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ABSTRACT 

e objective of this Class III project is to demonstrate that detailed reservoir characterization 

tic reservoirs in basinal sandstones of the Delaware Mountain Group in the Delaware Basin 

t Texas and New Mexico is a cost.,effective way to recover more of the original oil in place 

bys tegic infill-well placement and geologically based field development. Reservoirs in the 

Dela are Mountain Group have low producibility (average recovery <14 percent of the original oil 

in pl e) because of a high degree of vertical and lateral heterogeneity caused by depositional 

ses and post-depositional diagenetic modification~ Detailed correlations of the Ramsey 

one reservoirs in Geraldine Ford field suggestthat lateral sandstone continuity is less than 

eted by previous studies. The degree of lateral heterogeneity in the reservoir sandstones 

. ts that they were deposited by eolian-derived turbidites. According to the eolian-derived 

·te model, sand dunes migrated acrossthe exposed shelf to the shelf break during sea-level 

nds and provided well sorted sand for turbidity currents or grain flows into the deep basin. 

yclic changes in sea level were an important cause of vertical heterogeneity in the reservoir 

1 at Geraldine Ford field. Ramsey sandstones were deposited during periods ofrelative sea

all in high-order cycles. Laterally continuous organic-rich siltstones, which were deposited 

·ods ofrelative sea-level rise during the high-order cycles, create vertical flow barriers within 

ervoir. The sealing facies above the Ramsey sandstone is interpretedto be a particularly 

effe t ve trap because it was deposited at a time of sea-level rise at three scales of cyclicity. 

enetic models ofbasinal sandstones and mapped sandstone-body geometry indicate that 

sions of reservoir flow units are commonly smaller than the.distances separating even the 

losely spaced wells (20-acre well spacing). Reservoir strata comprise thin, higher 

pe ability sandstone lenses encased in nonreservoir siltstones. The internal arrangement and 

ng patterns of the Geraldine Ford sandstones suggests that they may have been deposited as 

nsation lobes that formed by individual beds being deposited in the adjacent topographic 
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ssion created by deposition of the immediately preceding bed. The amount of channelization 

se distal, basin-floor deposits is uncertain. The reservoir facies may represent submarine-

el deposits encased within lower permeability lobe deposits or, alternatively, the reservoirs 

e thick-bedded sandstone lobes and the nonreservoir facies are interbedded thin-bedded lobe-

ermeability measurements and petrographic relationships indicate that during burial 

nesis additional heterogeneity was caused by nonuniform precipitation of authigenic calcite 

lays in reservoir sandstones. The porosity and permeability data were subdivided and 

ated by stratigraphic unit and examined vertically through the unit. The Ramsey IA, lB, IC, 

, sandstone units have remarkably similar permeability characteristics, with distributions 

d from the expected log normal distribution and modal values of about 32 md. The skewed 

ution is tentatively interpreted as the result of combining more than one population with 

ent permeability characteristics. Permeability varies systematically with position in each 

ey sandstone unit, with highest values as well as the highest average permeability at the top 

h unit andlowest average immediately (~l ft) below. Some of the samples at the top of the 

ave slightly higher permeability relative to porosity on a porosity versus permeability cross 

hich might indicate permeability enhancement as a result of leaching. The low values may 

pond to calcite cementation commonly observed about .1 ft below the top of some units. 

ecause of these complex reservoir heterogeneities, it is likely that untapped and poorly 

d compartments lie within most Delaware sandstone fields. 

EXECUTIVE SUMMARY 

lope and basin elastic reservoirs in sandstones of the Delaware Mountain Group in the 

are Basin of West Texas and New Mexico contained more than 1.8 billion barrels (Bbbl) of 

discovery. Recovery efficiencies of these reservoirs have averaged only 14 percent since 

ction began in the 1920's, and thus a substantial amount of the original oil in place remains 

I duced. In this project, the Bureau of Economic Geology, The University of Texas at Austin, 
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and onoco Inc. are deploying advanced reservoir characterization strategies to optimize recovery 

fro • Geraldine Ford and Ford Westfields, which produce from the two most prolific horizons in 

the laware Mountain Group in Texas. The goal of the study is to demonstrate that reservoir 

terization, using 3-D seismic data, high-resolution sequence stratigraphy, and other 

tee • ques, and integrated with reservoir simulation, can optimize infill drilling and Enhanced Oil 

ery (EOR) projects. Through technology transfer workshops and other presentations, the 

ledge gained in the comparative study of these two fields with 89 MMbbl of remaining oil in 

will then be applied to increase production from the more than 100 other Delaware Mountain 

reservoirs, which together contain 1.6 Bbbl of remaining oil. 

ork performed during the first year of the contract focused on tasks associated with project 

smrt tp. activities,· data collection, and initial reservoir ch. aracterization. A major task acc. omplished 

this 'rar was designing, acquiring, and processing a 3-D seismic survey from a 36 square mile 

area over Geraldine Ford and Ford West fields and the nonproductive area in between. Reservoir 

char bterization this year was focused on the larger field, Geraldine Ford, to evaluate large-, 

inte I ediate-, and small-scale heterogeneities. Evaluation oflarge-scale heterogeneity is being done 

p rily using the seismic reflection data. Intermediate- to small-scale heterogeneity caused by 

itional and diagenetic processes are being studied using well logs, outcrop data, cores, and 

, imaging. Geophysical log and core data have been assembled, and core-analysis data from 

eraldine Ford wells were entered into spread sheets. Log curves were digitized, and old 

a-ray curves were normalized to API units. Important marker horizons in the reservoir 

al and the nonproductive section above and below were correlated on all logs in Geraldine 

reld, and the data have been entered into a LandmarkOpenWorks™ data base. 

nitial reservoir characterization indicates that the productive Bell Canyon sandstones in 

ine Ford field are more heterogeneous both vertically and laterally than previously 

ized. A new depositional model has been proposed to explain the distribution, texture, and 

geo try of these sandstones---accumulation in compensation lobes in an eolian-derived turbidite 

syst ] . This model interprets the reservoir interval at Geraldine Ford field as being composed of 
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man small-scale sandstones that amalgamate into a 2-mi-wide submarine-lobe complex. Within 

the 11 ger lobe complex, high-permeability reservoir sandstones are encased in low-permeability, 

ervoir sandstone and siltstone. 

ermeability distribution in the reservoir is also influenced by diagenetic changes, particularly 

non- niform precipitation of authigenic clays, calcite, and anhydrite, and subsequent dissolution of 

som calcite and anhydrite. Permeability varies systematically with position in each Ramsey 

san s one unit, with highest average permeability at the top of each unit and lowest average 

diately below. 

!n the coming year, this depositional and diagenetic model will be tested and refined in 

Ger rine Ford and Ford West fields using seismic, log, core, and outcrop data, in order to 

dev lop a better understanding of the depositional processes that formed the reservoir sandstones 

and f e diagenetic processes that modified them during burial. Outcrop studies will be particularly 

imp ,rant to determining the size of sandstone bodies. Subsurface data indicate that the dimensions 

of r . Jervoir sandstones are commonly smaller than the distances between wells, but their size 

ca t be determined from subsurface data alone. Outcrop investigations will provide critical 

ation on sandstone dimensions that will be used in simulations of the reservoir in the 

de onstration area. Because Geraldine Ford and Ford West fields produce from the two most 

prol
1

• he horizons in the Bell and Cherry Canyon Formations, reservoir characterization of these two 

will provide insights that can be applied to these zones in other fields in the basin. 

INTRODUCTION 

Summary of Project Objectives 

The objective of this project is to demonstrate that detailed reservoir characterization of slope 

asin elastic reservoirs in sandstones of the Delaware Mountain Group in the Delaware Basin 

of est Texas and New Mexico is a cost effective way t9 recover a higher percentage of the 

ori i al oil in place through strategic placement of infill wells and geologically based field 
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deve , pment. One of the most important lessons learned from 7 5 years of reservoir development 

expe ·ence in the Permian Basin is that comprehensive geologic and engineering investigations of 

rese air character (that is, description of the geologic controls on engineering attributes and the 

of internal heterogeneity on the distribution of hydrocarbons) are essential prerequisites for 

ing efficient production strategies (Ruppel and others, 1995). Primary production, infill 

drilli g, waterflooding, and enhanced oil recovery operations undertaken without thorough 

rese I air characterization will not realize maximum potential production. The goal of this project is 

to d I onstrate that reservoir characterization incorporating 3-D seismic and reservoir simulation 

can : timize infill drilling and enhanced oil recovery (such as CO2 flood) projects and thus increase 

tion and prevent premature abandonment of slope and basin elastic reservoirs in mature 

Project Description 

is project involves a comparative reservoir characterization study of two prolific middle 

Pe an slope and basin elastic reservoirs in the Delaware Basin, West Texas, followed by a field 

stration in one of the fields. The fields being investigated are Geraldine Ford and Ford West 

) fields in Reeves and Culberson Counties, Texas (fig. 1). Geraldine Ford field, which is 

ope aited as the Ford Geraldine unit by Conoco, Inc., produces at 2,600 ft from a stratigraphic trap 

int J upper part of the Bell Canyon Formation of the Delaware Mountain Group. The 99 million 

bbl f original oil in place (Pitta way and Rosato, I 991) makes it the largest Delaware Mountain 

Gro I field in the basin. Thirteen years of primary production and 26 years of secondary 

(wa rflood) and tertiary (CO2 flood) development in the Ford Geraldine unit have resulted in a 

rec ery efficiency of only 26 percent. This recovery efficiency is higher than that of most 

oirs in this play because the Ford Geraldine unit is one of the first to undergo tertiary 

dev. opment. Thus, secondary and tertiary recovery programs at Ford Geraldine unit resulted in 

incr bental recovery, but overall recovery efficiency remains poor because reservoir heterogeneity 

cau s serious producibility problems. 
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Figure 1. Location of Geraldine Ford and Ford West (4100') fields in Reeves and Culberson 
Counties, Texas. 
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The other field being studied, Conoco's Ford West (4100) field, is still in primary production 

deeper (3,400 ft) slope and basin elastic reservoirs. This field located 2 mi to the west is an 

up extension of Geraldine Ford and produces from a similar style trap in the upper part of the 

un lying Cherry Canyon and basal Bell Canyon Formations (fig. 2). After 19 years of 

dev topment, an estimated 5 percent of the original oil in place has been recovered at Ford West. 

Alt ugh the reservoir zones in Geraldine Ford and Ford West fields are among the most prolific 

slo ! and basin elastic reservoirs in the Delaware Basin, at these low recovery efficiencies much of 

the • il will remain in the ground unless new recovery methods are developed. 

Project Structure 

Project objectives are divided into two major phases. The objectives of the reservoir 

cterization phase of the project are to provide a detailed understanding of the architecture and 

ogeneity of the two fields, Ford Geraldine unit and Ford West field, and to compare Bell 

Ca yon and Cherry Canyon reservoirs. Reservoir characterization will utilize 3-D seismic data, 

resolution sequence stratigraphy, subsurface field studies, outcrop characterization, and other 

tee iques. Once the reservoir-characterization study of both fields is completed, a pilot area of 

app ximately 1 square mile in one of the fields will be chosen for reservoir simulation. 

The objectives of the implementation phase of the project are to (1) apply the knowledge 

ga • , . d from reservoir characterization and simulation studies to increase recovery from the pilot 

are , (2) demonstrate that economically significant unrecovered oil remains in geologically 

res, vable untapped compartments, and (3) test the accuracy ofreservoir characterization and flow 

lation as predictive tools in resource preservation of mature fields. A geologically designed, 

e ced-recovery program (CO2 flood, waterflood, or polymer flood) and well-completion 

am will be developed, and one to three infill wells will be drilled and cored. Through 

ology transfer workshops and other presentations, the knowledge gained in the comparative 

of these two fields can then be applied to increase production from the more than 100 other 

are Mountain Group reservoirs. 
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Characterization of Reservoir Heterogeneity 

he architecture of sandstones in elastic reservoirs has a direct impact on hydrocarbon 

ry efficiency. Internal features within reservoir sandstone units define the geometry of fluid 

ays that control the efficiency of hydrocarbon migration to the well bore and therefore 

prov re fundamental constraints on the ultimate volume of oil and gas that remain in the ground 

whe the reservoir is abandoned (Tyler and others, 1992). Understanding the details of reservoir 

arch tecture and its inherent control on fluid migration is critical to efficiently targeting the 

rem i ing recoverable oil resource in mature reservoirs. 

lope and basin elastic systems are characterized by a high degree of vertical heterogeneity, 

whi li results in low recovery efficiency, generally less than 20 percent (Tyler and Gholston, 

198: I_ Delaware Mountain Group reservoirs are no exception. Original oil-in-place in the Delaware 

Basi Submarine-Fan Sandstone Play (or simply Delaware play) was estimated to be L8 billion 

barr s (Bbbl) (M. Holtz, personal communication, 1994). By 1994, cumulative production from 

this ray was approximately 251 million barrels (MMbbl), an average recovery efficiency of 

14 ' rcent. 

ateral heterogeneity in slope and basin elastic systems has not generally been considered a 

control on recovery efficiency (Tyler and Gholston, 1988), but recent work suggests it is 

important than has previously been recognized. Outcrops studies of deep-basin turbidite 

dep rs of the Jackfork Group in Arkansas. (Slatt and others, 1992) have. demonstrated that lateral 

het rgeneity is commonly greater than can be recognized from gamma-ray logs spaced 150 to 

185 I apart (fig .. · 3 ), and deep-water sandstones may be mistakenly interpreted from subsurface 

da s being more laterally continuous than they actually are. Identifying the vertical and lateral 

het , geneity in the Delaware Mountain Group sandstone reservoirs and taking that information 

intd ccount to design the pilot project are the goals of the reservoir characterization phase of this 

9 
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Summary of Progress 

his annual report documents technical work during the first year of the contract, from April 

199 through March 1996. Work performed during the reporting period focused on tasks 

asso iated with project start-up activities, data collection, and initial reservoir characterization. A 

maJ task accomplished this year was designing, acquiring, and processing a 3-D seismic survey 

a 36 square mile area over Geraldine Ford and Ford West fields and the nonproductive area in 

be en. Reservoir characterization began this year and is evaluating large-, intermediate-, and 

sma -scale heterogeneities (Jackson and others, 1993; McRae and others, 1994). Evaluation of 

larg scale heterogeneity is being done primarily using the geophysical data. Intermediate- to small

seal heterogeneity caused by depositional and diagenetic processes are being studied using well 

logs outcrop data, cores, and SEM imaging. 

DELAWARE MOUNTAIN GROUP OIL PLAY 

he Permian Basin is the most prolific, and one of the oldest, oil-producing basins in the 

ental United States, and it still contains an estimated 35 billion barrels (Bbbl) ofremaining 

mo i e oil (Holtz and Major, 1994). Middle Permian (Guadalupian) Delaware Mountain Group 

(fig. 2) comprise a 3,500-ft-thick succession of slope and basin reservoirs in the Delaware 

that· are important contributors to Permian Basin production. The Delaware Basin, the 

wes]' m subbasin of the Permian Basin, is located in west Texas and southeastern New Mexico 

(fig. 4) and extends from Pecos County, Texas northward to Eddy County, New Mexico. Fields 

in t iJ Delaware play produce oil and gas from slope and basin sandstone deposits that form long, 

trends (fig. 5). Structural contours on limestone beds capping the reservoir sandstones 

te monoclinal dip to the east and southeast (fig. 5). Most hydrocarbons are trapped by 

strat , aphic traps formed by an updip lateral facies change from higher permeability reservoir 

san ones to low permeability siltstones. Fields show minor structural closure because linear 

of thick sandstones formed compactional anticlines by differential compaction during burial 

11 
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iero, 1985). Many fields have multiple and tilted oil-water contacts and anomalously thick oil 

s, indicating a hydrodynamic component to the trapping of hydrocarbons (McNeal, 1965; 

I, dividual fields in the Delaware play produce from lenticular sandstone bodies interbedded 

lly with organic-rich siltstone, pelagic carbonate mudstone, and laminated siltstone 

er, 1992; Bureau of Economic Geology, 1993). Reservoir sandstones are depositionally 

and • agenetically complex, with extreme heterogeneity demonstrated by an average 14 percent 

reco I ry efficiency from fields in the play. Dimensions of lenticular and discontinuous sandstone 

bodi s are less than a 20-acre well spacing (933 ft), leaving a high number of untapped or poorly 

d compartments. Deeper pool potential also exists in most Delaware Mountain Group fields. 

xploration typically drilled into the upper part of the Bell Canyon Formation only, leaving 

ed many deeper horizons in densely drilled fields (Gardner, 1992). 

he Delaware play is now mature and has a drilling history of progressive deeper pool 

eries in the Bell Canyon, Cherry Canyon, and Brushy Canyon Formations (fig. 2). In the 

1920' , reservoirs were discovered in the Ramsey sandstone, the upper part of the Bell Canyon 

Fo tion. Geraldine Ford field was discovered in 1956 from shallow (2,600 ft) Ramsey 
! 

one reservoirs. By the late 1970s, more than 100 fields produced from the Bell Canyon 

Fo tion (Williamson, 1977, 1978). In 1952, deeper pools were discovered in the Cherry 

n Formation (Linn, 1985). By 1985, 39 Cherry Canyon fields had been developed. Ford 

West 14100) field, which was discovered in 1976 as an updip extension of Geraldine Ford field, 

prod es from the upper part of the Cherry Canyon Formation. More recently, deeper pool 

discj leries hav~ been made in the Brushy Canyon Formation (DeMis and Cole, 1996). 

e Delaware Basin is an ideal location for a reservoir-characterization study of slope and 

basin lastic reservoirs. Seventy years of exploration and development in the Delaware play 

provi es a wealth of subsurface data. Furthermore, nearby outcrops showing the internal structure 

ofre rvoir strata are present within 24 miles of Ford West and Geraldine Ford fields (fig. 4). The 

prese It Delaware Basin configuration approximates the middle Permian depositional basin. 

14 



Gera ine Ford and Ford West fields are located near the paleogeographic center of the middle 

Pe i n Delaware Basin, about 65 miles from the paleo-shelf margin. 

Models of Delaware Sandstone Deposition 

he depositional processes that formed the sandstones of the Delaware Mountain Group have 

ebated for many decades. Modem workers agree that these sandstones were deposited in 

ater, but several depositional hypotheses have been suggested, and to date, no agreement 

The papers in the volume edited by DeMis and Cole (1996), in particular the paper of . 

and Brady (1996) summarize these theories in detail. 

1 he major depositional hypotheses for Delaware Mountain Group sandstones are as follows: 

marine-fan complexes formed by turbidity-current deposition during lowstands of sea level 

ermain, 1966; Jacka and others, 1968, 1972; Jacka, 1979; Zelt and Rossen, 1995); 

ine-density currents flowing through narrow channels in the carbonate margin and down the 

nto the basin floor during relatively constant sea level (Harms, 1974; Williamson, 1978; 

ero, 1985, 1993; Harms and Williamson, 1988; Harms and Brady, 1996); and (3) eolian-

,d turbidites, in which dunes migrated across an exposed shelf to the shelf break during sea

owstands and provided well sorted sand for turbidity currents or grain flows (Fischer and 

ein, 1988; Gardner, 1992; Gardner and Sonnenfeld, 1996). These hypotheses will be 

ex ·ned in more detail in the section on Characterization of Depositional Heterogeneity. 

Cyclicity in Delaware Mountain Group Deposits 

major control on heterogeneity in basinal Delaware Mountain Group sandstones is cyclicity 

caus :r by changes in sea level. Three scale. s of cyclicity in Delaware Mountain Group sandstones 

have teen recognized (Gardner, 1992; Kerans and others, 19~2) and classified as low-, 

inte ediate-, and high-order (fig. 6). The three low-order cycles correspond approximately to the 
I 

Bru y, Cherry, and Bell Canyon Formations and are 900 to 1200 ft thick. Each low-order cycle 
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re 6. Simplified representation of cyclicity in basinal strata using a comparable low, 
in ediate, and high ranking (modified from Kerans and others, 1992). 
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1s unded by regionally correlative carbonate- and organic-rich siltstone beds that record periods 

diment starvation in the basin during periods of sea-level rise (Gardner, 1992). The low-order 

cy 1 s are composed of5 to 8 intermediate-order cycles (fig. 6) that are 100 to 300 ft thick. 

ediate-order cycles are composed of two to seven high-order cycles, which are 6- to 100-ft 

and bounded by thin, organic-rich siltstone beds. The best oil production from Delaware 

tain Group reservoirs has been from the top of the Bell Canyon and Cherry Canyon 

ations, where the additive effect of sea-level deepening at all scales of cyclicity constructively 

ined to cause deposition of thick sealing beds of organic-rich siltstone ( Gardner, in press). 

oir sandstones were deposited in periods of high-order sea-level fall. 

Geraldine Ford Field History 

eraldine Ford field is located 2 mi south ofthe Texa8-'.-New Mexico state line in Reeves and 

Cul son Counties, Texas (fig. ·1). As of May, 1994, there were 115 producer and 75 injector 

n the field (fig. 7). Cumulative production to date is 25.6 MMbbl. Oil gravity is 42° (API), 

i cosity is 0.77 cp at 82° F and 1,380 psi. Reservoir pressure is 1445 psi. 

eraldine Ford field was discovered in 1956 from reservoirs in the upper Bell Canyon 

ion (fig. 8). Three major rock types are present in the fielcf-very fine,-grained sandstone, 

ed siltstone (laminite), and organic-rich siltstone (lutite) (Ruggiero, 1985, 1993). The 

.. ne facies is a silty, very fme-grained, moderately to well sorted subarkose (Williamson, 

d it forms the reservoir. Porosity ranges between 20 and 24 percent, and permeability 

• • 01 to 300 md. Most sandstone appears massive; but Ruggiero ( 1985) reported that wet, 

core faces show thin horizontal laminations or planar cross-lamination. The laminite facies 

of parallel-laminated siltstone with alternating laminae (0.2 to 2 mm thick) of organics and 

giero, 1985, 1993). Porosity ranges between 18 an.d 19 percent, and permeability from 
. . . 

md. The laminated siltstone forms the seal of the stratigraphic trap; Lutite is a dark, 

rganic-rich siltstone containing little detrital clay{Ruggiero, 1985, 1993), and it also 
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F ure 7. Status of wells in the Ford Geraldine unit and distribution of core control. Type log is 
s I wn in figure 8, cross section A-A' in figure 17, and cross section B-B' in figure 18. 
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Figure 8. Type log from the Ford Geraldine unit well No. 108 (modified from Ruggiero, 1985). 
Well location is shown in figure 7. 
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By 1958 most of the field had been developed on a 20-acre spacing, and reservoir pressure 

ha declined to bubble point (1383 psi), resulting in a sharp increase in gas-oil ratio and water 

uction (Ruggiero, 1985, 1993). Reduced pressures initially aided high production rates as 

lved gases within the oil came out of solution but also produced local gas caps within 

artments in the reservoir. By 1968, reservoir pressure had dropped to 300 to 500 psi. The 

was unitized (into the Ford Geraldine unit) for secondary development after primary 

lative production of 13.2 MMbbl, for a primary recovery efficiency of 13 percent. 

econdary development was initiated in 1969, with reservoir pressure increased to nearly 

psi for a planned five-stage waterflood (Ruggiero, 1985, 1993). Flooding was completed in 

the outhern part of the field, but the Stage 5 area (fig. 9), which is a possible demonstration area 

fort s project, was never waterflooded. Secondary recovery of 2,875 bopd peaked in 1975. By 

1981, recovery rates dropped to 569 bopd, and water cuts had risen to 95 percent of production. 

An a itional 6.8 MMbbl of oil was produced after unitization, but only 3.5 MMbbl was attributed 

to th ~aterflood, significantly less than predicted from reservoir simulation. By the end of 

1 ary development, recovery efficiency had increased to only 20 percent. 

ertiary developmentwas initiated in the southern part of the field in 1981, but the northern 

the field still has not been CO2 flooded. Effective reservoir sweep was reduced by early 

eakthrough. Injected CO2 ponded near the structural axis of the field, with CO2 ineffective at 

ing oil from more heterogeneous strata along the flanks (Ruggiero, 1985, 1993). To 

e early CO2 breakthrough, production rates were balanced and reservoir pressures were 

maint i ed above 900 psi, the minimum pressure needed for miscibility. As of 1994, cumulative 

tertia production has been 5.5 million barrels and recovery efficiency is 26 percent. 

Ford West Field History 

F d West field, an updip extension of Geraldine Ford field, is located 3 mi south of the 

Texa ew Mexico state line in Culberson County, Texas (fig. 1, 10). Ford West was discovered 

, and it produces oil and gas from the upper part of the Cherry Canyon and lowermost Bell 
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Figure 9. Waterflooding of the Ford Geraldine unit began in 1969 and took place in stages until 
1981 (from Ruggiero, 1985). Flooding of the Stage 5 area, which is a possible demonstration area 
for this project, was never carried out. 
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re 10. Location map • of Ford West field, which produces. from the upper. Cherry Canyon 
ation and lowermost Bell Canyon Formation, Delaware Mountain Group (modified from 

, 1985). Four cores are available from Ford West field. Cross section C-C' is shown in 
e 13, and the type log is shown in figure 11. 
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Cany n Formations (3,535 to 3,595 ft) (figs. 11, 12). The field is on primary production and 

s of 65 wells drilled on a 40-acre spacing, including four cored wells. Core analysis data 

4 wells are available. As of May, 1994, there are 11 producer wells on the Conoco leases in 

s 16 and 22 (fig. 10); original oil in place on the two leases was 15.8 MMbbl. By 

Dece , ber, 1993, sections 16 and 22, the part of the field that is the focus of this study, had 

ed 727,614 barrels of oil. Oil gravity is 41 ° (API) and viscosity of 0. 77 cp at 82°F and 

si. Reservoir pressure is 300 psi. Despite high initial water cuts, the field is on primary 

tion and has a hydrodynamic drive (Linn, 1985). 

, he field produces from two principal reservoir zones (figs. 11, 13). The lower sandstone 

rese I ir in the uppermost part of the Cherry Canyon Formation (i.e., B2 zone of Linn, 1985) 

exhi ifs more variable reservoir properties than does the overlying sandstone reservoir in the lower 

part , f the Bell Canyon Formation (i.e., Bl zone of Linn, 1985). As is the case in Geraldine Ford 

field,I he highest initial production occurs along the field axis, where net sandstones are thickest. 

GE HYSICAL CHARACTERIZATION OF GERALDINE FORD AND WEST FORD FIELDS 

the past few years, the use of 3-D reflection seismic data has become a key component of 

rese , rir characterization. A key objective for the first year of this project was designing, 

acqu. 
1

.ng, and processing 3-D seismic data from a 36-square mile area that covered the Ford 

Gera , ine Unit, West Ford field, and the non-productive area between the two fields (fig. 14). 
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11. Type log for Ford West field from the Exxon Texaco Fee C No. 1 (from Linn, 1985), 
location shown in figure 10. 
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Figure 12. Core descriptions and log responses of the producing Cherry Canyon interval in Ford 
West field (from Linn, 1985). Location of wells shown in figure 18. 
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Fi re 13. Strike cross section C-C' of the upper Cherry Canyon interval in Ford West field, 
w, ch is a potential project demonstration area (from Linn, 1985). Location of cross section shown 
in 1gure 10. 
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ure 14. Outline of the area in which the 3-D seismic survey was acquired. Also shown are the 
atio~s of Ford Geraldine Unit, West Ford field, and other nearby Bell and Cherry Canyon 
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Design 

he 3-D seismic survey was designed with the following parameters: 
ea 

in Size 

.pread 

teceiver line spacing 

Receiver flags 

i:~eiver arrays 

fay dimension 

Source line spacing 

ource flags 

ource arrays 

reep 
1 ample rate 

isten time 

36 square miles 

llOftxll0ft 

8 lines x 96 channels/line (7 68 channels live) 

1100 ft 

220 ft 

24 geophones/linear array 

220 ft inline, 100 ft crossline 

880 ft 

220 ft 

4 vibs x 8 sweeps (Actually used 5 vibs) 

8-60 Hz/12 sec long 

2 millisecs 

4 secs 

Acquisition 

cquisition of the 3-D seismic was completed on July 26, 1995. All equipment and trash 

were emoved at that time. The only unexpected problem that occurred in the acquisition phase was 

the p ,'rtting fees. Conoco's origin. al estim.ate was between $2,000 and $3,000 per square mile 

for p ritting fees, based on previous work in similar areas within the Permian Basin. The major 

land .J er originally requested $10,000 a squar. e mile. It took a great deal of·t. im. e .and effort to 

settler $5,000 per square mile. It would have been a benefit to Conoco to have taken over 

deali 1 
: s with the permits from the start instead of having a contractor deal with the landowner. 
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Processing 

rocessing was done at Ponca City Research (PCR), a division of Conoco, Inc., and one 

proce ,Jor and two technicians worked on the project full time. There were no problems in this 

stage, f d the processors kept the Conoco geologist informed and involved all the way through the 

proce Jing phase. PCR had I 00 percent of the surface elevation survey available at the time of 

seis • field acquisition. The total amount of field data received by PCR included 232 reels, 

urce positions, and 4,483,596 traces. The geometry was verified and trace editing was 

ed in 3 weeks. The total number of bad traces edited was very low, three tenths of one 

perce t1. A subset of the data was used to test deconvolution parameters. Testing of single-trace, 

sourc. tonsistent, and surface-consisten. t deconvolutions yielded comparable results. 

Deco rlution of the entire survey followed, and progress was made optimizing statics program 

param rers. 

e signal-to-noise ratio of all first breaks was good over the project area. Total number of 

traces j quiring editing was very low, 13,026 out of 4,483,596 traces, which is indicative of good 

stac 

e plants and field recording practices. The shot profiles exhibited poor reflection quality or 

very on the western edge of the survey, with generally fair signal-to-noise ratios for the rest 

rvey. Brute stacks were produced on several control lines selected on a one mile grid. 

tacking velocitiesderived from the control lines varied significantly. Surface-consistent 

statics were determined and removed, and new·final stacking velocities derived. The final 

velocities varied little vertically or laterally over the survey. Residual statics were found to 

om +25 to -25 milliseconds, with the average of the absolute value equal to about 

econds. Removal of the residual statics significantly improved the stack of the control lines, 

areas of reduced fold (below 50 fold) displayed weaker reflection strength. 

e record quality of near-offset stacks out to 10,000 ft was comparable to far-offset stacks 

from 1 
1 ,000 ft to 20,000 ft below 1.2 seconds. The final mute applied after normal move out was 
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ximately linear and muted the 20,000 ft offset data at 1.5 seconds. Migration of the data 

vol e improved the signal-to-noise ratio of the data, and filter tests revealed reflection energy of 

50- hertz down to 1.5 seconds. 

Lan 

n summary, the data processing sequence was as follows: 

Verify geometry using first-breaks prediction based on offset and trace edits. 

Plot X-Ys to verify source and receiver locations. 

3. Construct mathematical transformation for surveyed X-Y s to grid bin coordinate system 

and apply this transform to bin headers. 

Test mute and deconvolution parameters. 

Shift to floating datum. 

Perform the first-pass velocity analysis using semblance panels and whole-line constant

velocity stacks. 

Make the normal move-out correction using final datum and brute stack. 

Interactively determine ground-position-oriented surface-consistentresidual statics. 

Make final-pass velocity analysis. 

Make final stack. 

Perform migration velocity tests and filter tests. 

Do final migration with zero phase filter, using C4w. 

Interpretation 

e processed seismic data were loaded and quality checked on a work station using 

!ark SeisWorks™ software. Preliminary attempts at generating synthetics with wells in the 

surve were made. Synthetic generation of wells from the Ford West Field (Cherry Canyon) were 

create and attempts were made to tie the synthetics with the seismic. The results were somewhat 

disap linting due to the lack of complete acoustic logs. The majority of the well logs in the area 

that h e acoustic and/or density logs were not logged throughout the entire section. Attempts to 

gen er synthetics will continue, and the possibility of running a VSP is being investigated. 
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oherence Technology Company processed the 3-D volume. The high signal-to-noise ratio of 

the d
1 

a allowed the processors to use three different processing strings to get three different 

"loo " from the data. The coherence "cube" ( coherency processing) is expected to help with the 

aphic interpretation of the survey. Interpretation of the seismic data will continue in the 

RESERVOIR CHARACTERIZATION OF GERALDINE FORD FIELD 

addition to using 3-D seismic data, the project is also characterizing heterogeneity of 

Gera ine Ford and West Ford fields using subsurface logs and cores. Work to date has 

cone ttrated on the larger field, Geraldine Ford. The field consists of340 wells, and cores from 

85 wtlls (fig. 7) are now available for detailed geologic, petrographic, and petrophysical 

desc 1·htion. These 85 cores include 27 that were studied by Ruggiero (1985) and 58 additional 

cores, ihat were shipped from Conoco to the Bureau's Core Research Center this year. Core

anal f s data from l 71 wells were entered into a computer data base. 

: amma-ray curves of the reservoir interval between the top of the Lamar and the top of the 

Olds (I 1g. 8) from 305 wells in Geraldine Ford field were digitized. Sonic logs were digitized if 

they ere available (82 wells), otherwise neutron logs (97 wells), microlaterologs (13 wells), 

later logs (4 wells), or density logs (3 wells) were digitized. For many of these old wells, only 

g a-ray logs were run. Because the old gamma-ray logs were run by many different companies 

at di rent scales and sensitivities, they have been normalized to API units using modem logs 

from t e field to develop normalization equations in the following form: 

I units= m (old units)+ b, where the slope and y-intercept are calculated for each log 

he tops shown in figure 8 have been correlated on all logs in Geraldine Ford field. The log 

, elevation datum, total depth, latitude and longitude, and tops have been entered into the 

ark software Open Works™. Core-analysis, perforation, and production data will also be 

adde , to Open Works TM. All the subsurface log and core data that have been assembled into the data 
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bas , is year are being used to evaluate reservoir heterogeneity caused by depositional processes 

and ost-depositional diagenesis. 

Characterization of Depositional Heterogeneity 

Vert \al Heterogenei1y 

<Cyclic changes in sea level were an important cause of vertical heterogeneity in Geraldine 
I 

Ford \eld. Gardner's work (in press) in Screwbean field recognized cycles in the upper Bell 

Can In deposits that reflect changes in sea level, and he correlated those cycles to Geraldine Ford 

field ( 1g. 15). The reservoir interval at Geraldine Ford is correlative with Gardner's D and E high

ycles near the top of the Bell Canyon Formation (Gardner, in press). The sealing facies 

the Ramsey sandstone (upper unit E and unit F) is interpreted as being a particularly 

effec i e trap because it was deposited at a time of sea-level rise at all three scales of cyclicity 

(fig. r The Ramsey sandstone reservoirs were deposited during periods of sea-level fall (base

level • 11) in the high-order D and E cycles (figs. 6, 15). Laterally continuous organic-rich 

es such as SHI (fig. 8), which were deposited during periods of sea-level rise (base-level 

the high-order D and E cycles, are probably barriers to vertical fluid flow within the 

i 11 Canyon sandstones in Geraldine Ford Field were interpreted by Ruggiero (1985, 1993) 

g been deposited in a submarine-fan channel that funneled bottom-hugging saline density 

into the basin from breaks in the shelf margin. In this model a channel about 2 miles wide 

deep was cut prior to deposition of the Olds sandstone (fig. 8): The sandstones that filled 

el form the reservoir at Geraldine.Ford field. Following the model of Harms (1974) and 

nd Williamson ( 1988), Ruggiero concluded that saline-density currents laden with fine

sandstone swept off the shelf and flowed down slope, confined within the channel. Each 

deposi ·onal episode deposited a sandstone 1-5 ft thick, and the major correlative units at Geraldine 
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Ford eld, named the Ramsey 2, IC, lB, and IA (fig. 8), are formed of aggregates of these thin 

sands · ne beds. Ruggiero interpreted the major correlative units as being laterally continuous 

acros the entire channel (Ruggiero, 1985, 1993). He concluded that the bottom-hugging saline

densi currents had enough volume to fill the entire channel in a sheet-like fashion from margin to 

(fig. 16). This interpretation of the depositional processes is of particular importance to the 

mod~ for reservoir architecture in Geraldine Ford field, because it suggests a high degree of lateral 

ity within sandstones (fig. 17). 

• orrelations in Geraldine Ford field done for this study suggest that lateral sandstone 

conti ity is not as great as interpreted by Ruggiero (1985, 1993). A detailed cross section from 
I 

then hem end of the field (fig. 18) shows a high degree oflateral, as well as vertical, sandstone 

h I . . h • . d . C . . eter, gene1ty, suggestmg t at numerous untappe compartments may exist. ompanson of the 

dept , ~f perforated intervals in each well to the exact positions of reservoir and nonreservoir beds 

in lig
1

J[ of this more heterogeneous picture of the reservoir will be the next step in locating 

unta ed resources in the field. 

e recognition of a greater amount oflateral heterogeneity within these Bell Canyon 

sand t nes, as well as recent work on nearby Screwbean field by Gardner ( 1992, in press), 

t that the Geraldine Ford sandstones were deposited by a different process than saline

currents. Gardner (1992, in press) interpreted the Bell.Canyon sandstones in both 

ean and Geraldine Ford fields as deposits of an eolian-derived turbidite system ( fig. 19). 

odel was first proposed for sandstones of the Delaware Mountain Group by Fischer and 

Samt ein ( 1988). In this depositional model, fme sand was transported from source areas in the 

al Rockies by migration of eolian ergs, and silt and clay were transported as dust by the 

wind Fischer and Samthein, 1988). Clay was carried by the wind beyond the Delaware Basin, 

thus , counting for the lack of clay-sized sediment in the Delaware Mountain Group deposits. Silt

sized , ust was deposited in the basin by fallout from the wind and settling through the water 

colu , forming topography-mantling laminated siltstones. During lowstands of sea level, dune 
I 

sand iWere driven across the exposed shelf to the shelf edge, where they fed unstable,. shallow-
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Figure 16. Interpreted sequence of events during deposition of Delaware Mountain Group 
sediments by saline-density currents (modified from Harms, 1974). In this model, channels 
( d) were scoured by strong currents of dense water flowing basinward under less dense, deep 
water. Deposition of silt (c) occurred by settling from intermediate density water flowing 
basinward into density-stratified, deep water. The final stage of the sequence (b) was deposition 
within preexisting channels of sand tractionally carried by thin, upper-to-lower flow regime 
currents of dense, low turbidity water flowing basinward under less dense, deep water. 
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Geraldine unit (modified from Ruggiero, 1985). In the depositional model proposed by Ruggiero 
(1985, 1993), bottom-hugging saline-density currents had enough volume to fill the entire channel 
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Figu 19. Eolian-derived turbidite model relates downslope transport of eolian sands to periods of 
sea-1 vel fall (from Sarnthein and Diester Haas, 1977). During periods of sea-level rise, most 
sed • nt accumulates on the shelf. 
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the s 

and wedges (fig. 20). Slumping of the sand wedges gave rise to turbidity currents that 

channels and filled them with well sorted sandstone. During periods of sea-level rise, the 

ere transgressed and reworked in a shallow-marine environment, and sand was stored on 

e following observations support the interpretation of an eolian-derived turbidite system for 

Dela I re Mountain Group deposition (Gardner, 1992; Kerans and Fitchen, 1996; Gardner and 

Sonn ifeld, 1996; Gardner, in press): (1) a high proportion of massive, ungraded bedding in the 

sands @nes, (2) high textural maturity and uniform grain size, (3) abundant burrowed intervals, 

precl , rg a stratified and anoxic water colwnn, ( 4) multiple truncation surfaces within "channel" 

sands {!)nes, indicating many amalgamated depositional events and not simple channel fill, . 

( 5) a sjence of detrital mudstone, and ( 6) karst surfaces indicating exposure of the shelf during 

depo • ion of the Brushy Canyon Formation, precluding development of a hypersaline lagoon as a 

of saline-density flows. 

stead of filling a large channel, as suggested by the saline-density-current model, the Bell 

sandstones at Screwbean and Geraldine Ford field may have been deposited as 

, sation lobes on the basin floor (Gardner, in press). In this model, the confinement of the 

sands , nes within a narrow geographic area is a result of reef topography on the highly 

aggra tional carbonate platform. At the platform edge, reef topography focused sediment 

trans Irt into lows and promoted point-source sediment dispersal, resulting in linear northeast

south tst oriented sandstone thicks in the basin (Williamson, 1978) (fig. 5). Gardner (in press) 

ted the internal arrangement and stacking patterns of the Screw bean and Geraldine Ford 

nes as compensation lobes that formed by individual beds being deposited in an adjacent 

phic depression created by deposition of the immediately preceding bed (Mutti and 

No rk, 1987) (fig. 21 ). The amount of channelization in these distal deposits is uncertain 

(M. Gardner, personal communication, 1996), but the numerous cores available from 

Geral
1 

ine Ford field should provide insight into this question in the next year of the project. The 
I 

rese , ir facies may represent submarine channel deposits encased within lower permeability lobe 
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Figure 20. Diagram showing eolian-derived turbidite model for the Delaware Basin (from Gardner, 
1992). Relative sea-level fall (lower block) produces dune progradation and slope incision, 
resulting in downslope transport of eolian-derived sands. Subsequent sea-level rise (upper block) 
results in transgression over platform dunes. 
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re 21. Schematic cross section of turbidite geometries that illustrates the development of 
pensation cycles, as individual beds are deposited in the adjacennopographic depressions 
ted by deposition of preceding beds (from Mutti, 1985). No scale implied. 
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depos1· ,s, or, alternatively, the reservoirs may be thick-bedded sandstone lobes and the 

nonrel rvoir facies are interbedded thin-bedded lobe-fringe deposits (fig. 21). 

1 

1 of the models that have been proposed for the deposition of the Geraldine Ford sandstones 

will b evaluated in the coming year as reservoir characterization continues. Distinguishing among 

these odels will be important for the successful completion of the pilot project, because the 

vario ~ depositional models give very different predictions for sand-body continuity and 

d. I I. • 
1me, 10ns. 

Characterization ofDiagenetic Heterogeneity 

I 

ne of the common reasons for poor recovery efficiency is heterogeneous development of 

bility within reservoir sandstone bodies. The spatial distribution of low and high 

perm bility within the sandstone units has implications for recovery strategies. Figure 22 shows 

hypo~ etical examples of some possible patterns of permeability development. High permeability 

zone! ay serve to capture most of lhe flow, and oil. in oilier parts of lhe reservoir will be 

bypa I ed. Figure 22a shows an example of stratigraphic control on permeability,. similar to that 

doc , ented by Williamson (1978) in the Bell Canyon in the El Mar Field, where laterally 

conti , ous zones of high permeability occur at the top of sandstone beds. If subtle changes in . 

ize, mineralogy, or sorting influence.diagenesis, facies control on permeability, as shown in 

2b, might be expected. Very local influences, such as cementation of nodules (fig. 22c), 

will 1r duce a small-scale random pattern of low permeability that may reduce the efficiency of 

seco ary recovery. Other complex diagenetic patterns such as one related to a present or paleo-oil 

wate I on tact ( fig. 22d) may result from combinations of several patterns of permeability 

<level pm~fynt: h f nh d d. d' · · h d b'l' · h d' 'b · f 
entl mg t e causes o e ance an . lliilms e permea 11ty, mappmg t e 1stn utiono 

bility, and interpreting the origin of the observed relationships are the principle approaches 

identifying the diagenetic influences on hydrocarbon recovery. In the first year of this 

, we completed the initial phases of each of these steps. In the following section, we describe 
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Fi re 22. Conceptual diagram showing a variety of permeability distributions. See the discussion 
int e text. 

43 



the ml hods used, the observations made, present preliminary interpretations, and outline some of 

the p sible future activities that may improve interpretation of diagenetic features. 

e two methods that have·been used during this phase ofthe study to examine·the 

ysical characteristics of the Ramsey sandstones are ( 1) scanning electron microscope 

(SE ) imaging and (2) core analysis evaluation. A JEOL T-300 SEM was used to examine, 

qua 

repr 

Thi 

ively describe, and photograph the grains, cements, and pore structure of about 20 

ntative samples from the Ramsey IA, lB, and 2 sandstones in the FGU 60 core{fig. 23). 

re was selected because lithologic, gamma-ray, and neutron logs are all available, allowing 

s.to be characterized as typical of high- or low-porosity intervals. Qualitative compositional 

analy s using a Tracor energy dispersive system (EDS) aided in mineral identification; 

I ore analyses (permeability, porosity, water saturation, and oil saturation) from nearly 8,000 

samp s from 120 cores throughout the FGUwere entered ma spreadsheet. Records were 

pho, opied from Conoco's files. Most appear to have been analyzed during the initial field 

<level ment. The approximate stratigraphic position of each sample was determined by depth-

ing permeability against the stratigraphic picks made using gamma.:.ray logs. The top of the 

rmeability interval was matched to the top of the Ramsey 2 sandstone, and relatively low 

bility was matched to the SHI laminite (fig. 8). 

aphy of the Ramsey Sandstones 

e major components in the Ramsey sandstones identified during SEM examination are 

ork grains, cements, and pores (fig; 24). The petrography of the Ramsey sandstones was 

repet t've, with the same components identified in many samples varying subtly in abundance. 

I uartz, K-feldspar, and plagioclase are the dominant framework grains, and inspection 

sugg ts that the composition of the Ramsey sandstones in FGU falls within the ranges determined 
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i ure 23. Data set from the FGU60 borehole, with digitized traces from gamma-ray and neutron 
! rosity logs, core log (modified from Ruggiero, 1985), and porosity and permeability determined 

m core analysis and depth corrected to match the wireline logs. 
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Fig e 24. SEM images of typical framework grains and cements in the FGU 60 core. Mineralogy 
ide ified by EDS indicated Q = quartz; K =K-feldspar, P = plagioclase; Cl= clay (chlorite); Ca= 
calqi e, A = anhydrite. (a) porous, quartz-cemented sandstone, 2700.2 feet. (b) Fairly porous 
sarnl le from 2704 ft. ( c) Better cemented area in the same chip. 
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for her Bell Canyon sandstones (table 1). Quartz occurs as well-rounded grains with a rough 

surf: e texture (fig. 25a). K-feldspar is similar to quartz in SEM images and was identified by 

ED pectrum, cleavage visible on fractured surfaces (fig. 25b ), or where crystal facies on 

ar overgrowths are visible. Microcline, which is reported as a common framework grain 

amson, 1978), is indistinguishable from orthoclase in SEM image. Plagioclase has been 

partlf acuolized and sericitized (fig. 25c and d). Rock fragments that make up a few percent of 

petr. aphically described sandstones (table 1) were not easily identified in SEM images, although 

mic \ suggest that metamorphic rock fragments are present. 

fiagenetic phases imaged (fig. 24) include abundant authigenic clay throughout the Ramsey 

sand rnes, locally abundant calcite cement, pervasive but volumetrically minor authigenic quartz 

. and ildspar overgrowths, and local anhydrite cement. 

Two end-member clay textures are recognized in SEM images-rosettes and aggregates. Well 

fo ~Id rosettes of clay flakes as much as 10 microns across cover grain surfaces ( fig. 26a) and • 

brid between some grains. Clay aggregates underlie rosettes in some samples (fig. 25a). Many 

othe ains have no aggregate coats beneath rosettes (figs. 25c and 27c). 

e appearance of the authigenic clay is similar to authigenic chlorite and associated mixed

lays identified elsewhere in the Bell Canyon Formation (Williamson, 1979; Hays, 1992; 

Wall g, 1992). The qualitative clay composition determined using EDS (fig. 28) contains Mg, Fe, 

Al, a, \ Si, a plausible composition for chlorite. SEM data are not sufficient to test the statement of 
I 

Hays 1992) that aggregates are more finely crystalline and more abundant. The EDS analysis of 

Hays 11992) indicated that rosettes are more iron-rich than aggregates. This relationship was not 

repro
1 

uced in this study; minor iron peaks were produced from a number of grain surfaces not 

only om clay rosettes. 

uantitative analysis of other Bell Canyon sandstones gave average estimates of 3 percent 

clay illiamson, 1978) and 13 volume percent (8 weight percent) clay (Hays, 1992); FGU 

sand nes probably fall within this range. Authigenic clays rim grains, increasing the roughness 
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Figure 25. Typical framework grains in the FGU .60 core. (a) Surface of well rounded quartz grain 
visible where amalgamated clay and clay rosettes have spalled off. Depth 2708 ft. (b) K-feldspar 
was identified by Kand Al peaks in EDS analysis. Depth 2704 ft. Slightly more euhedral shape 
and faint trace of cleavage (arrow) suggest mineralogy. (c) Plagioclase feldspar (Na identified in 
EDS analysis) is partly vacuolized and coated with day rosettes. Depth 2710 ft. ( d) Vacuolized 
feldspar within the base of the Trap siltstone. Depth 2675 ft. 
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Figure 25 (cont.). 
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_._..l"Jll~r,.,.• --=,..W~~- 26b 

Figu~e 26. Typical diagenetic minerals in Ramsey sandstones in FGU 60 core. (a) Typical 
authigenic clay rosettes tentatively identified as chlorite based on similar morphology and 
occu7ence to chlorite identified in other Bell Canyon sandstones (Williamson, 1979; Hays, 1992, 
Walling, 1992). Depth 2708 ft. (b) Authigenic clay (Cl), calcite (Ca) and anhydrite (A). Detail of 
fig. 24b, depth 2704 ft. (c) Anhydrite cement (A) near the top of Ramsey 2 sand cements a clay
coated quartz grain and overgrows euhedral quartz (Q). Depth 2677.3. (d) Slightly corroded 
euhedral carbonate crystal, EDS suggests that this may be siderite. Depth 2702.2 ft. 
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Figure 26 (cont.). 
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Figure 27. Typical diagenetic minerals in Ramsey sandstones in FGU 60 core. (a) Euhedral quartz 
overgrowth on a detrital quartz grain. Depth 2704 ft. (b) Euhedral quartz intergrown with 
authigenic clay rosettes. Depth 2700.2 ft. (c) Authigenic feldspar intergrown with clay rosettes . 
Depth 2704 ft. 
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Figure 27 (cont.). 
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Figure 28. EDS spectrum of typical authigenic clay, showing Mg, Al, Si and minor Fe peaks. This 
analysis does not show quantitative elemental abundance. 
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surfaces, and a few flakes bridge pores between grains, however clay does not completely 

re throats. 

Calcite is the other important authigenic mineral; it is abundant in a few samples and 

ificant in other samples, as shown by the range in table 1. In core, dense calcite cement 

. sin nodules (fig. 23) (Ruggiero, 1985). Williamson (1978) and Hays (1992) noted 

rela. • onships between limestone beds or abundant carbonate rock fragments and abundant calcite 

ce nt, suggesting that calcite cement is remobilized from these sources. Calcite cement has an 

spicuous appearance on fractured surfaces in SEM (fig. 24b) and a complex relationship with 

cla , appearing to both include and be overgrown by day flakes. Many calcite crystals are 

al, but crystal facies appear to have been somewhat corroded (fig. 26b). Hays (1992) 

asized calcite dissolution as a major event in the creation and preservation of porous, friable 

san tones. Examination of FGU samples neither supports nor discounts this interpretation in this 

fiel 

Minor amounts of anhydrite were imaged in several samples (fig. 26b and 26c). Anhydrite 

rs to have been· corroded at grain boundaries and along fractures. Relationships such as those 

in figure 26c suggest that anhydrite has overgrown and therefore post-dates authigenic clay 

on artz grains and euhedral quartz. The relationships are less clear in other samples (fig.· 26b) 

wh r clay that appears on the surface of anhydrite may post-date anhydrite precipitation or may be 

oluble residue left after part of the anhydrite.has dissolved. 

uhedral quartz occurs in most samples; volumes quantified in other fields ofless than 

1 p ent ( table 1) are reasonable estimates of the volume of authigenic quartz in FGU sandstones. 

occurs as small crystals on quartz grain surfaces(fig. 27a), as isolated euhedral crystals, 

and
1 

s syntaxial overgrowths on detrital qmµ-tz grains (fig. 27b). Quartz generally appears to have 

own and included authigenic clay. Feldspar overgrowths (both K-feldspar and Na-

pla i clase) are common but volumetrically minor (fig. 27c). 

, 1 econnaissance description ofrepresentative chips using the SEM failed to identify any 

ent vertical trends or unique petrographic aspects that could be correlated with porous and 
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les porous intervals within the Ramsey sandstone units in the FGU 60 core. The samples all 

co, ain authigenic clay and quartz, and variation in calcite content from one area of a chip to 

an, her ( compare figure 24b and 24c) appeared to be as important as variation among samples. 

Ad itional more quantitative description is required to match clay and calcite abundance with 

pe . eability relationships. The framework grain composition and diagenetic history of the Ramsey 

tone in this field is generally similar to that described for other Bell Canyon sandstones 

(W 1 iamson, 1978; Hays, 1992; Walling, 1992). 

Pet physics of the Ramsey Sandstones 

he distribution of porosity and permeability from core-analysis data was subdivided by 

aphic unit and examined vertically through the reservoir internal in histograms and cross 

o identify relationships among porosity, permeability, and stratigraphic setting. This initial 

,-nation used only stratigraphic data; no observations were made about the petrography of the 

sam es. 

he Ramsey IA, 1B, IC, and 2 sandstone units have remarkably similar porosity and 

pe ability characteristics. Porosity ranges from2 to 30 percent and is stronglyskewed, with 

mo. d \values of 22 percent (fig. 29) .. Permeability distrib.·utio·n. s are similarly sk. ewed from the 

expe, rd log-normal distribution, with modal values of about 32 md (fig. 30). 

' ermeability and porosity from core analysis varies systematically with position in each 

Ra y sandstone unit, with highest values as well as the highest average permeability at the top 

nit and lowest average immediately below (fig. 31). Ramsey 2 (fig. 31a) and to some 

amsey 1 C ( fig. 31 b} sandstones have an increase in permeability toward the base of the 

well as the top. The pattern is different in the Ramsey IA sandstone, which has.lower 

and more variable permeability toward the base (fig. 31d). A plot normalizing stratigraphic 

ss to 1 produced a more systematic plot than using depth below the top of the unit (fig. 32). 

A thre -dimensionaLdisplay of the data may be helpful in further interpreting permeability 

tion with depth. Porosity has similar relationships (fig. 33) with depth as does 
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Figure 29. Histograms showing distributions of porosity from core analysis of Ramsey sandstones 
in FGU. (a) Ramsey 2 sandstone. (b) Ramsey IC sandstone. (c) Ramsey lB sandstone. 
(d, Ramsey IA sandstone. 
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Figure 33. Plots of porosity from core analysis versus relative position in each Ramsey sandstone. 
Depths were normalized to give each stratigraphic interval a thickness of one. (a) Ramsey 2 
sand1stone. (b) Ramsey lC sandstone. (c) Ramsey 1B sandstone. (d) Ramsey lA sandstone. 

63 



pe ability, but oil and water saturation do not show significant variation with depth {figs. 34 and 

orosity plotted versus the log of permeability (fig. 36) produces a moderately strong trend. 

elationship might be predicted for a·sandstone with petrographic characteristics like the 

Ra, y, where sorting is good and cementation and grain leaching are minor. Both petrographic 

and , , oss-plot relationships suggest that intergranular flow dominates and is not complicated by 

larg I ariations in pore structure. However, four orders of magnitude variation in permeability are 

wort y of additional examination. Petrographic data on individual samples might show distinct 

pe I ability trends depending on the abundance of authigenic phases. Williamson ( 1978) 

doc I ented the effect of abundant authigenic • clay in decreasing permeability in the El Mar field. 

n Ramsey 2 and IC sandstones (fig. 36a and 36b), the samples atthe top of the unit have 

slig t y higher than average permeability relative to porosity, which might indicate permeability 

enha cement as a result. of leaching. The low values may correspond to calcite cementa ti on 

only observed near the top of some units. These relationships are not evident in the 1B and 

dstones (fig. 36c and 36d). Better constraint on the petrographic characteristics of samples 

ese permeability distributions are needed to further interpret these data. 

, orosity (fig. 37) and permeability (fig. 38) data from core analyses were also compiled for 

permeability units within the FGU. All of the units show a spread of values, from samples 

ve very low porosity and permeability to others that are similar to reservoir rocks. · The 

uity and thickness of the low permeability units are important in the function of these units as 

flo parriers on top of and within the reservoir. Vertical permeability may also be lower than the 

mea ilired horizontal permeability in these fine grained rocks. 

·nary Interpretations 

he sandstones in the Ford Geraldine reservoir are unusually homogeneous, therefore subtle, • 

poss
1 

ly diagenetically influenced permeability variations may define the flow patterns in the 

rese oir. Much of the field has old logs with poor vertical resolution and limited porosity data. 
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ure 34. Plots of water saturation from core analysis versus relative position in each Ramsey 
s I dstone. Depths were normalized to give each stratigraphic interval a thickness of one. 
(al Ramsey 2 sandstone. (b) Ramsey IC sandstone. (c) Ramsey IB sandstone. (d) Ramsey IA. 
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Fi e 35. Plots of oil saturation from core analysis versus relative position in each Ramsey 
stone. Depths were normalized to give each stratigraphic interval a thickness of one. 
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wever, the lack of modem log data is partly offsetby a large set of permeability data from core 

lyses that may allow a fairly refined image of permeability distribution to be created. 

Calcite and authigenic clay are the major minerals observed in Bell Canyon sandstones in 

F • U and in other fields (Williamson, 1978; Hays; 1992) that are expected to impact the 

eability structure of the reservoir. Information about the genesis of these authigenic mineral is 

n ded in order to correctly interpolate the permeability data. Many detailed observations and 

i trpretations have been made about the diagenetic history of the Bell Canyon in previous studies 

( illiamson, 1978; Hays, 1992), and the present reconnaissance observations are not adequate to 

r olve questions and conflicts presented by these previous studies. However, some new 

otheses are offered with regard to unresolved issues of ( 1) source and mechanism for clay 

cipitation; and (2) calcite and anhydrite cementation and leaching. 

Clay is a minor component in the Delaware Basin and on the shelves around the basin. This is 

obably a result of the importance of eolian transport in moving siliciclastics from Ancestral 

ckies source areas and across wide, arid, low-relief platforms before they were moved off the 

elf into the basin. Most of the eolian sand and silt on the platform has prominent red clay coats 

utans) that are formed during episodes of dune and sand-sheet stability and incipient soil 

rmation. The cutans are preserved when sand is remobilized and transported across the platform. 

e sand in the FGU and apparently elsewhere in the Delaware Mountain Group lacks these 

rvasive cutans. Instead, several weight-percent chlorite and mixed-layer clays are present as 

thigenic minerals. It is therefore suggested that the clay cutans present when the sand was on the 

elf were recrystallized and served as the source for the authigenic clays. 

The mechanism suggested to drive recrystallization of the clay is introduction of reactive brine 

urced from the water mass that precipitated the overlying Castile and Salado Formations. 

lthough the Lamar Formation probably served as a low-permeability barrier beneath the 

waporites, prolonged ponding of very high density brine in the overlying water column eventually 
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ve evaporite brine into the Bell Canyon sandstones and displaced less dense connate fluids. Sea 

,ter concentrated to halite precipitation has high Mg2+ activity. The role of such brine in 

Tstallizing dioctahedral clays to Mg-rich trioctahedral clays is well documented in Pennian and 

o I er brine-pool environment (Bodine, 1985; Palmer; 1987), and extrapolation of this process to 

. shallow burial environment is a reasonable hypothesis. 

One possible reaction (Bodine and Madsen, 1987; S. Fisher personal communication, 1988) 

1.25 [Mgo_2(Al1.6Mgo.4)Si4010(0H)2] + 4.25 Mg+2 +7H20 = 
( detrital Al-smectite) 
(Mg5 Al) (Si3Al)01o(OH)8 + 8.5H+ + 2Si02 
(Mg-chlorite) 

This equation consumes Mg from brine to make detrital clay into Mg-chlorite, and as a 

(1) 

roduct also produces quartz. Euhedral and doubly-terminated quartz is a common minor phase 

evaporite sections, possibly as a result of clay diagenesis. Petrographic relationships observed in 

U would permit coprecipitation of chlorite rosettes and authigenic quartz, and the volumes are 

r sonable. However, to further document the plausibility of this mechanism for clay formation, 

re information is needed about chlorite composition, because this process is not applicable to 

-chlorite precipitation. 

!cite and Anhydrite Precipitation and Dissolution 

The source of calcite cement is interpreted on the basis of its distribution to be dissolution and 

r recipitation of carbonate grains (Williamson, 1978; Hays, 1992). Isotopic data presented by 

ys suggest that calcite precipitated in the zone ofbiogenic reduction at cool (11 °C) shallow-

rial but deep basinal temperatures. The source of anhydrite is interpreted from distribution and 

!fur-isotopic composition to be Castile brines (Hays, 1992). Corroded cement margins show that 

• ssolution of both calcite and anhydrite followed their precipitation. From fabric criteria Hays 

1992) interpreted that calcite dissolution wasan important process in porosity preservation. 

owever, the occurrence of calcite-cemented nodules in FGU cores does not fit directly with a 
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lution model; additional petrographic observations are needed. Carbonate and/or anhydrite 

lution play a prominent role in porosity creation in Central Basin Platform carbonate 

res
1
e oirs. A relationship may exist between the postulated leaching at FGU and somewhat similar 

le~6hing in the platform carbonates. 

I Core-analysis data provide additional information about the role of carbonate and anhydrite 

ce. ent in the reservoir. The samples at the top of units, especially Ramsey 2 and 1 C, have slightly 

hi tr permeability relative to porosity on a porosity versus permeability cross plot (fig. 35). This 

re~ionship might suggest penneability enhancement as a result of leaching. The skewed 

pereability distribution is tentatively interpreted as the result of combining more than one 

p ulation with different permeability characteristics. Low values may correspond to calcite

ented nodules commonly observed near the top of some units. Better constraint on the 

p ographic characteristics of samples with these permeability distributions are needed to further 

in rpret these data. 

A ditional Work 

Three-dimensional analysis of permeability structure on a stratigraphic and structural base will 

ilitate examination of the permeability structure both in cross section and map view. The 

c tinuity and geometry of the high permeability interval at the top of reservoir sandstones is of 

s cial interest. Williamson (1978) documented a thick high permeability interval in the El Mar 

fi ld in the channel axis in one cross section. Testing the validity of a depositional or a diagenetic 

del of this interval would be useful in predicting reservoir production. 

Additional petrographic observations should focus on the special problems of ( 1) genesis of 

high permeability at the top of sandstones, (2) genesis of low permeability intervals, especially 

low just below the top of the units. A continuous bed of low permeability may have more 

pact on reservoir production than abundant calcite-cemented nodules, although the effect of a 

crease in transmissivity across a nodular zone within in a fairly homogeneous sandstone might 

significant. 
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CONCLUSIONS 

Much of the research effort during the first year of the project was focused on gathering and 

uating data needed for reservoir characterization. A 36 square mile 3-D seismic survey was 

de • gned, acquired, and processed, and interpretation has begun. Geophysical log and core data 

ha L been assembled, and core-analysis data from 171 wells were entered into spread sheets. Log 

cu es were digitized, and old gamma-ray curves were normalized to API units. Important marker 

ho rons in the reservoir interval and the nonproductive section above and below were correlated 

on all logs in Geraldine Ford field, and the data have been entered into a Landmark Open Works™ 

da base. 

Initial reservoir characterization indicates that the productive Bell Canyon sandstones in 

aldine Ford field are more heterogeneous both vertically and laterally than previously 

gnized. A new depositional model has been proposed to explain the distribution, texture, and 

metry of these sandstones-accumulation in compensation lobes in an eolian-derived turbidite 

s em. This model interprets the reservoir interval at Geraldine Ford field as being composed of 

y small-scale sandstones that amalgamate into a 2-mi-wide submarine-lobe complex. Within 

larger lobe complex, high-permeability reservoir sandstones are encased in low-permeability, 

eservoir sandstone and siltstone. 

Permeability varies systematically with position in each Ramsey sandstone unit, with highest 

v tes as well as the highest average permeability at the top of each unit and lowest average 

• ediately below. High permeability values at the top of the unit might indicate permeability 

ancement as a result of leaching, and the low values may correspond to calcite cementation 

only observed near the top of some units. 

In the coming year, this model will be tested and refined using the seismic, log, core, and 

o crop data, in order to develop a better understanding of the depositional and diagenetic 

cesses that formed and modified the reservoir sandstones. Outcrop studies will be particularly 

portant to determining the size of sand bodies. Subsurface data indicate that the dimensions of 
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reservoir sandstones are commonly smaller than the distances between wells, but their actual size 

cannot be determined from subsurface data alone. Outcrop investigations will provide critical 

information on sandstone dimensions that will be used in simulations of the reservoir in the 

demonstration area. 
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