks 
indicated as A, B, and C is described in table 5. 



A ribbon-like incision filled with very low energy shaley/silty sediments 

of the second stage of erosion cuts down about 35 feet into the Muddy deposits 

(almost to the base) and creates a steep and narrow (about 500 feet wide) 

barrier to hydraulic conductivity between production Units A and B. This 

barrier has been documented in several logs from wells within the barrier (dry 

holes) (Figs. 6 and 7). Different pressure regimes and different positions of 

water-oil contacts on both sides of the barrier reflect effective isolation of 

the two production units. The thickness of the divided barrier island 

deposits tends to increase westward within Unit A suggesting the position of 

the barrier-front is west of Unit A. No significant faulting between these 

two production units is indicated. The origin of this deep cut and its 

infilling is not quite clear because cores are not available for geological 

examination. The gamma ray log signature above 4-foot-thick remnants of 

eroded barrier island suggests probable marine, shaley fill acting as a 

hydraulic barrier, which was deposited in a deep cut eroded by strong subsea 

currents. 

Valley cuts into the barrier island and into synsedimentary lagoonal 

deposits within production Unit A, east of the major hydraulic barrier, were 

filled with argillaceous fluvial (continental) and marine deposits of much 

lower reservoir quality before and during the transgressive stage. Several 

types of valley fills are shown in figure 5. 

Most of the valley fills described in Bell Creek cores from Unit A are of 

nonmarine origin, have very fine mean grain size (75 to 125 microns), and 

contain abundant clay matrix. X-ray diffraction analyses of barrier island 

and valley fill sandstone samples from the subsurface and from analogous 

outcrops revealed significant differentiation of clay assemblages (table 1). 

In barrier island sandstones, kaolinite and illite predominate and only traces 

of smectite are present, whereas smectite and kaolinite occur commonly in 

valley fill sandstones and siltstones. Clay types and percentages related to 

core-derived geologic profile and log responses of barrier island and valley 

fill facies identified in well W-7 are shown in figure 7. 

Further petrographic, X-ray diffraction, and capillary pressure analyses 

of barrier island (Zone 2) and valley fill (Zone 1) deposits are underway to 

depict the most important geologic differences of the two types of sediments 

and to recognize and characterize their fundamental reservoir properties. 
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FIGURE 6 - Gaiwa ray log responses across hydraulic barrier dividing FIGURE 6. J — J ^ o g ^ p ^ ̂  ^ ^ ^ ^ 

indicate deep cuts into Muddy formation followed by filling 
by shale. Wells 28-11 and 10-15 are dry holes which are 
projected into the line of section. The SP logs from these 
two wells indicate a deep erosional cut Into the Muddy 
formation barrier island sandstone. 
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TABLE 1. - Quantitative XRD determination of mineralogy for subsurface 

samples from Bell Creek field and a nearby outcrop. 

GM « Green Mountain outcrop. 

Mineralogy 1n Percent 

Ol <v <J 

Well 

Subsurface 

C-8 

27-16 

W-14 

27-14 
27-14 

W-16 
W-16 

Depth 
(ft) 

4351 

4303.3 

4309.3 

4329.5 
4331.5 

4308.6 
4318 

Depositional Setting 

Lagoon 

Washover 

U./L/Shoreface 

U. Shoreface/foreshore 
U. Shoreface/foreshore 

Foreshore 
U. Shoreface 

W-7 
W-7 
W-7 

a) oi ai 
*» e *» 

0> ~ - <St «r-

10 ft) *J -r-
M £X -4-» • » - U Ot Q) 

l - T J U O > > i - - « - > — -- <J <D 
« •— r- f— J= l_ l_ O •— Ol >— t j 
s v i a o c a ^ i e - — E > — •<-

4405.5 Estuarlne 
4410.0 Estuarlne 
4417.5 Swamp 
4418.9 Alluvial Channel 

76 3 - 4 - - - 7 8 t r 

8 8 2 t r t r - - - 6 4 -

89 3 tr tr - - tr 5 3 tr 

„ 94 tr tr tr - - - 4 2 tr 
: z 90 2 - 2 - - tr 4 2 tr 

91 2 1 1 - tr - 3 2 1 
8 8 2 1 1 - t r - 5 3 t r 

S _ 88 4 I tr~^ - : 2 tr 6 
t S 79 4 - - - - - 2 tr 15 
3 5 92 3 3 tr 2 

96 1 3 tr tr 

54~2 : : : : : 2 2 W 
= 9 1 3 - - - 2 - 2 2 t r 
u. 

to 

* 93 2 - tr 1 - - 3 1 tr 
97 tr 2 tr 1 
96 tr - tr tr - - 2 tr 2 
97 tr - tr tr - - 1 tr 2 

- 2 

tr tr 

5F7 
W-7 

Outcrop 

GM 
GM 
GM 
GM 

4419.5 U. Shoreface 
4431.3 U. Shoreface 

0 Fluvial channel ss 
10 Fluvial channel ss 
52 Continental sits. 
65 Fluvial ss 
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Valley fill sandstone in the Bell Creek reservoir may immediately overlay 

the barrier island sandstone (less common case) or may be separated by shaley 

or silty lagoonal, estuarian, or low-energy, inactive alluvial silty channel 

deposits. This indicates possible local hydraulic communication between the 

two most distinctive productive and potentially productive groups of Muddy 

sandstones and differs from earlier models that present them as parts of the 

reservoir continuously separated by impermeable (lagoonal) facies without 

hydraulic communication. Both situations are illustrated by graphic 

correlation of facies in adjacent wells (P-2 and W-7) with similar log 

characteristics but different lithologies and stratigraphy as derived from new 

core interpretations. As much as 8 feet (30 percent) of the barrier top 

sandstone observed in well P-2 may have been lost in well W-7 because of 

valley incision. Similarity of log response patterns in these two wells 

illustrates how difficult or even misleading an attempt to interpret 

lithologies and facies from logs in these wells would be without 

sedimentological models derived from analyses of available cores. Another 

example of potential misinterpretation is illustrated in well C-4 (Fig. 8) 

where the top part of a cored barrier island section, sedimentologically 

interpreted as upper shoreface, produced deep "back-kick" on both the core-

gamma and the gamma ray log run in the well. This "shale-kick" might have 

suggested division of two sandstone bodies by a lagoonal deposit. 

Petrographic examination of samples taken to explain this anomaly revealed 

abundant, thin, horizontally oriented argillaceous laminae separating 

relatively clean sandstone intercalations. The permeability of this section 

of barrier island sandstone was significantly reduced. 

Lithogenetic cross section (A-A') (Fig. 8), parallel to the structural 

strike of the Muddy formation in SW-NE direction, was constructed to document 

the interrelationship between barrier island and valley fill deposits along 

the northwest side of the TIP area in sections 27, 22, and 23. Gamma ray, SP, 

and resistivity wireline log signatures from 16 wells and sedimentologic core 

descriptions from six wells were used for geological correlation of the major 

lithogenetic units. The log responses were geologically calibrated in several 

of the wells with genetic unit cores from the same well (with an estimated 

error of 0.5 foot). Calibration included major facies changes, observed 

unconformities, and comparison of subsurface gamma ray log response to core 

gamma ray log response (where available). 
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The datum for stratigraphic cross-section H-h" is the marker commonly used 

to indicate the top of the Muddy formation. This marker is constant on SP and 

gamma ray logs over the area. The base of barrier island sandstone fades 

conformably overlies the Skull Creek marine shale with a characteristic change 

of log signature. The base of the Muddy formation is the base of the 

sandstone. Both the top and the base of Muddy can be identified on original 

logs within 2 feet without core control. 

The top of barrier island sandstones was identified in cores as a 

disconformity between barrier sandstones and valley fill deposits. This 

contact is not always readily identifiable on logs although the resistivity 

log commonly shows an increase of rock conductivity upward within the valley 

fill deposits in contrast to the usually low conductive (oil-rich) barrier 

island complex. Separation of these two genetic units is almost impossible on 

the basis of the SP log alone. More detailed lithologic changes are seen on 

gamma ray and porosity logs. 

The SP and resistivity log profiles in well W-10 in cross-section A-A1 

(Fig. 8) show similar responses in barrier island and overlying valley fill 

sandstones. The porosity log (not shown), however, indicates a lower average 

porosity in the valley fill section allowing separation of the two 

lithogenetic units. 

Cross-section A-A' runs parallel to the general elongation of the barrier 

and shows only a 20 percent variation in barrier island thickness (northeast 

thickening) (Fig. 8 and table 2). Total thickness of the Muddy formation, 

varies from 42.5 to 49.0 feet in cross section A-A'. The slight increase of 

barrier thickness is inversely proportional to total valley fill thickness 

(table 2). The average thickness of valley fill sandstones overlying the 

barrier sandstones is 8 feet, but variation in thickness may reach 65 percent 

with significantly lower values toward the northeast (table 2 and Fig. 8). 

The top part of the Muddy formation is developed predominantly as silty and 

clayey valley fill facies. Distribution of productive facies within the 

barrier body can be determined, at this time, only in wells where cores have 

been geologically interpreted. Inferring of lateral continuity and vertical 

distribution of individual facies in noncored wells requires further work and 

a more comprehensive method of log analyses. 
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TABLE 2. - Cross section H-h" formation thickness comparison based on 
interpretation of gamma ray, SP, and resistivity logs and 
available cores, (in feet) 

Total 
Barrier island Valley fill Total Muddy 

Well No. sandstone sandstone valley fill formation 

SW 27.5 

W-141 

P-20 

W-13 

c-io1 

P-13 

w-io1 

C-9 

P-12 

C-41 

W-9 

P-5 

W-61 

C-3 

P-4 

NE W-41 

17.5 

18.0 

20.0 

18.0 

20.0 

20.5 

21.0 

20.0 

19.5 

21.0 

20.5 

21.0 

20.0 

22.0 

21.5 

21.0 

9.0 

10.0 

8.0 

10.0 

11.0 

7.0 

10.0 

7.0 

6.0 

5.5 

7.5 

7.5 

9.5 

5.0 

5.5 

4.0 

25.0 

25.5 

25.5 

28.0 

29.0 

25.0 

24.0 

24.0 

25.0 

26.0 

24.0 

21.5 

23.0 

20.0 

22.0 

21.5 

42.5 

43.5 

45.5 

46.0 

49.0 

45.5 

45.0 

44.0 

44.5 

47.0 

44.5 

43.5 

43.0 

44.0 

43.5 

42.5 

lCore control on these wells. 

Relief on the dlsconformlty at the top of the barrier 1s minimal in cross-

section A-A'. However, small-scale, steeper incisions locally reducing more 

of the barrier island sequence cannot be entirely ruled out between cored, 

geologically interpreted wells. We can conclude that, so far, in Unit A at 

least two scales and geometries of valley incisions into the best productive 

barrier island sandstones have been documented: a narrow, steep, and deep 

type (Figs. 5 and 6) and a broad type with only moderate relief (Fig. 8). 

Geologic interpretation of cross-sections forming a fence diagram of flow 

units is underway to obtain a spatial image of reservoir geometry in the TIP 

area for simulation studies. 

Relatively low-permeability sediments prevail in most valley infillings at 

Bell Creek as exemplified by petrophysical data related to core-derived 
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interpretation of brackish marine to continental facies above a major 

unconformity at 4,547 feet in well 26-7 (table 3). The low ratio of vertical 

to horizontal permeability (Kv/Kh = 0.3 to 0.6) is characteristic for valley 

fills overlying the most productive barrier island facies that have a Kv/Kh 

ratio of about 0.7 for upper and middle shoreface and about 1.0 for foreshore 

facies (table 3). These numbers indicate some tendency for retardation of 

vertical fluid displacement within the valley fill deposits. Also, because of 

the similar log characteristics and comparable horizontal permeability values, 

the upper shoreface and foreshore barrier island facies have been 

characterized, to date, as one flow unit. The Kv/Kh ratio in well 26-7 (table 

3) indicates, however, significant differences 1n flow potential of these two 

facies. 

Portions of the barrier immediately underlying the unconformity at the 

base of the valley fills are at least locally strongly affected by diagenetic 

processes. The diagenesis probably resulted from exposure to an oxygenated 

environment in which fresh and marine waters interacted to form secondary 

TABLE 3. Petrophysical properties of barrier island and nonbarrier 
fades in Well 26-7. Note variation of Ky/Kh ratio. 
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< to 
to — 

3=* 
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43 
94 

183 

25 
21 

1320 

K. md 

1« 
36 

148 

1 
2 

452 

Kv/Kh 

0.4 
0.4 
0.8 

0.1 
0.1 
0.3 

LOWER 
SHOREFACE 

1290 
2370 
1390 
2790 
2630 
1100 

2670 
412 
1190 
1440 
1480 
1250 

1690 
2060 
1440 
2790 
2790 
1080 

2670 
500 
594 

1220 
864 
558 

1.3 
0.9 
1.0 
1 0 
1.1 
10 

1 0 
1.2 
0.5 
0.8 
0.6 
0.5 
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clays and cements.6-7 Quantitative results of X-ray diffraction examination 

of samples from Bell Creek cores are presented in table 1 and figure 7. 

Postdepositional diagenetic alterations developing predominantly as authigenic 

clays that cement pores and reduce pore throats have been documented in the 

first series of 40 thin sections. Thin (1 to 2 foot) layers of enhanced 

porosity and permeability strongly contrasting with adjacent layers were also 

identified in some cores. Preliminary study indicates that a possible cause 

for the development of high-permeability "channels" could be "under-

compact ion." The scarcity of petrographic data from available scattered cores 

sampled in Bell Creek makes spatial mapping of diagenetic influences 

difficult. 

Transmlssivity and continuity of fluid flow 1n the Bell Creek reservoir 

are affected strongly by depositlonal, erosional, and diagenetic factors and 

are further complicated by tectonizatlon of the Muddy formation. 

Extensive small-scale tectonic faulting (usually less than 30 feet of 

vertical displacement) has been documented in production Unit "A" of the Bell 

Creek reservoir. The ratio of vertical displacement to the net pay varies 

from 0.5 to 1.5, indicating the possibility of local restriction or 

disconnection of fluid flow. Construction of a structural map of the TIP area 

1s underway. Two structural cross-sections along the strike and dip of the 

Muddy formation are presented in figure 9. The influence of tectonization on 

oil production and propagation of injected fluids from primary, secondary, and 

tertiary production data; waterflood performance; and results of falloff and 

tracer tests are being studied. 

Because of the geological complexity revealed in the 17 cores examined in 

the study area, and problems with reliable differentiation of the barrier and 

nonbarrier sediments (valley fill fades) on logs, the spatial mapping of 

barrier island architecture 1s difficult. A more detailed study is underway 

on the distribution of barrier island facies within Bell Creek, Unit A, their 

stacking pattern, variation in depths of cuts, types of infillings, their 

effect on localization of diagenesis, and the effect of faulting on 

production. 

Based on the present state of geological interpretation, the major 

elements of the improved geological/engineering model comprising depositional, 

diagenetic, and tectonic heterogeneities documented in the Bell Creek, Unit A, 
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TIP area have been summarized, and an initial attempt to scale the 

heterogeneities has been made (table 4). The heterogeneities listed in table 

4 were mostly documented previously4 and were not considered in earlier Bell 

Creek reservoir models. Large-scale (L) heterogeneities extending for miles 

may affect the entire field or production unit. Medium-scale (M) 

heterogeneities affect predominantly the interwell area or groups of wells and 

extend to a distance of hundreds or thousands of feet. Small-scale (S) 

heterogeneities may affect fluid flow patterns in a distance of feet or tens 

of feet. The scale of expected fault-related fracturing of the Muddy 

reservoir is still unknown ("U" heterogeneity). Spatial mapping of the type 

and scale of major heterogeneities (L) requires a more regional geological 

interpretation. 

RESERVOIR QUALITY OF THE BARRIER ISLAND COMPLEX 

Reservoir Definition 

Barrier island and related nonbarrier facies documented in Bell Creek 

cores can be grouped, from the engineering point of view, into three classes 

according to the decreasing turbulence of the environment of deposition (table 

5). 

Class 'A' sediments, when not severely affected by diagenesis, have the 

best reservoir properties and have permeabilities in the range of hundreds and 

thousands of millidarcies, whereas in class 'B' deposits, permeabilities 

rarely exceed hundreds of millidarcies. Nonproductive sediments of class 'C 

usually have low permeabilities ranging from near zero to tens of 

millidarcies. The lateral extent and continuity of facies of the three 

classes can be precisely to roughly predicted from the depositional models. 

In the central part (TIP pilot area) of Unit A in Bell Creek field, a poor 

quality class 'B' and nonproductive facies class 'C are significantly thinner 

than the high-quality Middle Shoreface and Foreshore facies (class 'A'). The 

barrier core (central portion of the barrier) has better reservoir quality 

potential than distal parts of barrier-front and back-barrier, where thinner 

and lower energy facies intercolate with nonproductive members of adjacent 

depositional environments. Thus, oil productivity in the "barrier core" 

should be directly proportional to the total thickness of barrier deposits 
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TABLE 4. - Summary of documented reservoir heterogeneities in 
Bell Creek, unit "A" cores; major elements of improved 
geological/engineering model and their preliminary scaling 

A. DEPOSITIONAL HETEROGENEITIES Scale1 

(1) Changing laterally lithostratigraphic patterns of L/M 
facies 
- within one complete barrier sedimentary cycle L 
- between stacked incomplete sedimentary barrier cycles M 

(2) Variation in petrophysical (logs) properties and net M 
pay caused by: 
- distribution of sedimentary structures (bedding M/S 

types, bioturbation, clay laminations) 
- variation of grain size L/M 
- variation of detrital clay content and type L/M 
- variation of sandstone mineralogy M 

(3) Modification of main reservoir geometry and net pay by L 
erosion of barrier island deposits 
- variation in depths of cuts M 
- variation in widths of cuts L/M 
- variation in petrophysical properties of infills 

(sandstones, siltstones and shales) M 

B. DIAGENETIC HETEROGENEITIES 

(4) Changes in diagenetic clays. M 
- dominantly kaolinite M/S 
- forms coatings on framework grains and blocks 

pore throats M 
- effect enhanced by compaction S 
- one of the major control of 0 and k in 

barrier sandstone L/M 

(5) Undercompacted zones S/M 
- Process poorly understood. Diagenetic origin 

explains 1-2 foot thick intervals with as much 
as 11,000 md permeability. Lateral extent 
not yet documented) U 

- can reverse expected 0 and k trends S 

(6) Non-clay cementation S/M 
- calcite-cemented zones (cm-ft-m) thick provide 

local and interwell blockage of fluid flow S/M 
- dolomite, quartz overgrowths create local 

hinderances to fluid flow S 
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TABLE 4. - Summary of documented reservoir heterogeneities in Bell 
Creek, unit "A" cores; major elements of improved geological/ 
engineering model and their preliminary scaling-Continued 

Scale1 

C. STRUCTURAL (TECTONIC) HETEROGENEITIES 

(7) Influence of structural blocking and faulting on hydraulic U/M 
"chocking" or disconnection of fluid flow 
- different vertical displacement and tilting of tectonic 

blocks M 
- Fading of faults in short distances M/S 
- Fault related fracturing of Muddy reservoir U 

- Large scale affecting entire field or productive unit (in miles). 
M - Medium scale affecting predominantly the Interwell area or group of wells 

(hundreds and thousands of feet). 
S - Small scale affecting local fluid flow pattern 1n interwell area (in feet 

or tens of feet). 
U - Unknown scale to date. 

Skull Creek shale and locally unconformably overlain by continental brackish 
and shallow marine valley fills (class 'B' and 'C') and/or marine deposits 
(class 'C'), as shown in figure 5 and table 6. 

because class 'A' sediments predominate 1n the geological sequence. Barrier 

deposits are apparently conformably underlain by marine (class 'C') 

Productivity of Individual wells and efficiency of water and chemical 

Injection within the barrier core will also depend on spatial variation in 

site-specific transmisslvity and hydraulic connectivity between groups of 

wells resulting from diagenetic alterations addressed later, and on local 

faulting. Engineering and production data as well as core, log, and outcrop 

interpretations Indicate significant geological complexities 1n the study area 

of Bell Creek field. 

Reservoir Framework and Quality 

The construction of the geological model of the barrier island deposit at 

Bell Creek was initiated by constructing the reservoir framework of the bar 

deposit. More detailed investigation of the stratigraphy, lithology, sedimentary 

and biogenic structure, grain size distribution, and cementation distribution 

of the different bar facies was made from the examination of 17 cores. 
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TABLE 5. - Classification of productive and non-productive facies 
(documented In cores) of muddy sediments in Bell Creek reservoir 

B - BARRIER 
CLASS FACIES NB - NON-BARRIER 

A 

B 

C 

UJ 

K-
CJ 
=3 
o 
or 
a. 

UI 

> 
t — o => o o 
OT 
Q. 
1 

Z o z 

FORESHORE 
AEOLIAN 
AEOLIAN FLAT 
UPPER SHOREFACE 
WASHOVER 
CHANNEL CUT FILL 
MARINE VALLEY FILL 

MIDDLE SHOREFACE 
WASHOVER (INTO LAGOON) 
MARINE VALLEY FILL 
CHANNEL CUT FILL 
ALLUVIAL VALLEY FILL 
ESTUARY FILL 
WINDBLOWN SAND IN LAGOON 

LOWER SHOREFACE 
LAGOON FILL 
ALLUVIAL VA1LEY FILL 
SWAMP & MARSH 
MARINE TRANSITION TO THE BARRIER 

(UPPER/LOWER) 

(TAIL & CORE) 
(HIGH ENERGY) 
(HIGH ENERGY) 

(LOW ENERGY) 
(LOW ENERGY) 
(HIGH ENERGY) 

(LOW ENERGY) 

- B 
- B 
- B 
- B 
- B 
- NB 
- NB 

- B 
- B 
- NB 
- NB 
- NB 
- NB 
- N 

- B 
- NB 
- NB 
- NB 

'Dominant fades are underlined. 

TABLE 6. - Documented prevailing stacking patterns of Muddy sediments in 
central part of Unit A, Bell Creek field 

COMMON 

C 
A 
B 
C 

C 
B 
A 
B 
C 

LESS COMMON 

C 
A 
C 

C 
B 
C 

A = Best reservoir-quality sandstone facies. 
B = Poor reservoir-quality sandstone facies. 
C = Nonreservoir quality facies. 
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Sedimentary fades identified in cores were correlated laterally, as far 

as practicable, using typical responses of gamma ray, spontaneous potential, 

resistivity, sonic, and density logs. These "core-calibrated log responses" 

provided the basis for maps and cross-sections used to describe the fluid flow 

properties 1n the barrier island sandstones and associated facies. 

A structure contour map on the top of the Muddy sandstones (Fig. 10) 

indicates that the top of the sandstone generally dips to the northwest at the 

rate of about 90 to 100 ft/mile (17 to 19 m/km). As Indicated on the isopach 

map (Fig. 11), the maximum thickness of the barrier deposit 1s about 29 feet 

(8.84 m) 1n the central part of the study area. Sharp flexures occur in the 

contours 1n both the structure and the Isopach maps 1n certain parts of the 

study area. The Isopach map of gross barrier sandstone also Indicates 

variations 1n the sandstone thickness along the sharp flexures which may 

reflect local structural or stratigraphlc features. More detailed work is 

needed to determine the genesis of these features. Possible explanations for 

their origin are either faults or valley Incisions (cuts). 

Note that the extension of some of these flexures farther to the west 

(F1gs. 10 or 11) almost coincides with the flexures 1n the western boundary of 

production Unit A, which are interpreted as deep valley cuts into barrier 

island deposits, as shown 1n figures 5 and 6. 

Variations 1n the properties of the barrier island fades are indicated 1n 

two cross sections D-D', E-E', (locations shown in F1g. 1) constructed using 

gamma ray logs (Fig. 12). In the wells in these cross-sections, the gamma ray 

and sonic logs were calibrated using core-derived fades interpretations. 

Cross section E-E' 1s perpendicular and D-D' is parallel to the depositional 

strike (elongation) of the bar. In these cross-sections, only the high-

permeabillty barrier island sandstone (consisting predominantly of foreshore 

and shoreface fades), low-permeability lower shoreface, and lagoonal 

sediments where confirmed by core descriptions are indicated. The ranges in 

porosity and the permeability values in the foreshore and upper shoreface 

sandstone fades are similar, and for this reason these two facies are 

combined into a single flow unit. However, additional analysis of geologic 

data from wells which were cored or from analogous outcrops may allow 

separation of middle shoreface and foreshore facies by use of logs alone. 

Moreover, fluctuations in the thickness of these two facies make it difficult 

to distinguish them on logs. 
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FIGURE 10. Structural contours (in feet below M.S.L.) on the top of the 
Muddy sandstones. C.I. = 10 feet. 



O 

FIGURE 11. - Isopach map of the Muddy sandstones 1n the study area. 
C.I. - 10 ft. 
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Cross section D-D' indicates that the thickness and reservoir quality of 

the barrier island sandstone improves from southwest to northeast near the 

central part of the barrier deposit. Further southwest, in well 27-14, 

(Fig. 12) the reservoir quality in the barrier is diminished mainly because of 

a still higher percentage of diagenetic clay cementation through much of the 

productive interval. 

Along section E-E', the reservoir quality is strongly influenced by 

cementation by different types of clays and by compaction. 

Petrographic Evidence 

Vertical variations in percentages of total clay, permeability, and 

porosity are shown in figure 13. These data are from samples of the six cored 

wells in stratigraphic cross sections D-D' and E-E' (Fig. 12). The data shown 

in figure 13 are mostly from the barrier island sandstones. Clay content and 

descriptive rock parameters are from 42 petrographic thin-section analyses and 

seven quantitative X-ray diffraction analyses in five wells. Air permeability 

and porosity data were taken from available core analyses. There is a general 

inverse relationship between permeability and clay percentage. Because the 

clay 1s commonly diagenetic, these characteristics vary among and within 

depositional facies within individual wells. 

Foreshore and upper shoreface sandstones have similar petrographic 

characteristics. The average clay content increases with distance in most 

fades 1n wells to the west of well C-8 (Fig. 13). Among those studied, well 

27-14 contains the highest percentages of clay (matrix and clay cement). In 

this well, total clay content averages 16 percent (3 percent matrix, 13 

percent authigenic clay). As expected, the permeability fluctuates greatly 

(36 to 948 md). 

In well W-16, the increase in clay content of the foreshore facies from 

less than 1 to 4 percent over an interval of 1 ft (4,312 and 4,311 ft) is 

accompanied by a significant increase in permeability from 269 to 1,935 md. 

The increased permeability at 4,311 ft is due to relative changes in 

compaction. Also, the increased compaction observed in thin sections resulted 

in increased packing and smaller pores. The samples at 4,308 and 4,312 ft are 

highly compacted resulting in lower permeability (197, 269 md) and porosity 

(19.7, 20.2 percent) values, whereas the sample at 4,311 ft is undercompacted 
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and has a higher permeability (1,935 md) and porosity (26.7 percent) relative 

to the samples above (4,308 ft) and below (4,312 ft). These observations 

indicate that although changes in percentage of total clay generally reflect 

permeability trends and indicate changes in depositional facies (low "k" in 

lagoonal and lower shoreface facies, higher "k" in upper/middle shoreface and 

foreshore facies), compaction may locally be the most important diagenetic 

heterogeneity relative to permeability. It follows that in regions severely 

affected by diagenesis actual permeability may not necessarily reflect 

depositional facies because the diagenetic overprint (authigenic clay content 

and compaction) may be dominant. 

Petrographic data from wells in stratigraphic cross-section E-E' (Fig. 13) 

indicate a relatively high total clay percent (9 and 11 percent) in both of 

the more northern wells. Well 27-16 has only 3 percent clay cement, but it 

has as much as 5 percent clay matrix, which is nearly as much matrix as was 

found in samples from well 27-14 (the most argillaceous of the wells studied). 

Within the wells studied, the clay percent and permeability appear to vary 

with depositional facies. Petrographic analysis indicates that backbarrier 

washover facies into the lagoonal setting and lower shoreface facies tend to 

contain more clay cement. Vertical trends in clay content among wells may be 

similar; however, interwell differences in clay content and permeability may 

be significant. For example, along stratigraphic cross-section E-E' (Fig. 13) 

permeability is less than 2,000 md in all cases. None of the cores shown in 

this section have permeabilities as high as those in wells C-8 or P-2. This 

tends to confirm a gradient of better expected production to the northeast 

along stratigraphic cross section D-D' (Fig. 12), and only moderate-to-low 

levels in a N-S direction near the western terminus of stratigraphic cross 

section D-D'. This trend is also reflected in the Dykstra-Parsons 

coefficients (Fig. 14), the clay content (Fig. 15), and the log-derived 

heterogeneity index (Fig. 16) maps. 

Quantitative X-ray diffraction analysis (table 1) confirms the high quartz 

(quartzarenite and subarkose) composition of the barrier island sandstones. 

Within the barrier sands, the clays exhibit a kaolinite and illite ratio of 

2:1 and range up to a maximum of 15 percent. Smectite clays are present in 

all samples in only trace amounts. 
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Similar results were obtained in a regional study by Stone6 who concluded 

that the clays in the shale units are dominantly illite and montmorillonite 

(smectite group), whereas clays in sandstones are almost exclusively 

kaolinite. 

Most of the clays in the sandstones are diagenetic kaolinite and are 

derived from the decomposition of feldspars and other less stable grains such 

as rock fragments. 

Preliminary analysis suggests that three important diagenetic events 

occurred following deposition of the barrier sands. The first was a strong 

leaching event that removed unstable grains and provided oversize pores, and 

the second was the creation of diagenetic clays through leaching of 

feldspars. Precipitation of dominantly kaolinite cement in the barrier island 

sandstones resulted in a significant reduction of permeability in these 

zones. Calcite cemented zones have been identified in Bell Creek cores and in 

nearby analogous outcrops, but they have not yet been studied 

petrographically. The third diagenetic event was compaction, which locally 

provided strong variations in packing across small vertical intervals, 

particularly after leaching of unstable grains. These local packing 

variations may greatly Influence local fluid flow rates and the amount of 

hydrocarbon production. 

DISTRIBUTION OF RESERVOIR PROPERTIES IN THE BARRIER ISLAND DEPOSIT 

Porosity and horizontal air permeability measurements from subsurface core 

plugs from Bell Creek field have been plotted adjacent to the gamma ray logs 

in the two cross-sections D-D' and E-E' (Fig. 12). The porosity and 

permeability profiles closely follow the general description of the quality of 

sandstone facies. The two cross-sections indicate evidence of strong 

permeability stratification resulting from the various reservoir 

heterogeneities. Permeability variations along these two sections suggest 

that the continuity of individual low-permeability streaks is limited, and 

that within the TIP area the reservoir heterogeneities do not subdivide the 

foreshore and upper/middle shoreface portions of the barrier sand into 

separate flow units. 

The available core permeability data have been used to construct a map 

(Fig. 14) showing the distribution of Dykstra-Parsons coefficients of vertical 
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permeability variations of the barrier sandstone in the study area. The 

Dykstra-Parsons plots for a few of the wells (mainly in the periphery of the 

study area) were rejected because the permeability distributions are obviously 

not log normal, and in a few others some discretion was necessary in drawing 

the best straight line fit. The map should nevertheless reflect the general 

variation in the vertical distribution of permeability of the barrier island 

deposit. 

Fig. 14 shows that the central part of the bar deposit and the area 

slightly east of 1t are the most homogeneous (low Dykstra-Parsons values), and 

the area Immediately southwest of the bar axis is the most heterogeneous. The 

area northwest of section 22 is also relatively more homogeneous. 

Cross-plots of core air permeability and porosity data from the study area 

indicate that in most areas there is a strong correlation between porosity and 

permeability, except for heavily cemented areas where the relationship becomes 

less clear. The geometric means of available core permeability data from 

major productive barrier island in peripheral areas facies have been plotted 

in Fig. 17. Because of limited data, contours are shown only for the central 

part of the study area. This map indicates that the highest geometric mean 

permeabilities trend in a northeasterly direction in the central part of the 

study area. The area of highest mean permeabilities also coincides with areas 

where the sandstones are the cleanest (Fig. 16). 

Distribution of Reservoir Properties From Log Interpretations 

The areal distribution of average porosity from the high-permeability 

barrier island facies (foreshore and upper/middle shoreface) in the study area 

has been determined by analysis of density log data. 

The logs run at Bell Creek have been affected to various degrees by 

dispersed clays filling the pores. The density logs seem to be least 

affected by clay infilling because tests run in the laboratory found the clay 

density to be between 2.60 and 2.63 g/cm3, which is near the matrix density of 

quartz (2.65 g/cm3). The effect of the dispersed clays on the density logs 

should, therefore, be small, and the porosities derived from density logs 

should be reasonably representative of the true or effective reservoir 

porosity of the barrier sandstone. 
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The average porosities of the barrier sandstone obtained from analysis of 

51 density logs from the study area have been contoured in Fig. 18. Zones 

with the highest porosity are located near the axis of the bar and slightly to 

the east. There are intervening zones with low porosity values between these 

highly porous zones. Immediately to the west of the axial position are 

elongated zones with distinctly lower porosity. 

The porosity distribution seems to have been affected in certain areas by 

the structural or diagenetic features previously discussed. 

Heterogeneity Index Map 

Analysis of sonic log data from the Bell Creek field indicates that the 

sonic deflections from the baseline are strongly influenced by inhomogeneities 

in the sandstones. In a purely homogeneous sandstone, the deflections are 

nearly uniform through most of the reservoir interval; however, as more and 

more heterogeneities are introduced, the sonic deflections become much less 
1 2_ 1 3 

uniform. The amount of deviation of the sonic deflections from the 

perfectly homogeneous case is an indication of the type and degree of 

heterogeneity in the sandstone "framework." 

The sonic response T c across a perfectly homogeneous, clean sandstone zone 

is dependent upon the matrix velocity of the sandstone, the sonic velocity of 

the pore fluid, porosity, rock compaction, etc. In the more heterogeneous 

sandstone, the average deflection, T A V, is closely related to the factors 

influencing the homogeneous sandstone, but the fluctuations in the deflections 

will be largely determined by the inhomogeneities in the sandstone matrix. An 

estimate of the amount of fluctuation (which is a function of the degree of 

heterogeneity) can be obtained by taking the standard deviation of the sonic 

deflections. The standard deviation (hereafter called the log-

derivedheterogeneity index (LHI) can be estimated as follows: 

N 

LHI - / 1'1 < T V T/W>? (1) 

where T^ is the sonic deflection in the ith interval and N is the total number 

of deflections in the heterogeneous sandstone. 

The LHI is a general heterogeneity index and includes all types of Figure 
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inhomogeneities in the sandstone. The magnitude of the LHI values is 

dependent upon the sonic velocities of these inhomogeneities. 

In the study area, 48 sonic logs were analyzed to provide average LHI 

values of the main barrier island sandstone at the well locations. The 

distribution of LHI values shown in figure 16 indicates that low LHI values 

are clustered in the center of the mapped area near the axis of the bar and 

slightly to the east. Sandstones in this area are relatively "cleaner" and 

contain very little clay or other cements or their pores are relatively free 

from compaction. The high LHI values extending north-south through sections 

22 and 27 indicate a higher degree of cementation and clay filling. In the 

extreme northwestern corner of section 22 and extreme southwestern corner of 

section 27, the LHI values are small, indicating good quality of reservoir 

rocks. 

Distribution of Clays 

Combined density and sonic log analyses were performed " in order to 

obtain an estimate of the clay content in the different parts of the bar 

deposit. 

In a friable sandstone, such as the barrier island sandstone at Bell 

Creek, the sonic log measures the total porosity of the rock matrix because 

the dispersed clays respond like slurries to the sonic tool and there is a 

dampening of transit times in the clay-filled zones. 

In a sandstone having dispersed clays, the sonic porosity, <|>s, is given 

by14 

*s = Cp <• + Vdis> (2) 

where CD is a compaction factor which is greater than 1, and <t> is the 

effective porosity, and V ^ is the volume of dispersed clay. 

In uncompacted formations, a value for Cp may be obtained by comparing <t>s 

and ^ (porosity from density logs) in clean, liquid-filled sands. A few 

clean sandstones from the study area were identified by cross-plotting the 

density and sonic transit time values for a large number of sandstone 

samples. Having identified the clean sandstones, the compaction factor, Cp, 

is obtained as follows: 
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C P = 5 (3> 
The average value for C_ obtained for the study area is 1.17. 

In equation 2, the density logs provide good estimates of <t> in filtrate 

invaded and in water sands because the density of dispersed clays (about 2.60 

to 2.63 g/cm ), is near the matrix density of the sand which is 2.65 g/cm3. 

Therefore, in clean water sands we can assume that <t> = <t>d. 

The clay volume indicator, q is defined as Vdis^im wnere *im ̂ s t'ie 

intermatrix porosity which includes all the space occupied by fluids and 

dispersed clays. For Bell Creek field, a reliable estimate of <t>im may be 

obtained from sonic log data from the relationship <t>. = ~^-

From equation 2, 

and 

Because permeability in the study area has been strongly influenced by clay 

content and compaction (see the discussion on Petrography, Porosity and 

Permeability), the distribution of "q" values is expected to correlate with 

fluid recovery trends in the study area. The distribution of "q" values 

plotted as a percentage of intermatrix porosity is shown in figure 15. The 

map indicates elongated, relatively clay-free zones in the central and eastern 

part of the mapped area, with intervening zones of high clay content. The 

clay content increases to the west and southwest in the central part of 

section 27 and directly north of it. The distribution of clay content has 

strongly affected fluid production in the study area as discussed further 

under Production Performance Analysis. 

PRODUCTION PERFORMANCE ANALYSIS 

Primary Production Analysis 

In most cases, production from the Muddy sandstone has been both from the 

upper sandstone (assumed to be nonbarrier) and from the barrier island 

sandstone. Compared to the barrier island sandstone, the upper sandstone is 

Ts 
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CP 

•s 
CP 
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•d 
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much thinner. Its overall permeability and porosity are normally much less; 

therefore, its contribution to overall production is also proportionately much 

less in most places. 

A map of primary reserves covering 4 square miles (10.36 km2) in sections 

22, 23, 26, and 27 was prepared from production decline analyses of all the 

producing wells extrapolated to 1 STB/d (0.15 m3/d) per well (Fig. 19). This 

isoprimary reserves map shows that regions of highest primary reserves are two 

elongated zones running north-south in the central part of the area of 

investigation. 

Based on the cumulative primary production map (September 1970) and 

primary reserves (Figs. 19 and 20) in the study area, it is determined that 

the primary production was interrupted by initiation of waterflooding when 

two-thirds of the primary reserves had been produced. Comparison of figures 

19 and 20 indicates that wells with high cumulative primary production 

generally appear where the primary reserves are high. 

However in a few places, the primary production did not always deplete the 

regions with high primary reserves at a rate proportional to the reserves 

(Figs. 19 and 20). Examples of such production anomalies are in the western 

half of section 23, in the well 26-3 area, the northeastern quarter of section 

27, and the region around wells 27-9 and 27-10. It is also evident from these 

maps that wells near the eastern extremity of Unit A have lower reserves 

because both net pay and porosity decrease toward the lagoonal (eastern) part 

of the barrier island reservoir. 

Low primary reserves and production also occur in the region around wells 

26-6 and 26-11. In addition, figure 19 indicates a wide variation in reserves 

along the western edges of sections 22 and 27. These variations are partly 

due to reservoir heterogeneities and partly due to the variable position of 

the oil-water contact. 

It is expected that the peak monthly primary oil production rate in the 

study area shown in figure 21 is influenced by nongeological factors. These 

include paraffin deposition, sand production, stimulation practices, and 

completion practices as well as state regulations. The peak monthly oil 

production rate occurred between the latter parts of 1967 and 1968. The 

region of the highest peak primary production rate is in the southeastern 
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quarter of section 22. Rather sharp drops in the peak oil production rate 

occurred along the eastern and southern boundaries of section 22, indicating 

that lower transmissibilities exist in this region. This is also evident from 

the analysis of pulse tests perforaed in this region (Fig. 22). Results of a 

limited number of drill stem tests performed in the four sections under study 

agree with the pattern of peak primary production in the boundaries of 

sections 23, 26, and 27. Comparison of regions of high peak production rates 

with regions of high cumulative primary production (Fig. 20) and reserves 

(Fig. 19) shows that the three regions do not always coincide. Regions of 

high cumulative primary production and high primary reserves coincide with 

regions of highest geometric mean permeability, lowest heterogeneity indices, 

low clay content, and low Dykstra-Parsons coefficients (Figs. 14, 16-21). 

This might be due to fracturing ocoirring in association with faulting of the 

producing sandstone, or the presence of the high-permeability layer in this 

region. 

FIGURE 22. - Pressure pulse and failoff test results prior to 
initiation of chemical flooding. The large numbers 
beside an arrow indicate water flow capacity in the 
indicated direction. 
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Secondary Production Analysis 

A map showing cumulative waterflood production through September 1986 has 

been prepared for watercuts exceeding the 90 percent level for most parts of 

the study area (Fig. 23). Initially, injection wells were located in the 

western part of sections 22 and 27, and additional injectors were later 

completed in the eastern part of Unit A. In 1978, a line of injectors was 

located in section 23 that extended northward into section 14. Later most of 

the injection wells were recompleted to improve the flooding of the barrier 

island sandstone. Waterflooding of Unit A succeeded in recovering more than 

50 percent of the OIP, greatly exceeding what would have resulted from primary 

production. Examination of the isocumulative waterflood production map (Fig. 

23) shows that in spite of the presence of heterogeneities in the study area, 

the linedrive pattern of flooding resulted in good recovery in some parts of 

the barrier including the middle of section 23 and the northern half of 

section 26. The injected water pushed the oil updip into the thinner part of 

the barrier and still further updip within the lagoon where the reservoir 

properties deteriorated rather abruptly and the sandstones have low 

permeabilities. 

However, the presence of heterogeneities around wells 26-6, 26-11 and 

extending toward wells 26-10 and 26-9 interrupted the high waterflood recovery 

trend in the middle of section 26 (Fig. 23). Figure 23 also shows an 

anomalous zone separating sections 22 and 23. 

Secondary Waterfront Movement Analysis 

The injection information for Unit A of Bell Creek field was analyzed and 

mapped (Fig. 24). The advance of the 20 percent water production front 

through January 1981 indicates that two north-south and east-west oriented 

discontinuities have contributed to the lack of transmissibility across the 

field (near the junction of sections 22, 23, and 27) during the water-

injection process. The advancing waterfront in the reservoir also was 

influenced by the presence of clay-filled zones. As an example, 

heterogeneities around wells 26-6, 26-11, and 26-10 have adversely affected 

waterfront advancement. 

Heterogeneities around wells 23-15, 23-16, and 26-2 have also retarded 
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normal fluid movements. Normal water advancement occurred in regions with 

best reservoir properties as indicated in clay, reserve, and production 

maps. Early water breakthrough was recorded in wells 22-9 and 22-10; this is 

attributed to high-permeability channeling, the exact nature of which is 

presently under investigation. 

Tertiary Production Analysis 

A tertiary cumulative production map (production from December 1980 to May 

1986) of the TIP area is shown in figure 25. Chemical flooding during the 

tertiary phase of production was conducted with 10-acre (40.47 x 103 m2) well 
1 6 

spacing, and a series of water injectors was placed around the pilot to 

prevent the escape of the injected chemical and mobilized crude oil. 

Examination of the cumulative tertiary production map shows that the highest 

oil production occurs mainly where the clay content of the formation was least 

and the primary production was highest (Figs. 15 and 20). 

Pressure Transient Testing Analysis 

Several pressure-pulse tests and falloff tests were conducted in the TIP 

area in the later stages of waterflooding (Fig. 22). The pulse test results 

show the variation of flow capacity (Kwh). Indications are that the flow 

capacity is reduced at the boundaries between sections 22 and 27 and between 

sections 22 and 23 and in the middle portion of section 27. These tests 

indicate good flow capacity around wells 26-4, C-6 and C-8. 

VERIFICATION OF GEOLOGICAL AND ENGINEERING MODEL OF RESERVOIR 

Figure 26 summarizes the primary reserves distribution and primary, 

secondary, and tertiary production performances in the study area of Bell 

Creek field. By comparing production data from each of these stages with 

areas of known and probable geologic heterogeneities, an assessment may be 

made of the accuracy of the geological and engineering model of the reservoir 

developed. In the production performance analysis, production from both the 

upper (valley fill) sandstone and the barrier island sandstone have been 

considered, whereas present analysis of geological heterogeneities from logs 

has been for the barrier island sandstone only. Since there will be at least 

some contribution to production from the upper sandstone in most places, exact 
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correspondence is not expected between production data and geological 

heterogeneities. Major geological and production anomalies were observed in 

the following areas: 

1. Increased heterogeneity resulting from clay cementation or compaction 

around wells 22-13 and 22-14 (Figs. 15 and 16) has adversely affected 

the productivity and reserves in this region even though the thickness 

of the barrier sandstone in section 22 is near maximum. The index of 

heterogeneity in the nearby well 22-11 is also high (Fig. 16), but 

there is a thin high-permeability layer in this well which is probably 

responsible for the good ultimate primary recovery and peak primary 

production rates (Figs. 20 and 21) from this well. From the 

deflection of the peak production rate contours (Fig. 21), it appears 

that the high-permeability layer trends in a northwesterly direction 

in this area. 

2. Lower primary reserves in wells 22-9 and 22-16, rapid depletion of 

these wells, and poor communication between wells 22-16 and P-3 (Figs. 

19-24) indicate the possibility of the presence of some structural or 

diagenetic features close to the boundary between sections 22 and 

23. This anomaly may be responsible for lower transmissibility that 

restricts the drainage volume of these wells as well as the 

restriction of injection water movement across the field. 

3. Lower flow capacity as indicated from pulse tests and rapid lateral 

variations in reserves, peak production rate, and cumulative primary, 

secondary, and even tertiary production data (Figs. 20-25) indicate 

the possible presence of flow barrier in the southeastern corner of 

section 22. Abrupt changes in contour orientation on the structural 

contour map (Fig. 10) suggest the possible presence of a northwest-

southeast striking fault in this region or valley incisions into the 

best productive sandstones. The high peak primary oil production rate 

1n the region around wells 22-7, 22-15, and 22-16 and very early water 

breakthrough in well 22-9 might also be explained by the presence of 

high-permeability channels. 

4. Lower storage and flow capacities are observed along the eastern 

boundaries of sections 23 and 26 due to interfingering of backbarrier 

and lagoonal facies. The low permeability of the backbarrier facies 
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has acted as a barrier for the oil bank during waterflood recovery. 

Therefore an elongated zone running north-south in the middle of 

sections 23 or 26 shows the best waterflood performance. The 

reservoir characteristics in this area are also good, with the 

sandstones having good porosity, permeability, and moderate clay 

content (Figs. 15, 17, and 18). 

5. Relatively low values of peak production rate, primary reserves, and 

cumulative primary and secondary production are observed around wells 

26-6 and 26-11. The higher percentage of clays (Figs. 15 and 16), 

which may be either diagenetic or detrital, may be related to a later 

valley incision into the barrier island and may also be responsible 

for the poor production performance in this area. Presence of this 

heterogeneity and the location of water injectors with respect to this 

anomaly have influenced the secondary recovery performance of the 

entire southeast portion of section 26 (Fig. 23). 

6. The continuation of the heterogeneity discussed in item 1 appears 

around wells 27-6 and 27-11, in section 27, influencing the peak 

production and reserves distribution in this area. The presence of 

diagenetic clays indicated by petrographic observations (Fig. 13) or 

structural features may be the cause of drastic reduction in porosity 

and permeability in this region. The barrier island thickness, 

however, 1s near maximum in this area. Note that the postulated 

structural or diagenetic features pass in a north-south direction 

through the anomalies mapped in the center of section 27 (Figs. 15 and 

16). The secondary production performance of the surrounding wells 

(such as wells 27-14 and 27-15) was significantly improved due to the 

diversion of Injected water around the low-permeability zone or the 

recompletion of the Injectors in the upper sand, or both. 

7. Reservoir quality is quite variable along the western margin of 

sections 22 and 27. This is reflected in the porosity distribution 

(Fig. 18), heterogeneity index (Fig. 16), clay content (Fig. 15), 

Dykstra-Parsons coefficient (Fig. 14), primary peak production rate, 

and reserves maps (Figs. 19 and 21). This alteration in production 

behavior cannot be readily explained by inferred barrier island 

architecture; however, it may be related to the proximity to valley 

fill or water-oil contacts that define the western margin of Unit A. 
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The high cumulative oil production in some of these areas is 

attributed to the presence of the high-permeability layers discussed 

in item 1. 

8. The western margin of Unit A is terminated by a valley cut and fill 

resulting in an abrupt change in reservoir quality from good to 

nonreservoir facies (Fig. 5). 

9. Regions of highest cumulative primary or waterflood production have 

highest geometric mean permeability (Fig. 17) but do not coincide with 

regions of highest peak production rates (Fig. 26). Highest peak oil 

production rate appears to be influenced by state production 

regulation guidelines. 

10. The best part of the reservoir with high storage and flow capacities, 

as indicated by highest primary cumulative production, reserves, and 

highest geometric mean permeability (Figs. 17, 19-20), are in the 

northeastern portion of section 27 and the southwestern portion of 

section 23. The sandstones in this area have the best reservoir 

quality; they have the least clay content and are the thickest (Figs. 

11, 15, and 16). Slightly west of the above area is the part of the 

barrier with highest peak primary production rates (Fig. 21). 

11. The region with highest tertiary production agrees well with the 

region having lowest clay content (Figs. 15 and 16), highest primary 

reserves (Fig. 19), and highest cumulative primary production rate 

(Fig. 21). This observation clearly demonstrates the high sensitivity 

of chemical EOR production to clay content in sandstone formations. 

CONCLUSIONS 

1. A geological model has been constructed providing significantly 

improved sedimentologic and stratigraphic evaluation of the barrier 

island Muddy reservoir and related deposits that contained detailed 

information for identification of major heterogeneities on a variety 

of scales. 

2. A wide variety of scales of heterogeneities occur within the field. 

Large-scale heterogeneities are the result of facies changes, valley 

fills, sand-shale boundaries, and faults; moderate scale 

heterogeneities result from clayey beds, cemented zones (clay and 

calcite), and high permeability channels (perhaps fractures); small-
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scale heterogeneities are due to diagenetic clays, compaction effects, 

leaching of minerals, and cementation. 

3. Production in Unit A is primarily from several stacked shallowing-up 

barrier-island sandstones. Within the barrier, facies recognized are 

foreshore, upper shoreface, lower shoreface, transition, washover and 

perhaps a backshore. Two periods of postbarrier erosion and shale and 

sandstone valleyfill are related to two fluctuations in sea level. 

Earlier valley incisions were broad and relatively shallow and 

commonly involved reworking the top of the barrier. Younger valley 

fill deposits along the west side of Unit A are 30 ft thick where 

erosion has cut completely through the barrier. 

4. Production/Injection performance analysis in the 4 section area of the 

barrier island field at Bell Creek indicates good correlation between 

the improved geological model of the reservoir and the associated 

heterogeneities with fluid production and injection patterns in the 

primary, waterflood, and tertiary methods of oil recovery. 

5. The Investigation demonstrated a strong influence of multigenetlc 

(depositional, diagenetic, and structural) heterogeneities on fluid 

movement in the reservoir. 

6. The highest quality reservoir sandstone (with good porosity, 

permeability, and low clay content) is encountered in the central part 

of the barrier island deposit. In the distal parts of the lagoonal 

side of the barrier where thinner and lower energy facies intercolate 

with nonproductive fades, the reservoir quality is poorer. NE-SW 

trending zones with good production performance (high porosity and 

permeability) are generally oriented parallel to the depositional 

strike of the barrier island sandstones. Cement-rich, poor-quality 

reservoir sandstones occupy areas between the highly productive zones. 

7. The area showing the best waterflood performance lies between the 

central part of the barrier deposit and the backbarrier facies. This 

is attributed to low-permeability facies acting as a barrier to the 

oil bank swept by the water during waterflood recovery. 
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