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ABSTRACT

Ultimate recovery ftom Texas oil reservoirs at current fechnological and development
levels is ptojected to be 36 percent of the oil in place. Thus, of the 165 billion barrels (Bbbl) of
oil discovered statewide, 106 Bbbl will reméin in existing reservoirs after recovery of proved
reserves. This remaining resource is composed of residual oil (71 Bbbl) and mobile oil (35 Bbbl).
The remaining‘mobile oil is conventionally recoverable but is p;evented from migrating to the
well bore by intrareservolr seals or bounding surfaces.

Reservoir architecture, the internal fabric or structure of reservoirs, governs paths of fluid
migration during oil and gas production. Reservoir architecture is, in turn, the product of the -
depositional and dingenetic processes responsible for the origin of the reservoir. If an
understanding of the origin of the reservoir is. developed, reservoir architecture, and therefore
the paths of fluid migration, becomes ptedictable. Thus, With a greater understanding of ‘t‘he
fabrié of the reservoir and its inherent control on the paths of fluid flow, we can more
efficiently design and implement advanced recovery strategies. |

- Research described in this report addresses the internal‘afchitecture of two specific
reservoir types: restrictéd-platform carbonates and fluvial-deltaic sandston_es. Together, these
two reservoir types contain more than two-thirds of the unrecovered mobile oil remaining in
Texas. The approach followed in this study was to develop a strong understanding of the styles
of heterogeneity of these reservoir types based on a detailed outcrop description and a
translation of these findings into optimized recovery strategies in select subsurface analogs.
_Research targeted Grayburg Formation restricted-platform carbonate_ outcrops along the Algerita
Escarpment and in Stone Canyon in southeastern ‘New Mexico and Ferron deltaic sandstones in
central Utah as analogs» for the North Foster (Grayburg) and Lake Creek (Wilcox) units,
respectivély. In both settings, sequence-stratigraphic style profoundly influenced between-well

architectural fabric and permeability structure.



Reservoirs can be characterized according to varying degrees of lateral and vertical
heterogeneity. For example, the distributaries of fluvial-dominated deltas display a high degree
of lateral heterogeneity; in contrast, the delta front has very low lateral heterogeneify but a
moderate degree of vertical heterogeneity. Highly stratified restricted'-platform carbonate
reservoirs in the Perxﬁian =Basin contrast with Gulf Coast strandplain sandstones that are
relatively simple in vertical character. |

It is concluded that reservoirs of different depositional origins can theréfore‘ be
categorized into a “heterogeneity matrix” based on varying intensity of vertical and lateral
heterogeneity. The utility of the matrix is that it allows prediction of the nature and location of
remaining mobile oil. Highly Stratified reservoirs such as the Grayburg, for example, will contain
a large proportion of vertically bypassed oil; thus, an appropriate récovery strategy will be
waterflood optimization' and pfoﬁle modification. Laterally heterogeneous reservoirs such as
 deltaic distributary systems would benefit from targeted infill drilling (possibly with horizontal
wells) and improved areal sweep efficiéncy. Potential for advanced recovery of remaining
mobile oil through heterogeneity-based advanced secondary recovery strategies in Texas is
projected to be an increméntal 16 Bbbl. In the Lower 48 States this target may be as much as 45

Bbbl at low to moderate oil prices over the near- to mid-term.



CHAPTER I: INTRODUCTION
Noel Tyler

Internal architecture of reservoirs pfovides a fundamental control on the ‘p'aths of
reservoir drainage, oil and gas recovery efficiency, and ultimately on the volumes of
conventionally recoverable hydrocarbons left in the reservoir at abandbnment. Efficient
recovery of hydrocarbons is thus dependent on advanced understanding of reservoir anatomy
and the spatial distribution of the petrophysical attributes that govern fluid flow. The
predictability of reservoir and intra;eservoir seal properties composes the crux of this report,
which addresses the spatial distribution of permeability in deltaic sandstone and restrictéd

- platform carbonate reservoirs—reservoit classes that collectively account for 65 percent of the
estimated ultimate recovery from Texas oil reservoirs. On the basis of similar depositidnal and
diagenetic histories, we have selected the Cretaceous Ferron delta system in central Utah as an
analog for the prolific Gulf Coast deltaic reservoirs. This report also discusses outcrop and
subsurface characterization of the Permian Grayburg Formation of West Texas and New Mexico
as a type example of restricted platforin carbonate reservoirs in the Permian Basin.

Reservoir architecture, the internal fabric or structure of reservoirs, governs paths of fluid
migration during oil and gas production. Reservoir architecture is, in turn; the product of the
depositional and diagenetic processes that cause the reservoir to form. Therefore, if an
understanding of the origin of the reservoir is developed, reservoir architecture and fhe paths
of fluid migration become p;edictable. Thus, with greater understanding of the anatomy of thé
reservoir and its inherent control on the paths of fluid flow, we can more efficiently target
remaining, conventionalfy recoverable, hydrocarbons that are prevented from migrating to the
well bore by intrareservoir seals or bounding surfaces. Furthermore, advanced recovery
strategies that account for the internal compartmentalization of the reservoir cén be designed

and iniplemented.



Research discussed in this report addresses the controls of sequence stratigraphy on
sedimentary architecture and permeability structure and how this per_meabilify structure affects
oil and gas mobility under reSérvoir conditions. The approach was to establish the depositional
architecture and diagenetic modification of reservoir equiv&lents within the context of a well-
- defined sequence-stratigraphic framewbrk and thexi to determine how these factors affect tﬁe
spatial distribution of permeability. The steps involved in this characterization of heterogeneity
are the determination of sequence-stratigraphic histories of the targeted formations,
delineation of facies architectﬁré, delineation of the position, cbntinuity, and causes of both
permeable zones and barriers to oil and gas flow, and establishment of predictable permeability
trends commo'ﬁ to fluvial-deltaic sandstones and restricted pl_atform‘ carbonates. Ultimately, the
goal is to translate this understénding of outcrop architecture to a reservoir model that can be
used to test hypotheses concerning the most efficient methods for recovery of incremental oil

and gas reserves in heterogeneous, compartmented reservoirs.

" OBJECTIVES

This study had multiple objectives that were divided into seven subtasks as follows:
(1) Defining the expected distribution of carbonate sand bar facies in the Gtéyburg Formation
on a regional or sequence scale in the outcrop. (2) Characterizixig external geometries and
internal heterogeneities of productive sandbar facies on the basis of detailed outcrop studies at
both the systems-tract scale and the intraparasequence scale. (3) Conducting geological and
engineering characterization studies of flow-unit structure usin»g reservoir data from é éelected
reservoir. The North Fostef Grayburg unit was targeted for detailed analysis on the basis of the
quality of évailable data and on operator cooperation. (4) Developing exploitation approéches
and infill drilling strategies for advanced 'recovery of remaining hydrocarbons. (§) Determining
which genetic reservoir types are szt amenable to advanced gas recovéry. (6) Undertaking

detailed characterization of reservoir types identified in subtask S to develop strategies for



advanced recovery. (7) Testing, if possible, the approaches developed in subtask 6 in a selected
field analog.

Subtasks 1 through 4 were performed to determine the effects of heterogeneity on oil
" recovery in carbonate reservoirs. Results of these subtasks are presented in chapters 2 throﬁgh
4 of this report.as follows. Chapter 2 'describes the outcrop sequence-stratigraphic framework of
- the Grayburg Formation aﬁd implications for reservoir characterization. Chapter 3 describes
interwell-scale reservoir heterogeneity in the Grayburg high.s_tand systems tract of the Stone
Canyon area. In chapter 4 the Grayburg reservoir in the North Foster/Johnson units, eastern
margin of the Central Basin Platform, is described, and implications for subsurface sequence-
guided advanced recbvery ‘approaches are discussed. Subtasks S through 7 were deVeloped to
address the effects of sandstone reservoir heterogeneity on gas production and recovery
efficiencies. Chapter S presents results of the analysis of gas reservoir recovery and reasons for
targeting deltaic reservoirs for advancedvgas recovery. Chapter 6 éddresses results of outcropv
characterization of the selected reservoir analog for Gulf Coast deltaic reservoirs, and chapt‘er 7
discusses the transfer of advanced recovery approaches to the subsurface in this critical

reservoir type.

APPLICABILITY OF OUTCROP STUDIES TO THE

SUBSURFACE: DATA PORTABILITY

Reservoir characterization from outcrop studies allows the coniinuous sampling necessary
for a more detailed reservoir description than is available from subsurface data alone. In
addition to being able‘ to rigorously map geometric attributes of component facies in two (and
locally three) dimensions, outcrop characterization allows ready access for high-resolution field
minipermeametry. Field minipermeametry uses a portable minipermeameter to traneform the
rate of flow of nitrogen through a carefully prepared outcrop surface, together with attendént_

drop in pressure, into permeability. This was the fundamental approach used in this study, as



discussed in chapters 2 and 6. An obvious limitation of surface studies is the transfer, that is,
portability, of outcrop permeability values. to the subsurface. Several étudies have demonstrated
the portability of outcrop observations to the subsurface (Stalkup and 'Ebanks, 1986; Goggin,
1988; Kittridge, 1988; Chandler and others, 1989). In general, it has been found that the mean
of the permeability measurements is not portable. However, distribution type, coefficieﬁt of
variation, and -correlation ‘measures are portable between outcrop and subsurface. In particular,
Stalkup and Ebanks (1986) investigated permeability of sandstones in the Ferron study area.
They compared outcrbp with subsurface rocks of the same stratigraphic interval in a nearby well
and found that permeability contrast among lithofacies is greater in the subsurface than in the
outcrops. They attributed this to the effects of surface weathering. However, they also found
that the vertical arrangement of statistically different permeabilities is preserved in the two
situations, indicating the portability of outcrop data to core.

Several recent studies have shown that sedimentary facies exert an important control on
perineability distribution in clastic rocks (Weber, 1982; Stalkup and Ebanks, 1986} Jones and
others, 1987; Dreyer 'and others, 1990). The most influential variables influencing permeability
are grain size, grain sorting, mineralogy, fabric, and degree of cementatioh (Dreyer and others,
1990). Thus, based on the results of these earlier ‘studies, the approach we followed was to
- relate permeability measurements at the outcrop to quantificatidn of these same variables.
Permeability variation on the outcrbp was then compared with rock-propert§ variation to
establish discrete perméability groups for specific depositional systems and settings. This
information provided the basis for assigning values and distributions of petrophysical properties

to reservoir models of sandstones from similar depositional systems and settings.



-~ CHAPTER II: OUTCROP DELINEATION OF CARBONATE
SAND BODY DISTRIBUTION IN A SEQUENCE-

STRATIGRAPHIC FRAMEWORK

Charles Kerans

INTRODUCTION

Analyses of oil and gas production trends (in teims of reserve additions and reservoir
volumetrics) by industry, government, and appliedv academic groups have revealed an extensive
remaining hydrocarbon potential in existing reservoirs in the lower 48 states, particularly in the
Permian Basin (Tyler and others, 1984; Fisher and Finley, 1986a; Fisher, 1987; Tyler and Banta,
1989). This pbtential has sparked renewed interest in developing advanced reservoir
des;riptions and models aimed at recovering this substantial low- to intermediate-cost resource.
A central element in improving reservoir models is the ability to predict the continuity of
reservoir flow units between well bores. A variety of emergfng technologies such as downhole
seismic and horizontal drilling indicate better deterministic charactérizatibn of the interwell
area and its flow characteristics in the future. In the nearterxﬂ, however, economic constraint§
dictate that‘ reservoir geologistS and gngineérs rely on maximizing existing subsurface data to
develop improved reservoir models.

The role of outcrop studies in improving reservoir heterogeneity models has been
recognized by numerous groups .as a means of developing,conce’ptual’and gedstatistical
| approaches to modeling interwell heterogeneity (Goggin and others, 1986; Stalkup and Ebanks,
1986; Sharma and others, 1989; Lewis, 1988; Ravenne and others, 1989; Tyler and others,
1991). Outcrop studies will continue to play a central role in improving reservoir models

because they enable both the deterministic and geostatistic characterization of patterns of



geologic facles and their related petrophysical properties at scales comparable to the interwell -
area of subsurface reservoirs.

The demands for carbonate outcrop studies for reseﬁoir modeling are particularly great
because little is known about the geometry and lateral and vertical distribution of carbonate
reservoir facies at the interwell scale. Comparison of existing carbonate reservoir descriptions
with state-of-the-art sandstone reservoir models highlights this discrepancy (compare Bebout
and others, 1987 and Kerans, 1988, with Galloway and Cheng, 1985 and Tyler and Ambrose,
1986). |

Studies of sandstone reservoirs by Ravenne and others (1989), Tyler and others (1991),'
and numerous other worker; have delineated petrophysically significant reservoir facies such as
channel, levee, crevasse splay, as well as the equally important shale flow barriers, using gamma-
ray, SP, and resistivity wireline tools. In contrast, the well-log signatures of carbonate reservoir
strata are less diagnostic and thus generally limit stratigraphic framework studies to those areas
‘with extehsive core control. Also, the greater susceptibility of carbonate sediments to
diagenetic overprints typically obscures or masks the relationship between depositional and
petrophysical facies, making construction of flow unit models more complex. Outcrop studies of
carbonate reservoirs pérhaps provide the best opportunity t>o document the true facies
architecture of carbonate depositional facies and their relationship to petrophysically defined

flow units.

Sequence Stratigraphy in Reservoir Studies

Equally important for improved characterization of reservoir flow unit structure and
delineation of the remaining resource is the application of sequence-stratigraphic concepts at
both the sequence scale, for reservoir framework construction, and the parasequence scale, for
providing improved packaging of strata into genetically and petrophysically significant units at

the interwell scale. Sequence stratigraphy (Vail, 1987; Van Wagoner and others, 1988) evolved



largely as a tool for exploration in frontiér basins and unexplored parts of mature basins. Only
more recently has it become recognized as a fundamental conceptual tool in reservoir
characterization (Van Wagoner and others, 1990; Kerans and others, 1991). In this study of
Grayburg sandbar facies, we established the sequence-stratigraphic framework of the formation
through developmeht of a detailed outcrop model that can be testéd through subsurface
correlation and cofe description. Basic sequence-strétigraphic teims and their implication for

reservoir geologists are given in table II-1.

OUTCROP SEQUENCE-STRATIGRAPHIC FRAMEWORK OF
THE GRAYBURG FORMATION—IMPLICATIONS FOR

SUBSURFACE RESERVOIR CHARACTERIZATION

This discussion consists of a general intrbduction to the Grayburg Formation, dgvelopment
of a sequence-stratigraphic framework for the Grayburg Formation in its outcrop area (figs. II-1
and II-2), application' of the outcrop sequence framework to the regional characterization of
Grayburg reservoirs in the subsurface (and ‘in particular carbonate sandbar facies production),
and definition of the parasequence-scale framework of the Grayburg Formation outcrop and its
| contained facies tracts.

The Grayburg Formation is é major player within the open/restricted dolomitized
carbonate platform plays of the Permian Basin, having 16 reservoirs that have produced more
than 10 million barrels (MMbbI). The Grayburg, the lowest unit of tl}‘e Artesia Group, is Permian
(Middle Guadalupian) in age (fig. II-3). It is a mixed clastic/carbonate unit that records
predominantly shallow-shelf sedimentation in lowstand, transgressive, and highstand systems
tracts and represents a single third-order sequence of l-‘to S-m.y. duration (fig. II-4). Grayburg
carbonatés rimmed the Delaware and Midland Basins along the Northwestern, Northern, and

Eastern Shelfs, the Ozona Arch, and the Central Basin Platform. Producing reservoirs are



Table II-1. Sequence-stratigraphic terminology and relevance to reservoir development.

Term
Sequence stratigraphy

Sequence

Parasequence

Marine flooding
surface

Depositional system

Systems tract

Lowstand ST

Shelf margin ST

Transgressive ST

Transgressive surface

Downlap surface

Maximum flooding
surface

FS

ST

LST

SMST

TST

TS

DLS

MFS

Definition

Study of rock relationships within a
chronostratical framework of repetitive,
genetically related strata bounded by surfaces
of erosion or nondeposition, or their

correlative conformities

Relatively conformable succession of
genetically related strata bounded by
-unconformities and their correlative

conformities

Relatively conformable succession of
genetically related and generally
progradational beds and bed sets bounded
above and below by marine flooding surfaces
and their correlative surfaces

Surface that separates older strata below from
younger above, across which there is evidence
of abrupt increase in water depth

3-D assemblage of lithofacies

Linkage of confémporaneous DS's, in sequence
recognize three systems tracts: lowstand (or
shelf margin if type 2 sequence), transgressive,

and highstand

Basal ST of sequence, rests on type 1
unconformity surface or correl. conformity,
basin-restricted geometry

Basal ST of type 2 sequence, developed atop
and seaward of old shelf margin )

Middle ST of either type 1 or type 2 sequence,
separated from LST/SMST by transgressive
surface, deposited during sea-level rise with
component sediments onlapping underlying

sequence boundary

First significant marine-flooding surface across

the precursor shelf

Marine flooding surface onto which the toes of
clinoforms of overlying highstand tract

downlap

Downlap surface

10

Reservoir Application
Reservoir framework

Total reservoir
interval

Basic resevoir
mapping unit; can be
closely related to flow
units

Potentially critical as
intrareservoir flow
barriers

Classic style of
geologic reservoir
description, ex. delta

Recognition of
systems tract within
sequence lends,
predictability to
vertical and lateral
trends of reservoir
strata

Typical submarine fan
reservoirs, ex.
Spraberry, Midland
Basin, also-basinal
carbonate debris,
Bone Spring, Penn.
debris complexes,
Cretaceous Poza Rica
of Mexico

May represent
separate shingled
reservoir zone within
overall progradational
sequence set

Retrogradational
package, can form
separated reservoir
draped by condensed
section deposits, ex.,
Holt (lower San
Andres) reservoirs at
North Cowden,
Penwell

Used to separate TST
and LST

Key seismically
resolvable mapping
surface, typically

" separates distinctly

different reservoir
styles



Term
Condensed section

Highstand ST

CSs

HST

Table II-I (cont.)

_ Definition
Starved sediment deposit at DS

Widespread uppermost ST of sequence
containing aggradational and/or
progradational parasequence sets, onlapping
sequence boundary (SB) toward shelf and
downlapping TST or LST basinward in
clinoformal geometry, and capped by

" type 1ortype 2

11

Reservoir Application
Can serve as source
bed and/or

intrasequence
reservoir seal

Contains high-enegy
shoal-type reservoir

_ strata



1 ?5"

95°
1 1

New
Mexico

' Okla-
oma

- 350

Texas

)

- 300

R Carlsbad

Capitan and Goat Seep
Formations ‘

Inset

figure II-2 N Artesia_ Group (undivided
oA _ excluding Grayburg)
?é:‘g" Im:m] Artesia Group (undivided)
T XS . :
NElV_ME_)QQC_) ?é: |\ -/ I]]]]]]]]]]]] Grayburg Formation
TEXAS : %;‘ T BERSON cO San Andres FérmatIOé ,
SRR Fermations (undiviaad)

15 mi

O T O

. u Undifferentiated
20 km basin facies
QA 15971c

Figure II-1. Siﬁipli'fiéd“éeblbgmic‘ -iixap ofthe .central Guadalupe Mountains (after Haj?eé, 1964).
Outlined area marks position of inset map of figure II-2. :

12



ol iy
"Lm|||||lllln|m

133t ooo /|
(A
..... A
Gray|
m | 137 /
g | I
33 i -
% ] i » R ]]J )
2 y ) !
| 67 i n =
& " il .
‘ 1 lupporAresia ||
\ Group \LH m:‘
AN 2 J‘l \“\H “\\c\\(\
3 ™ ?‘?. (] N
4 ] ' ;})‘?JQ@Q
i\ [540 \)lé%\\) |
1S (RS |/ )
Rl W ER 151 || |
El Paso Gap < i
F 2 Wi o
1S3
N
AN
bl
\ Fault ) '
®92 Measured section I‘IO
i i apita 0 1 2 3 4mi
6 l é ,. 4'1 s g km
Seep)

" QA 15977¢

Figure II-2. Simplified geologic map of central Guadalupe Mountains (after Hayes, 1964)
showing measured sections used in figures II-4, II-6, and II-8 through II-12, and approximate
position of Grayburg shelf margin. The Guadalupe Ridge anticline may be a surface reflection of
differential compaction over this margin.

13



Sequence

® . .
1<) Delaware Northwest Central Basin oo ;
System| & Basin Shelf Platform - Cycle | Relative change of coastal onlap | boundaries
(%7 Age | Type
— T T T T T T 250.5 1T 1 ]
ol ° LIE_ Tansill Fm uE. Tansill Fm | PLG4
© Bell < c ‘ LI L L L A A | 250 —— 1 —
<| canyon & | YatesFm & | Yates Fm PLG3 .
gl g a - a 251.8 4+— 1 —|
€| Fm « | Seven Rivers | @ | Seven PLG2 AU I, ]
3 o Fm 8 | nivers Fm @ [ FrG] T T T T 25251— : ]
<Z( = w| 58] Queen Fm® §§Queen Fm. PMG3
Z| |z |8 Cherry On @ — 1 —
Slu|3|2 Canyon
Z2|lal-|=
clal<ls Fm .
wio 2 o = g — 1 —]
a S Brushy Canyon PMG1 257 1
o LIS I B S N Nt R L T '
PEG4 : ﬁ
San San PEG3 “\a T T T T T 258 —t—— 1 —
Cut Off Andres Andres PEG2 ——— T :— —1— 259 —— 1 —
Fm Fm Fm \ 260 —— 1 —|
PEG1 \ .4
262 —— 1 —

Carbonate tongues within the Delaware Mountain Gp: G = Getaway,
SW = South Wells, M = Manzanita, P = Pinery, H = Hegler, R = Rader,

L=_Lamar

. Relative importance as a producing unit; based on

Galloway and others (1983)

exposure

ATTITTTTTTTT] . Submarine
Subaerial fan

Condensed
section

Modified from Galloway and others (1983);

Ross & Ross (1987)

QA 15984c¢

Figure II-3. Chronostratigraphic chart of Guadalupian (Permian) units of the greater Permian
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Figure II-4. Stratigraphic framework of Grayburg Formation showing (a) its relationship to other
Guadalupian platforms, and (b) a more detailed view of the Grayburg platform using measured
sections and stratigraphic relationships of Franseen and others (1989) for the Western
Escarpment (G1-G6) and Shattuck Valley sections of this study (1-9). Cross section in (a) was
compiled by W. Fitchen from various sources.
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concentrated along the eastern margin of the Central Basin Platform but val»so occur along the
rimming shelves (fig. II-5).

The Grayburg Formation as exposed in the Guadalupe Mountains (figs. II-1 and 11-2)
defines the northwestern rim of the Delaware Basin during Grayburg time, but precise
definition of the Grayburg shelf edge in outcrop has proved difficult because of massive erosion
and truncation marking the Grayburg/Queen sequence boundary (fig. II-4b) (Fekete and others,
1986, Franseen and others, 1989).

Guadalupian-aged Grayburg strata exposed in the Guadalixpe Mountains compose a mixed
siliciclastic-carbonate third-order depositional sequence (terminology of Mitchum and others,
1977) deposited on the Northwestern Shelf of the Delaware Basin. Dickey (1940) defined the
. Grayburg Formation type section in the Cecil H Lockhart Root Permit No. 2 well from the
Grayburg-Jackson field in Eddy County, New Mexico. Since that time several authors ‘have
variously defined its boundaries in outcrop, sometimes including the Grayburg in the Queen
Formation (Skinner, 1946) or including within the Grayburg uppermost San Andres strata
(Boyd, 1958; Moran, 1962). Tait and others (1962) collected the Grayburg with other post-San
Andres bstrata of the Guadalupian Series (Queen; Seven Rivers, Yates, and Tansill Formations)
into the Artesia Group, referring to the outcrop belt near Artesia, eastern New Mexico. As
mapped by Hayes and Adams (1962) and Hayes (1964), the Grayburg‘Formation in the Algerita
Escarpment/Shattuck Valley study area comprises an interval of interbedded sviliciclastic and
carbonate rocks overlying, locally unconformabvly, the carbonate-dominated San Andres
}Formatvion. The Grayburg underlies the siliciclastic-rich Queen Formation from which it is
separated by a “locally conspicuous sandstone” (Hayes, 1964) that is “thicker than any of those
in the Grayburg” (Hayés and Adafns, 1962). The most recent field studies have shown that
conspicuous karsted surfaces (sequence boundaries) occur at the top and base of the Grayburg
Formation in the southern and central Guadalupe Mountains (Fekete and others, 1986; Kerans

and Nance, 1991). The Grayburg interval on the Central Basin Platform is lithologically similar
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Figure II-S. Grayburg paleogeography of the Permian Basin showing position of oil fields having
greater than 10 million barrels cumulative production. Modified from Ward and others (1987).
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except that siliciclastics are represented by siltstone beds on the platform rather than by
fine-grained sandstone, as on the Northwestern Shelf of the Delaware Basin (chapter IV).

Previous studies of Grayburg reservoirs include those of angacre (1980), Harris and others
(1984), and Bebout and others (1987). Studies of the Grayburg Formation in the Guadélupe
Mountains outcrops ixiclude early regional work by Lang (1937), King (1948), and Newell and
others (1953), as well as more specific mapping studies by Boyd (1958) in the Brokeéff
Mountains and Algerita Escarpment areas, and by Hayes (1959, 1964), who covered the central
and northern Guadalupes exclusive of the Brokeoff Mountains. The surface type locality of the
Grayburg was defined for the Sitting Bull Falls area by Moran (1954). The Grayburg of the Last
Chance Canyon area was also treated} in a general depositional/diagenetic analysi$ by Naimaﬁ ‘
(1982) and in a regional sequence-stratigraphic synthesis by Sarg and Lehmann (1986). Basin
margin relationships and erosional history of the Grayburg along the western escarpment of the
Guadalupes was reportéd by Fekete and others (1986).

Grayburg carbonates are pervasively dolomitized in the Guadaiupe Mountains outcrop belt

and in the subsurface, and all descriptions of carbonates should be assumed to be dolomite.

Regional Framework of the Grayburg Outcrop in the Guadalupe Mountains
Development of a Sequence-Stratigraphic Framework

The sequence-stratigraphic framework of the Grayburg as used for this study is shown in
figures II-4 and II-6. This interpretation sﬁggests that the Grayburg varies markedly in thickness,
from 260 ft on top of the underlying San Andres platform to more than 1,000 ft as
accommodation space increases seaward of the terminal San Andres margin as exposed on the
Western Escarpment. This ihterpretation is consistent with terminology of Franseen and others
(1989) but differs from that of Sarg and Lehmann (1986), who considered the lower Grayburg as
mapped on the Western Escarpment by Franseen and others (1989) to be equivalent to the

upper San Andres of Last Chance Canyon.
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Figure II-6. Sequence-stratigraphic framework of the Grayburg Formation in the Shattuck Valley
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grainstone documenting the downward shift in coastal onlap of the Grayburg LTST onto the San
Andres. The geometry of the San Andres sequence boundary downdip of section 4 is not
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Application of existing sequence-stratigraphic and systems-tract terminology to the
Grayburg sequence in outcrop is complicated by (1) a lack of critica<l exposures showing the
relationship between the terminal San And‘res shelf margin and the onlappingr Grayburg, and
(2) the long-term (third-order) topographic fall of the San Andres toplap position as that |
platform prograded in a series of high-oblique clinoforms. In an ideal case, where the platform
top of the underlying sequence is nearly level, onlap by the succeAeding‘sequence occurs
topographically below the terminal platform margin of the underlying §équence. This makes
recognition of a type 1 sequence and its associated lowstand and transgressive systems tracts
unambiguous (fig. II-7a).

Where decreasing accommodation spa‘ce during the third-order sea-level fall has resuited in
a basin-sloping toplap surface/sequence boundary, it is possible to observe onlap relationships
above the terminal shelf margin that can be confused with onlap below the terminal shelf
edge. Because recognizing onlap relative to the terminal‘_shelf margin is required to distiﬁguish '
type 1 from type 2 sequence boundaries and lowstand prograding wedge from ‘shelf-margin
wedge, delineation of the terminal shelf margin is important (fig. II-7).

For the Grayburg outcrop it has not yet been possible to define the terminal shelf margin,
although the critical exposures may be present along Cutoff Ridge in the Brokeoff Mountainé.
Thus, until relationships at the terminal San Andres shelf margin are resolved, all deposits
beneath the maximum 'ﬂooding surface will be grouped togethef as lowstand through

transgressive systems tracts (LTST) (fig. I1-6).

San Andres/Grayburg Sequence Boundary

The basal Grayburg Formation sequence boundary with the San Andres Formation is
variably expressed across the shelf-slope paleotopography of the San Andres Formation. In the
most basinward outcrops of Last Chance Canyon near its entrance (fig. II-2), the basal Grayburg

sequence boundary is a clean, sharp contact with relatively shallow-water sandstones of the
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uppermost Grayburg Formatioh lowstand systéms tract resting on subtidal packstones of the San
Andres. Rare sand-filled cracks (grikes) in the San Andres provide evidence for subaefial
exposure. Moving up Last Chance Canyon in a paleolandward direction (westward), small
breccia-filled pockets and sinkholes several feet dée_p lend more convincing evidence for
subaerial éxposure at this contact. A minimum esﬂmate for the downward shift in relative sea
level here is 50 ft, based on onlap geometries documented by Sonnenfeld (1991).

To the west, in the Algerita Escarpment area a thin preserved Grayburg section rests on
peritidal San Andres dolostones with sharp erosional contact.~ Locally along this contact a 0- to
3-ft-thick basal lithoclast pebble conglomerate and minor regolith are preserved (sections B and
C, fig. 1I-2). The San Andres-Grayburg sequence boundary on the northern Shattuck Valley wall,

just downdip of the Algerita Escarpment outcrops, displays solution dolines cut 30 ft deep into

fenestral dolostones of the San Andres Formation (section 2, figs. II-2 and II-6). These dolines, -

filled with massive sandstone, and are overlain by basal Grayburg Formation sandstones that
show no collapse into the dolines and are texturally and mineralogically identical to doline-fill
sandstones. These relationships indicate a pre-Grayburg origin for the dolines. A minimum
estimate for downward ;hift in coastal onlap associated with the dolines is again S0 ft, taken
from the vadose karst profile in this area.

In section 4 (figs. 1I-2 and II-6) the basal sequence boundary is 30 ft lower than at section 2
and is developed on subtidal skeletal grainstones instead of on tidal-flat facies. Calcification of
the grainstones here persists for 30 ft beneath the unconformity. Above the unconformity is a
15-ft-thick granule-pebble conglomerate that thins to less than 1 ft at section 2. These
relationships suggest that the sequence boundary is developed on a seaward slope that is
projected below the base of measured sections, further soufh on the Shattuck Valley wall (fig.
II-6). The occurrence of crossbedded sand-rich ooid grainstone within the Grayburg Formation
lowstand wedge and 115 ft belofv the top of the karsted San Andres platform suggests that thg
magnitude of relative sea-level fall is closer to 115 ft and possibly as much as 200 ft (measured

section 6, fig. 11-6).
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Lowstand/Transgressive Systems Tract (LTST)

Using the framework shown in figure II-4, the seaward part of the LTST is exposed only on
the Western Escarpment in the Blue Ridge/Bush Mountain area, Where it is approximately
800 ft thick and interfingers with the underlying Cherry Canyon sandstone in a toe-of-slope
position (Franseen and others, 1989). Only the uppermost part vis truncated by the major basin-
bounding Grayburg/Queen sequence boundary (Fekete and others, 1986, Franseen and others,
1989). .

Shattuck Valley sections contain only the uppermost 150 ft of the LTST (fig. II-6). Here
the LTST is made up of at least 10 parasequences, dominated by fusulinid-peloid packstone tb
dolomitic sandstone parasequences succeeded upward by those with crossbedded sand-rich
ooid-peloid‘grainstones and rare fenestral wackestones of the uppermost LTST (sections S
through 7, fig. 11-6). In more updip parts of the LTST (sectioné 1 thfough 4, fig. 11-6)
~ parasequences contain only peloid packstone to fenestral wackéstone facies. In Last Chance
Canyon the LTST is considered tob be that section beneath the ooid-shoal complexes (see
below), which approxiinates maximum flooding in this area. Here sand-based, peloid packstone
capped parasequences are largely of shallow subtidal origin, having only one of the
parasequences aggrading to tidavl-flat' conditions where observed near the interpreted terminal

San Andres shelf margin.

Maximum Flooding Surface

Maximum flooding is represented in the Shattuck Valley area by a single fusulinid-peloid
packstone-based parésequenc,e in sections 1 through 4, which can be traced seaward through
sections S through 8 with confidence. DoWnlap onto this surface cannot be observed in the
Shattuck Valley area because the limited accommodation space on the platfbrm top did not

allow development of clinoforms. In Last Chance Canyon this surface is interpreted to lie at or
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near the top of a set of stacked ooid grainstone capped parasequences in the middle of the
section. These grainstones appear to mark the most seaward facies tract in this area, and their

vertical stacking indicates moderate to high accommodation space associated with transgression.

Highstand SyStems Tract

- On the Western Escarpment the upper 450 ft of section is inferred to be highstand,
assuming a position of the maximum flooding surface not far above the top of the lowstand
systems trad oolitic sandstones. This assumption, as well as other inferences concerning the
Grayburg on the Western Escarpment, is drawn from the discussic’m by Franseen and othersb
(1989) of their G-1 section. Lack of knowledge of the direct correlation between this area and
the remainder of the Grayburg outcrops in the Guadalupes must limit the confidence of this
- lithostratigraphic correlation.

Most of the Grayburg outcrop in the Algerita/Shattuck Valley area and in the Last Chance
Canyon area (where the outcrop reference section of the Grayburg Formation i; described
[Moran, 1954]) is within the highstand systems tract (fig. II-6). The exposed part of the
highstand systems tract varies in thickness from 220 ft in the northern Shattuck to at least
400 ft in the southern Shattuck Valley, and is 250 ft thick in the downdip (eastern) part of Last
Chance Canyon.

The excellent exposures of the Shattuck Valley area permit detailed‘ examination of lateral
facies changes within parasequences, as well as the stacking pattern of these parasequences
within the sequence ftamework (figs. I1-8 through II-12). Discussion of lateral facies associations
and the relation to subsurface reservoir development are presented later in this chapter in the

section on paiasequence framework of the outcrop model.
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25



(o]

10 M

5
S
/

2 8 4 2
ft m R
300 . 90 P
- 2\.\4 '
200 1 60 / :
] e
100 4+ 30
S8 :
1 2
S Ragy
LTST
o 1 2 mi
: T | E
T , ‘
O 1 5 3 km

2

QA 15983c

Figure II-9. Distribution of ooid grainstone facies within Grayburg parasequence framework.
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projected terminal San Andres shelf margin.
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Grayburg/Queen Sequence Boundary

The base of the Queen Formation as it overlies the Grayburg Formation is defined by
Hayes (1964) as the base of a locally conspicuous sandstone. In the Shattuck Valley area the
Grayburg-Queen contact of Hayes (1964) corresponds to a genetically significant karst surface
interpreted here to be correlative with the erosion surface mapped between these units on
the Western Escarpment (fig. II-4 of Franseen and others, 1989). Karst is only locally
developed, however, and cannot be used on a regional basis to recognize this surface. It is
considered likely that the Giayburg/Queen sequence boundary is variably mapped in areas

lacking unequivocal Karst or continuous outcrops linked to the contact.

REGIONAL RESERVOIR ARCHITECTURE WITHIN A SEQUENCE FRAMEWORK

Development of a simple three-part classification for Grayburg reservoirs is nbw possible
using knowledge of the outcrop sequence framework and basic information concerning
dominant productive lithology and position relative to the postulated shelf margin of these
reservoirs. This classification includes (1) highstand carbonate sandbar subplay, (2) mixed
highstand siliciclastic and carbonate sahdbar subpiay, and (3) lowstand mixed clastic/oolitic,
subplay (fig. 11-5). A spectrum of intermediate reservoirs exists within the highstand systems
tract subplays, but the general pattern is for production from sandstone/siltstone to dominate
on the Northwest Shelf and northernmost Central Basin Platform, whereas highstand carbonate
production dominates from just south of the North Cowden Grayburg to McElroy (fig. II-5).
Lowstand carbonate production is attributed to a discrete family of Grayburg reservoirs situated
immédiately east of the Central Basin Platform in southeastern Andrews County. The dominant
réservoirs in this subplay are Mabee and Midland Farms, but Midland Farms East and other
‘minor production reservoirs are also ascribed to this trend.

‘Reservoirs of the siliciclastic subplay contain very fine sandstone to siltstone beds ranging

from 1 to 25 ft thick that have a variety of degrees of continuity. These sands commonly
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appear to amaigamate and then split within the same reservoir, making mapping difficult. The
relative importance of siliciclastic production from the Grayburg of the Northwest Shelf is
consistent with the source of siliciclastic detritus comingvoff the Pedernal Uplift to the north
and west of the Guadalupe Mountains. This increase in sand content in the Grayburg highstand
systems iract is particularly apparent if one compares the importance of saﬁdstone in the
Guadalupe outcrop study (fig. II-12) with that described from the North Foster Grayburg unit, a
member of the carbonate-dominated highstand sﬁbplay situated on the eastern side of the
Central Basin Platform.

The carbonate-dominated highstand subplay includes Johnson, North Foster, Cowden
South, Waddell, Dune, and McElroy fields (LOngacre, 1980; Harris and others, 1984; Bebout and
others, 1987). The Big Lake, Farmer, Olson, and World reservoirs on the Ozona Arch are also
tentatively included in this subplay, but regional correlation by D. G. Bebout (personal
communication) suggests that they may be equivalent to the Queen Formation of the Central
Basin Platform. The highstand tract of the carbonate-dominated highstand subplay is
‘characterized by thin (S to 25 ft) peritidal parasequences of peloid packstone/grainstone that
- pass off-platform into fusﬁlinid-bearing peloid packstone/grain-dominated packstone.
Siliciclastics are 1- to Z-ft thick, burrowed to ripple-laminated siltstone. Carbonate grainstone to
grain-dominated packstone is the most important reservoir facies in this subplay, and a common
trend toward ihcreased production on the seaward margin of these reservoirs appears to reflect
enhanced porosity and permeability associated with late-diagenetic leaching (see chapter IV).

The lowstand mixed lithology subplay is not as well represented, with Midland Farms and
Mabee reservoirs (Friedman and others, 1990) being the only two examples having produced
more than 10 MMbbl. Eastern parts of the Means San. Andres unit are also considered to be
genetically within this subplay. In the discussion of the outcrop sequence model, it was
demonstrated that a substantial part of the Grayburg Formation was deposited in a lowstand

prograding wedge below and basinward of the terminal San Andres Formation ramp margin.
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Without pertinent reflection seismic data, it is difficult to dgfinitively document the
lowstand character of Mabee or Midland Farms reservoirs, but well logs and structure maps show
that these reservoirs are situated below the terminal San Andres shelf margin. It is interesting to
note that both reservoirs also have a high proportion of oolitic graixistone not seen in -
highstand systems tracts of either San Andres or Grayburg affinity. In addition, both show
gradational contact below with siliciclastics of basinal affinity, in contrast to Grayburg reservoirs
of the Central Basin platform that rest atop subaerially exposed San Andres lithologies (see
discussion of North Foster, chapter IV). Finally, these reservoirs are only partially dolomitized,
in contrast to their pervasivély dolomitized ‘counterparts on the Central Basin Platform and
Eastern Shelf. Absence of pervasive dolomitization is most likely related to the isolation of
these lowstahd strata from regional reflux systems of the highstand platforms.

The selective development of this high-energy facies tract within the lowstand prograding
wedge probably repreSents focused wave/current energy on the narrow lowstand platform that
developed directly exposed to the relatively deep water of the Midland Basin. Better
definition of the Grayburg lowstand subplay awaits publication of additional data on these |
reservoirs, but it is clear that significant differences exist and can best be explained by analogy

with a lowstand prograding complex.

Reservoir-Scale Parasequence Framework

Ongoing outcrop and subsurface description and modeling of San Andres reservoir facies ‘
(Kerans and others, 1991; Lucia and others, 1991; Senger and others, 1991) have demonstrated
that fluid—ﬁow patterns in subsurface reservoirs are controlled in part by the vertical and lateral
distribution of rock-fabric facies within a stacked assemblage of upward-coérsening :
parasequences. A second key conclusion of the studies cited above is that permeability
structure within a rock-fabric facies of a single parasequence typically demonstrates a

homogeneously heterogeneous pattern and that this pattern can be represented effectively
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through a geometric mean of the permeability measurements withih that facies. The
significance of this observation is that if standard dimensjonal statistics could be generated for
- rock-fabric facies elements, then stochastic models of carbonate reservoir architecture
comparable to thosé now being generated for siliciclastic reservoirs (Haldorsen and Damsleth,
19§0) could be developed. Until now, however, such dimensional data was not available for
carbonate facies because of the absence of detailed description and because of the compiexities
inherent in carbonate facies analysis, where the overprint of depositional fabrics by diagenetic
processes can mask critical relationships. The data set presented here represents one of the
few attempts to map in detail carbonate parasequences and their internal fécies heterogenéity
as they cross through different facies tracts in a landward to seaward profile.

Cross sections showing the distribution of facies in the parasequence framework
(1) outline the platform-scale facies tracts and their dimensions, (2) demonstrate the
progradational nature of the highstand tract and aggradational to retrogr.adational nature ‘of the
LTST, (3) provide dimensional data on individual facies for use in modeling exercises (fig. 1I-13),
and (4) demonstrate the potential internal complexities of the highstand parasequence sets
with their internal onlap, toplap and erosional truncation. Facies characteristics are summarized
in table II-2, and the distribution of facies across the Shattuck profile is shown in figures II-8
through II-12. These facies distributions define four broad facies tracts in which the highstand
tract is arranged in a progradational parasequence set (fig. II-14).

The inner shelf is predominantly low-energy mixed siliciclastics and mud-dominated
carbonates that extend landWard for an undefined distance. The inner-shelf crest is that part of
the shelf that witnessed repeated subaerial exposure and development of fenestral and tepee-
fenestral fa‘cieé. This facies tract is 2 mi wide and prograded 1 mi seaward during the highstand
deposition. The outer-shelf crest facies tract is outlined by a 1.5-mi-wide seaward-stepping zone

dominated by ooid grainstone shoals. The cross section of these grainstones (fig. II-9) shows the
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Table II-2. Attributes and environments of standard Grayburg facies types.

FACIES STRUCTURES ALLOCHEMS DIMENSIONS ENVIRONMENT | WATER DEPTH
thickness (ft), dip RANGE (ft)
width (mi)
sandstone, small-medium- Tare fusulinids 1-20, Tnner-shell crest, 0-25
crossbedded - | scale trough cross- 0-5 outer-shelf crest
strat., ripple lam.
sandstone, | massive as above, not inner shelf-outer 0-100
massive separated shelf
tusulinid-peloid | massive, vertically | fusulinids, 1-35, outer shelf 25-100
packstone burrowed pelmatozoa, 0-5
peloids, sand
peloid packstone | massive peloids w/minor | as below, not inner shelf to 0-100
composite grains, | separated _outer shelf
pisolites, ooids,
sand, pelmatozoa
ooid-peloid massive to peloids, ooids, 1-20, shelf crest to 0-100
packstone bioturbated pelmatozoa, 0-4 inner-outer shelf
brachiopods,
algae .
pel-ooid crossbedded ooids, peloids, 1-20, outer shelf crest 0-25
grainstone w/minor 0-3
pelmatozoa and
algae
peloid massive, faint peloids inner shelf,shelf 0-30
wackestone/ parallel - crest flooding
mudstone lamination
tenestral fenestrae, smooth | pisolites, rip-ups, | 1-15, inner-shelf crest 0-+3
laminite algal laminae peloids, ooids 0-2.5
tepee-fenestral fenestrae, tepees, | pisolites, peloids | as above, not inner-shelt crest 0-+3
sheet cracks, separated
internal sediments
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Figure II-13. Dimensional data for the five generalized Grayburg facies in terms of average'
thickness (ft) and maximum dip-oriented dimension (mi).
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progradational character of the Grayburg highstand systems tract. The outer Shelf is that part of
the profile seaward of the oﬁter-ramp crest out to the shelf-slope break (not exposed in’
Grayburg highstand outcrops) that is tharacterized by the ooid-peloid packstone and fusulinidé
peloid packstone facies. '

In addition to providing a clear picture of retrog;adation, aggradation, and progradation of
the Grayburg sequence, the parasequence framework provides a means of determining the
geometry and dimensions of carbonate facies. These dimensional data (fig. II-13) are best
collected within the higher resolution of the parasequence framework because this minimizes
effects of averaging data across time lines. Although small in vnumber, these data represent the
starting point for developing a set of standard carbonate facles dimensional data for use in
reservoir and stratigraphic modeling.

Particularly relevant for the carbonate sandbar facies, the focus of this report, are the
histograms énd cross sections of the ooid grainstone and ooid-peloid 'packstone facies. The ooid
grainstone element of each >parasequence represenfs the presefved active grainstone complex
of that parasequence. Many of these grainstones have relatively high porosity and
permeability, but others may be cemented tight by anhydrite (in the subsurface) or dolomite
(see chapter III) and thus act as flow barriers.

The ooid grainstones, which can be distinguished in cores by the presence of cross-
stratification and absencé of mud matrix, have the greatést thickness to width ratios, or
essentially have minimal dip continuity. Some ooid grainstones decrease from 20 ft thick to
pinch out in less than 2,000 ft in a dip direction but most gréinstone bodies mapping were
continuous for greater than 2,000 ft (fig. II-9). Although no data exist for strike-parallel
continuity of these grainstones, analogy with modern settings (Ball, 1967; Harris, 1979) suggests
that equal or greater discontinuity may be encountered, such as occurs in ooid ﬁdal bar bélts.

Ooid-péloid packstone facies are as important, if not more important, in pioducing
Grayburg reservoirs of the carbonate highstand type (Longacre, 1980; Harris and others, 1984;

Bebout and others, 1987; and chapter IV of this report). These facies are recognized in core by
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their massive appearance, grain-rich character, and paucity of‘b'ioclastic material. They are
interpreted to represent reworked material derived from active ooid sand bars, and their
dimensions reflect thfs, being thinner and more tabular in external geoinetry than the ooid
grainstones. Although porosity and permeability are generally less than that of the ooid
grainstones, the greater continuity (typically greater than 3,000 ft) suggests better interwell
connectedness in the subsurface. _

Sandstone geometry Within the outcrop parasequence framework from the Shattuck
escarpment is also very instructive for reservoir characterization in reservoirs of the siliciclastic-
dominated highstand subplay (fig. II-5). Sandstone facies analysis in shelf reservoirs of the
Grayburg or throughout the Guadalupian can be complicated by the narrow range in grain size
and absence of sedimentary structures in these deposits. Grain size limitation is a result of
eolian reworking prior to final deposition, whereas the absence of sedimentary structures is
caused by extensive bioturbation as sandstbnes are transgressed.

Two different size populations of sandstones appear on the cross section and histograms
(figs. 1I-12 and II-13). Those sandstones deposited in the inner-shelf through outer-shelf crest
“parts of the highstand systems tract (fig. 1I-14) are dis’continuous on the scale of hundreds of
feet and are relatively thin. Sandstones in thé inner- and outer-shelf crest positions are
commonly channel-form, filling topography between thicks in grainstone bars. Again, étrike
variability (not invesiigate& in this study because of lack of outcrop) may produce a high degree
of lateral variability in sandstone geometry. In the outer-shelf position, sandstones become
thicker and more continuous in a dip profile (fig. 1I-12), and it is énticipafed that this
continuity is comparable in strike-oriented profiles.

Recognizing these different sandstone types can be instrumental in constructing a
reservoir architecture, particularly in reservoirs of the siliciclastic-dominated highstand type.
The massive homogeneous character of these sandstones would limit the ability to predict

sandstone geometry on the basis of core or log descriptions. However, recognition of position
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in the carbonate shelf profile should prove a powerful tool for predicting sandstone geometry,

as shown in this discussion.
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CHAPTER III: FACIES ARCHITECTURE AND INTERNAL GEOMETRY
OF A MIXED SILICICLASTIC-CARBONATE DEPOSITIONAL SEQUENCE:
GRAYBURG FORMATION, STONE CANYON, NEW MEXICO

H. S. Nance
INTRODUCTION

- Analyzing the architecture of reservoirs situated in carbonate platform strata traditionally
involves defining and corrélating stratigraphic “zonés" on the basis of the occurrence of similér
well-log responses at several wells. In the Permian Basin, gamma-ray logs with sdnic, formation
dengity, or neutron logs are most often used to define zones. In a reservoir, however, no direct
data are available on lithologic and petrophj'sical properties between wvells. Outcrop
investigations in carbonate terranes havé shown that stratigraphic zones are characterized by
complex associations of different rock types having varying gebmetries and petrophysical
properties that chahge over short distances relative to well spaci‘ngw in oil fields. Such changes
profoundly affect fluid flow and, thus, the producibility of hydrocarbons. The internal
complexity of these zones is typically beyond the resolution of well-log or surface-based
reflection seismic data. In spite of this limitation, calculations of interwell rock propefties are
made by assuming that lithologic and petrophysical characferistics between wells are
gradational.

Low recovery efficiency arises when lithologic variability between wells limits primary and
secondary (water flooding) production of «oil (Bebout and others, 1987). Much, if not most, of
the oil is trapped in less permeable rdcks or uncbntacted compartments, whereas primary
production and subsequent flooding tends to sweep the more permeable rocks. Continued
flooding results in repeated sweeping of the same flow paths, resulting in an increase in

water/oil ratios over time. Isolated oil-rich compartments between wells may remain untapped
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and unswept. Our knowledge concerning lateral continuity of reservoir-quality facies,
petrophysical properties, and the nature and geometries of compartments is inadequate to
optimize production efficiency. }

Strata deposited in specific ‘carbonate depositional environments (for example, inner
shelf, outer shelf, Slope, and so forth) are composed and orgahized in different, but generally
predictable, Ways. The challenge for petroleum ge.ologists and engineers is to identify from
typical subsurface data sets correlatable, thus mappable, geologic units characterized by
predictable facies distributions and petrophysical attributes. This investigation is based on the
premise that outcrop observations of facies, with their geometries and petrophysical
_properties, can be adapted to hydrocarbon reservoirs developed in similar depositional settings
in the Permian Basin.

Other studies (chapter II) have identified the upward-shoaling depositional cycle, or
parasequence (term of Van Wagoner and others, 1988), as the fundamental cyclic genetic unit
composing the Grayburg depositional sequence. Parésequences have generally predictable
internal architectures comprising both reservoir-qu#lity and nonreservoir-quality rocks. Each
parasequence records sedimentary filling of space created by combined effects of eustétic sea-
level rise and subsidence. Parasequences comprise genetically related rock types (facies)‘who‘se
properties and geometries depend on their geographic positions in the original depositional
environment. A host of conditions controls component facies compositions and geometries,
including climate, dominant wind directions, rates of relative sea-level change, availability of
terrigenous sediments, topography inherited from previous depositional events, and
postdepoéitiona‘l processes of erosion and diagenesis.

As defined by Van Wagoner and others (1988), parasequences are bounded above and
below by marine-flooding surfaces that represent periods of nondeposition. This means that
pa_raseqﬁences avre asymmetric; each parasequence records rapid deepening followed by
relatively gradual shallowing of the depositional environment as accommodation space (volume

created by combined effects of eustatic sea-level change and benthic subsidence) is filled
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essentially to sea level, then followed by a nondepositional period before abrupt deepening ’
(marine transgression), leading to deposition of the next ﬁarasequence. Strictly defined, a
parasequence contains no record of gradual retufn to deeper marine conditions at its top. As
will be shown, most Grayburg depositional cycles observed in Stone Canyon accurately fit the
definition of parasequence. Platform strata in other Guadalupian depositional sequences in‘ the
Permian Basin, including the petroliferous San Andres, Queen, and Yates Formations
(Guadalupian), as well as sequences in the Leonardian Series, are dominated by this
asymmetrical packaging. |

Our studies also place outcropping Grayburg strata in a sequence-stratigraphic framework
that organizes sets of parasequences into sea level-lowstand (LST), transgressive (TST), and
highstand (HST) depositional systems tracts (chapter II). A systems tract comprises several
similarly composed parasequences in which specific sedimentary facies in succeeding cycles are
stacked in patterns caused by relative sea-level changes. For example, a given facies (for
example, shoal grainstones) might occur progressively seaward in succeeding parasequences if
relative sea level is static or falling (=HST). Organization of sets of parasequences into systems
tracts is based upon these-facies-,stacking patterns (Van Wagoner, 1985).

Consequently, strata with comparable reservoir quality are generally stacked in patterns
that indicate their positions in the sequence-stratigrephic framework. Specific facies within the
LST and the TST tend to backstep, that is, occur progressively more upslope depositionally
through succeeding parasequences. Within the HST specific facies tend to prograde, that is,
step basinward, upward through the section. These principles provide petroleum geologists a
predictive tool with which to target drilling once the position of a reservoir within the
sequence-stratigraphic ftameworkv is determined.

The investigation reported here was designed to establish continuity of component
depositional and diagenetic facies in Grayburg parasequences previously identified (as discussed
in chapter II) as well as continuity of their petrophysical properties over typical interwell

distances (<2,000-ft lateral separation). The subjects of this study are reservoir-analogous
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parasequences developed in an inner-shelf crest setting comprising mixed siliciclastic-carbonate

marine strata deposited in shallow subtidal, intertidal, and supratidal environments.

Geologic Setting and Sequence Stratigraphy of the Grayburg in Stone Canyon

The Grayburg Formation in Stone Canyon (fig. III-1) is 310- to 325-ft thick, comprising
interbedded dolomitic sandstones and dolostones (figs. I1I-2 through III-4). The underlying San
Andres Formation is not exposed in Stone Canyon but outcrops nearby to the north and east,
where its karst-modified surface unconformably underlies basal sandstone beds of the Grayburg
Formation. It is impossible to trace the lowermost Grayburg beds out of Stone Canyon, but
similarities in thickness between the Stone Canyon section and other Grayburg sections
nearby, where the contact with the San Andres is exposed, suggest that the San Andres is about
10 ft below the canyon floor.

The Grayburg Formation unconformably underlies 80 ft of Queen Formation dolostone and
siliciclastics in Stone'Cahyon. The top of the Grayburg Formation is a karst-modified surface that
is correlated to simiblar surfaces developed on top of the Grayburg exposed on the Shattuck
Valley wall to the east and in nearby canyons to the north on Algerita Escarpment.

The occurrence of regionally extensive karst-modified surfaces (sequence boundaries) at
both the top and base of the Grayburg Formation qualify it as a probable “type 1 depositional
sequence” in the teiminology of sequence-stratigraphic analysis (Van Wagoner and others,
1988; Kerans and Nance, 1991). Considered within a sequence-stratigraphic framework, the
Grayburg Formation comprises LST and TST deposits (collectively abbreviated as the LTST) and
HST deposits. The Grayburg LTST comprises generauy aggradational and backstepping facies-
stacking patterns developed in response to relative sea-level rising; the HST comprises seaward-
stepping, progradational facies-stacking pattefns developed during stillstands and fall of relative

sea level.
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Contour interval 40 ft QA 17297c

Figure III-1. Topographic contour map of Stone Canyon study area, Eddy County, New Mexico
(El Paso Gap Quadrangle, Sec. 19, T 2SS, R 21 E) with overlay representing 160 acres to illustrate
scale of study area compared with typical oil field well spacing. Also shown are locations of
measured sections. Sections A, B, and C are detailed sections through SC 23.
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Figure III-2. Photomosaic, looking west from Hwy 137, showing northern (right) and southern (left) walls of Stone Canyon. Arrows indicate (SB)

- Grayburg/Queen sequence boundary (also visible in foreground), (23) base of parasequence SC 23 (subject of detailed study), and (24) base of

channelized sandstone, SC 24. Perpendicular distance between uppermost canyon walls is approx1mately 1, 200 ft. Photo taken from Grayburg-
Queen sequence boundary at section 3. '
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Figure III-3. West-East stratigraphic cross section of uppermost Grayburg Formation, northern wall of Stone Canyon. Shown are locations of
measured sections, generalized facies, parasequence boundaries (thin lines), and Grayburg/Queen sequence boundary (SB, thick line). Subdivi-

- sion of parasequence SC 23 into SC 23a and SC 23b based upon figure I1I-7.
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Figure III-4. East-West stratigraphic cross section of uppermost Grayburg Foi'mation, southern wall of Stone Canyon. Shown are locations of
measured sections, generalized facies, parasequence boundaries (thin lines), and Grayburg/Queen sequence boundary (SB, thick line). Note
relatively thin basal sandstone in SC 24 compared with that in figure III-3.



Within the HST occurs a stack of seaward-stepping shallow water to emergent fenestral-
laminated and tepee-structured tidal-flat deposits. Tidal-flat strata are most abundant in the
'updip parts of the Grayburg study area, including Stone Canyon, and represent the
paleotopographically highest parts of the marine inner shelf. The area wheré these facies are
prevalent is called the inner-shelf crest ‘(chaptet 1I). Sandvﬁched between these generally
impermeable tidal-flat deposits are permeable reservoir-quality and less 'permeablé
nonreservoir?quality facies. It is within the inner-shelf crest strata at Stone Canyon that

detailed studies of parasequence character and facies distributions have proceeded.

Methods

The basis of this investigation is that relationships between depositional and diégenetic
facies and their petrophysical and geometric properties observed in the field can be applied,
with reservoit-specifié modifications, to hydrocarbon reservoirs developed in similar
depositional settings on the Central Basin Platform and shelves that rim the Permian Basin.
Methods of outcrop analysis include identification and mapping of individual parasequences
from measurement and geologic description of 11 vertical sections including both walls of Stonek
Canyon (figs. III-1 through III-4). Sections were correlated by tracing beds in the field and on
photographs taken of the canyon walls. Where exposures were poor, measured sections were
cofrelated with laterally extensive sandstone marker beds.

Following a general stratigraphic survey a single, representative parasequence was sampled
intensively to define more precisely faciés types and their distributions and to quantify
petrophySical parameters relevant to reservoir analysis, namely porosity and permeability. |
Within this parasequence about 245 one-inch core plugs were collected from vertical sections
along the northern wall of the canyon. Additional samples were éollected from grids established
in specific facies. Oriented samples were obtained with a portable drill that consisted of a small

gasoline-powered chain-saw 'drive coupled with a one-inch-diameter, water-irrigated, diamond-
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studded core barrel. Porosity and permeability analyses were conducted on all samples by
Rotary Engineers Laboratory, Midland, Texas. Thin sections of 116 samples were produced for
petrographic examination.

Terminology used herein to clasSify carbonate-dominated rocks follows that of Dunham
(1962). Dunhaﬁx's terms including the following:

(a) Grainstone—consists entirely of sand-sized or larger (>0.0625 mm) ailochems; in grain-

to-grain contact (grain-supporfed) and is free of finer material (mud);

(b) packstone—grain-suppofted but with a measurable quantity of mud occurring in pores

between allochems; |

(c) Wackestone—allochems are abundant but are suspended in a mud matrix;

(d) Mudstone—dominated by mud with relatively few allochems present.

Terms are combined when precise classification is not possible. For example,
grainstone/packstone describes a rock that is grain supported but whose mud content is not
determined. All Grayburg carbonate rock in Stone Canyon has been dolomitized, therefore the
prefix “dolo” is added to Dunham'’s original terms (for example, dolograinstone).

Data developed from engineering analyses and geologic descriptions were mapped and
various graphic plots of petrophysical data were produced to illustrate facies/petrophysical

relationships.

RESULTS

The Grayburg Formation at Stone Canyon compriSes beds of dolomitic sandstone, quartzose
dolostone, and a variety of relatively pure dolostone facies (figs. III-S through III-7) organized
~ into at least 28 upward-shallowing cycles, or parasequences. Parasequences of the LTST and HST
are separated from each other by the maximum flooding surface (MFS). The MFS is at the base
of a 6-ft-thick fusulinid dolopackstone bed, the only one in Stone Canyon. This bed (fig. III-5C)

occurs within parasequence SC 7, about 80 ft above the canyon floor. The bed is correlated to a
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Figure III-5. Outcrop features, Grayburg Formation of Stone Canyon. A. Sandstone-dominated parasequence SC 2 overlying dolostone tidal-flat
bed of SC 1. Heavy line marks boundary between SC 1 and SC 2. Lower two sandstone beds are planar- to cross-laminated, lens cap (center)
rests in burrowed interval; upper beds are ripple- to cryptalgally laminated tidal-flat deposits. B. Ooid-peloid dolograinstone lateral accretion
beds (inclined), deposited as subtidal to intertidal bar overlain by flat-lying, fenestrally laminated tidal-flat beds, SC 10. Five-foot staff for scale.
C. Fusulinid-peloid packstone bed near maximum flooding surface (MFS). Ball-point pen cap for scale. D. Parasequence SC 23 at section Ot with
basal massive to cross-laminated dolomitic quartz sandstone overlain by flaggy, quartzose peloid dolopackstone, in turn overlain by fossiliferous
peloid dolopackstone. Upper surface is erosional unconformity between SC 23 and SC 24. E. Multidirectionally cross-laminated ooid peloid
dolograinstone on bar crest of SC 23, section 4. Sotol plant is approximately 1.5 ft high. F. Tepee-structured dolopackstone at top of Grayburg.
Six-foot stalk for scale. G. Laminated dolopack/wackestone at top of Grayburg. These beds correlate with tepee-structured beds about 200 ft
along canyon wall in both directions. H. Karst pockets in darker colored Grayburg rock filled with lighter colored Queen dolomudstone,
Grayburg/Queen sequence boundary. Lens cap for scale.
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Figure 111-5 (cont.)
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Figure III-6. Facies photomicrographs, A-I are from SC 23. A. Dolomitic quartz sandstone, sample 8-1; rectangular pores result from dissolution
of feldspar. B. Quartzose peloid dolopackstone, completely bioturbated, sample 3-4. C. Quartzose peloid dolopackstone, sample 3-8; preserva-
tion of sand laminae indicates incomplete bioturbation. D. Cement-occluded compacted ooid-peloid dolograin/packstone, sample 7B-18. This
facies is similar to ooid-peloid dolograinstone except that little intergranular pore space is preserved. E. Compacted, crossbedded ooid-peloid
dolograinstone, sample 4-16, with intergranular pores and some well-preserved ooid cortices. F. Fossiliferous peloid dolograinstone, sample 3 (3,
5). G. Fossiliferous peloid dolopackstone, sample 3-16. H. Fine peloid dolopack/grainstone, sample 7B-20. 1. Ooid-peloid dolograinstone with
some quartz nuclei, sample 7B-12. J. Very fine peloid dolowacke/packstone, SC 26. K. Silty fusulinid-peloid packstone near maximum flooding
surface, SC 7. L. Cement-occluded lithoclastic peloid dolograin/packstone from fenestrally laminated tidal-flat bed, SC 23. Note fine detail
preserved in algal(?) laminations around larger grains. Some grains are in penetrative intersection with others in D, E, and I, showing porosity-
reducing etfects of chemical (pressure-solution) compaction. All photomicrographs represent approximately 4 mm across. '
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Figure I1I-6 (cont.)
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values > 0.1 md. Polygons are boundaries of facies depicted in III-7A.
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similar bed on the Shattuck Valley wall (chapter II). The MFS is either within or at one of the
bounding surfaces of this bed because (1) fusulinid dolopackstone is the deepest water deposit
in Stone Canyon and deep water had to be presentvb'efore deposition of the ﬁnit and
(2) shallow-water Sand-bearing—quartz rocks occur immediately above it.

Parasequences have three styles of lithologic associations, each showing compositions and
sedimentary features that indicaie shallowing conditions: (1) dolomitic sandstone throughout
(for example, SC 2; fig. II-5A), (2) dolomitic sandstone grading up to dolostone (for example,
SC 23; fig. I11-5D), and (3) relatively pure dolostone throughout (for example, SC 26 through 28;
uppermost Grayburg Formation in cliffs shown in fig. III-2). Each of these cycle types consists
of a basal transgressive facies composed of dolomitic sandstorie (figs. 1II-6A and III-7A) or a
relatively nonporous and impermeable carbonate facies (figs. III-6B, III-6C, III-6D, and III-6])
overlain by generally coarser grained carbonate facies. Locally, dol'og;ainstone occurs at some
cyclé bases (for example, SC 3 and SC 5). At each location these facies developed sequentially,
as sediment-water accommodation space was filled.

Most Stone Canyon barasequences are capped locally by tidal-flat deposits characterized
by fenestral ahd tepee-structured lamination (figs. III-SA, III-5B, and III-SF). Tidal-flat caps
indicate that final development of the parasequence occurred at or slightly above sea level and
reflect coastal emergence or low-relief-island development. Whete tidal-flat deposits extend
vertically thréugh several paraéequences (figs. III-3 and III-4), they are interpreted to record

_the persistent location of islands during deposition of these cycles. In these cases, areas with
elevated topography on tidal flats developed during deposifion of a parasequence became
locations for continued tidal-ﬂaf developinent during deposition of the next parasequence.

Fenestrally laminated carbonate and tepee structures are laterally discontinuéus in Stone
Canyon parasequences. Along the length of the Stone Canyon'study area, tepee-structured
beds capping individual parasequences pass into fenestrally laminated beds and then info
laminated fine-grained'packstone beds several times (fig. III-SG). In a reservoir analysis,

correlations between cored wells based on presence of similar tidal-flat facies could lead to
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miscorrelations, incorrect reconstruction of parasequences, and therefore incorrect
reconstruction of reservoir architecture.

Somewhat more sandstone occurs in parasequences of the LTST than in those of the HST.
Much sand probably bypassed an exposed Stone Canyon area during high-frequency sea-level
lowstands, although some was probably stored in thin transient eolian sand deposits developed
on the exposed shelf. In Palo Duro Basin, eSseﬁtially an extension of the Noith and Norfhwest'
Shelves during Guadalupian time, erg development during Grayburg sea-level lowstands has
been dqcumented (Nance, 1988). Well-sorted sandstone in Stone Canyon cytles has no
sedimentary features diagnostic of eolian deposition, axid'most of it is mixed with carbonate
peloids of marine origin. Therefore, these deposits are interpreted' to record trapping and
marine reworking of eoliéh sand during transgression.

A greater relative abundance of pure carbonate cycles in the HST than in the LTST is
possibly due to the landward migration (onlap), inherent in lowstand and transgressive system
tracts, of similar de‘positional facies within succeeding parasequences. At some pdint fifth-order
(barasequence-scale) sea-level fall is insufficient t.o allow sand to be transported basinward to
locations where sand was deposited in underlying parasequences. This general pattern is
interrupted by the occasidnal sea-level fall of greater than average magnitude where sandstone
depositional environments are reestablished in downslope areas.

vAlternatively, the preferential deposition of sandstone in parasequences of the LTST may
reflect conditions whereby HST,sand was stored further up depositional slope because drops in
relative sea level were of lower magnitude or shorter dufation than those during LTST
deposition. This hypothesis may be supported by relations seen between cycle SC 23 and
immediately overlying SC 24 (figs. III-1 and III-7A). In this interval deep'erosion of one
‘parasequence is followed by abundant sand accumulation in the base of the next overlying
parasequence. This pattem suggests longer exposure time for the eroded parasequence, which
may reflect a larger than average (for Stone Canyon) magnitud‘e and du_ration of relative sea-

level fall. SC 23 ranges from 15 ft thick at the western end of the outcrop at section 8 to about
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9 ft thick in the eastérn parts of the outcrop at section Ot. Although the uneven thickness of
SC 23 also reflects bar-crest topography, it mainly records erosion during sea-level lowstand
preceding SC 24 deposition. Depth of erosional truncation is greater for SC 23 than for any
other cycle in Stone Canyon. The thickest dolomitic sandstone interval found in the HST at
Stone Canyon (approximately 17 ft) occurs in the base of SC 24, just above the most truncated
part of SC 23 between sections Ot and 3, and suggests infilling of the erosional topography by
SC 24 sand. On thé southern canyon wall, SC 24 sandstoné thickness is comparatively uniform
and thin, ranging from S to 10 ft thick. The sandstone thickness distribution suggests deposition
in an erosional channel with a southeast trend. This trend probélbly lies approximately along
paleoslope. It is possible that the erosional unconformity on SC 23 is a fourth-order sequence
boundary within the third-order HST. :

Quartz sandstone beds are the most laterally extensive of Grayburg facies in the canyon,
and many can be correlated to the Graybutg section,exposed’ on the Shattuck Valléy wall
(chapter II), The widespread distribution of much of the sandstone in Stone Canyon records
the trapping of eolian sand along a transgressing shore zone. During the preceding bsea-level
lowstand, shelf-bypassed sand was deposited in a sea in which the shoreline was located at a
more downslope position. Erg deposits stored on the shelf during sea-level lowstand were
reworked by shallow marine processes during transgression. These processes produced
regionally extensive sheetlike sand deposits.

Sandstone beds in other arid mixed siliciclastic-carbonate settings may have similar histories
and geometries, thus making the best marker beds for correlation between wells in reservoirs.
Sandstone beds in the Grayburg-equivalent Eunice Monument South unit, located on the
northwest corner of the Central Basin Platform, have been used recently to define the cycle-
scale framework of that reservoir (Lindsay, 1991). In some Grayburg reservoirs (for example,
Cowden North in Ector and Andrews Counties), sandstones are not only good correlation

markers but produce hydrocarbons as well (Galloway and others, 1983). Gamma-ray logs are
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useful in distinguishing siliciclastic-dominated from carbonate-dominated strata in hydrocarbon
reservoirs. | |

Specific carbonate facies, howeve'r, are generally'autochthonous, developing in response
to interplay between water deptﬁs, current energies, and geographic position relative to
nearby depositional topography. Therefore, specific »carbonate facies are more limited in
geographical extent and are generally inferior markers over typical interwell distances.

Sampling of various facies in Stone Canyon indicate that the best porosity and
permeability values occur in dolomitic sandstone beds at the bases of sandstone-dolostone
cycles and in porous ooid-bearing and fossil-bearing dolograinstonee (figs. I11-6A, III-6E, and III-
6F) usually positioned within middle parts of parasequences. Lower porosity and permeability
values generally occur within cement-occluded dolograinstones and dolopaekstones (figs. II1-6B,
111-6C, 111-6D, I11-6G, '111-6H, 111-6], and T1I-6L). Tidal-flat caps (figs. II-5B and III-5F), whatever
their textural compositioh_, are typically impermeable because vadose cements are
preferentially precipitated in pore throats during subaerial exposure attendant high-frequency
sea-level lowstands. In fhe subsurface pores are often oceluded with sulfates precipitated from
hypersaline brines produced during late sea-level highstand by evaporation of restricted
lagoons fhat developed in topographic lows behind tidal flats, emergent shoals, and reefs.
Ancient examples of such lagoons include the Lower Cretaceous Ferry Lake Anhydrite of ﬁast
Texas (Loucks and Longman, 1985) and the Upper Jurassic Buckner evaporite member of the
Smackover Formation (Moore and others, 1988) illustrate this type of paleogeography. In Stone
Canyon pure dolostone parasequences, the basal interval is usually an impermeable
dolowackestone or dolopackstone (figs. III-6C and III-6]). These relationships result in relatively
porous and permeable facies of individual parasequences being isolated vertically from one
another by interveniﬁg impermeable facies. The lateral continuity of permeabie facies is also
limited. Porous and permeable dolomitic quartz sandstones change laterally into relatively
impemieable quartzose dolopackstones; dolograinstones change laterally to cement-occluded

grainstones or packstones, usually over distances shorter than typical interwell spacing.
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SPATIAL DISTRIBUTI_ON OF DEPOSITIONAL AND DIAGENETIC FACIES
IN PARASEQUENCE SC 23

A sampling program was designed to determine the characteristics and dimensions of
depositional and diagenetic facles in a single representative parasequence (SC 23) (figs. 1II-2,
III-3, MI-5D and III-7) to gain insight into the iﬁternal com’;ﬂexitiestof parasequences
developed in inner-shglf crest settings. Parasequence SC 23 was chosen for its variety of facies
representative of most Stone Canyon cycles, easy aécess, and manageable size. Brief points will
be made in the following sections about comparisons between Stone Canyon rocks and those
seen in some reservoirs and about appiicability of the findings of this study to reservoir analeis.

Samples were collected from SC 23 at 6-inch intervals along vertical sections on the
northern wall of Stone Canyon that were spaced 90 ft to 900 ft laterally (fig. IILi).'To
investigate petrophysical variability over smaller distances, two rectangular grids with 2-inch
sample spacing were established in two different facies occurring respectively toward the top of
SC 23 at the east (section 3) and west (section 8) ends of the detail study area.

Rock types .identified‘ from SC 23 include both depositional and combined
depositional/diagenetic facies, although the division between the two general categories is not
well defined. Depositional facies include dolomitic quartz sandstone, quartzose peloid
dolopackstone, cement-occluded ooid-peloid dolograinstone/packstbne, ooid-peloid
~ dolograinstone, fossiliferous peloid dolopackstone and dolograinstone, and fine-grained peloid
dolograinstbne/packstone (figs. III-6A through III-6I and III-7). Ooid-peloid dolograinstones are
further divided between those occurring on'bar crests characterized by relatively higher
intergranular porosity and those underlying and ﬂanki_ng bar crests characterized by
significantly lower porosity. Combined depositional/diagenetic facies include cement-occluded
ooid-peloid dolograin/packstone and possible leached facies, the most notable of which

includes both o0o-moldic peloidal dolograinstone and cement-occluded ooid-peloid
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dolograinstone/packstone that occurs at the top of SC 23a (fig. III-7A). The less porous
dolograinstone is transitional in fabric between the bar-crest dolograinstone and the cement-
occluded dolograinstone/packstone. Facies names in the following sections will be abbreviated:

(a) dolomitic quartz sandstone = sandstone,

(b) quartzose peloid dolopﬁckstone = sandy packstone,

(c) ooid peloid dolograinstone = ooid grainstone,

(d) fine grained peloid doldpackstone/grainstone = fine pack/grainstone,

(e) fossiliferous pbeloid dolopackstone = fossiliferous packstone,

(f) | fossiliferous peloid dolograinstone = fossiliferous grainstone,

(€9) cemenf-occluded ooid peloid dolopackstone/grainstone = cement-occluded

grain/packstone, and

(h) oo-moldic peloid dolograinstone/packstone = moldic grain/packstone.

The detailed facies cross section of SC 23 (fig. III#7) shows a basal massive to crossbedded,
well-sorted fipe-grained sandstone (figs. I1I-SD and III-6A). The sandstone has numerous molds
that resulted from dissolution of feldspar grains. The original sediment was subarkosic (feldspar-
bearing), reflecting its ultimate source in the gfanitic highlands of the Pederhal Uplift that
extended from central to south-central New Mexico. The sands are probably recycled from
other sahdstones because the granite massif was buried beneath terrigenous sediments earlier in
the Permian (Ross and Ross, 1986). Prior to final deposition by marine processes, Grayburg sand
probably spent much of its history in an arid eolian depbsitional environment. Evidence for
this is its excellent size sorting and the preservation of feldspar.grains that would have
degraded relatively quickly in a humid environment. In the Palo Duro Basin area located
upslope of the North and Northwestern Sheives, Grayburg sandstone has been obse‘rved that
has wind-ripple laminations and textural qualities characteristic of depoéition on eolian dunes

and eolian sand sheets (Nance, 1988).
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Although the SC 23 sandstone extends along the entire length of the canyon’s northern
wall, it becomes more dolomitic toward the west (section 8) and east (section 3) ends of the
study area. Consequently, it becomes less porous and permeable in those positions.

Siliciclastics observed in Stone Canyon parasequences are similar to those observed in
Grayburg-equivalent Eunice Monument South Unit in that both are sandstone with porosity
enhancement caused by feldspar dissolution (Lindsay, 1991). In the North Foster field, a study
of which accompanies this report (chapter IV), siltstone répresents the siliciclastic component
of parasequences. Notably, feldspar-dissolutibn-enhanced porosity was also observed there.

The SC 23 sandstone is overlain by massive, moderately sorted sandy packstone (figs. 11I-6B
and III-6C). Sand content decreases upward in this facies and reflects a transition from
siliciclastic-dominated to carbonate-dominated deposition. Decrease of siliciclastic influx
resulted from repetitive marine transgression and trapping of terrigenous sediments
progtessively up depositional slope. Overall lack of bedding in the packstone resulted from
bioturbation, where sand deposited intermittently in thin layers (fig. III-6C) was churned in
'with carbonate :peloids. The flaggy appearance of the packstone p;obably results from pressure
solution. The sandy packstone is laterally continuous along the canyon wall for the entire
length (1,900 ft) of the detailed study area, although locally it is significantly less quartzose (for
- example, in section 8).

Relatively pure dolostones immediately overlie sandy packstone facies (figs. III-SD and III-
7). These dolostones comprise five distinct facies: (1) cement-occlt;ded grain/packstone (fig. III-
6D), (2) ooid grainstone (fig. III-6E), (3) fossiliferous grainstone (fig. III-6F), (4) fossiliferous
packstone (fig. I1I-6G), and (5) fine packstone (fig. III- 6H).

The cement-occluded grain/packstone and the ooid grainstone record deposition on and
around a carbonate bar crest (fig. I1I-7). The ooid grainstones preferentially occur on the
crossbedded bar crests (figs. III-6E, III-7). These rocks are distinguished by excellent grain

sorting and relatively well preserved intergranular porosity. Ooids mostly range from 0.4 to
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0.6 mm in dia‘meter'(mediumé to coarse-sized sand). Ooid nuclei include peloids of uncertain
origin, quartz sand grains (fig. I1I-6I), and fossil fragments.

Ooid cortices (accretion rings) are well preserved in mariy examples (fig. III-6E), suggesting
microscale alteration (neomorphism) to calcite and dolomite of the or’iginalvmineral species
(aragonite or Mg-calcite). Nebmorphic processes are most common in vadose (Pingitore, 1976)
or burial diagenetic environments where chemical neér-equilibrium is maintained between
carbonate species and slow-moving or stationary diagenetic fluids. When there is vadose
neomorphism, the slow-moving water is in the form of a thin film of capillary water surrounding
grains (Pingitore, 1982)% |

Distribution of coxhpactional fabrics suggests that some SC 23 carbonate transformations
occurred in a vadose zone, whereas others occurred in a meteoric phreatic zone. Chemical
compaction (pressure soluﬁon) is indicated by penetrative intersectioﬁs of grains observed in
the poid-peloid rocks (figs. I1I-6D, III-6E, and III-6I). Pressure solution, in addition to mechanical
packing and dewatering (mainly in rocks dominated by mud-sized particles), is a major process
by which carbonate rocks are compacted (Wanless, 1979; Shinn and Robbin, 1983). Pore-sized
reduction in chemically compacted rock is caused not only by grain-sized reduction but also by
the probable reprecipitation of dissolved carbonate in nearby pores (Dunnington, ‘1954).
Compaction fabrics in SC 23 are systematically distributed in rocks éround a zone of above-
average permeability (to be discussed under the section on porosity and permeability).
Examples from rocks above the zone show more evidence of pressure-soluﬁon (figs. I1I-6D and
I1I-6E) than rocks within the zone (figs. III-8A through III-8C), or rocks below it (fig. III-8E). In
Jurassic Smackover oolites of Louisiana (Humphrey and others, 1986) and Arkansas (Wagner and
Mathews, 1982), porous, relatively uncompacted oolites were overlain and underlain by
chemically compacted oolites. These contrasting fabrics were interpreted to result from
preferential early mineral stabilization by meteoric-phreatic diagenesis Of, the relatively
uncompacted interval. Rocks in the vadose zone were not stabilized because they were not

exposed sufficiently to chemically aggressive diagenetic fluids, whereas rocks in the marine-
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phreatic zone were not stabilized because they were bathed in waters compositionally similar to
those which they had formed. The authors of the Smackover studies interpreted the
establishment of a floating meteoric lens (meteoric-phreatic zone) during sea-level lowstend
that effected stabilization of the sediments within it. Because pressure solution is enhanced in
chemically metastable carbonate sediments, those rocks in the vadose- and marine-phreatic
zones were preferentially compacted and cemented. Isotopic studies were used to support the
interpretations of meteoric diagenesis in Smackover oolites, but such analyses were beyond the
scope of this investigation. |

Postdepositienal transformations of the original carbonate species, including pervasive
dolomitization, make i{ difficult to determine if the cement-occluded grain/packstone facies
originally included intergranu.lar mud of sufficient quantity to classify it as packstone. In many
examples pores of a grainstone probably have been filled with cement precipitated from
through-going carbonate-supersaturated fluids. The local occurrence of crossbedding in the
cement-occluded grain/packstone facies suggests that some of these rocks were originally similar
to the more porous rocks herein classified as ooid grainstones.

The lateral dimensions of the bar-crest grainstone facies of SC 23 is about 300 ft on the
north wall of Stone Canyon (fig. III-7). The cement-occluded grain/packstone facies does not
pinch out within the canyon study area; thus, only a minimum length of about 2,000 ft can be
given. Without a sufficiently extensive three-dimensional view of parasequences, it is
impossible to know solid geometries of facies (fdr example, bar crests could be elongate into the
plane of the canyon wall). Along the Shattuck Valley wall 2 miles to the east, several
crossbedded ooid grainstones measure 1 to 3 mi along apparent dip (Kerans and Nance, 1991).

The fossiliferous packstone facies is interpreted to onlap the SC 23a bar crest from the east
and west (fig. III-7). This interpretaﬁon is based on the distribution of core-plug data, but no
actual onlap surface was observed in outcrop; therefore, it is possible that fossiliferous facies
interfinger with ooidic facies. However, the similarity of samples taken over such a close-spaced

interval (6 inches) supports the interpretation that no ooid-peloid facies occur within the

65



99

Figure I11-8. Photomicrographs of rocks associated with zones of suspected meteoric diagenesis. A-E are from SC 23. A. Ooid-peloid dolograinstone
(sample 7A-12), with 16.12-md permeability. B. Uncompacted cement-occluded ooid-peloid dolograinstone with geopedal oo-moldic fabric,
probably resulting from meteoric diagenesis (sample 7-12). C. Cement-occluded ooid-peloid dolograinstone with microstalactitic cements on
upper surfaces of vugs, 0.59-md permeability (sample 7-13). D. Little-compacted ooid-peloid dolograinstone with isopachous cements and
intergranular porosity (sample 7-10). E. Ooid-peloid dolopackstone with pore after sulfate and oo- moldic geopedal fabric, SC 26, section 8. F.
Fossiliferous peloid dolopackstone with fossil molds and pendulous cements (arrow), 59 md permeability, SC 25, section 3. Photomicrographs
(except D) represent approximately 4 mm across; D is approximately 1 mm across.
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interval mapped as fossiliferous packstone. Given the interpretation of onlap of the bar crest
by the fossiliferous packstone, the relief presently displayed by the underlying bar crest is
about 3 ft. This is a minimum figure for the original depositional relief because the grainstones -
have been compacted, as will be shown. The presence of fossils in this facies contrasts with the
faunally barren facies that coniposes the rest of the parasequence and suggests deposition
during a marine transgression. Its absence at the apex of the bar crest may reflect erosion
associated with current energies attendant development of the overlying bar or with infilling of
topographic lows around an emergent bar crest by the 'fossiliferous facies. The occurrence
within SC 23 of a transgressive facies suggests that SC 23 consists of two cycles. The lower cycle
(SC 23a) has a sandstone at its base, whereas the upper cycle (SC 23b) has.a carbonate
(fossiliferous packstone or grainstone) base.

At the east end of the outcrop study area, the fossiliferous packstone changes to
fossiliferous grainstone (fig. III-7). This facies change includes accompanying changés in
porosity and permeabilify and provides a lateral pinch-out into the packstone of the more
permeable qualities of the fossiliferous grainstone facies. This will be further discussed later in
the report. | ‘

Fine packstone occurs as tWo distinct intervals in SC 23b (fig. III-7). These are probably
lower energy shoal-flank deposits that filled in depositional topography inherited from the
grainstone-bar forms. Their thickness patterns and the structure on their bases defines the
underlying bar crests. Based upon this iriterpretation the two bar crests of SC 23b presently
have post-compaction relief of about 3 ft each over a minimum distance of 900 ft (fig. III-7),
about the same relief as that of the the bar crest in SC 23a. The position of these fine-grained,
tight packstones overlapping more porous and permeablé grainstones provides potential seals
against vertical migration of hydrocarbons stored in the grainstones. The reoccﬁrrence of ooid
grain/packstone deposits on top of the fine packstoxie in SC 23b may indicate a depositional
break following deposition of the lower half of SC 23b. The dashed boundary in figure III-7

suggests this possibility. Similar to the interpretation of SC 23a that was based on the
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occurrence of fossiliferous facies, the reactivation of shoal crest deposition in the upper part of
SC 23b may reflect the presence of an additional cycle. Whatever the cause, the results are
small (3 ft thick by 900 ft wide in outcrop) potential stratigraphic traps comprising lenses of
ooid grainstone separated from each other by intervening thin (1 to 2 ft thick), fine-grained
packstone beds.

Erosion at thev tbp of SC 23 created differéntial topography that affected facies
distributions in overlying SC 24. Not only the thickness of SC 24 sandstone but also in5
composition appears affected by precedent erosional topography deﬁreloped on SC 23. Upon
the paleotopographically higher terrain in the west, the basal sandstone is cross-laminated, well
sorted, and contains no peloids (spherical coated grains of unceriain marine origin [fig. III-9A]).
In the erosional trough to the east, however, the basal deposit is a massive to planar-laminated,
| moderately sorted, quartzose peloid dolopackstone (fig. III-9B). This compositional difference
reflects changing depositional conditions related to water deepening during SC 24
transgression. Although the initial transgressive deposits in the trough may have been current-
laminated quartz sand, upon marine deepening a carbonate depositional environment was
established with burrowing organisms that churned carbonate components with ihe quartz
sand. Current energies on the higher area may have been too high, thus incompatible with
development 6f large coated carbonate grains or population by organisms. As discussed in the
following section, petrophysical properties are significantly more favorable to fluid flow in
-quartz sandstone than in quartzose peloid packstone. Therefore, topography fhat locally affects
sandstone facies distributions consequently affects distribution of petrophysical properties

pertinent to potential hydrocarbon productivity of the sandstone.
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Figure III-9. Photomicrographs of basal quartz-bearing beds of SC 24. A. Dolomitic fine-grained
quartz sandstone deposited on paleotopographic high of erosional unconformity on SC 23.
B. Quartzose peloid dolopackstone deposited in erosional trough on SC 23. Photomicrographs
represent approximately 4 mm across.
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PARASEQUENCE-SCALE VARIATION

IN POROSITY AND PERMEABILITY STRUCTURE

Overall, SC 23 is composed of rocks di‘stinguished by low porosity and low permeability.

The range of porosity values is limited to 14 percent or less (fig. III-10). Porosity values greater
| than or eqﬁal to 9 percent characterize only 3 percent of the samples and are all in sandstone.
Most of the porosity values <2 perent are in fine packstone. Samples with poroSity values of 3
to 8 percent are divided among the sandy packstone, fossiliferous grainstone, ooid grainstone,
cement-occluded grain/packstone, and fossiliferou§ packstone (in order of decreasing average
porosity). Permeability values range between less than 0.01 md to 30 md. Only 17 percent of
the 245 samples recovered from SC 23.have k > 1.0 md. Rocks with permeabilities below 0.1 md
are defined as “tight” (Finley, 1984).

Much of the original depositional porosity has been reduced by compaction and carbonate
cementation. Some cement was probably precipitated from seawater soon after deposition.
Other cements were probably precipitated from solutions charged with carbonate acquired from
dissolution (including pressure solution) qf marineé cements and'd.epositional particles (ooids,
peloids, and fossils) (figs. III-6D, III-6E, III-8B, III-8F, and III-8G) under meteoric or mixed
meteoric-marine conditions developed when thé shoal emerged during sea-level drop. All -
carbonate components of SCV23, as well as the rest of the Grayburg carbonate rocks in Stone
Canyon, have been dolomitized. Dolomitization episodés probably proviqed additional cement
as well as transforming calcitic species already present. In spite of these considerations, there
remain significant differences in the petrophysical properties of the several facies identified in
SC 23, most of which directly reflect primary depositional and syndepositional diagenetic
features. B} emphasizing these differences and the causal depositional and diagenetic
processes, observations made on outcrop can be applied readily to reservoirs formed in similar

environments.
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Figure III-10. Porosity frequency polygons for facies identified from samples recovered from
SC 23 and mapped on figure III-5. Also indicated are arithmetic-mean porosities and geometric-
mean permeabilities for each facies.
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The most obvious porosity in quartz-bearing facies lies in the rectangular molds developed
from leaching of feldspar (fig. III-6A), whereas well-developed but irregularly distributed
intergranular porosity characterizes the ooid and fossiliferous grainstones (figs. III-6E and III-
6F). Intergranular porosity is reduced in cement-occluded facies and fine packstones. The
better porosities occur in the sandstone (avg. 9.4 percent), sandy packstvone (avg. 5.0 percent),
fossiliferous grainstone (avg. 4.7 percent), and in the ooid grainstone (avg. 4.1 percent). Lowest
porosities occur in fossiliferous packstones (avg. 2.94 percent), cement-occluded
grain/packstone (avg. 2.86 percent) and fine packstones (avg. 1.44 percent).

Although the range of porosity values in SC 23 samples is small, a significant relationship
exists between facies types and porosity. Figure III-11 is a computer-generated deferministic
contour map based on porosity values, without regard to facies types. By using porosity-value
cutoffs selected from facies/porosity relationships (fig. I1I-10), the essential facies structure of
SC 23 is captured, especially distribution of the sandstone (29 percent porosity), fine packstone
(<2 percent porosity), and more porous parts of the ooid grainstone facies (> 4 percent
porosity). Overlapv of higher porosity values within the cement-occluded grain/packstone with
lower values in the sandy packstone prevents defining the boundaries between these two
facies on the basis of porosity values alone. Similarly, overlapping porosity values of ooid
grainstones and cement-occluded grain/packstone prevent use of porosity values to deljneate
the boundaries between those facies. However, because the sandstone facies is the most
volumetrically significant reservoir-quality unit, and because the fine packstones form seals over
the next most volumetrically significant reservoir-quality rock (ooid grainstone), the ability to
differentiate these by criteria displéyed on geophysical porosity logs should be helpful.

The maximum permeabilities occur in samples recovered from fossiliferous grainstone
(29.5 md) and from cross-laminated ooid grainstone (16 md). Although quite permeable, the
fossiliferous grainstones were relatively insignificant volumetrically in the study area. The
remaining 37 samples with k > 0.1 md have permeabilities less than 10 md. Of these remaining

samples, 29 occur in cross-laminated ooid grainstone facies and 8 occur in samples recovered
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Figure I1I-11. Computer-generated contour map of porosity distribution, SC 23. Zones defined by values greater than 7 percent in lowest part of
diagram generally encompass the dolomitic quartz sandstone facies; values of 4 to 5 percent generally encompass more porous 0oid dolograinstone
facies; values of greater than 7 percent at top of section 3 is fossiliferous peloid dolograinstone; values less than 2 percent encompass fine peloid
dolopack/grainstone. Values posted along right sides of vertical section lines correspond to sample points.
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from the sandstone facibes. Sandstone is ﬁnique among SC 23 facies in that it ‘has permeability

values cbnsistently above 0.1 md across the outcrop study area, althdugh it does not have the

highest permeability values. Volumetrically less .signifi’carvit oo-moldic ‘grain/packstones‘ (four

samples) all have permeabiliﬁes above 0.1 md and are at the same elevation across at least

400 ft of continuous outcrop, more of which will be discussed below. Lastly, fine packstone, -
cement-occluded »grain/packstorie, and sandy packstones are practically impermeable. v

vOn the basis of average values calculated from petrophysical analyses, facies identified in
SC 23 fall into the following'ordet of decreasing permeability (table III-'l):

(1) oo-mold-bearing grain/packstone (stratiform permeability zone; 4.25 md);

(2) sandstone (0.31 md);

(3) cross-laminated ooid grainstone (0.19 md);

(4) fossiliferous grainstone (0.14 md);

(5) massive ooid grainstone (0.07 md);

(6) sandy packstone (0.03 md);

(7) fossiliferous packsto'ne (0.02 md);

(8) cement-occluded ooid grain/packstone (0.02 md);

(9) fine pack/grainstone (0.01 md).

Samples were also collected from the several Grayburg parasequences overlying SC 23.
Most of the above facies were present in those cycles as well. In those samplés the highest
permeabilities occurred in a thin zone (2 inches thick) of fossiliferous pack/grainstone in SC 24
(54 md) (fig. I1I-8G) and in cross-laminated sandstone in SC 24 (4.43 md) (fig. III-9A). The next
most pe‘rmeable facies was cross-laminated ooid grainstone in SC 24 (0.14-1.72 md). Packstones
and wackestones had very low»permeabilities of 0.01 to 0.03 md. On the basis of sampling from
Stone Canyon, the most porous and permeable facies are sandstones, fossiliferous grainstones,
and cross-laminated (bar-crest) grainstones. The thin dirr;ension (6 inches to 1 ft thick) of the

permeable stratiform oo-mold-bearing facies disqualifies them as potentially significant reservoir
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Table III-I. Results of porosity and permeability analyses,
Stone Canyon, Grayburg Formation, Parasequence SC 23.

: Mean Mean
Facies porosity (%) permeability (md)

Dolomitic quartz sandstone 9.40 0.31
Quartzose peloid dolopackstone 5.00 0.03
Fossiliferous peloid dolograinstone 4.72 0.14
Ooid peloid dolograinstone 4.12 0.07
Fossiliferous peloid dolopackstone 2.94 0.02
Cement-occluded ooid peloid 2.86 0.02
dolograin/packstone

Fine peloid dolopack/grainstone 1.44 0.01
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rocks, although similar facies couid complicate parasequence architecture and reservoir recovery
efficiency by acting as intraparasequence thief zones or as seals if occluded by sulfate.

Figures III-7B and III-12 are based on distribution of permeability values. Figure III-7B
shows permeabilities relatedv to facies mapped in figure III-7A, Whereas figure III-12 is purely
deterministic. In these illustrations permeability values > 0.1 md are emphasized because lower
values characterize nonreservoir-quality (tight) rock. Features captured in this diagram include
- the permeable sandstones (including the base of SC 24), the more permeable parts of the bar-
crest ooid grainstones, the fossiliferous grainstones at the cycle top at section 3, and the
solution-affected grain/packstohe zone across the bar crest in SC 23a.

The results of closely spaced sampling on rectangular grids are depicted in figures I1I-13
~and III-14. Samples collected atA section 8 (fig. III-13) are from cement-occluded v
grain/packstone. Porosity values range only between 2.3 and 3.8 percent, and the possible
measurement errors inherent in porosity/permeability analysis may well be greater than the
variation shown on the map; that is, there is little significant porosity variation indicated by the
data. Permeability values for these same samples, however, range over several orders of
magnitude and the map has a bull’s-eye pattern common in otlrier Guadalupian carbonate facies
sampled in the area (Kittridge, 1988;‘ Hinrichs and others, 1986; Kerans ahd others, 1991).
Samples with significant permeabilities (0_.5 md and 1.0 rnd, in this ease) occur no more than 2
inches from samples without significant permeabilities. Clearly, there.is no close correlation
between porosity and permeability values in this facies or in most of the other faeies, a
situation that complicates prediction of permeabiiities from porosity-log responses in reservoirs.
Porosity/permeability relationships will be further discussed below.

Fossiliferous grainstone facies were sampled on a grid established at the top of SC 23 near
section 3 (fig. III-14). The resulting porosity and permeability maps contrast with those
produced for the cement-occluded packstone in three ways. First, the porosity and
‘ permeabilit}r values are significantly higher for the fossiliferous packstone. Second, there is a

correlation between permeability and porosity in these data (fig. III-15C) in that all samples

77



8.

ft =
P LOG PERMEABILITY (md)
b 210
R
o % 1800 .
o ‘ Som QA 17290b

Figure I1I-12. Computer-generated contour map of permeability distribution, SC 23. Highlighted are zones including values greater than 0.1 md.
Permeability is most laterally continuous in dolomitic quartz sandstone and in thin zone at top of SC 23a (see text). Highlighted zone between
sections Ot and 3 is in fossiliferous peloid dolograinstone.
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Figure III-13. Computer-generated contour maps of (a) porosity and (b) permeability
distribution, SC 23/grid-section 8, cement-occluded ooid-peloid dolograin/packstone.
Permeability distribution is a bull’s-eye pattern, where samples differing in permeability by
orders of magnitude occur in adjacent locations. Permeability values show little relation to
porosity. Data points are at center of each grid block. Grid blocks are 2-inch squares.
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Figure III-14. Computer-generated contour maps of (a) porosity and (b) permeability
distribution, SC 23/grid-section 3, fossiliferous: peloid dolograinstone. Unlike cement-occluded
ooid-peloid dolograin/packstone, there is a trend in this facies of samples with higher and lower
permeability values to be separated by samples with intermediate values. Higher permeability
values are generally associated with higher porosity values. These samples compose most of the
data set for the porosity/permeability cross plot in figure III-15¢c. Data points are at center of
each grid block. Grid blocks are 2-inch squares. '
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Figure III-15. Cross plots of log porosity against log permeability with regression lines for more
permeable facies in SC 23. (a) dolomitic quartz sandstone, (b) ooid-peloid dolograinstone, and
(c) fossiliferous peloid dolograinstone. .
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with permeabilities > 0.1 md have at least 4.4 percent porosity. Sixty percent of the samples
| ‘with pbrosities > 4.4 percent have k > 0.1 md and 80 percent of samples with porositiés > 4.7
percent have k > 0.1 md. Third, highést and lowest permeability values on the fossiliferous
grainstone grid are separated by intermediate permeability -v‘alués. These patterns suggest that
there is a through-going pathway of significant perineability in the fossiliferous grainstone
facies that»is not present in the cement-occluded grain/packstone.

The change from relatiyely impermeable rocks with less than 4.4 percent porosity to
significantly permeable rocks at greater than 4;4 percent porosity probably results from
preferential precipitation of a small volume of cement in pore throats of lower permeability
samples. Pore throats are bottlenecks to flow, and small occlusions at those points profoundly
affect permeability without greatly affecting porosity volume.

These results suggest that in an ideally analogous reservoir, the best reservoir-quality rock
would be sandstones, followed by fossiliferous grainstones and bar-crest ooid grainstones.
However, many Guadalupian-aged reservoirs in the Permian Basin are characterized by calcium
sulfate (gypsum and anhydrite) emplacement within carbonate facies ‘whose porosities
immediately following carbonate deposition were high.v Several examples of this phenomena in
reservoirs located on the Central Basin Platform of Texas include Dune field in Crane County
(Bebout and others, 1987), East Penwe}llv San Andres Unit in Ector County (Major and others,
1990), and Jordan field in Ector and Crane Counties (Major and Holtz, 1989). Sulfate reduces
poro_sity and permeability in these rocks. Some evidence was observed in this study that
indicated former‘presence of sulfate (fig. III-8F), and it is possible that soluble sulfate
components were leached from outcropping rocks during Tertiary uplift. Given the overall low
porosity of Grayburg rocks in Stone Canyon, however, the original sulfaté content wduld have
been low. Nonetheless, even if the most porous and permeabie facies observed on outcrop are
modified by postdepositional sulfate emplacement in the subsurface, knowledge of distributions

and geometries of all the component facies can augment recovery strategies.
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Figure III-15 depicts the porosity/permeability relationships for s'andstone, ooid
grainstone, and fossiliferous grainstone samples from SC 23. The sandstone plot shows fairly
strong correlation between permeability and porosity (intergranular and moldic), whereas the
ooid grainstone (mainly ‘intergranular porosity) plot shows considerable scatter around a
regression line. In spite of the scatter, crossplots for Qoid and fossiliferous grainstones show
significant dependence'of permeability oh porosity for a carbonate rock. These results are
typical in that carbonate rocks generally show scattered distributions on such plots, and
sandstone permeability is generally more predictable from porosity thah i; carbonate
permeability (Archie, 1952).

A feature of potenﬁal importance is defined by five samples with permeabilities greater
than 0.1 md that were recovered from similar elevations above the base of SC 23 at four
separate sections (sections 7, 7A, 7B, and 7C; figs. VIII-7 and III-12). These samples have
permeabilities one to two orders of magnitude higher than the samples immediately above or
below. The consistent elevation along which these samples were collected suggest the presence
of a continuous stratiform zone of significant perrheability. |

Thin sections of these higher permeability rocks show the occurrence of intergranular
pores larger than those seen in lower permeability samples (fig. III-8A). Also, presence of
partial molds after ooids (fig. III-8B) indicate selective dissolution of more soluble cortices of the
ooids. Pendulous (microstalactitic) vadose cements are also present (figs. III-8C and III-8D),
indicating precipitation in the vadose zone.

‘Additionally, the possible permeability zone is positioned adosé the paleotopographically
high bar-crest in SC 23a and occurs in both ooid grainstone and cement-occluded
grain/packstone facies. It does not cross into the onlapping transgressive fossil packstone,
however, and this may indicate that its formation predated transgression that led to déposition
of SC 23b. However, it is also possible that development of the permeable zone postdated
deposition of the fossiliferous packstone and texfural qualities of the packstone facies

prohibited formation of enhanced permeability.
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The distribution of cement types found in samples above and below the permeability zone
gives clues to its genesis. Below the zone many of the ooids and peloids have isopachous-
rimming cements and relatively even distribution of intergranular cements, whereas little
isopachous cement is found in samples above this zone, with blocky dolomite cement (probably
derived from pressure solution of nearby grains) or pore space being present instead. Cement
distribution is marginally patchier in the samples above the zone than below it, although this
pattern is not well deveioped. In a modern Bahamian ooid shoal inve‘stigated by Halley and
Harris (1979), meteoric diagenetic cements were found to be more evénly distributed around
ooid grains below the water table than above it, and the overall appearance of cementation was
more patchy in oolite residing above the meteoric water table (vadose zone) than below it. This -
reflects conditions whereby grains in the meteoric phfe'atic zone are completely submerged in
diagenetic fluids and grains in the generally unsaturated vaddse zone are bathed in transient
fluids that are nonuniformly distributed. The preferential distribution of pressure- solution-
compaction fabrics (discussed earlier)' in rocks above the permeability zone tend also to support
a meteoric phreatié‘diagenetic environment for rocks with isopachous cements.

Preferential distribution of oo-moldic fabrics, isopachous cexhents, and compactional fabrics
around an interpreted thin zone of continuous permeability suggests that diagenesis associated
with a meteoric water table may have caused dissolution of relatively soiuble carbonate
components along a thin (<1 ft) horizontal interval. Waters in the (uppermost) part of the
phreatic zone (beneath but proximal to the water table) are generally the most chemically
aggressive because they are charged with carbon dioxide acquired from fhe atmosphere (which
éxtends down through the vadose zone)'an‘d soils (Moore, 1989).

This meteoric water table may have been established ‘during a sea-level lowstand that
oécurred after SC 23a bar-crest deposition but prior to deposition of the immediatevly overlying
SC 23b bar, the base of which is the transgressive fossil packstone that is not characterized By
the anomalous permeability streak. Budd and Vacher (1991) developed criteria from which the

maximum thickness of a floating meteoric lens beneath an island could be calculated. Although
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facies types and diagenetically modified hydraulié paleocdnductivity affect the calculations, the
authors established that maximum lens thickness varied mainly between 1 and 2 percent of the
island width. Assuming an island width for SC 23a of about 600 ft (the distance between points
of intersection of the permeability zone with the bar flank [fig. III-7B]), the meteoric-lens
thickness would have been between 6 and 12 ft beneath the bar crest. Given 1.5 ft between
the base of the permeability zdne and the compacted bar crest, a minimum of 1.5 ft of sea-level
fall is required at the end of SC 23a deposition. There is no tidél-flat facies on tﬁe SC 23a bar
crest, however, so sea level was probably several feet above it prior to the fall that established a
meteoric lens. A fall of at least 3 ft is probably more reasonable. The positioning of the water
table was probably rapid and short lived, as suggested by the thin géometry of the anomalous
permeability zone and by the lack of abundant grain dissolution. Conditions conducive to
development of these features are most likely achieved during a stillstand of lowered sea level
because a much broader zone would have been affected if permeability-enhancing processes
operated during the entire sea-level history of SC 23a.

Other samples recovered from Stone Canyon show similar evidence of meteoric diagenesis.
Ooid-moldic grainstone was sampled from SC 26 just beneath tidal-flat facies at section 8 (fig. III-
8F), but this sainple was notr espedally permeable. However, fossil-moldic grain/paékstbne was
recovered from SC 2§, also just beneath tidal-flat facies 'atv section 3 (fig. III-8G). The SC 25
sample has the higheSt permeability (59 md) of any sample recovered from Stone Canyon and
was recovered from a 2-inch-thick stratiform zone that is laterally continuous for at least severalA
meters along the outcrop; however, its total lateral dimension was not determined. This sample
has well-developed dark-toned microstalactitic cexhents adjacent to fossil molds, indicating that
vadose dissolution caused at least one generation of molds. The pendulous cements are
enclosed in a later genération of light-toned cefnent that almost completely occludes primary
intergranular pore spaces but its geometry suggests that it may be a second generatioh of vadose
cement. The greatest volume of visible pores are molds; however, micrite envelopes on the

fossil molds appear intact and interconnection between molds was not observed. This suggests
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that molds may be insufficiently interconnected to form the pore network_that composes most
of the effective porosity of the sample. Another popﬁlation of pores is observed to lniersect
the darker pendulous Acem‘entvs in places and, along with intercrystalline porosity, may compose
the effective porosity in this sample. Further study is required to determine if permeability in
this sample is caused by water-table-related processes or the présence of chemically metastable
grain types (fossils). J

An alternative process fdr development of thé anomalous streak of above-average
permeability in SC 23 is also suggested by figure III-8F, a photomicrograph of ooid-moldic
grainstone that was sampled from SC 26. Here a large pore is shown that may have resulted
from dissolution of formerly occurring calcium sulfate (anhydrite or gypsum). Although such
large pores were not seen in SC 23 sarﬁples or in the fossil-moldic sample recovered from SC 25,
many of the intergranular pores seen in samples suéh as shown in figure III-8A could have been
filled with anhydrite during postdepositional carbonate cementation. A combination of -
porefilling and replacement by sulfate would have both preserved and enhanced original
depositional porosity. During lowered sea level a back-barrier lagoon inay have been established
with an attendant hypersaline water table established withiﬁ the emergent bar crest.
.Precipitation of evaporite minerals within -primary depositional pores along the water. table
could have protected them against subsequent occlusion by carbonate cements suffered by
overlying and underlying rocks. Leaching of a few unstable grains (ooid molds) could reflect
dissolution attendant a thin ephemeral mixing zone of saline and meteoric water, although
vadose processes are still considered more likely, given the presence of microstalactitic cements
that indicate water-unsaturated conditions. Leaching of the evaporites would probably have
occurred during Tertiary basin-and-range uplift but would probably survive in the subsurface if v
not exposed to sulfate-undersaturated water.

The presence of a laterally continuous thin zone of relatively high permeability has
| relevance to secondary recovery programs. Fluids used in flood operations would tend to flow

disproportionately through such a pipe thus reducing sweep efficiency in the surrounding
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stratigraphic section. Given that some of the better reservoir-quality rock may be in the bar

crests of inner-shelf crest shoals, a pipe, or “thief zone,” developed through bar crests could

cause considerable bypass. Alternatively, a similar zone could become or remain filled with

impermeable sulfate minerals in the subsurface and act as a barrier to vertical flow, thus forming

a seal.

CONCLUSIONS

Results from the general survey and detailed investigation of the Grayburg Formation in

Stone Canyon have significant implications for developmeht and secondary recovery programs

involving hydrocarbon reservoirs developed in inner-shelf crest parts of mixed siliciclastic-

carbonate reservoirs.

1.

The organization of facies composing potential reservoir units conforms to a
parasequence framework and thus the facies distribution is predictable.

Sandstones are laterally continuous at interwell distances ahd make good marker beds
for correlation betWeen wells in mixed siliciclastic-carbonate reservoirs, while specific
carbonate facies are discontinuous and are poorer candidates for markers.
Reservoir-quality strata will be vertically enveloped by significantly less porous and
permeable strata, generally at parasequence boundari’e; comprising transgressive tight

packstone/wackestone or tight tidal-flat facies.

‘Reservoir-quality facies are likely to pinch out into nonreservoir facies within typical

interwell distances of 650 ft (10 acres) to 1,320 ft (40 acres).

In mixed siliciclastic-carbonate reservoirs of the northern Central Basin Platform and
in the fringing shel?es of the Permian Basin, the better reser\}oir facies will be
laterally continuous sandstones and fossiliferous grainstones and discontinuous bar--
crest grainstones. Favorable petrophysical qualities of these 'same facies may be

degraded in a reservoir containing abundant sulfate.
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Primary depositional porosity may be preferentially preserved in grainstones
mineralogically stabilizéd by early meteoric phreatic diagenesis during high-frequency
sea-level lowstand episodes. Porosity and permeability in rocks not so stabilized prior
to burial may be reduced by chemicai compaction and reprecipitationv in pores of
| carbonate mobilized by pressure-solution.

Thin high-permeability zones may be developed laterally through individual
parasequences due to meteoric diagenesis along a water table associated with
 stillstands at lowered high-frequency sea levels. Alternatively, occlusion of primary
depositional porosity by evaporites could have protected pores from carbonate
cementation seen in overlying and underlying rocks. In a reservoir, similar zones
could act as thief zones if effective pore spaces are not mineralogically occluded, or as
barriers to vertical flow if occluded with sulfates.

Facies may be characterized and differentiated petrophysically by averaging porosity
and permeability analyses performed within '_each facies. Given development of a
facies-succession mddel and determination of porosity/permeability relationships on
the basis of reservoir core analysis, averaged porosity values taken from geophysical
porosity logs might be used to calculate permeabilities for various facies. These
calculatéd permeability valués can be used to generate simulations of reservoir fluid
flow. |

In a mixed siliciclastic-carbonate reservoir certain key facies may be identified with
well-log data. Gamma-ray logs may be useful to differentiate siliciclaétic-dominated
from relatively pure carbonate strata; porosity logs may be useful in discriminating

relatively porous carbonate strata from less porous, generally finer grained rocks.
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CHAPTER IV: APPLICATION OF THE OUTCROP MODEL

TO THE NORTH FOSTER GRAYBURG UNIT
Don G. Bebout
INTRODUCTION

The North FoSter and Johnson Grayburg units are located in the northern part of the
Foster and southern part of the Johnson Fields, respectively, in Ector County (fig. IV-1). These
fields are part of the San Andres/Grayburg Carbonate (South Central Basin Platform) play, along
with 17 other major San Andres and Grayburg reservbirs} the total cumulative production from
reservoirs in this play through 1983 was 2.4 billion barrels’(Bbbl). The Foster field produced
220 million barrels (MMbbl) and the Johnson field produced 24 MMbbl through 1983.
Production is from the Guadalupian Grayburg Formation (fig. IV-2).

The ARCO North Foster unit was selected to serve as the subsurface setting for application
of the Grayburg outcrop study results of sequence-stratigraphic controls on the distribution
sand-bar facies. The stﬁdy area was expanded to include adjoining Conoco Johnsdn and Cities
Service Johnson Grayburg units and ARCO Johnson AB lease, where Prentice (1984) reported |
respbnse to waterflood was poor because of “random anhydrite” flow barriers.

The Foster field was diséovered in 1932; oil was first produced from the ARCO North
Foster leases in 1939. Through 1963 recovery was by primary solution-gas drive, and 79 wells
were averaging production of 6 bbl of oil per well per day (Gealy, 1966). Seventy-seven of
these wells were drilled between 1939 and 1941. The ARCO North Foster leases were unitized
as thé North }_Foster unit for initiation of waterflood in 1962, and waterflood was implemented
in 1963. Production and irijectioxi wells combined now total 152 in the unit area of 1,960 acres.

Recovery efficiency with waterﬁood is only 29 percent (Galloway and others, 1983).
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Figure IV-1. Index map of the Permian Basin showing the location of the ARCO North Foster
unit on the eastern side of the Central Basin Platform, Ector County. The San Andres and
Grayburg oil fields that have produced more than 10 million barrels of oil are also shown.
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‘Figure IV-2. Stratigraphic section of the Paleozoic strata of the Central Basin Platform/Midland
Basin showing relative distribution of produced oil. From Galloway and others (1983).
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This reservoir study concentrated on -the ARCO North foster unit, from which the
operator made available logs from 127 wells, continuous cores f:om 7 wells, and production,
well-history, and test data from all wells (fig. IV-3). Cores were also examined from adjoiningi
leases‘ to gain insight into the lateral extent of the facies recognized in the North Foster unit.
ARCO‘ provided logs and cores from eight wells frbm its J. L. Johnson AB and D leases. Conoco
provided logs and cores from two wells in its J. L. Johnson unit and one from its Gist unit. Cores
‘and logs were also obtainéd from six wells in thevCities Service johnson Grayburg/San Andres

unit.

Geological Setting

The North Foster unit, located oﬁ the eastern edge of the Central Basin Platform near the
northern extent of the Midland Basin, during the time of deposition of the Grayburg section
(fig. IV-1). The Midland Basin was oniy hundreds of feet deep, and a gentle slope or ramp
descended from the shelf edge into the basin. Consequently, >facies changes on the slope are |
subtle and gradational. As the basin was being filled and subsequently retreated to the south
during deposition of the Grayburg, the relief from shelf to basin decreased; by the time the
overlying Queen Formation siliciclastics and evaporites were being deposited, open-marine
conditions were no longer present in the basin.v Correlations within the Queen Formationv show
that this unit thickens only slightly basinward from the platform. |

The Grayburg Formation represents the topmost depositional sequence of the Lower
Guadalupian (fig. IV-Z) and ranges in thickness from 250 to 300 ft at the shelf edge of the
underlying San Andres sequence. The sequence boundary at the top of the San Andres is well
defined by the presence of tidal-flat deposits consisting of thick siltstone units and pisolite
facies (fig. IV-4). Karst features recogniied locally on outcrop were not seen in core. The initial
flooding over the San Andres is indicated by a thin marine grainstone'over the tidal-flat section.
The top of the fusulinid wackestone facies, which overlies the grainstone, indicates the

© position of the maximum flooding of the Grayburg sequence. The remaining upper part of the
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Figure IV-3. Well-location map of the study area showing location of the ARCO North Foster,

Cities Service Johnson Grayburg, and Conoco Johnson units, and location of cross section A-A’
(figs. IV-5 through 1V-9). :
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Figure IV-4. Structure map contoured on top of the Grayburg Formation.
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Grayburg represents the high-stand systems tfact, made up of 18 upward-shoaling cycles, or
parasequences.

The present structure at North Foster is an asymmetrical van,ticline, with the crest of the
anticline on the eastern side of the unit, just north of the center of section 6 (fig. IV-5). Relief
i's‘ from -1,082 ft in the structural trough in the center of the unit, section 1, to -991 ft in
section 6.

Long continuous cores from a number of wells provide a complete record of the vertical
sequence of facies (table IV-1) through the Grayburg Formation in the ARCO North Foster unit.
The lateral distribution of facies is illustrated by a cross section that includes wells with
continuous cores of the Grayburg Formation in the ARCO North Foster unit (figs. IV-4 and IV-6

through IV-9),

Grayburg Sequence Stratigraphy at North Foster
San Andres/Grayburg Sequence Boundary

The sequence boundary at the top of the San Andres Formation is well displayed in the
core from the ARCO North Foster 125 (fig. IV-4); this core includes the upper 60 ft of the San
Andres Formation. The top 15 ft of the‘ San- Andres consists of pisolite and lithoclast siltstone
and silty pis‘oli_te grainstone; fenestral structures are common. The tidal flat and exposure
surfaces at the top of the San Ahdres Formation are well documented in the cores. The contact
of the top of the San Andres with the overlying Graybufg is sharp and possibly bored, but
evidence of paleokarst as observed on the outcrop is lacking.

Below the pisolite and lithoclast siltstone and silty pisolite grainstone in the San Andres
are three, approximately 10-ft-thick, upward-coarsening cycles, which gréde from silty burrowed
mudstone to packstone at the base to laminated and crossbedded, fine- to coarse-grained
grainstone at the top. Grains are dominantly fine grained and not identifiable; however,

coarse-grained parts are composed of intraclasts. Fusulinid wackestone occurs approximately
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FACIES

Siltstone

Mudstone

Coarse-grained
grainstone

Diagenetically altered
fine-grained =
grainstone

Fusulinid
wackestone

Fenestral/coated-grain
packstone/grainstone

Table IV-1. Character and interpretation of Grayburg facies at North Foster.

STRUCTURES

Irregular laminations,

small burrows,
parallel laminations,
and crossbedding

Even, parallel
laminations, irregular

~ laminations, small

burrows, stylolites

Stylolites, vertical

- fractures, irregular
~ laminations

Vertical-oriented
large burrows

Burrows, irregular
laminations, stylolites

Fenestral, sheet
cracks, small vertical
burrows, mud erodes,
stylolites

ALLOCHEMS

Siliciclastic silt

Peloids, mollusks, rare
lithoclasts

Mostly peloids, minor
mollusks, crinoids

Dominantly fusulinid,
crenous, mollusks,
peloids

Mollusks

DIMENSIONS
THIICKNESS (ft)
DIP WIDTH (mi)

3to 40 ft
Several miles

2 to 10 ft
Several miles

S to 38 ft
0.5 to 1.0 mi

38 to 92 ft
1.5 to 2.0 mi

60 to 100 ft
2 to several mi

30 to 40 ft
Several miles

ENVIRONMENT

Shallow, quiet-water
shelf

Shallow-water shelf

Shallow-water, flat
with sand waves and
troughs

Open shelf

Upper slope

Arid tidal flat

WATER DEPTH
RANGE

(fv)
0-25

5-15

20-50

30-100

0-1.0
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Figure IV-S. Generalized dip cross section A-A’ across the ARCO North Foster and Conoco
Johnson units showing the sequence-stratigraphic units of the Grayburg Formation and
occurrence of the fusulinid-wackestone facies. Major gamma-ray markers that were used to
develop a correlation grid throughout the study area area are also shown. Location of the cross
section is shown in figure IV-3.
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Figure IV-6. Generalized dip cross section A-A’ across the ARCO North Foster and Conoco
Johnson units showing the occurrence of the siltstone and silty dolostone facies. Location of
the cross section is shown in figure IV-3.
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Figure IV-7. Generalized dip cross section A-A’ across the ARCO North Foster and Conoco.
Johnson units showing the occurrence of the grainstone facies. Location of the cross section is
shown in figure IV-3. ‘ ~
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40 ft below the top of the San Andres Formation. The San Andres platform margin, documented
by the tidal-flat siltstone and pisolite facies in the cores from these two wells to the east into ‘
the Midland Basin is believed to be just west of the ARCO North Foster 85 well because of the
abrupt thickening of the ‘lower two units of the basal Grayburg (GH and HI) on log correlations
in the 85 well. No other wells in this area penetraté deeply enough to providé corroborating

evidence for this shelf edge.

Lowstand/Transgressive Systems Tract (LTST)

The basal 20 to 40 ft of the Grayburg (correlation markers H to I), also cored by the ARCO
North Foster 125 well (fig. IV-4), are represented by two approximately 10-ft-thick,
upward-coarsening cycles. The lower part of the c_yclés is dominated by siltstone; the grainstone
at the top of the cycles is fine grained and lacks lamination, suggesting relatively low-energy
conditions. Fusulinids occur in wackestone parts of the loWer part of both cycles. Up to 10 '
percent moldic and interparticle porosity occurs in the grainstone. These cycles are interpreted
to represent transgressive onlap onto the San Andres sequence. Log correlations from North
Foster 124, on the underlying San Andrés shelf, to the North Foster 85, off the San Andres
sheif margin, suggest that these grainstone-capped cycles thiéken and extend at léast this far
basinward (fig. IV-4).

A thick section of fusulinid-wackestone facies overlies the lower grainstone cycles of the
basal Grayburg. The fusulinid-wackestone facies is 95 ft thick in the core from the ARCO
Johnson AB 135 well (fig. IV-4); however, this well did not penetrate the entire thickness of
the formation, which is estimated to be approximately 15S ft. This facies attains a thickness of
at least 135 ft, as indicated by log correlations to the nearby ARCO North Foster 85 well. The
fusulinid wackestone facies varies in texture from dominantly wackestone to less common
packstone. Fusulinids are the most common faunal constituent, but mollusks, dasycladacean
algae, and crinoids are also present. The fusulinid wackestone facies represents the deepening

of water ovér the flooded San Andres shelf—the transgressive systems tract—and is interpreted
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to represent upper-slope environments. The transgressive systems tract, including the fusulinid
wackestone and underlying thin upward;coarsening grainstone cycles, account for
approximately one third of the Grayburg section.

Within the fusulinid-wackestone facies, as many as 12 upward-coarsening cycles have been
identified. The upward change from wackestone to packstone téxtufes is gradational in most
cases and takes place over thicknesses ranging from a few feet to 20 ft. Thé change from
packstone, at the top of a cycle, to the overlying wackestone is abrupt. Three to four feet of

~silty dolostone occur at the base of several of the cycles; these silty zones are correlatable from

well to well.

Maximum Flooding Surface

The G correlation marker, located at the top of the fusulinid-wackestone facies at its
maximum bankward location, represents the maximum flooding surface for the Grayburg
sequence (fig. IV-4). A 10- to 15-ft-thick section of fusulinid-wackestone facies occurs above the
G marker (between the F and G markers) in mbre downdip wells and represents the deeper

water part of the highstand systems tract.

Highstand Systems Tract

The overlying two thirds of the Grayburg is represented by sediments of the highstand
systems tract, which includes a number of facies: diagenetically altered fine-grained grainstone,
coarse-grained grainstone, mudstone, siltstone, and fenestral/céated?grain packstone/grainstone
(figs. IV-6 through 1V-9),

Above the fu;ulinid-wack’estone facies and between correlation markérs E to G, cores from
wells on the western end of the cross sections (fig. IV-7), located over the buried San Andres
platform, are characterized by up to 70 ft of repeated 10- to 15-ft thick upward-coarsening

cycles, which are capped by coarse-grained grainstone. The lower two cycles, directly over the
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fusulinid wackestone, are dominated by thick siltstone units at the base, just above the F and G
correlation markers (fig. IV-6). Above the siltstone and up to the E marker are four
grainstone-dominated cycles; the lower two cycles extend basinward farther than the
remainder of the coarse-grained grainstone cycles (fig. IV-7). This grainstone-dominated part is
present over the older San Andres shelf margin, and in this regard is similar to the grainstone
facies on the outcrop in the Guadalupe Mountains. However, thé subsequent depositional
styles of these tWO areas differ in that the grainstdne cycles in the North Foster unit
demonstrate an aggradational stacking pattern, whereas those of the outcrop prograde
basinward several miles. At North Foster the broad, shallow-water shoal complex . that
developed over the fusulinid wackestone on the western side of the study area remained
essentially in that position (figs. IV-10 through IV-12). However, local migration of grainstone
bafs, which accumulated at least in part in the intertidal zone, across this approximately 1-mi-
wide complex resulted in the formation of the upward-coarsening cycles (EG correlation unit).
Diagenetically altered, fine-grained grainstone occurs immediately above the fusulinid-
waékestone facies in the expanding section of downdip wells located basinward of fhe
underlying San Andres shelf ﬁargin (fig. IV-8). This facies is characterized by a vertical-mottled
pattern of dark-brown dolostone with moldic porosity and light-brown dolostone with
interparticle porosity. Mollusks and crinoids occur throughout. The texture of the dark-brown
portion is difficult to discern but appears to be gradational into the light-brown portion,
identified as dominantly fine-grained grainstone, and is thought to be also grainstone in
texture.. The vertical structures are presumed to ‘represent large burrows, which altered the
primary grainstone fabric sufficiently to affect subsequent diagenesis patterns. The pellet-sized
grains accumulated in water depths of 20 to 30 ft; bottom currents were sufficient to remove'
the mud-sized sediment but left behind silt to fine-sand-sized gfains, probably in low-relief, ill-
defined bars. The presence of mollusks and crinoids supports ‘the inferpretation of a

normal-marine setting, and the high grain content and general lack of lamination and cross-
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Figure IV-10. Isopach map of the FG correlation unit. The distribution of facies is from
descriptions of cores from the wells on the cross sections. The location of the San Andres shelf
margin was determined from core data from the wells on the western end of the A-A’ and B-B’
cross sections, as indicated by the larger circles, and log correlations to wells east of the shelf
margin. -
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Figure IV-11. Isopach map of the EF correlation unit. The distribution of facies is from
descriptions of cores from the wells on the cross sections.
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Figure IV-12. Isopach map of the DE correlation unit. The distribution of facies is from
descriptions of cores from the wells on the cross sections. ’
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lamination suggest that bottom currents may have been adequate to transport finer grained
mud but were not high enough to produce laminations and cross-laminations. Burrowihg
organisms were abum;lant on these relatively stable grain bars, and vertical burrowing activity
resulted in sufficient textural alteration of the original sediment to result in variations in
subsequent diagenetic alteration—the diagenetically altered fine-grained grainstone. Thi‘s
low-energy grain flat was 1 1'/2H- to 2-mi wide and' is replaced basinward by the fusulinid-
wackestone facies of the upper slope (figs. IV-11 and IV-12).

-‘The cyclic characte; of the Grayburg continues above the E marker to the top of the
Grayburg Formation, but the nature of the cycles changes (figs. IV-6 and IV-9). Siltstone and
mudstone occur at the base of each cycle; but the upper parts are composed of thick
fenestral/coated-grain packstone/grainstone. The fenestral dolostone increases in thickness
approximately 30 percent to the north in the Johnson unit. Thus, the shallowing trend
continues above the shoal complex with the development of tidal-flat conditions indicated by
the occurrence of the fenestral/coated-grain packstone/grainstone facies (DE correlation unit,
fig. IV-12). The fenestral structures and sheet cracks indicate at least periodic exposure on the
otherwise high-energy grain flat. The tidal-flat conditions were more persistent to the north in
the Johnson unit where the DE correlation unit is up to 30 percent thicker and dominated by
fenestral dolostone structures.

Above the D marker, siltstone is the dominant facies and the doloétone units are thinner
and vary in texture from mudstone to grainstone and in structure from fenestrae to laminations
and cross-laminations. These dominantly siltstone cycles above the D marker occur across the
study area (figs. IV-6 and IV-9). The entire section from the 'top of the Grayburg to the D
marker thickens basinward. The natﬁre of the facies in these cycles suggests that the area was
covered by very shallow-water to tidal-flat conditions. The siltstone units exhibit small burrows,
laminations, cross-laminations, and fenestral structures. No fossils were found, indicating
conditions were ﬁot normal marine. Likewise, the dolostone units are characterized by

mudstone to grainstone textures with abundant small burrows and fenestral structures and no
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marine fossils, suggesting very shallow water but not normal marine in character. Basinward of
the North Foster unit, the dolostone contains mollusks, indicating a trend toward

normal-marine conditions in this downdip position.

Diagenesis

| The major dilagenetic event in the Grayburg sediﬁents was dolomitization, and all the
cérbonates have been-dolomitized.‘ Bebout and others (1987) suggested that San Andres and
Grayburg sediments were dolomitized early, during the Guadalupian, by downward-percolating
hypersaline water originating from overlying arid tidal flats. The Guadalupian timing for
dolomitization is based on strontium isotopic data reported by Leary and Vogt (1986), and the
hypersaline nature of the fluids is based on boxygen- and carbon-isotope déta of Leary and Vogt
(1986), Naiman (1982), and‘ Bein and Land (1982).

The dolomite crystals range in size from 2 to 60 micfons. The finer crystals are typical of
the tidal-flat facies, and the original textures and structures are best preserved in these
dolostpnes. The tidal-flat carbonates are believed to have been dolomitized
penecontemporaneously as a result of local salinity fluctuations on the arid tidal flat. Coarser
crystals occur in the subtidal facies and probably resultedv from the downward-percolatiﬁg
hypersaline brines of the subsequent younger Guadalupian tidal flats. The coarsest dolomite
crystals are characteristic of the section below the hydrocarbon-bearing dolostone; corroded and
hbllow dolomite crystals, evidence of later dolomite dissolution, also occur locally below the
hydrocarbon section.

Early submarine to intertidal aragoﬁite ceméntation is clearly indicated on some ooid and
pellet grainstones by thin rims of dolomite crystals, which are coarser than the crystals making
up the grains. However, more of the grainstones are composed of uncoated, touching grains
with porosity in the intergranular spacé or with anhydrite as the only recognizable cement.

The sulfate minerals  anhydrite and gypsum are major components both as pore-filling

cement in primary pores and in molds caused by leaching of skeletal grains and as a
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replacement of the carbonates. Poikilotopic, anhydrite-filling primary pore space in very
loosely packed ooid and pellet grainstones suggests very early cementation, probably as gypsum
or anhydrite crusts at or near the surface of the tidal flat; these grainstones typically display no
other preceding form of carbonate cement, indicating that they were uncemented, loose
carbonate sand prior to cementation by the sulfate minerals.

Bebout and others (1987) interpreted the sulfates, particularly those replacing subtidal
dolomite, as originating from the same hypersaline brines of the overlying tidal flats as those
that dolomitized the carbonates, based on geochemical evidence by Bein and Land (1982). Bein
and Land attributed the high strontium content of Palo Duro Basin sulfates to primary
anhydrite precipitation from highly saline water.

Feldspar grains make up a minor component of the siltstone and silty dolostone facies.
These grains are commonly leached, resulting in moldic porosity in the siliciclastic facies.

Remnant lineations of the former feldspar cleavage are evidence of this diagenetic process.

Porosity and Permeability Distribution

Porosity and perméability in the North Foster field are strongly facies controlled. For this
reason, the facies cross sections (figs. IV-5 through IV-9) and maps (figs. IV-10 throﬁgh IV-12) are
used to demonstrate their distribution vertically and laterally across the field.

Three types of porosity occur in the Grayburg dolostones: (1) primary intergranular, (2)
secondary moldic, and (3) secondary intercrystalline. Intergranular porosity occurs within pores
remaining between grains in both the coarse- and fihe-grained grainstones. Some of the
intergranular areas are rimmed with isopachous cement, which surrounds the grains, and others
are defined solely by the edges of the grains themselves. Intergranular porosity also occurs
between silt grains in the siltstone facies, particularly in those in which siliciclastic grain
content is higher than 80 percent. Intergranular porosity in the coarse-grained grainstone
facies (fig. IV-7) ranges from 3 to 15 percent, and permeability ranges from less than 1 to 70 md.

Zones of higher porosity and permeability are 2 to 3 ft thick. Intergranular porosity in the
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diagenetically altered fine-grained grainstone facies (fig. IV-8) ranges from 1 to 20 percent, and
permeability ranges from <1 to 196 md. |

Moldic porosity, the reéult of leaching of mollusk grains and fusulinids, occurs commonly in
wackestone facies (fig. IV-5). However, it is also characteristic of the dark-colored portion (less
'altefed) of the diagenetically altered, fine-grained grainstone facies, where it is the dominant
porosity type because of the absence of leaching of the cement between the grains. Moldic
porosity is best developed in the fusulinid-wackestone facies and ranges from 2 to 15 percent;
permeability is low and ranges from 1 to 13 md. Moldic porosity also occurs in the siltstone
facles (fig. IV-6) where feldspar grains are leached.

Intercrystalline porosity is present in low amounts throughout most of the Grayburg
section; where intergranular and moldic porosity are developed, intercrystalline porosity goes
unnoticed. This porosity type is best developed and recognized in the coarse-crystalline

- dolostone, where intercrystalline pores are easily visible.

RESERVOIR EXPLOITATION APPROACHES

Production in the North Foster Unit Gfayburg reservoir is primarily from three facies:
(1) coarse-grained grainstone, (2).fusulinid wackestone, and (3) diagenetically altered
fine-grained grainstone. Each of these facies has a unique geographic location and vertical
| porosity/permeability distribution. Production from this unit has been highest on the eastern
side just west of »the center of section 6 (fig. IV-13). |

The coarse-grained grainstone facies occurs in the western half of the unit (figs. IV-10 and
IV-11) between the E and F correlation markers (fig. IV-7). This facies, which reaches a
maximum of 40 ft thick, is represented in some wells as totally grainstone and in others as
distinct upward-coarsening cycles with grainstone only at the top of each cycle. High porosity
and permeability occur in thin zones 2 to 4 ft thick. Porosity in these zones is 16 to 17 percent,

and permeability is as much as 70 md. These porous and permeable zones are separated by
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Figure IV-13. Rate of oil production from wells in the ARCO North Foster unit. The production
rate has been normalized to barrels per month in order to take into account the widely varying
ages of wells in the unit.
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thicker zones of low porosity and permeability. Most of the production from the western side
of the unit is from these thin, locally distributed porous zonés. Infill wells drilled into this facies
should be examined carefully in order to identify the thin reservoir zones to be perforated
preferentially.

The fusulinid-wackestone facies occurs across the entire unit beneath the coarse-grained
grainstone and diagenetically altered fine-grained grainstone facies (fig. IV-4); it is 50 to 60 ft
thick on the western side and thickens to more than 90 ft on the eastern ;ide. Intercrystaliine
and moldic porosity are generally less than 10 percent, and permeability rarely exceeds 1 md.
Many wells penetrate this facies, but only a few are actually perforated in the fusulinid
‘wackestone. This deeper zone should be tested, perhaps prior to perforating the shallower,
commonly perforated zones.

The diagenetically altered fine-gra;ined grainstone facies occurs in the eastern side of the
unit (figs. IV-8, IV-11, and IV-12). The occurrénce of this facies is coincident with the maximﬁm ’
production from the North Foster unit (fig. IV-13), and this fine-grained grainstone facies is th.e
major reservoir co,mpon_ent responsible for this production. Measured porosity varies from less
than 5 to 15 percent; permeability has been recorded from 0.02 to more than 10 md. At least
part of this range in porosity and permeability is due to the heterogeneous nature of the facies
components on the scale of a core surface. To alleviate this problem,'whole-core analyses are
preferable to core-plug ahalyses in this facies in order to obtain representative results. The
north-south trend of greatest production occurs within the boundaries of this facies, essentially
ai_long the crest of the structure (figs. IV-5 and IV-13). Infill drilling should target the
diagenetically altered fine-grained grainstone facies, particularly where the occurrence of this

facies and the highest structure coincide.
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IMPLICATIONS OF OUTCROP ANALOG METHODOLOGY FOR IMPROVED RESERVOIR

DESCRIPTION AT NORTH FOSTER GRAYBURG UNIT

This study of the Grayburg Formation reservoirs of the Permian Basin was designed to
provide a comparative study of similar detail of a Grayburg reservoir in the subsurface and of
Grayburg Formation outcrops in the G‘uadalupe Mountains with the goal of achieving a higher
level of understanding of the architecture and spatial variation of reservoir properties of these
complex shallow-water carbonate facies. The fundamental outcome of the outcrop study as it
applies to the selected reservoir, the North Foster Grayburg unit, is the recognition tha_t the
Grayburg Formation ibs readily described in terms of vertically stacked depositional evénts, or
parasequences; these parasequences have been fouhd to have a consistent internal
arrangement of rock fabrics that bear directly on petrophysical properties, hence providing
predictability in terms of fluid flow behavior. Further, these parasequences are generally
.continuous for several thousand feet to several miles laterally and thus are useful at bthe
reservoir scale to definé a genetically based reservoir zonation. Comparing cross section§
through the North Foster reservoir and the Grayburg outcrop demonstrates the parallel high-
frequency cycle cohsttuction of these two geographically removed scfgments' of the Grayburg
shelf when viewed within this framework. |

This outcrop-derived high-frequency cycle description approach provides a higher
resolution to the correlation framework and a better description of facies continuity and,
ultimately, fluid-flow stratification. In particular, the base and/or upper surface of a
parasequence i§ commonly a low-flow zone or baffle. Accurate description of parasequences
within the reservoir, therefore, provides a first step in generating a fluid-flow model by
providing the critical laYering scale needed' for simulation. Numerical simulation of comparable
- San Andres Formation outcrops and reservoir anaiogs (Senger and others, 1991) has shown that
thin mudstones that occur at the base of each parasequence separate more permeable

intraparasequence lithologies and impart a strong control on fluid flow and, hence, recovery.
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Previous San Andres and Grayburg reservoir deScription (Bebout and others, 1987; Ruppel
and Cander, 1988) shows that without the higher resolution given by the vparasequence
framework, the continuity of these low-permeability carbonates may not be recognized. The |
high-resolution correlation framework now in place for the North Foster Grayburg provides an
ideal starting point for development of a simulation grid because it can better‘ guide the
exercise of averaging petrpphysical properties within, rather than across, the critical
parasequence-bounding low-flow facies.

The outcrop-guided sequence stratigraphic model has also aided our understanding of the
-subsurface reservoir frameWork in placing the key productive facies at North Foster into their
re_spective systems tracts and thus within the proper tfime-s\pace context of the sequence
framework. The dominant productive facies tracts in North Foster Grayburg in order of
qualitatively estimated Kh ranking are (1) diagenetically altered fine-grained grainstone, (2)
fusulinid wackestone, and (3) grainstone. | |

Examination of figures IV-5, IV-7 and IV-8 shows that eaéh of the three main productive
facies tracts occurs in a discrete region of the reservoir in terms of time and space. The fusulinid
wackestone, which Was deposited during the initial transgression of the platform, is réstricted to
a position beneath the maximum flooding surface within the lowstand transgressive systems
tract. The maximum flooding surface here is capped by a laterally continuous parasequence-base
siltstone that has a geometric mean permeability of 0.15 md, eﬁedively removing it from
communication with highstand facies.

The grainstone facies btract is developed preferentially directly above the shelf break of
the precursor San Andres margin in the early highstand systéms tract, whereas the altered fine-
grained grainstone facies is situated in the early to mid highstand in a position some 2 km
seaward of the main development of coarsé grainstone. It can also be shown within this
framework that highly laterally' continuous, consistently low permeability parasequence-base
siltstones separate the grainstone and diagenetically altered fine-grained grainstone facies

~ tracts. Although degree of communication between these facies across the siltstone baffles can
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~ only be quantified through pressure testing or numerical simulation, these relbationships suggest

that effective production> strategies for these main productive zones should target each major
facies indii(idually to evaluate whether this zone is sufficiently contacted with injectors and
producers.

The Grayburg Formation in 6utcrop and in the subsurface is pervasively dolomitized, but in
general dolomite crystal size is sufficieﬁtly fine so that permeability characteristics still show a
good relationship to depositional texture. The most extensive diagenetic overprint that alters
depositional fabric is that observed in the altered ﬁhe-grained grainstone facies in more seaward
(eastern) areas of North Foster. Enhanced intercrystalline porosity, intracrystalline moldic
porosity, and some leached vuggy _porosity combine to enhance total porosity and permeability
of this facies beyond that expected for associated depositional textures. Although similar
diagenetic textures were observed in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>