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ABSTRACT

The Bell Canyon and Cherry Canyon Formations of the
Delaware Mountain Group represent deep-water channel sand-
stones and mantling siltstones which had been deposited
during the Middle Permian (Guadalupian) within the con-
fines of the Delaware basin. Stratified saline fluid den-
sity currents, swept in from surroundiné evaporitic shelf
areas, provided the mechanism of transport for the sand-
stones'and siltstones.

Examination of textural relationships within the
two férmations, as they are observed in the Coyanosa field,
Pecos County, West Texas( reveals well-sorted, rounded,
tractively-transported, very'fine—grained sandstones and
very thinly-laminated, frequently bioturbated, coarse-
grained siltstones.

A diagenetic sequence characterized by relatively
early authigenic clay growth on detrital grain surfaces,
Vpreceeding and concurrent with quartz and feldspar over-
growthing and carbbnate (calcite and dolomite) precipita-
tion, and followed by anhydrite formation is identified in

the two units. Three depth-related diagenetic clay zones

-

xiii



‘xiv
have been distinguished on the basis of clay composition
and morphology, both properties appearin§ to be inter-
relafed° Relative amourits of chlorite, randomly mixed-
layer expahdable chlorite andvillite—chlorite decrease with
increasing overburden. Conversely, increased relative
amounts of illite and improved structural ordering within
chlorite and illite clay species is noted under similar
circumstances. |

Sandstone porosity, being well-developed and fairly
consistent within the sandstone units, is primarily depen-
dent on the extent of pore space occlusion by secondary ce-
ments. Permeability varies widely, being controlled by the
degree of authigenic clay development on detrital grain
surfaces. Superposition of favorable reservoir trends with
structural highs provides optimum exploration targets
within the Coyanosa field. Maximum well productivity is
attained by the utilization of clay-conscious stimulation

programs.



CHAPTER 1
- INTRODUCTION

Purpose and Scope of Study

The Delaware Mountain Group, a Guadalupian age
(Permian) sequence of deep=§ater clastics confined to the
Delaware basin, West Texas, has been studied by various au-
thors with particular emphaéis on the de&elopment of re-
gional stratigraphic and sedimentation models explaining
fine-grained sandstone and siltstone depositional processes.
A few authors have examined the petrography of the group,
but these studies have been restricted primarily to the
Bell Canyon Formation (uppermost Delaware Mountain Group)
or its contained members. With the exception of Williamson
(1978) and Watson (1974) petrographic'endeavors have been
'very general and limited to outcrop samples, neglecting
diagenesis and its subsequent impact 6n reservoir produc-
tivity. It is the purpose of this study to examine, in de-
~tail, the petrography of the Bell Canyon and Cherry Canyon
-~ Formations. The Coyanosa field was chosen because of the
ready availability of subsurface data, known Delaware Moun-
_tain Group production and renewed interest in reservoir de-

velopment. Attention has been concentrated on diagenesis,



2
particularly with respect to authigenic clay formation and
the concurrent enhancement or destruction of porosity and
permeability,ithrough the utilization of the petrographic
microscope, scanning electron microscope and x-ray diffrac-
tion techniques.

Specific objectives of this study include: (1) ex~
tension of regional diagenetic trends within the Bell
Canyon Formation from the Coyanosa field in the southeast
corner of the Delaware baSin towérd-the north=northwest,
complementing the work of Williamson (1978) and Watson
(1974); inhomogeneities in the character of the Bell Canyon
Formation should be detected if they'exist; (2) detailed
petrographic analysis of the Cherry Canyon Formation,
which, to the best of the author's knowledge has not been
previously attempted; (3) determination of authigenic clay
zonation (both vertical and lateral) within the two forma-
tions; diagenetic clay growth constitutes the most impoxr-
tant feature influencing reservoir productivity, particu-
larly when considered in conjunction with well-treatment
programs employed during production; incongruent clay iden-
tification results by Williamson (1978) and Watson (1974)
suggest either inhomogeneitieé within the Bell Canyon Fof—
mation or misinterpretation of data; and (4) development
of formation treatment techniques in view of the diagene-

tic changes that have occurred within the formations.



‘It should be nptéd that subsurface analysis of the

" Brushy Canyon Formation was not feasible beéause of the
ladk.of available data. Also, detailed modeling of deposi—
tional systems for the Bell Canyon and Cherry Canyon Forma-
tions was not attempted due to its thorpugh coverage in the

literature and the restricted scope of this study.

Area Under Investigation

The area of study is located in northwest Pecos
County, Texas, boundedion thé north and south by 31°15?30"
and 31°07'30" north latitude parallels,_feépectively, and
on the east and west by 103°00' and 103°12' west longitude
meridians, respectively (Figure 1). This rectangular area
occupies a poéition in the southeast corner of the Delaware
basin where the basin begins'to‘slope up toward the Cehtral
Basin platform. The majority of the slabbed core and core
chip material was obtained from within the limits of the
Coyanosa field (including North, South and West Coyanosa
fields) (Figure 2). A few wells peripheral to the.Coyanosa
field were also examined in an attempt to establish diage-
netic trends and to determine if any correlation between
these trends and field productivity exists. A total of
five slabbed cores, ten sets of core chips.and approxi-
mately 100 gamma-ray-neutron logs were incorporated in this

study (Table 1).
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Table 1. Core Material Incorporated in the Present

Coyanosa Field Sstudy

Slabbed Cores -

Mobil

1.

Core Chips

Wayne Moore #10 .
Section 57, Block C=2
PSL Survey

1320 FSL, 1320' FWL

Charles B. Athey #C-=3
Section 44, Block OW
TT RR Survey

3300' FSL, 1980' FEL

Charles B. Athey #4
Section 52, Block OW
TT RR Survey _
1980' FSL, 1980' FEL

Coyanosa Plant "A" SWDW #1
Section 48, Block OW

TT RR Survey '

2090' FSL, 721!' FEL

Cactus Drilling

5.

McCarty #1

Section 14, Block 40-T8
T&P RR Survey

660' FSL, 1980' FEL

Pennzoil and Brown

6.

wWhissell #1
Section 12, Block 49-T8
T&P RR Survey

- 660" FSL, 660" FWL

Mobil

7.

Ivy B. Weatherby #1
Section 20, Block 48-T8
T&P RR Survey

1650' FSL, 1650' FWL



Table 1. -- Continued

'Mobil

8.

10.

11.

12.

13.

14.

Ivy B. Weatherby #4
Section 20, Block 48-T8
T&P RR Survey

660' FNL, 660" FWL

. Schumaker #1

Section 17, Block 48-T8
T&P RR Survey
1980' FSL, 660' FWL

State Ivey #1

Section 12, Block 48-~TS8
T&P RR Survey

1320' FNL, 1320' FWL

Athey Unit #1
Section 44, Block OW
TT RR Survey
1980' FNL, 1980' FEL

~ Charles B. Athey #1

Section 52, Block OW
TT RR Survey
2130' FNL, 1980' FEL

Sibley #1-B
Section 45, Block OW
TTRR Survey
1980' FNL, 1%80' FEL

J.0. Neal #2
Section 47, Block OW
TT RR Survey
1320' FNL, 1320' FWL



Prior to examination of subsurface information, a
field investigation of the Delaware Mountain Group, as it
appeérs-in outcrop in the Guadalupe Mountains, Culberson
County, Texas and Ed4ddy County, New Mexico, was conducted in
order to obtain an appreciation for the depositional en&i—

ronment associated with the units.

Previous Investigations

The Guédalupian Delaware Mountain Group has been
the subject of numerous investigations, particularly with
regard to mechanisms of deposition for the contained Bell
Canyon, Cherry Canyon and Brushy Canyon qumations. Ini-
tial studies of the Delaware Mountain Group concentrated
on basic stratigraphic identification éhd éorrelation while
later work involved the development of‘regional sedimenta-
tion models to explain depositional patterns observed in
outc¢ropping sections. Subsequent studies considered the
subsurface expression and extension of these depositional
systems, often accompanied by detailed petngraphic de-
scriptions of the formations. Most recent work has exam-
ined these deep-water clastic units with regard to their
associated reservoir properties. This can be attributed
to the renewed interest in developing the hydrocarbon po-
tential of these‘once_economically marginal reservoir

units. Table 2 summarizes these investigations.



Table 2. Summary of Delaware Mountain Group Investigations

Author(s) Date Contribution

G.G. Richardson 1904 Inception of the Captain and Delaware Mountain
Formations in the Trans-Pecos area, Texas.

P.B. King 1934 Redefined the Delaware Mountain Formation and re-
moved the Bone Spring Limestone as a member in
the Guadalupe Mountian area.

P.B. King 1942 Raised the Delaware Mountain Formation to group
status. Recognized three distinct formations -
Bell Canyon, Cherry Canyon and Brushy Canyon
based on lithologic and faunal changes. Within
the Bell Canyon formation five distinct limestone
members were designated and described (Guadalupe
Mountains).

P.B. King 1948 Limestone members of the Bell Canyon exposed in.
‘ the southern Guadalupe Mountains and Delaware.
Mountains were described in detail. General de-
scriptions of the clastic units also were in-
cluded. Basin-shelf margin-shelf transition rec-
ognized.

N.D. Newell and others 1953 Studied the depositional environment of the
, Permian reef complex. First to suggest deposition
of basinal clastic units by turbidity currents.
wWind transport suggested to explain fine texture
and even distribution of non-channel sands.



Author(s)

Date

Table 2. -- Continued

Contribution

J.P.D. Hull, Jr.

C.F. Dodge

M.W. Nottingham

P.T. Hayes

J.E. Adams

1957

1958

1960

1964

1965

Performed grain size, textural and petrographic
analyses on Bell Canyon, Cherry Canyon and Brushy
Canyon Formations. Hypothesized that sequences of
clastic limestone, laminated sandstone and massive
sandstone were controlled by cyclic subsidence
(changing sea level or constant sea level, tec-
tonic subsidence) with resultant sand distribu-
tion in the basin by turbidity currents.

Suggested using the Ford Member, a continuous,
mappable, laminated shaly sandstone and black
shale horizon in the Delaware basin, as a means
of detecting deep structural relief.

Suggested turbidity currents as a depositional
mechanism for the Bell Canyon Formation. Revised
Haynie's classification of the Ramsey and Ford
Members after examining subsurface data from the
North Mason and El1 Mar fields.

Described in detail the stratigraphic relation-
ships of the Guadalupian facies as they are ex-
posed in the Guadalupe Mountains. Also invoked
a turbidity current origin for the Delaware Moun-
tain Group basinal clastics.

Proposed a stratigraphic-tectonic model for the
development of the Delaware basin. Believed tur-
bidity currents accounted for deposition of
Guadalupian basinal clastics.

0T



Author(s)

Date

Table 2. == Continued

‘ Contribution

W.F. Grauten

S.C. Harrison

L.C. St. Germaine
'R.H. Beck

A.D. Jacka and others

1965

1966

1966

1967

1967

Suggested that the incongruent fluid relationships
(gas, oil, water) observed within the upper Bell
Canyon sandstone members are a result of differen-
tial entrapment of these fluids in sublenses with-
in a continuous sandstone body.

Described depositional mechanics of the Cherry.
Canyon Formation. Advocated that the Cherry Can-
yon consists of deep-sea fan and fringe deposits
which were introduced into the basin through sub-
marine canyons, similar to the model proposed for
sediment dispersal in modern continental-border-
land basins off the California coast. A glacial-
ly-controlled eustatic model is invoked to explain
basinal alternations of carbonate and clastic
members. '

Described depositional mechanics of the Brushy
Canyon Formation. Depositional model proposed
similar to that of Harrison (1966).

Described depositional mechanics of the Cherry
Canyon Formation. Depositional model proposed
similar to that of Harrison (1966).

Clastic deposits of Guadalupian age identified
as ancient deep-sea fans, consisting of channel,
levee, overbank and fringe deposits. Invoked
glacially-controlled eustatics to explain car-
bonate deposition and reef growth during periods

1T



Author(s)

Date

Table 2. -- Continued

Contribution

S.S. Oriel and others;
E.D. McKee and
5.S.0riel

R.P. McNeal and
T.D. Mooney

B.A. Silver and
R.G. Todd

J.G. Elam

1967

1968

1969

1972

of high sea level; clastic transport and deposi-
tion during periods of low-standing sea level.
Also suggested that saline density or suction
currents were possibly main agents of sediment
transport.

-Presented reviews of the Permian stratigraphic

and tectonic elements, and generalized sedimen-
tation patterns within the Permian basin.

Examined oil composition and its relationship

to llthologlc and stratigraphic units within the
Delaware Mountain Group and overlying Ochoan
units. :

Favored a glacially-controlled eustatic origin for
the sea level changes which resulted in the cy-
clicity of the basinal sediments (alternating
thin carbonates and thick clastics). Transport
of clastics into the basin accompllshed by tur-
bidity currents.

I
Proposed that sea level changes, resulting in cy-
clicity of Guadalupian sediments, may also have
tectonic controls as a result of differential ver-
tical uplift and accompanying subsidence of the
Delaware basin.

Z1



Author(s)

Date

,Téble 2. =- Continued

Contribution

J.M. Hills

F.F. Meissner

W.S. Motts'

J.C. Harms

W.G. Watson

1972

1972

1972

1974

1974

- Discussed regional sedimentation patterns during

the Late Paleozoic in the Permian basin.

Recognized cyclicity in Guadalupian age deposits
which was attributed to glacially-controlled

eustatics. This cyclic sedimentation was believed

to be characteristi¢ of all Middle Permian strata
deposited on the cratonlc shelf of west-central
United States.

Studied reef and back-reef equivalents of the Bell

Canyon Formation and suggested that saline density

currents were important factors in Bell Canyon
deposition.

Examined the Brushy Canyon Formation at the out-
crop level finding evidence that dispelled a deep
turbidity current explanation for deposition of
the clastic units. Features identified within the
Brushy Canyon Formation suggested deposition by
saline and cold density currents with surrounding
shelf areas providing the dense water masses.

Examined the Ramsey Member of the Bell Canyon For-
mation in Geraldine Ford field with regard to
petrography, palynology and sedimentation pat-
terns. Attributed accumulations of Ramsey Sand-
stone to quick deposition by grain-flow deposits.
The presence of interbedded organic laminae occur-
red as a result of slow deposition of siltstone
units and annual planktonic production.

€T



Author(s)

Date

Table 2. -~ Continued

Contribﬁtion

M.W. Payne

C.R. Williamson

R.R. Berg

1976

1978

1979

Recognized three lithologic units within the Bell
Canyon Formation after examination of outcrop and
subsurface data. These included (1) lutite com-
posed of organic pelagic shale; (2) laminite com~
posed of laminated coarse-grained siltstone with
organic material concentrated in laminae;

(3) arenite composed of fine-grained sands in-
filling linear submarine channels with deposition
occurring primarily as a result of fluid density
currents with turbidity currents subordinate.

Examined the Bell Canyon Formation in both out-

crop and subsurface in the northern half of the
Delaware basin. Channel erosion and sediment
transport in the basin resulted from long-lived

"fluid density underflows which were subject to
‘many irregular fluctuations. Detailed petro-~

graphic and diagenetic analysis, isotope studies
of pore fluids and examination of reservoir para-
meters (porosity and permeability) performed in an
attempt to understand constraints of reservoir:
productivity. '

Suggested turbidity origin for Bell Canyon and
Brushy Canyon Formations after examination of sub-
surface data from the northern half of the
Delaware basin. Channel sands appear to be re-
stricted to earlier erosional submarine channels
with no overbank deposits being formed. Channel
sands were subsequently enclosed by laminated,

¥T



Author(s)

Date

Table 2. -- Continued

Contribution

R.G. Bozanich

D.W. Cromwell

J.A. Faber

1979

1979

1980

' very fine-grained sandstone and siltstone that

had been transported by wind and deposited from
suspension to form widespread sheets.

Examined the Bell Canyon and Cherry Canyon Forma-
tions in the eastern Delaware Basin and suggested
that laminated siltstones and organic-rich shales
were deposited from suspension. Channel sands
were deposited by erosive, bottom-hugging, fluid
density currents. ,

Described the Cherry Canyon Formation in the

Indian Draw Delaware field as being deposited from
numerous major and minor successive turbidity
flows which infilled existent deep-water submarine
channels.

Proposed that deposition of the Cherry Canyon For-
mation was accomplished by fluid density currents
originating in the evaporitic back-reef shelf
areas. Hydrocarbon traps are structurally con-
trolled with size, shape and orientation of the
reservoir determined by stratigraphic relation-
ships within the Delaware basin.

ST
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Regional Setting ‘

The Delaware basin, an asymmeﬁrical block-fauited
basih, is one of a number of north-northeast trending, sub-
parallel, secondary tectonic features occurring Within the
Permian basin (Figure 3). It is contained in the southern
egtension of theVGreat Plains Physiological Province, being
' bisected by the Pecos River into the Pecos Valley section
to the west-southwest and the High Plains section to the
‘east-northeast. The Pecos Valley section is characterized
by an eastward-sloping, maturely-dissected plain of low
relief developed on differentially eroded formations of
" Late Permian age. The High Plains section ié primarily a
little-eroded expanse of unconsolidated and’semi-consoli-
dated Cenozoic deposits and local outcrops of Upper Permian
and Triassic rock units.

The Guadalupe énd Delaware Mountians, ménifestae
tions of Basin and Range activity, rim the basin on the
west and northwest. The Apache and Davis Mountains, which
represent ridges within the larger Diablo Platform, contin-
ue the border along the southwest. The southern end of ﬁhe
Delaware Basin is sepafated from the Val Verde basin by ex-
tension of the buried Capitan reef and Sheffield éhannel;
The reef remains buried, closely paralleling the Central

Basin platform, which confines the basin to the east. The
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buried and exposed Capitan reef and the broad Northwestern
shelf completes the enclosure of the Delawaie basin to the
nortﬁ. |

The basin is not a structurally complex feature.
Aside from the numerous and 1oCally'occurring'hydrocarboh—
trapping anticlines that have been identified throughout
the basin, high-angle reverse or steeply dipping normal
féult zones border the western and eastern edges of the

basin.

Stratigraphy of the Guadalupian Series

The complexity of stratigraphic relationships be-
tween units of the Guadalupian Series is reflected by
marked lateral facies changes existent at that time (Figure
4). Depositional topography can be subdivided into three
major time-transgressive settings - the basin, shelf-margin
and shelf to express the facies‘>transition. Physical cor-
relation is best betweén basin and shelf-margin facies, be-
coming less reliable between shelf-margin and shelf compo-
nents.

Underlying the Guadalupian Series in all three set-
tings is the Leonardian Bone Spring Limestone, which is
COmprised of’thih-bedded, dark, bituminous limestone, dark
mudstone, light gray sandstone and dark chert nodules and.

beds (King, 1948). Within the basin, the Bone Spring Lime-
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stone is thickest and contains more terrigenous material
thén surroﬁnding shelf and shelf-margin areas. At the
Leonérdian shelf~-margin the upper part of the Bone Spring
Limestone grades laterally into the Victoria Peak Liméstone
(King, 1965), a light-colored, thick-bedded, fossiliferous
limestone with minor occurrences of chert and sandstone.
Shelfward a transition into thin-bedded, sparsely fossil-
iferous dolomite takes place. This unit has been identi-
fied as the Yeso Formation and the lowest part of the San
Andres Limestone by Boyd (1958) and Hayes (1964). Succeed-
ing the Victorio Peak along the western basin margin is the
Cutoff Shale, a thin-bedded, dark limestone, mudstone and
thin-bedded, fine-grained sandstone (King, 1965). Oriel
and others (1967) refer to this shale as the Pipeline Shale
Member. It appears that this shale may transcend the
Leonardian-Guadalupian boundary where it occurs in the
shelf and the shelf-margin facies. |

The Guadalupian Series, as it occurs in the
Delaware bésin, is represented‘by thé Delaware Mountain
Group, a predominantly deep~water clastic unit comprised
~of fine~grained, laminated and massive sandstones but also
including dark mudstone, limestoné, chert and occasionally
bentonite beds. Thickness of this grbup exceeds 5500 feet
in the basin center, thinning to 3000 to 4000 feet along
the basin margin and less than 2000 feet on the adjacent

Central Basin platform (Oriel and others, 1967). The
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Delaware Mountain Greup is subdivided into three formations
(King, 1942), the oldest being the Brushy Canyon Formation
which uncomformably overlies the Cutoff Shale along the
basin'margiﬁ. The Bfushy Canyon is composed predominantly'
of finelY=laminated siltstone and coarsely-laminated to
massive sandstone with a massive boulder or cobble conglom-
erate occurring in basel sections. This conglomerate is
comprised of clasts lithologically similar to the under-
lying Cutoff Shale (Harms, 1974). The Brushy Canyon For-
mation cannot be traeed in outcrop to shelf equivalents,
thus any correlation must be regarded with some degree of
caution. Boyd (1958) correlated the Brushy Canyon With the
middle part of the San Andres Limestohe of the shelf region,
which is predominantly dolomite with local occurrences of
basal limestone and chert. Vertrees and others (1964) and
Silver and Todd (1969) correlated theiBrushy Canyon Fofma-
tion with the lower or middle San Andres, while Meissner
(1972) correlated it with uppermost San Andres and lower
Artesia Group.

Confo;mably overlying the Brushy Canyon Formation
within the Delaware basin.is the Cherry Canyon Formation,
also containing deep-water, fine-grained sandstones and
eiltstones with interbedded mudstones and carbonates. 1In
the shelf-margin facies the lower Cherry Canyon Formation
is represented by the thin Cherry Canyon sandstone tongue

that unconformably overlies the Cutoff Shale. ' Shelfward
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this tongue passes into patch reefs and detrital limestone
banks of the uppér San Andres Limestone. Middle and upper
portions of the basinal Cherry Canyon Formation interfinger
with the Goat Seep Limestone, a carbonaté reef facies, in
shelf-margin regions; Shelf equivalents include the
Grayburg and Queen Formations of the Artesia Group, both
being primarily dolomite with subordinate amounts of anhy-
drite and reddish fine-grained sandstone and siltstone
(Hayes, 1964). The Artesia Group is believed to represent
restricted lagoonal deposips (Newell and others, 1953;
Boyd, 1958). Others have suggested a supratidal flat or
sabkha origin for these deposits (Kerr and Thomson, 1963;
Meissner, 1972).

| vThe Bell Canyon Formation, the ydungest formation
within the Delaware Mountian Group basinal facies is almost
lithologically identical to the Cherry Canyon Formation,
consistihg mainly of fine-grained sandstones and siltstones.
It also contains five thin liméstone marker beds, the most
significant being the uppermost Lamar Limestone Member
(King, 1942). Three clastic members (Ramsey, Ford and blds
Members) have also been defined by,Nottingham (1960) to
describe oil reservoirs in the basin subsurface. The Bell
Canyon interfingers with the Capitan Limestone, a prominent
reef facies of the shelf-margin region. Shelfward the
Capitan grades into the Seven Riveis, Yates and Tansill

Formations of the Artesia Group, representing dolomite, red
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sandstone and siltstone, and dolomite, anhydrite and ha-
lite, respectively. ‘These ﬁnits become increasingly evapo-
ritie toward the shelf interior (Meissner, 1972).

- Evaporite depositioh predominated during Ochoan
time, resulting in extremely thick (approximetely 5000
feet) aceumulations of anhydrite, halite, dolomite, lime-
stone, reddish siltstone and sandstone; and gypsum (Oriel
and others, 1967). Formations representing the Upper
Permian Ochoan Series include, in ascending order, the
Castile, Salado and Rustler Formations, and Dewey Lake
Redbeds. The Castile Formation, restricted to the Delaware
basin, appears to grade reefward into laminated limestone
and uppermost Capitan carbonate (Jones, 1954; Ne&ell and
others, 1953), although the two units are not time-equiva-
lent. The Castile is unusual in that it is composed of
seasonally varved anhydrite (Anderson and others, 1972)
that seems to suggest extremelf rapid deposition of the
beds over a relatively short period of time. These season-
al accumulations may have been initiated concurrently with
iate Bell Canyon deposition of laminated siltstones and
sandstones (Kirklahd, 1980). The remaining formatiens do
not recognize the previous basin, shelf-margin and shelf

facies boundaries.



24

Tectonic Interpietation

The Delaware basin1evolved out of the early
Palebzoic Tobpsa basin (Adams, 1965)»as a result of com-
pressive stresses generated in the Ouachita-Marathon fold-
belt to the south during the Late Mississippian. Prior to
this time, the Tobosa basin was a broad sag open to marine
incursion from the south. Walper (1976) has proposed that
the Tobosa basin (or as it is sometimes referred ﬁo, the
ADelaware aulacogen) formed as a consequence of rifting ac-
tivities during the Late Precambrian or Early Paleozoic.
Evidence consisting of basaltic dikes, sills and inter-
bedded flows associated with sequences of clastic and car-
bonate rocks lends support to this hypothesis (see Walper,
1976 for detailed discussion).

As the continental margin subsided following rift-
ing, transgression occurred toward the north-northwest,
covering the Tobosa basin with shallow-water carbonates.
Deeper-Water deposition was confined to the continental
margin, presently outlined by the Ouachita-Marathon fold-
belt. Collision of an Afro-South American plate upon the
‘North American continent during the Late Mississippian
along this suture belt initiated foredeep basins in the
south (Marfa, Val Verde and Kerr Basins). Thick clastic

‘sequences subsequently accumulated in these basins.
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The Delaware and Midland basins became separate and
distinct features as compréssive stresses, transmitted into
the éontinental interior upon collision, reactivated bound-
ary faults running longitudinally along the basins' mar-
gins. The Central Basin platform and Diablo platform rep-
resent large block-faulted uplifts which concurrently de-
veloped as a result of this stress éystem.

During the Late Pennsylvanian and Early Permian,
the Delaware and Midland basins were characterized by rapid
subsidence. However,,sediment capture by the foredeep ba-
sins to the séuth and reef development surrounding the
Delaware and Midland basins resulted in the development of
starved basin conditions during the Late Pennsylvanian
(Adams, 1965). 1Isostatic response to this subsidence was
refleéted in increased uplift in the adjacent Central Basin
and Diablo platforms. Thrusting in the Marathon region
reached a climax late in the Virgilian (King, 1977) over=
riding sediments deposited in the southern margins of the
foredeep basins. This was followed by a later orogenic
pulée along the thrust front in early Wolfcampian time.
Erosion of this orogenic belt and associated uplifted fore-
deep basin deposits resulted in an increased supply of
clastics to the cratonic Delaware basin during late
Wolfcampian'and early Leonardian epochs. Middle Permian
(Guadalupian) time signaled the beginning of broad region-

al subsidence within the entire Permian basin with wide-
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spread clastic and carbonate déposition occurring over
both basin and platform areas. Cessation of tectonic ac-
tivify permitted the progradation of carbonate banks and
reefs outward from submarine fault scarps which in turn
restricted marine circulation in>the deepening Delaware
basin. Fine-grained clastic sediments were carried into
the basin by submarine channel systems, accumulating in
thickness up to 5000 feet. These sediments, representing
the Delaware Mountain Group, are believed to have originat-
ed from the Pedernal uplift and Ancestral Rockies located
in New Mexico.

By Ochoan time increased marine restriction re-
sulted in the deposition of thick evaporite sequences,
which eventually marked the end of active basin sedimenta-
tion.

Stability prevailed during the Early to Middle
Triassic with broad arching and erosion of the east,
south and west perimeters of the Permian basin becoming
dominant during the Late Triassic - Early Jurassic (Horak,
1973). Deposition of approximately 2000 feet of conti-
nental redbeds and shallow marine rocks consequently occur-
red within the Delaware basin. Quiescence again reigned
from middle to late Cenozoic time, immediately after which
Bésih and Range faulting, vulcanism and collapse cut across

the western Delaware basin.



CHAPTER 2
A REVIEW OF THE COYANOSA FIELD

The Coyanosa field is a large multipay oil and gas
field located in the southeast corner of the Delaware basin
in western Pecos County, Texas. .The dimensions of the
field are approximately 5 miles by 7 miles along a north-
westerly trend, paralleling the axis of the encompassing
Delaware basin, and Central Basin platform to the east. |

The Coyanosa field, as it is referred tb in this
study, is actually an aggregation of three smaller contig-
uous fields - Coyanosa, West Coyanosa and South Coyanosa,
the latter two representing later extensions to the main
Coyahosa field.

The Coyanosa field produces from ten reservoirs re-
presenting the Ordovician, Devonian, Mississippian, Penn-.
sylvanian and Permian Systems. Gas and gas condensate pro-
duction Eccurs in all reservoirs while oil production is
restricted primarily to Guadaiupian age reservoirs (Bell
Canyon and Cherry Canyon Formations). Pre-Guadalupian res-=
ervoirs, comprised of fractured Ellenburger dolomite and
Devonian chert, Mississippian limestone and Wolfcamp age
conglomerate, account for a major percentage of total esti-

27
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mated reserves for the field which have been calculated to
be 175 million barrels of o0il equivalent (McGlasson and
Haseltine, 1971).

Guadalupian age Bell Canyon and Cherry Canyon mas-
sive sandstones were recognized as reservoirs as early .as
1965, but their full potential was not appreciated until
the late 1970°'s when favorable economic conditions encour-
aged their development (Figure 5). Annual statistics pub-
lished by the Petroleum Information Corporation reveal that
Guadalupian reservoirs, penetrated by 26 wells, accounted
for 52 percent of all oil pfoduced in the CoYanosa field
during 1979 (271,713 bbl/525,432 bbl total) and 35 percent
of o0il produced since 1961. Gas productien in these reser-
voirslamounted to a mere 0.02 percent of all production in
the field for the year (14,572 MCF/59,606,105 MCF total).

The structure defining the limits of Coyanosa field
production was initiated during the Middle Ordovician, ac~-
centuated from Late Mississippian until very Early Permian
and finally stabilized by Early Permian (Wolfcampian).

‘This is concordant with tectonic movements which estab-
lished the Delaware basin, as outlined in the introduction.
This structure displays its greatest relief at the close

of the Pennsylvanian, becoming increasingly subdued with
subsequent Permian sedimentation. Little structural clo-
sure appears on Guadalupian structurai horizons, but a def-

"inite regional anticlinal nosing (incomplete structural
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cloSure)'toward the west-northwest can be discerned. Lo-
cally, within the Coyanosa field, several small anticlinal
cloéures‘(less than 100 feet) and nosings occur, super-
imposed on the regional high.

Hydrocarbon entrapment within the Guadalupian res-
ervoirs has been primarily controlled by these local anti-
clinal features. AdditionaIIStratigraphic and hydrodynamic
restrictions have further confined the reservoir fluids.
Examination of Brushy Canyon and Cherry Canyon structure
maps (Figures 6 and 7) and Cherry Canyon and Bell Canyon
isopacn maps (Figures 8 and 9), particularly with regard to
South Coyanosa, West Coyanosa and northwest Coyanosa fields
where Guadalupian® production is cnncentrated, reveal some
interesting relationships. The present structural highs
confining production are»overlain, in most cases, by rela-
tively thicker sequences of Guadalupian clastics containing
the massive, very fine-grained reservoir sandstones. These
Vsandstones represent the more porous and permeable clastic
‘units which were deposited in submarine channel_sys‘tems°
‘This occurred as a result of density stratification of sa-
line, sediment-laden currents that were swept into the ba-
sin from evaporitic shelf areas that lay .to the east.
These, in turn, were blanketed by siltstones and shales
settling out of suspension. The reiatively greater thick=-
ness of the units suggests that their deposition followed

topographic lows on the basin bottom, a relationship anti-



Figure 6.

CONTOUR INTERVAL = 50 FEET

Structure Map of the Top of the Brushy Canyon
Formation
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CONTOUR INTERVAL = 25 FEET

Figure 7. Structure Map of the Top of the Cherry Canyon
Formation



CONTOUR INTERVAL = 25 FEET
Figure 8. Isopach Map of the Cherry Canyon Formation



Figure 9.
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Isopach Map of the Bell Canyon Formation
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cipatéd with gravity-propelled density flows. Hydrocarbons
generated in the enclosing organic-rich siltstones and
shalés (Grauten, 1965) migrated into the massive channel
sands and were subseguently trapped by permeability bar-
riers estabiished between the lithologic units. Further
entrapment was'accompliShed by local anticlinal'structures‘
which developed contemporaneous with or after sandstone
deposition and prior to hydrocarbon generation and migra-
tion. These protuberances were possibly created by draping
‘and folding of thick sedimeﬁtary sequences over the region-
al upwarp. Thus, structure appears to be the overriding
control on hydrocarbon emplacement within the Guadalupian
reservoirs in the Coyanosa field with better definition of
the fields accomplished by permeability contrasts, irre-

ducible water saturations and lithologic variations.



CHAPTER 3

LITHOLOGY OF THE BELL CANYON AND
CHERRY CANYON FORMATIONS

General StatementA

The Bell Canyon and Cherry Canyon Formations are
comprised primarily of alternating sequences of siltstone
and very fine-grained sandstone units representing fluctua-
tions in depositional flow regime. The thinly-laminated
siltstones and interbedded‘érganic—rich shales seem to sug-
gest deposition from suspension preceding and/or concurrent -
with periods of intense bioturbation, These processes were
accompanied by the formation of secondary minerals (pyrite)
and organic material indicative of Stagnant, reducing con-
ditions. The massive sandstone units, conversely, appear
to have been deposited by erosive,rbottom-hugging fluid
density currents resulting in a.geométry akin to submarine
channel systems. Also included, to a lesser extent, are
intervening thin shale and carbonate units which act as ex-
cellent marker horizons throughout the basin. Because of
the similarity of these lithologic units within the Bell
Canyon and Cherry Canyoh Formations, observations and de-
scriptions incorporated in this study will pertain to both

36
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formations unless a situation warrants that a distinctibn
be made. |

| ‘Material examined in this study includes four siéb—
bed cores and ten sets of core chips obtained from the
Coyanosa field and surrounding areas representing eleven
Bell Canyon and eight Cherry Canyon sections. Because of
the sampling bias incurred by coring only those sections
of economic interest, neither formation is completely rep-
resented in the subsurface. By careful extrapolation of
observations from available core material, examination of
subsurface well logs and analogy with information obtained
from the literature, reaéonable descriptions and interpre-
tations concerning the two formations have been construed.

Stratigraphic Relationships within the Bell
Canyon Formation

Core sampling has been restricted to the uppermost
productive sandstone units contained in the two formations.
In the Bell Canyon Formation this stratigraphic interval
contains, in descending order, the Lamar, Ramsey, Ford and
0Olds Members. Detailed deécriptions of these members have
been provided by Nottingham (1960), Grauten (1965) and
Watson (1974). _This_study will recognize member boundaries
as they have been defined by Watson (1974). Figure 10
displays the stratigraphic subdivisions of the Bell
Canyon and Cherry Canyon Formations, the latter of which

will be described in the following section.
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The Lamar Member is a very prominent marker bed
characterized by a seguence of_dark calcéreous shales over=-
lyinQ and transitional into dark grey, argillaceous lime-
stones of variable thickness (up to 20 meters in wells
nearest the basin margin). In southwest Reeves and Pecos
Counties the Lamar attains its maximum thickness of approx-
imately 30 meters, deviating from the consistent 6Ato 10
.meter thicknesses recognized in other portions of;the basin.
Lithologic character appears to have been controlled by
basin position with interior regions displaying increased
shaliness and organic content, while basin margins reflect
increased carbonate components.

The Ramsey Member lies beneath Lamar and is common-
ly divided into two lithologic units - a dark to medium
grey, laminated, shaly siltstone which is at times iﬁter-
laminated with thin, black to dark grey, clayey laYers, and
a light grey to:greeniSh-grey, clean, very fine-grained,
massive sandstpne containing scattered interlaminations of
shaly siltstone and thin, dark; organic-rich layers. The
shaly siltstone intervals are characterized by average po-
rosities of 13 percent, permeabilities of 1 md and uniform
thicknesses across the basin. ;These siltstones encompasé the
relatively more permeable and porous massive sandstone

units of extremely variable thicknesses, providing a perme-
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ebility barrier to hydrocarbons that may be contained in-
the sandstones.

| The Ford Shale Member, underlying the Ramsey sand-
stones, consists predominantly of thin black shale enclos-
ing a slightly thicker shaly siltstone, net thickness gen-
erally not exceeding 3 meters. It is not as well-developed
in the eastern and southeastern sections of the basin and
is thus difficult to distinguish as a marker bed on subsur-
face logs in the Coyanosa field area. It generally marks
the lower limit of shallow Delaware Mountain Group explora-
tion, although deeper penetration has revealed productive
intervals within the underlying Olds Sandstone, a laminated
and clean sandstone similar to the Ramsey member.

Stratigraphic Relationships within the
Cherry Canyon Formation

The Cherry Canyon has not received the attention
that the Bell Canyon has,'although it probably contains
the greater number of potentially productive massive sand-
stone intervals. There has been no formal stratigraphic
nomenclature attached te;the sandstone units and reference
to them varies among subeurface geologists. Typical desig-
nations include an alphabetical or numerical sequence.
Lithologically these massive sandstones and associated
siltstones are very similar to those described in the
Ramsey Member. The intervening and numerous limestones

have been designated primarily as a consequence of their



41
use as marker beds throughout the basin. The uppermost
sandstone interval of interest in this study is confined-by’
the Manzanita Limestone above and the Soufh Wells Limestone
below. Figure 10 displays these relationéhips.

Siltstones of the Bell Canyon and
Cherry Canyon Formations

The siltstones can be divided into three distinguish-
able units; (1) dark to light grey, very thinly-laminated,
coarse siltstone, (2) dark to light grey, moderately to in-
tensely-bioturbated, coarse siltstone and; (3) dark grey,
very thinly-laminated, medium:to fine-grained, organic=-rich
siltstones. These units occur interbedded with énd transi-
tional into one another and the accompanying massive sand-

- stone members. Figures 11A through 11D display these tex-

tural relationships as viewed in siltstone core sections.

Texturé

Textural,pafameters for the siltstone and sandstone
members ‘of the Bell Canyon and Cherry Canyon Formations were
derived from the measurement of 200 grains in thin section
mounts as outlined by Friedman (1958). It was hecessaryrto
follOw this proceduré because of the small amount of core
material available for analysis in most cases. This me-
thod, which was performed in conjunction with point count-
ing for mineralogical composition, allowed for the trans-

formation of grain distribution measurements into sieve-



Figure 11. Thin Section Photomicrographs of Textural Relationships
within Bell Canyon and Cherry Canyon Siltstones
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equivalent weight tefms from which mean (MZ), sorting (61)
and skewness (SKI) were determined (Folk, 1974), (Table 3),

' The fine-grained nature of the siltstones plus the
overall emphasis on the massive reservoir sandstone units
prevented thorough textural analysis by thin section meth-
ods, with only 5 éamples out of 34 point=counted samples
representing a siltstone lithology (as préviously deter-
mined by megascopic examination). However, qualitative
thin section estimates of textural parameters of all silt-
stornes sampled supports quantitative analysis.

Ihe mean grain size was determined to be 3.93 %
0.100 (0.065 mm). An bbvious bias was introduced by choos-
ing siltstone samples that were coarser grained and thus
amenable to point-counting proéedures. In these samples
approximately 40 to 60 percent of the grains measured are
of the fine and very fine sand categories. Considering all
the siltstones sampled, the mean grain size is probably
smaller, placing them more firmly in the coarse silt cate-
gory.

The sorting values (or standard deviation) range
from 0.43 to 0.53@, averaging 0.47 + 0.05¢, placing these
siltstones in the well-sorted to moderateiy well=sorted
classes. Overall, these siltstones display only a slightly
pooref sorting than their contiguous massive sandstones.
The well-sorting displayed by these siltstones has been

attributed by Newell and others (1953) to their possible



Table 3.

Sample

Pg-80-132%*
Pg-80-147%*
Pg-80-150%*
Pg-80-156%*
Pg-80-143%
Pg-80-40
Pg-80-88
Pg-80-117
Pg-80-124
Pg-80-138
Pg-80-140-1
Pg-80~155
. Pg-80~172
Pg-80~173
Pg-80-178
Pg-80-182
Pg~-80-185
Pg-80-59
Pg-80-70 -
Pg-80~101
Pg-80~107
- Pg-80-108
Pg-80~161
Pg-80-162
- Pg-80-163
Pg-80-165
Pg-80-167
Pg-80~170
Pg-80-171
Pg-80-189
Pg-80-190
Pg-80-191
Pg-80-192

*Siltstone samples, all others represent sandstones
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Textural Parameters of Selected Bell Canyon
and Cherry Canyon Samples Determlned from
Thin Section Analysis

Graphic mean

(Mz)

4.07 ¢
3.85
4.02.
3.87
3.86
3.41
3.37
3.51
3.89
3.50
3.86
3.49
3.28
3.36
3.13
3.81
3.38
3.53
3.64
3.62
3.57.
3.61
3.66
3.51
3.74
3.70
3.52
3.66
3.45
3.46
3.31
3.53
3.60

Inclusive graphic
standard deviation

(67)

0.44 ¢
0.53
10.51
0.42
0.44
0.47
0.44
0.40
0.39
0.43
0.47
0.38
0.41
0.41
0.40
0.55
0.43
0.37
0.50
0.42
0.43
0.45
0.45
0.41
0.42
0.53
0.51
0.44
0.52
10.48
0.56
0.35
0.39

Parameters defined (Folk, 1974)

= (P16 + @50 + 984)/3

Inclusive

graphic’

skewness
(SK;)

-0.21
0.22
0.10
0.06
0.21
-0.01
-0.15
0.04
0.12
0.09
0.05
0.13

- 0.12

-0.15
0.10
0.04
0.06
-0.03
-0.02
0.15
0.05
0.05
- 0.14
-0.06
0.00
-0.04
0.18
0.09
0.16
0.18
0.07
0.04.
0.15
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Table 3. --ACQntinued

&, = 282 - gi6 g956-6g5

SK, = g16 + g84 - 2p50 , @5 + 95 - 2050

2(@g84 - g16) 2(P95 - @5)

Method Employed (Friedman, 1958)

Thin section quartile values (@5, 916, ...., ©95)
are derived after plotting grain size distributions on
probability ordinate graph paper. These values are subse-

quently converted to sieve values:

= 0.3815 +

Qpartlle value (sieve)

(0.9027 x Quartile Value(thin )
section)

Sieve quartile values are then evaluated in terms of the

textural parameters defined above.
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source rocks, previously sqrted Pennsylvanian sandstones
of Oklahoma and Colorado. Also, comparison of basin and
back-reef sandstones suggests that sorting may have been
accomplished prior to sediment transport into the basin
(Adams and Frenzel, 1950). Clay-size particles which Woﬁld
have contributed to poorer sorting had they been transport-
ed into the baéin were possibly flocculated out in the hy-
persaline shelf environment.

Skewness measurements, averaging 0.17 * 0.05, reQ
veal a fine-skewed grain distribution. Contamination by
another sediment source or perhaps mixing of siltstone
grain sizes by bioturbation could account for.this asym-
metry. o

Siltstone porosities average 13 percent, ranging
from 2 percent to 23 percent, as determined by commercial
laboratories. Permeabilities are quite low, averaging less
than 1 or 2 md, although extremes of 22 md have been re-
corded. This ﬁtight“ character can be attributed to the
fine grain size, presence of considerab%e detrital mica
and organic material, and authigenic clay growth on grain
surfaces. Although the relative impermeability of these
siltstones creates a barrier to'hydrocarbon migration from
the ehclosed massive sandstones, it has been noted (Berg,
1975; Visher, in Collins, 1975) that hydrodynamic factors

also play a significant role in this éntrapment;
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Composition

Compositionally the sandstones and siltstones are
, simiiar, varying primarily with respect to organic matter
content. FrameWork components of the siltstone units aver-
age 75 percent quartz (73 percent monocrystalline, 2 per- '
cent polycrystalline), 22 percent feldspar-(ls percent po-
tassium feldspar, 7 percent plagioclase) and 3 percent rock
fragments (comprised predominantly of chert and sedimentary
rock fragments).

Cementing agents include sparry calcite (15 to 20
percent by thin section area) with subordinate amounts of
dolomite, anhydrité, authigenic clay, a matrix comprised
of detrital mica, and quartz and feldspar overgrowths.
-Anhydrité is very rare in upper Bell Canyon sections, be-
coming dominant in some lower Bell Canyon and upper Cherry
Canyon sections. Sparry calcite cement has a tendenéy to
concentrate in selected .laminae due to increased perme-
ability along these horizontal planes (Figure 11B). Thus,
lighter-colored laminae tend to exhibit better cementation.
Dolomite, more commonly associated with the massive sand-
stone facies, occurs as fine—grained to very fine=grained
dolomite rhombs spanning interstitial pore spaces. In
addition to cementation, sparry calcite and anhydrite occur

as burrow fillings and replacement minerals for rarely-

occurring fossil fragments.
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Detrital micaceous minerals, including muscovite,
chlorite, biotite and "leached" biotite occur in signifi-
cant.amounts in the siltstone facies, aligned parallel to
laminae planes (Figure 11C). Very fine-grained dissemi-
nated pyrite appears throughout the section, frequently
associated with layers of greater organic matter content.
It alsoroccurs as secondary replacement of calcareous fos-
sil fragments and fine, vertical, non~continuous fracture
fillings. It has been suggested that the presence of py-
rite within the siltstone units is associated with stag-
nant, non-oxygenated conditions at the sediment/watef
interface (Wiiliamson, 1978). But pyrite also is foundbto
occur within bioturbated siltstones, the organisms of which
require oxygenated conditions for survival. This relation-
ship suggests that pyrite growth did not occur until after
burial of these sediments and is not related to initial
depositional enviionment. Other accessory minerals occur-
ring in minor amounts include leucoxene, zircon and garnet.

The organic content of the units varies with color-
ation; the darker the laminae, the greater the concentra-
tion. Total organic carbon measurements performed on var-
ious samples indiCate marginally potential source rock in
the Coyanosa field area, ranging from 0.419 to 0.025 per-
cent organic caern for an average of 0.187 percent (0.500
percent is generally accepted as the lower limit for poten-

tial source material). Siltstones sampled in wells periph-
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eral to Coyanosa field which are situated closer to the
basin interior and at greater depths indicate a total or-
<gani¢ carbon content of approximately 0.480 percent (1.019
to 0.187 percent). This is probably a reflection of the
increased shaliness of these rock units. Interbedded shale
units display the greatest organic contents, averaging
0.612 percent for Coyanosa field samples and 1.755 percent
for those toward the basin interior. The few carbonate
samples analyzed indicate the lowest total organic content
in both areas, but this may be a result of the small quan-
tity sampled.

| Analyses of acid insoluble organic matter in the
Bell Canyon and Cherry Canyon Formations by Williamson
(1978), Watson (1974) and Bozanich (1979) indicate a pre--
dominance of amorphous and unstructured residues comprised
of marine palynomorphs. . These palynomorphs are represented

primarily by acritarches and minor amounts of Tasmanites.

Small quantities of poorly preserved and fragmented land- .
derived spores and bladed coniferous pollen are also pres-
ent. The palynomorphs described suggest slow sediment de-
position relatively far from shore with anaerobic condi-
tions occurring at or near the sediment/water interface

(Williamson, 1978).
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Sedimentary Structures

The most commonly occurring sedimentary structﬁre
within the siltstone units (see Figures 12A to 12F for ex-
amples of siltstone‘sedimentary structures) is extremely
thin, alternéting light and dark-colored, laterally contin-
uous laminations, the thickness of which ranges from 0.1 mm
to 5 mm (Figure 12D). The coloration of these laminae is
the result of high organic content in the dark layers and
increased sparry calcite ceﬁentation in lighter layers. 1In .
addition, the dark organic layers are generally thinner and
finer-grained (medium fine silt and clay). There is no ap-
parent textural gradation between laminations, but occa-
sionally this feature can be observed within individual
layers. The lateral continuity (as great as 15 miles)
identified in some of these extremely thin laminae, par-
ticularly'in the upper Bell Canyon, has been attributed to
seaéonal varving (Marshall, 1954). This is similar, in
many respects to the sedimentation pattern observed in the -
Ochoan Castile Formation, a thick evaporite section di-.
rectly overlying the Bell Canyon Formation (Kirkland, per-
sonal commuﬁication, 1980). The fine grain size, unifor-
mity of laminae thicknesses and lateral continuity of these
units imply that these siltstones have been deposited from

suspension.



Figure 12.

Photographs of Sedimentary Structures Observed
in Bell Canyon Siltstone Core Sections
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Bioturbation has resulted in the disruption of the
majority of the thin bioturbéted laminae within the
COyénosa field area. The intensity of the bioturbation
varies, but in no discernible pattern. There does appear
to be a correlation between siltstone’'layers occurring be-
neath and above massive sandstone units which may be a re-
sult of the oxygen-rich fluid density currents transporting
the sand-size sediment. Deeper Cherry Canyon siltstones
seem to have undergone relatively less bioturbation than
overlying Bell Canyon units. Where bioturbated zones over-
iie nondisrupted units, convoluted and rippled bedding
marks the contact (Figure 12F). Thus a change in current
flow velocity and perhaps aeration of deep basin waters is
suggested. Horizontal burrowing predominates over verti-
cal, which one would expect in a déep=water depositional
:environment. A few of these burrows have been filled with
sparry calcite or anhydfite cement in lower Bell Canyon and
Cherry Canyon sections (Figure 12A) while most have experi-
enced infill by contained sediment and/or fecal'mate;ial
(Payhe, 1976). The majority of the horizontal bioturbation
‘structures are believed to represent crawling and feeding
trails (Bozanich, 1979), similar to those of Nereites which
‘are indicative of deep-ﬁater environments (Crimes, 1970).
Backfilling structures are also common in some intervals

and are characteristic of the quiet water theichnogenus

Zoophycus (Figure 123);
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Asymmetricvripple trains and ripple drift cross
lamination occur in a few sections, generally not exceeding
1 to‘2 cms in thickness and located adjacent to massive
sandstone units (Figuré 12¢). This small-scale inclined
bedding seems to suggest a change in current flow regime
both prior to and proceeding massive channel sandstone
Adepositioh.

Soft sediment deformation features, including flame
structures, convolute bedding and small-scale faulting have
Aalso been identified in the siltstone units. These struc-
tures are outlined by dark clayey material which has been
forced upward into less cohesive fine-grained sand and
coarse silt under the influence of overbﬁrden pressure.

Imbricated shale clasts and broken shale laminae
reflect increases in current velocity pfior to massive
sandstone deposition. These disrupted zones, not exceed-
ing 1 to 2 cms in thickness, occur in the uppermost sec-
tions of siltstone units. |

Sandstones of the Bell Canyon and Cherry
Canyon Formations

Light to medium grey or greenish=-grey, very fine-
grained, Well—sorted; friable, massive sandstones charac-~
terize the reservoir sandstones of the BellVCanyon and
Cherry Canyon Formations within'the Coyanosa field area.
This description, as with the siltstones described previ-

ously, is in accord with those provided by various authors
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for these units in otherllocations within the Delaware ba-~
sin (refer to Table 2). The consistency.established within
thesé lithologic units will facilitate reservoir potential |
prediction within the basin. Figures 13A, 13B, 14A and 14B

display textural relationships within the sandstone units.

Tekﬁure

. Twenty-eight sandstone samples were analyzed for
derivation of textural parameters by thin section methods
previously described (Table 3). Because of the consistency
in sample composition, both mineralogical and textural,
twenty-eight samples were considered adequate for reliable
evaluation of parameters.

The mean grain size of massive fine=grained sand-
stones is 3.54 + 0.17¢9 (0.086 mm) with extremes of 3.13Q
and 3.89¢ being recorded. This places the sandstones in
the very fine-grained size class. Five to 40 percent of
the grains identified in these samples are of si1t=size or
finer. five to 45 percent of these grains are fine sand-
size or.coarser{ Bimodality is reflected in a ﬁew samples
with 1 to 24percent of the grains falling into the médium
sand-size class (Figure 13B). This coarser fraction con-
tains extremely well-rounded and unaltered monocrystalline
quartz, potassium feldspar and detrital micritic clasts.

| Sorting values (or standard'deviations) range from
0.35 to 0.56¢ with an average of 0.44 % 0.05¢, classifving

'these sandstones as well-sorted.



Figure 13

Thin Section Photomicrographs of Textural
Relationships within Bell Canyon and Cherry
Canyon Sandstones
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Figure 14. SEM Photomicrographs of Textural Relationships within
Bell Canyon Sandstones

A. Detrital grains irregularly coated with authigenic clay
growth. Pg-80-22 , 4788 ", 100x.

B. Widely scattered, euhedral calcite rhombs projecting into
well-developed intergranular pore spaces. Pg-80-D, 50731,

200x.
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Skewness measurements»indicate both fine:and
coarse-skewed end members (SKI = =0.15 to 0.18), although
the ﬁajority’of the samples are nearly symmetrical in their
grain distribution (SKI = 0.05). This represents grain
populations which lack_Signifiéaht érain contamination by
extraneous sources or winnowing out of specific size
classes. | _

Excellent porosity is indicated by values of 15 to
25 percent for most massive sandstoﬁe intervals (Figures
~13A and 14A). Permeabiiity averages 10 md, but consider-
ably ﬁgre permeable units have been identified (120lmd5 as
have units of extremely low permeability (0.1 md). The
permeability values primarily reflect the degree of authi-
genic clay growth and bear little relationship to porosity
values. Thus, one will witness consistent porosities ac-
companied by widely varying permeabilities, neither of

which appear dependent on the other.

Composition

Mineralogical composition is similar to that de-
scribed for the siltstone units. Quartz averages ‘71 per-
cent (68 percent monocrystalline, 3 to 4 percent polycrys-
talline); feldspar, 23 percent (15 percent potassium feld-
spar; 7 percent plagioclase); and rock fragments, 6 percent
placing the sandstones in the subarkose category of

McBride's (1963) classification system.
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The extreme friability of the major portion of
these sandstone units suggests a baucity of cementing
agenfs which occupy 2 to 20 percent of sampled thin section
area (Figuré 14B). 1In addition to sparry calcite, signi-
fibant amounts of dolomite, anhydrite,‘and quartz and feld-
spar overgrowths occur as cement. Of thelabove, magnesium
and sulphate-rich cements tend to be associated with lower
Bell Canyon and.Cherry Canyon units. It is difficult to
determine if this change in cement composition is transi-
tional throughrthe Bell Canyon because of the lack of cored
material available from middle to lower intervals._

Detrital material contained in the sandstones in-
cludes coarse to medium sand-size micritic clasts, some of
which contain relict bioclastic structures suggesting an
origin in the surrounding carbonate reef bank. Most of
these clasts display signs of deformation:) Detrital micas
répresented by muscovite, chlorite, biotite and "leached"
biotite, randomly occur squeezed and deformed between sur-
rounding sand grains.

Minor amounts of other accessories include fine-
grained.glauconite pellets, secondary fine-grained euhedral
pyrite cfystals selectively rimming and replacing sand
grains, leucoxene, zircpn and tourmaline.

Total organic carbon measuremetns within the
Coyanosa field indicate an average value of 0.250 percent,

somewhat higher than the apparently more organic-rich in-
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terbedded siltstones. in this situation the value does not
necessarily represent source bed potential, but more likely
the hydrocarbonﬁresidug that has been depdsited within the
massive sandstone units. Particularly high TOC values
(0.459 percent) occur in sandstone units displaying good to

excellent hydrocarbon shows.

Sedimentary struétures

The massive sandstones are basically structureless
with the exception of random occurrences of horizontalhlém-
ination, trough cross-bedding,rscour surfaces, convolute
bedding and interbedded clayey layers, some of which have
been disrupted into imbricated clay clasts (Figures 15A
through 15E and 16A through 16E). Williamson (1978) states
that this lack of structures is only apparent;.particularly
with regard to horizontal lamination and cross-bedding.
Absence of clay-size material and well-sorting of sand
grains contributes to this illusion. X=rédiography per-
formed on Williamson's core samples reveals that approxi-
mately 70 percent of the massive sand is actually struc-
tured. | |

Cross-bedding suggestive of bed load movement by
traction is represented by extremely low to fairly high in-
clined laminations and beds (Figures 15A through 15E). The
preservation of this high angle cross-bedding implies rapid

sedimentation following development of inclination.



Figure 15.

Photographs of Sedimentary Structures Observed
in Bell Canyon and Cherry Canyon Sandstone
Core Sections
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Figure 16.
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Photographs of Convoluted Bedding and Cementation
Patterns Observed in Bell Canyon and Cherry
Canyon Sandstone Core Sections
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Scour surfaces are generally smooth, concave upward
and infilled by slightly coarser-grained sand (Figures 15C
and iSD). Other erosive processes occurring prior to and
contemporaneous with initial massive sand deposition re-
sulted in disruption of thin clayey laminae and subsequent
incorporation of these clasts in lower sandstone layers
(Figure 16E). Other units of clayey material are randomly
interbedded throthout the sandstone units and have been
deformed into convolute bedding (Figure‘16D).

It should also be noted that cementation fronts
(carbonate cement) canh be distinguished in these sandstbnes
on the basis of coloration and relative friability. Ir-
regular contacts marking the fronts separate light grey,
better-cemented sections from darker grey, poorer-cemented
areas (Figures 16B and 16C); Anhydrite also imparts a
characteristic cementation pattern to the sandstones in the
A_form of even, light-colored mottling, delineating isolated

patches of cement (Figure 16A).



CHAPTER 4

DEPOSITIONAL MECHANISMS

Previous Investigations‘

A number of theories have been proposed to explain
the depositional mechanics of the Delaware Mountain Group
éiltstones and sandstones. A deep-water depositional en-
vironment for these clastics has been generally accepted
since its initial inception by King (1942, 1948). Lack of
shallow marine fauna, except for that which has been trans-
ported into the basin from reef margins, absence of near-
shore depositional environmenté and sedimentary structures
associated with them, and re-creation of basin paleogeo-
graphy (Newell and others, 1953; Meissner, 1972; Harms,
1974) during Guadalupian time indicate water depths of ap-
proximately 1000 meters at the onset and 300 to 500 meters
at the conclusion of Bell Canyon sedimentation. The major
processes proposed to explain transport and deposition of
clastics into the basin>include turbidity currents (Jacka
and others, 1968; Berg, 1979) and fluid density currents
(Harms, 1974; Williamson, 1978; Bozanich, 1979). In addi-
tion to the above, aeolian transport (Berg, 1979), debris
flows and submarine slides (Newell and others, 1953), and
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suction currents (Jacka and others, 1968) have been invoked

to account for sediment dispersal.

Depositional Model Supported in this Study

In view of thé sedimentary structures aﬁd textural
relationships observed in the Bell Canyon and Cherry Canyon
clastic units, fluid density currentsvappear to be the most
réasonable model proposed to explain sediment dispersal and
deposition (Figure 17).

During Guadalupian time cqnditions existed such
that evaporitic shelf areas were situated near a deep-
water, semi-restricted euxinic basin, providing the fluid
density contrasts necessary for sediment movement. Periods
of storm activity and tidal fluctuations created buildups
of dense, saline waters in shelf regions which préceeded
- to be swept by wind currents through shallow incisions in
the surrounding'reef compiex (Goat Seep during Cherry Can-
yon deposition, Capitan during Bell Canyon). Gravity con-
trolled subsequent movement of the dense fluids into the
basin, a process which is apparent from the alignment of
resultant submarine sand channels perpendicular to the
surrounding réef bank. After entering the basin, densify
stratification of the waters océurred. Thin, dense, saline
waters laden with fine and very fine-grained sand hugged
the basin bottom, following topographic lows and scouring

out new channels. Slight velocity changes, dependent on
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Traction deposition of sand by
thin, upper-to-lower flow regime,

long-lived density currents in

previously scoured channels

IIA

Deposition of silt by settling
from intermediate density flows
to form thin, uniform beds that

mantle channel and adjacent
surfaces

m4> 4 > e« ¢/n

Channel scour by strong density
currents flowing basinward under

less dense, deep water

[1>12 > - /n

y =density
Figure 17. Depositional Model Proposed for Bell Canyon

and Cherry Canyon Sandstones and Siltstones
(adapted from Harms, 1974)
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slope gradient and topography, resulted in‘rapid deposition
of this entrained sand. Silt-size material was concur=-
rently carried along by oveflying, less dense salinity cur-
rents and was not as sensitiVe to slight changés in flow
velocity. Deposition of siltstones occurred primarily from
suspension following sand deposition. The blanket-like
geometry of these siltstones (Williamson, 1978) implies

that they are not overbank or levee deposits (Jacka and
others, 1968; Payne, 1979). Clay-size material which is
usually necessary in the stabilizétion of such features is
also lacking. Eventually the small amount of clay and or-
ganic detritus was deposited from suspension as véry thin
laminations during periods of low sediment influx from

shelf areas.

Sﬁpporting Evidence for Depositional Model

Textural Relationships

Lack of vertical Qrading in grain size within and
between lithologic units is apparent in nearly all samples
examined suggesting that deposition did not occur as a
result of steadily waning éurrent velocities. It also
implies that grain populations were fairly well-sorted
with regard to size prior to deposition resulting in the
accumulation of internally homogeneous units. Lateral
gradation'of units is also absent in these sediments.

Fluid density currents'couldvreadily account for the ex-
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cellent segregation of grain sizes and uniformity of
lithologic units. Although the absence of fines (clay and
orgahic material) in suspénsion has been attributed to
transport by currents of a non-turbid origin (Williamson,
1978; Payne, 1979),-this situation could be the consequence

of a source deficient in this grain size category.

Sedimentary Structures

There appears to be_no vertical sequence of sedi-
mentary structures established in the Bell Canyon and
Cherry Canyon Formations. One would anticipate a Bouma-
“type sequence (Bouma, 1962) of structures if these were
" turbidite sediments. Berg (1979) and Payne (1979) have
attempted to distinguish such sequences in-these sediments
but this author has been unable to identify similar series
in core material examined. Superposition of structures and
sharp lithologic contacts suggesting widely varying current

velocities are more apparent.



CHAPTER 5

PETROGRAPHY OF THE BELL CANYON AND
CHERRY CANYON FORMATIONS

General Statement

Approximately 200 thin sections were examined in an
attempt to obtain detailed petrographic information on the
lithologic units comprising the Bell Canyon and Cherry Can-
yon Formations. The two formations appear to be nearly
identical with respect to framework constituents while
authigenic components display greater variability. This
disparity is probably more a reflection of relative burial
depths and compositional stratification of contained reser-
voir waters than framework grain composition.

The Bell Canyon Formation has received the most at-
tention with regard to detailed petrographic'and diagenetic
analyses. Hull (1957) performed initial laboratory inves-
tigations on the Bell Cényon and Cherry Canyon Formations,
emphasizing textural relationships and mineralogy of frame-
Qork and accessory grains. Subsequent Delaware Mountain
Group studies stressed depositional and paleoenvironmental
reconstructions for the formations with sketchy petrogra-
phic descriptions provided by thin section examination.
~ only two recent studies (Watson, 1974; Williamson, 1978)

68



69
have utilized other laboratory procedures in an attempt to
more cleariy define petrographic controls on reservoir
paraﬁeters. These studies, however, have been limited to
upper Bell Canyon sediments. |

The following chapters supplement previous inves-
tigations and emphasize authigenic clay mineralogy and dis-
tribution, the prominent’controls on reservoir parameters,
particularly with regard to permeability. Hopefully some
degree of clay predictability will be attained with these

studies thereby facilitating reservoir production.

Methods Emploved

One hundred and eighty-eight thin sections repre-
senting 12 wells were prepared byAcommercial laboratories
for petrographic examination. This preparation included
4impregnation with blue epoxy to enhance pore space and add
strength to the rock prior to grinding and cutting, pro-
cessing in oil to preserve authigenic evaporitic consti-
tuents and staining a portion of the slide with Alizarin
Red-S to detect calcite. Difficulty was encountered in
obtaining complete impregnations in some thin sections be-
cause of the extremely poor permeabilities created by
thick authigenic clay coats on framework grains. Thus,
accurate estimation of porosity and framework grain per-
centages was hindered by grain plucking which occurred

during grinding. It should also be noted that the fine
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grain size of the sandstones and siltstones resulted in
superposition of grains in thin section mounts contributing
to difficulties in obtaining good optical resolution.

Thirty-four sections were selected for point-count-
ing in order to obtain relative.percentages of mineralogic
- components (defined by McBride, 1963 and Dickinson, 1979,
Table 4) and to evaluate textural parameters as outlined
by Friedman (1958). Four hundred points_per'slide were
counted for determination of composition to ensure that
at least 300 represented detrital grain counts, the mini-
mum required.for accurate clastic clssification. These
thin sections were stained wifh sodium cobaltinitrite and
‘amaranth solutions to distinguish potassium feldspar and
sodic plagioclase, respectively.

| A scanning electron microscope with attached energy
dispersive x-ray spectroscopy (SEM-EDEX) was utilized in
the éxamination of 32 samples from 11 wells. Use of the
SEM~EDEX enabled;greater resolution of grain rglationships,
pore space geometry, and authigenic fabrics and minerals.
Clays were studied in particular because of their poor‘rec-
‘ognition in thin section mounts.

X-ray diffraction analysis was conducted on 46 sam-
ples. Eight samples were élycqlated, three of which were
heat-treated (550°C for two houré) for a more accurate
identification Qf authigenic clay minerals present. The

less than 4 micrometers fraction was separated by settling
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Table 4. Mineralogical Composition of Selected Bell Can-
yon and Cherry Canyon Samples Derived from Thin

Section Point Counting Analysis* Cements Miscel laneous
Sample Quartz Q) Feldspar (® Rock fragrents (U Carbonate  Anhydrite  Silica  Matrix  Carbonate Detrital Pyrite  Zircon Leucoxene Porosity
Q) ™) « ® (55 w Clasts Micas
Bg-80-132 4. 75% 2.26% 12.62% 9.38% 0.97% 3.23% 11.75% 0.5% 4.25% 6-25% 0.25%
Pg-80-147 68.05 7.02 16.61 5.75 2.56 9.58 11.00 7.25 2.50 0.25
Rg-80-150 72.41 1.57 15.05 8.15 2.82 4.39 11.25 6.75 0.75 1.25 0.25
Pg-80-156 75.93 3.09 15.43 4.63 0.93 4.02 8.00 9.50 1.50
Bg-80-143 74.37 3.13 13.75 6.56 2.19 5.32 4.00 8.25 0.75 2.25 2.90 0.75 1.50
Rg-80-29 71.00 5.60 19.10 1.40 2.80 8.40 6.25 11.25
Bg-80-40 68.05 3.55 13.02 11.54 3.85 7.40 2.00 0.50 0.25 0.50 0.75 0.50 0.25 11.00
Bg—80-83 75.12 3.19 17.37 0.35 3.90 7.09 8.75 0.50 2.25 1.50 0.25 16.25
Bg-80-117 66.66 6.25 11.20 10.68 5.21 11.46 1.25 0.50 0.50 0.50 0.25 0.75
Bg-80-138 57.63 9.31 17.50 8.47 7.06 16.37 1.50 0.25 2.25 1.00 0.25 0.25 0.25
Bg-80-140-1 67.47 6.03 16.57 5.72 4.22 10.25 8.75 5.75 1.75 0.25
Bg-80-155 66.38 3.18 17.10 7.25 6.09 9.27 6.50 3.00 0.75 0.50 0.25
Bg-80-172 64.78 4.71 19.18 4.08 7.23 11.4 5.75 0.50 0.75 0.25 13.00
Bg-80-173 68.72 5.08 12.30 10.96 2.HA 8.02 4.00 0.25 0.75 0.50 0.25 0.25
Bg—80-17/8 65.06 9.33 15.96 7.23 2.4 11.74 13.50 0.25 0.75 0.25 0.25
Bg—80-182 63.52 8.81 14.28 8.21 5.17 13.98 6.75 1.25 6.25 0.25 1.25
Bg-80-185 69.82 4.88 15.24 5.18 5.79 10.67 9.50 3.00 1.75 0.50 0.75
Bg-80-124 70.36 4.18 16.77 5.99 2.69 6.87 5.75 0.25 6.00 2.50
Bg-80-59 66.77 5.3 14.11 1.88 11.91 17.24 1.50 2.25 0.75 1.25 0.25 0.50 0.25 13.50
Bg-80-70 73.77 2.02 16.14 5.76 2.31 4.33 7.00 1.25 1.50 0.25 0.50 0.25 0.25
Bg—-80-101 73.17 1.65 14.24 1.32 9.60 11.25 5.75 1.25 1.00 1.25 0.25 15.25
Bg-80-107 72.96 1.63 10.75 12.05 2.60 4.23 2.75 3.75 0.50 3.75 0.50 0.50 11.00
Fg-80-108 70.60 2.87 14.98 9.51 2.01 4.88 6.50 1.75 2.25 1.50 0.25
Bg—80-161 62.03 11.31 15.36 5.2 6.09 17.40 3.00 0.%0 2.75 0.25 0.50 0.25 0.25
Bg-80-162 68.33 1.39 13.89 11.%4 4.44 5.83 5.00 3.25 0.25 0.25 0.50
Bg—80-163 70.03 2.60 13.83 9.22 4.32 6.92 9.00 1.50 0.25 1.25 0.75
Rg-80-165 70.39 3.02 13.59 11.18 1.80 4.82 7.75 5.75 1.00 1.75 0.50 0.50
Bg—80-167 55.29 10.00 21.76 6.18 6.76 16.76 5.75 3.75 1.00 0.25
Bg-80-170 69.92 4.06 14.09 10.57 1.35 5.41 3.00 1.50 0.50 2.25 0.25 0.25
Bg—80-171 71.24 3.92 14.38 8.17 2.29 6.21 20.00 0.%0 1.25 0.25 0.75 0.25 0.50
Pg-80-189 71.83 0.63 16.45 8.86 2.2 2.85 17.50 1.75 0.25 0.50 0.50 0.50 0.25
Pg-80-190 69.10 3.63 13.33 10.30 3.64 7.27 10.00 3.25 0.75 1.25 1.00 .0.75 0.25 0.25
Pg-80-191 65.77 4.76 13.39 11.61 4.46 9.22 6.50 3.75 0.75 3.50 0.25 0.25
Pg-80-192 64.86 4.50 15.91 9.61 5.10 9.60 9.75 1.50 0.25 4.50 0.25 0.50 0.50

*Based on 400 points counted per side

Qm = monocrystalline quartz

polycrystalline quartz including chert

potassium feldspar

= sodic plagioclase

= nock other than chert and polycrystalline quartz and
not including volcanic rock

Lt = total rock fragments plus polycrystalline quartz and chert

LorE
non
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velocity from crushed and dispersed shale, siltstone and
sandstone saﬁples, Each sample was further cleaned by
centfifuging and finally air-dried on glass plates to ob-
tain oriented clay samples. Although analysis was concen-
trated on the very fine-grained massive sandstone samples
because ofrtheir:associated reservoir potential, siltstones
- and shales were also examined in order to determine litho-
logic relationship to authigenic clay growth and to estab-
lish regional diagenetic clay zonation within the field
area.

Heavy mineral separations were made on 10 sandstone
samples using the heavy liquid tetrabromoethane. One hun-
dred grains were identified from each fraétion obtained
(Téble 5). Thé results of this analysis aided primarily in

the determination of provenance for the Bell Canyon and

Cherry Canyon Formations.

4+
\

Allogenic Components

Quartz

Detrital quartz is represented primarily by suban-
gular to rounded, slightly undulatory, moderately vacuo-
lized monocrystalline plutonic quartz ih percentages rang-
ing from 55 to 77 percent. A fewrof the quartz grains con-
tain inclusions,’which are represented by rutile, tourma-
line and vermicular chlorite. The presencé of the latter

suggests a hydrothermal vein origin for some of these



Table 5.

Pg-80-105
Pg-80-111
Pg-80-118
Pg-80~138
Pg-80-161
Pg-80-189
Pg-80-C

Pg=-80~-G

Pg-80-M

*Based on 100 grains counted on slide

Leucoxene

30
50
42
50
36
42

67

47

Heavy Mineral Analysis of Selected Bell Canyon
and Cherry Canyon Samplesg*

Apatite

10

N =2 W

Pyrite

31

H W ©o o

Zircon

17
20
31
24
40
33
12
35

Tourmaline

11
12
10

10

Rutile

N

N

w N U DU

Hornblendg

Unidentified

'S

10

10

€L
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grains. A number of grains also appear embayed, yet lack
other features characteristic of volcanic quartz. This
irreéularity in the grain surface can probably be attri=
buted to éorrosion which occu:red‘during an earlier phase
of cementation and subsequent dissolution.

A small percentage of polycrystalline quartz occufs
in these samples, constituting 0.6 to 9 percent of total
detrital quartz. This quartz is subangular to rounded,
usually characterized by equant, interlocking, slightly
.undulose to undulose composite grains separated by straight
boundaries, indicating a recrystallized metamorphic origin.
A few of these grains display signs of more intense shear-
ing reflected in strongly undulose composite graihs, with
sutured and straight boundaries occurring at points of con-
tact.

The rounding of the grains appears to be related to
grain size. Coarse to medium-grained siltstones contain a
greater percentage of subangular to rounded grains while
the very fine-grained maséive sandstones display subrounded
to well-rounded grains. This is probably indicative of
slightly greater reworking of the very fine-grained sand -
populations as a result of tractive transport prior to de-
position as channel units. The well-rounded grain fraction
is primarily represented by a smalllperCentage of medium

‘sand grains, the presence of which results in a bimodal
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sand distribution. These grains were possibly supplied

from a reworked sedimentary source.

Feldspar

Feldspars accouht for an average of 23 percent of
all detrital grains comprising the Bell Canyon and Cherry
Canyon Formations. Sixty-five to 70 percent of the feld-
spar grains present were identified as potassium feldspar
with the remaining percentage represented by sqdic feldspar
(plagioclase). Both tend to be indicative of a granitic
plutonic source which is in accord with origins suggested
for the detrital quartz.

Potassium feldspar grains (15 percent) are pre-
dominantly comprised of twinned and untwinned orthoclase
and minor amounts of microcline, both of which have re-
mained fairly unaltered. Plagioclase accounts for approx-
imately 8 percent of the detrital grain population and is

characterized by compositions ranging from An to An

12 37
(albite to oligoclase). Albite twinning predominates with
rarer occurrences of Carlsbad and combined Carlsbad-albite
twins, and perthitic intergrowths. The plagiéclases, be~
cause of their greater chemical instability,‘have undergone
varying degrees of alteration, ranging from non-altered to
nearly complete seritization along twin and cleavage planes

(Figures 18A and 18B). A few of these grains have been

leached so intensively that all that remains are one or two



Figure 18.

SEM Photomicrographs of Detrital Feldspar Alteration

A.

B.

Replacement of detrital sodic plagioclase (fd) by finely-
crystalline calcium carbonate (ca) . Pg-80-88 , 49861, 1000x.

Dissolution of detrital feldspar (fd) leaving a self-supporting
authigenic clay rim (ch). I1llite (D) 1is also present in ]
significant amounts. Pg-80-101, 59191, 1000x. ‘§\
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alternating twin planes. Vacuolization has occurred in a |
.few instances, imparting a brownish "turbid" appearance to
the feldspar grains. Other alteration has resulted in the
replacement of feldspar by micritic calcite at grain sur-
faces. The occurrence of this latter alteration is re:/
stricted to massive sandstones which have incorporated
micritic clasts and micrite-coated grains énd grain aggre—-
gates into their framework mineralogy.

In general the feldspar grains are slightly finer
grained than their quartz cOunterparts. However, the
medium-grain size fraction of the bimodal sands contains
appreciable quantitiés of microcline displaying better

rounding than similar-sized quartz grains.

Rock Fragments

Rock fragments represent from 1 to 13 percent of
the allogenic components, with the majority of the rock
fragments reflecting a sedimentary or metamorphic origin.
The sedimentary fragments occur in greater percentages and
include chert and cafbonate clasts. These carbonate clasts
are characterized by thorough micritization, relatively
larger size and susceptibility to deformation and subse-
guent dissolution at points of contact with surrounding
detrital grains. A variety of these clasts have been iden-

tified including some which display relict bioclastic tex-
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tures (Figure 19A) and others which enclose aggregates or
individual silt-size detrital quartz (Figure 19B).

| Metamorphic rock fragments consist of very fine
polycrystalline grains composed of guartz, potassium feld-
spar and muscovite. Secondary pyrite.occﬁrs as isolated
patches in a few of these grains.

Samples obtained from relatively greater depths
(6000'+) contain chert and polycrystalline metamorphic
fragments which have been deformed to the extent that they
are indistinguishable from matrix material. The diagenetic
‘bias that is subsequently created results in underestima-

tion of the rdck fragment percentages in these few samples.

Other Detrital Components
The micas comprise the majority of the remaining
detrital minerals (Figures 20A and 20B).V Muscovite and
chlorite occur most frequently, amounting generally to
less than a few percent. Additional biotite and "leached"
biotite have also been identified in trace amounts.. The
siltstone facies contains the greatest percentage of detri-
tal mica (5 to 10 percent) which occurs oriented parallel
to laminations. The massive sandstone facies contains ran-
domly interspersed and oriented mica flakes which have fre-
quently been deformed between adjacent framework grains.
Well-rounded, bright bluish-green, very fine sand-

size glauconite pellets have been noted in trace amounts in



Figure 19.

Thin Section Photomicrographs of
Detrital Carbonate Clasts
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Figure 20. SEM Photomicrographs of Detrital Micas

A. Detrital mica (me) deformed between detrital grains. Pg-80-19,
4775, 1000x.

B. Detrital mica (me) displaying authigenic clay growth at upper
end. Slight crenulation and unresolvability of individual clay
flakes suggests a slightly expandable mixed-layer chlorite
(xch). Pqg-80-22, 47887, 2000x.
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approximately one third of the samples. Their occurrence
is limited to the sandstone facies indidafing possible
tranéport in from shelf areas.

The heavy mineral fraction contains a variety of
opagues (authigenic pyrite and leucoxene), ultra-stable.
(zircon, tourmaliné and rutile) and metastable (apatite,
garnet and epidote) components. Table 5 lists relative

percentages of these minerals.

Classification

Bell Canyon and Cherry Canyon siltstones and sand-
stones plot as subarkoses according to McBride's (1963)
classification system (Figure 21). The end members on
which this ternary plot is based include stable quartz cbm—
ponents (Q) represented by monocrystalline, polycrystalline
and microcrystalline quartz; total potassium feldspar and
plagioclase (F); and unstable lithic fragments-(Lt) con-
sisting of volcanic, metamorphic and sedimentary rock frag-
ments. Although theée samples plot as a fairly uniform
» group, a few compositional trehds can be distinguished
within the assemblage. It appears that Cherry Canyon sand-
stone samples are, on the average, slightly more feld-
spathic than their Bell Canyon counterparts. In some in-
stances the Cherry Canyon éamples‘are included in the
arkose category. This relationship may be a reflection of

variability of source material and supply, transport, and
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O Bell Canyon siltstone
m Bell Canyon sandstone

# Cherry Canyon siltstone

# Cherry Canyon sandstone

| Subarkose
|| Arkose

11l Lithic subarkose
IV Lithic arkose

50%

Q Monocrystalline and polycrystalline quartz

F Potassium feldspar and plagioclase

L Metamorphic, volcanic and sedimentary rock fragments

Figure 21. Classification of Bell Canyon and Cherry Canyon
Sandstones and Siltstones (according to McBride,
1963). Note that only the upper 50 percent of
the diagram is displayed.
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intensity of wéathering during Guadalupian time. Slight
’lithplogical differences can also be detected, with the
few siltstones that were sampled displaying less feld-
spathic and lithic components than associated sandstones.
This may be a consequence of the greater mineralogical in-
stability of these components in the smaller size classes,
which is also reflected, in these samples, by a relative
increase in both matrix content and quantity of unidenti-
fiable grains.

Comparison of these results with those of previous
authors reveals a fairly uniform mineralogical composition
for the Bell Canyon and Cherry Canyon Formations throughout
the Delaware basin (Figure 22). A slight increase in feld-
spathic components at the expense of lithic fragments is
suggested as one proceeds from the northwest corner to the
eastern side of the Delaware basin. This again is probably
a reflection of variability of sediment supply. The dif-
ferences noted may also be attributed to inconsistencies in
identification and subsequent categorization of frame-
work grains by the various authors. For example, unless
plagioclases are stained, untwinned grains can easily be
mistaken for quartz, or if badly altered, they may resemble

rock fragments.



* Payne 119761

A Williamson 119781

# Berg 119791
Kanschat 119811

Figure 22. Comparison of Average Upper Guadalupian
Sandstone Compositions. In all cases but
the present study which includes Cherry
Canyon samples, point count results
represent Bell Canyon sandstone compositions.
The classification system used is that of
McBride, 1963.
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Provenance Implications

Examination of framework components suggest a pre-
domiﬁant granitic source for the Bell Canyon and Cherry
CanYon units. The abﬁndance of monocrystaliine quartz and
potassium feldspar, plus minor occurrences of leucoxene,
supports this conclusion. Additional contribution from
low~rank metamorphic sources in the form of combosite
quartz and metamorphic rock fragménts is also noted. The
presence of albitic plagioclase ahd detrital micas (musco-
vite, biotite and chlorite) indicate either source. The
plutonic sources were more than likely cross-cut by a
series of pegmatites as indicated by intensively vacuolized
quartz containing vermicular chlorife, and rare occurrences
of garnet. Well-rounded monocrystalline quartz, chert,
carbonate clasts and zircon representvthe small quantity of
sedimentary material.

The lack of significant quantities of Guadalupian
age~equivalent clastics in shelf and back-reef areas hin-
ders the determination of the paleogeographic provenance
for the twé’formations. The Pedernal Massif of south-
eastern’New Mexico has been proposed (Hull, 1975; Oriel
énd others, 1967; Watson, 1974) as the probable source. for
Delaware Mountain Group deposits. However, some authors
(Newelliand others, 1953; Williamson, 1978) have refuted
this association suggesting either reworked Pennsylvanian

sands of Oklahoma and Colorado or the Ancestral Front Range



continental block provenances

Craton Interior A/8 + Transitional B - Uplifted basement

MAGMATIC ARC PROVENANCES

Dissected C/D - Transitional D * Undlssected

RECYCLED OROGEN PROVENANCES

Foreland uplift E/F - Collision orogen F - Subductlon complex

« Average composition of Bell Canyon and Cherry Canyon samples

Emphasis on grain stability. Weathering, provenance relief, transport
mechanism and source rock are considered

Q stable quartz
Qm  monocrystalllne quartz
Op polycrystalline lithlc quartz Ichertl

F monocrystalline feldspar
K potassium feldspar
P plagioclase

L unstable polycrystelline llthlc fragments
Lv volcanic fragments r\

Ls sedimentary fragments »
L* L+Op

Includes metamorphosed
varieties

Emphasis on grain size of source rock. Fine-grained rocks yield
more ulKir” franmaantc in canX. as



C,C/b, D

Emphasis on the character of polycrystalline components Emphasis on the character of monocrystalline components

Figure 24. Tectonic Provenance Plots (Qp-Lv-Ls, Qm-P-K) of Bell Canyon and Cherry
Canyon Sandstone Samples. The Qp-Lv-Ls plot indicates a recycled
orogen provenance; however, this plot is probably least reliable because
of the difficulty iIn accurately identifying rock fragments. As previously,

the Qm-P-K plot suggests a provenance transitional between craton
interior and uplifted basement.
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turity and mineralogy, a more strictly-defined tectonic
provenance can be defined. 1In this case, all plots suggest
a cohtinental block provenance, transitional between broad
stable cratonic positive areas and locally uplifted base-
ment blocks. This tectonic interpretation is in accord

with suggested paleogeographic source areas.

Diagenetic Fabrics

The following sections describe various diagenetic
features encountered in the Bell and Cherry Canyon Forma-
tions. Figures 25A through 25D, 26A through 26F, 27A
through'27D, and 28A through 28F display these features.

Further explanation is provided in the proceeding pages.

Quartz and Feldspar OQergrowths

'Quartz,overgrowths are present in most samples ex-
amined, although generally not exceeding a few percent
(Figures 25A and 25B); They are difficult to detect in
thin section mounts primarily because original grain sur-
faces lack observable coatings which would accentuate over-
growth presence. SEM examination reveals well-defined
euhedral prismatic overgrowths projecting from detrital
grain surfaces and generally not exceeding 15-20 micro-
meters in length (Figures 26A and 26C). Viewihg with cath-

odoluminescence equipment failed to aid in detection be-



Figure 25.

Thin Section Photomicrographs of Quartz Overgrowths and Carbonate Cements

(@)



Figure 26. SEM Photomicrographs of Quartz and Feldspar
Overgrowths and Calcite Cements



Figure 27. Thin Section Photomicrographs of Calcite, Dolomite and Vo
Anhydrite Cements, and Detrital Grain Embayment



Figure 28.

SEM Photomicrographs of Calcite, Dolomite,
Anhydrite and Halite Cements
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cause the fine grain size of the samples prevented good .
resolution of overgrowths.

. In most instances authigenic quartz postdates the
formation of diagenetic clay coatings. This is evident
from the intervention of authigenic clay at points of over-
growth attachﬁent, the relatively clayffree overgrowth sur-
faces and the overall paucity of authigenic qguartz. It ap-
pears that secondary quartz growth has been prevented from
developing by the presence of thick clay rims, being pri-
marily restricted to detrital grain surfaces characterized
by thin and interrupted claj coatings. This inhibition of
overgrowth nucleation and subsequent development on detri-
tal grain surfaces as a result of authigenic clay coatings
has been discussed by Pittman and Lumsden (1967) and Heald
and Larese (1974). A few samples'display intergrowth of
authigenic clay with overgrowth material thereby implying
simiiar timing for these diagénetic events.

Feldspar overgrowths are less numerous, only rarely
detected in thin sections or by SEM analysis. Alteration
in original detrital feldspar grains prior to o&efgrowth
formation facilitates the recognition of these features in
thin section.' SEM examination reveals clay-free euhedral
overgrowths which are very similar in appearance to'tho?e
developed'on detrital quartz grains (Figures 26B). How=-
ever, the sharp prismatic terminations characteristic of

quartz are absent.
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Development of feldspar overgrowths is probably
contémporaneous with quartz o&ergrowth formation‘although
in no situation did contact occur between the two materials

to establish their relationship.

Cements

A wide variety of cementing agénts have been iden—
tified in the Bell Canyon and Cherry Canyon Formations, in-
- cluding quartz and feldspar overgrowths, authigenic clay
coatings, and carbonate and sulfate cements. The over-
\growths, mentioned previously, are volumetrically insigni-
ficant with'respect to the other cements. Authigenic clay
coatings, although ubiquitous throughout the sections, con-
stitute relatively weak bonds between the grains and do not
contribute to pore space occlusion. The carbonate and sul-
fate cements represented by sparry calcite, dolomite and
anhydrite comprise the most significant cementing agents.
They acéount for most_of the‘pdre spacetreduction (besides
compaction) that occurs within the sandstones, an important
consideration in evaluating reservoir rock'poteﬁtial.

' Calcium Carbonate. Calcium carbonate constitutes

the greatest percentage of carbonate cement, occurring in
neérly every Bell Canyon and Cherry Canyon interval ex-
amined, in amounts ranging from less than 1 to 20 percent
(Figure 25C). Three distinct types of calcium carbonate

are recognized by SEM-~-EDEX, the most significant being a
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finely-crystallinev(l to 25 micrometers) sparry caicite
occurring as isolated patches of aggregated crystals or
more commonly as uniformly disseminated individual crystals
incompletely filling pore spaces (Figures 25E and 26F).
Individual crystals are characterized by thin, smooth sur-
faces, rhombic morphology and detectable magnesium, iron
and manganese content (from EDEX analysis). Because of the -
high magnesium content -and rhombic habit of these crYstals,
it is often difficult to distinguish them from associated
dolomite necessitatihg the use of accempanying stained thin
sections and x-ray diffraction analysis.

Very finely—crystalline (less than 10 micrometers)
calcite polyhedra are recognized in a few samples (uSual;y
restricted to Bell Canyon units) occurring as isolated cry-
stals or small aggregates of randomly oriented crystals et—
tached to detrital grain surfaces (Figure 26D). They are
distinguished from the aforementioned sparry calcite by
crystal form and chemical composition, lacking detectable
magnesium and manganese yet still indicating a slight iron
content. |

Micrite comprises the third variety of calcium car-
bonate, being characterized by very finely-crystalline
(less than 5 micrometers), elongate to equant, randomly
oriented calcite polyhedra (Figures 28A and 28B). It oc-
curs primarily as a Secondary replacement of detrital

Plagioclases and carbonate clasts. Although not encoun-
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tered in SEM analysis in this capacity, micrite has also
been recognized as a secondary cementing agent occurring in
random patches in a few Cherry Canyon thin sections and is
usually associated with more coarsely-crystalline sparry
calcife cement. ‘

It should also be noted that patches of poikilo=-
topic sparry calcife-ceﬁent (less'than 0.5 mm) héve been
encountered in some thin sections, but because these areas
were not viewed during SEM analyses little can be said con-
cerning crystal morphology or chemical composition.

The formation of authigenic calcite cements appears
to have occurred after the growth of initial chlorite rims
on detrital grain surfaces. Rhombic calcite was probably
the initial cement to form, commencing before the comple-
tion of'clay growth. The ?resencé of diagenetic clay be-
tween calcite rhombs and detrital grain surfaces, and the
complex intergrowth of a number of these calcite crystals
with authigenic clay flakes supports this conclusion. The
polyhedral microcrystalline calcite and micrite display
similgr relationships with intervening authigenic clay,
yvet exhibit clay-free surfaces thereby implying a later
for‘mation° Lacking are observablé contacts between rhombic
and polyhedral qalcite to substantiate this claim.

Dolorr;ite° Finely-crystalline dolomite (5 to 25
micrometers) accounts for the remaining carbonate cement.

Its occurrence in the upper Bell Canyon is insignificant
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since it is concentrated primarily in lower Bell Canyon
and Cherry Canyon sections. The clearly-defined smooth-
faced euhedfal dqlomite rhombs observed in these lower
sections are commonly well-dispersed throughout the forma-
tion and result in incomplete occlusion of pbre space. In
a few sandstone intervals, however, complete cementation
has occurred, representing a situation rarely encountered
in upper Bell Canyon sediments. Simultaneous development
of dolomite and anhydrite suggests an interrelationship be-
tween the two authigénic minerals (Figure 25D). SEM~-EDEX
and x-ray analyses reveal the presence of iron in some of
the dolomite, although not in amounts that would require a
"ferroan" classification.

The relative time of dolomite formation appears to
postdate clay and overgrowth development, yet océurs prior
to completion of clay authigenesis as suggested by inter-
growth of the two minerals. - This is similar to thefdiage-
netic sequence displayed by the sparry calcite cement.

Anhydrite. Anhydrite is restricted to lower Beli
Canybn and Cherry Canfon intervals where it occurs as ran-
dom patches of coarsely-crystalline (0.2 to 1.0 mm )
poikilotopic cement (Figures 28D and 28E). 1In thin section
it is easily recognized by its high birefringence (Figure
25D), while SEM examination reveals clay-free aggregates
of uniformly oriented rectangular blocklike crystals. Be~

cause of its clay-free nature and overlapping contact with
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carbonate cements, anhydrite appears to be a later stage
diagenetic feature. Rarely dolomite rhombs are found con-
tained within and replacing anhydrite crystals suggesting
a late-stage period of dolomite formation, although this
¢onstitutes a relatively insighificant percentage of total
cement. )

Halité. Cubic halite crystals, displaying rounding
"and pitting as a result of solution, are evident in a fe&
samples (Figure 28F). They represent late-stage crystalli-
zation from interstitial saline waters and brine drilling
fluids upon reaching the surface. This is supported by the
presence of patches of halite crystals exuding from smooth
core surfaces and the lack of overprinting by other diage-

netic fabrics.

Authigenic Clay

Extensive analyses were performed on the less than
4 micrometers fraction of 46 selected samples in an attempt
to better define the composition, morphology and distribu-
tion of authigenic clays present in the Bell Canyon and
Cherry Canyon Formations. SEM=-EDEX examination combined
w;th x-ray diffraction techniques proved to be the most
effective means of analysis, with thin sections contribu-
ting little because of the extremely poor resolution of
authigenic clays at high magnification. Definite relation-

ships between morphology and composition as well as appar-
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ent lithological and depth-controlled diagenetic trends can
be discerned in samples examined.

| Chlorite. The majority of authigenic clay material
present is comprised of low temperature and pressﬁre sedi-
mentary chlorite referred to as Ibd and Ib (B=97°) poly=-
types (Hayes, 1970). Presence of a broad and diffuse (203)
reflection, or as in the case of the degradéd Ibd poly-
type, the absence of such a reflection, confirms this clas-
.sification. These polytypes reflect the degree of struc-
tural ordering within the chlorite lattice, wifh poorly-
-ordered'Ibd tyﬁes occurring at relatively shallow depths
and better-ordered Ib types present at greater depths
(usually exceeding 5500 feet in this région):

The chlorites occur as authigenic clay coatings on
detrital grains, ranging from dense, complete coats to
thin, interrupted patches of clay plates oriented perpendi-
cular to grain surfaces (Figures 29A through 29E). The
length 'of individual crystals averages 5 to 10 micrometers
distinguishing them from the intermixed finer-grained
authigenic illites. Convergence of clay growth in inter-
granular areas results in the bridging of pore spaces and
the subsequent impedence of interstitial fluid flow. Semi-
quantitative xX-ray analysis (Griffin, 1971), (Table 6) re-
veals an average chlofite content among the less than 4
micrometers fraction of approximately 70 percent with ex-

tremes of 25 percent and 95 percent being recorded. Two



TOT



102

Table 6. Semi-Quantitative Determination of Clay
Composition* from X-Ray Diffraction
Analysis of Selected Bell Canyon and
Cherry Canyon Samples*%*

Sample*** Relative amplitude of  Percent Percent Percent

(001) reflections chlorite illite mixed
c1L /1 / 1=Cl Cl I I-Cl

Pg-80-141 5.4 / 3.7 59.3% 40.6%
Pg-80-96 11.0 / 6.7 62.1 37.9
Pg-80~F 5.3 / 3.7 58.9 41.1
Pg-80-127 8.9 / 4.7 65.5 34.5
Pg-80-17 5.2 / 3.6 50.1 40.9
Pg-80~150 13.4 / 3.7 78.4 21.6
Pg-80-133 17.0 / 4.7 78.3 21.7
Pg-80-77 18.1 / 4.2 / 1.3 76.7 17.8 5.5
Pg-80-A 8.3 / 3.9 68.0 32.0
Pg-80-85 15.1 / 5.0 75.1 24.9
Pg=-80-124 18.1 / 3.4 84.2 15.8
Pg-80-M 12.0 / 2.6 82.2 17.8
Pg-80-C 18.2 / 4.0 82.0 18.0
Pg-80-131 26.3 / 2.4 91.6 8.4
Pg=-80-30 20.7 / 1.4 93.7 6.3 .
Pg-80-41 18.6 / 2.2 / 4.4 73.8 8.7 17.5
Pg-80-42 11.0 /1.8 / 0.7 - 81.5 13.3 5.2
Pg-80~138 30.0 / 1.6 94.9 5.1
Pg-80-G 11.3 / 1.7 86.9 13.1
Pg-80-K 28.2 / 1.9 93.7 6.3
Pg-80-89 26.1 / 2.9 90.0 10.0
Pg-80-=115 12.0 / 3.0 / 1.5 72.7 18.2 9.1
Pg~-80-118 12.9 / 2.0 / 1.3 79.7 12.4 7.9
‘Pg-80-1 3.1 / 3.1 50.0 50.0
Pg-80-J " 19.9 / 3.1 86.5 13.5
Pg~-80-164 1.4 / 4.3 24.5 75.5
Pg-80~-45 2.2 /1.0 68.7 31.3
Pg-80-49 5.8 / 1.1 84.0 16.0
Pg=80~D .10.3 / 2.3 -81.7 18.3
Pg-80-65 4.0 / 1.4 74 .1 25.9
Pg-80-111 13.4 / 5.3 71.6 28.4
Pg-80-166 4.6 / 6.6 41.1 58.9
Pg-80-59 27.2 / 2.2 92.5 7.5
Pg-80-70 27.9 / 2.8 20.9 9.1
' Pg-80~N 20.4 / 3.7 84.6 15.4
Pg-80-<144 21.0 / 2.4 89.7 10.3
Pg-80-97 5.6 / 4.1 57.7 42.3
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Table 6. == Continued

'Sample***'Relative amplitude of Percent Percent 7Percent

(001) reflections chlorite illite mixed
clL /I / I-C1 C1 I I-C1
Pg-80-101 19.9 / 3.3 / 2.4 77.7 12.9 9.4
Pg=-80-105 12.3 / 3.3 78.8 21.2
- Pg-80-189 2.6 / 2.7 49.0 51.0
Pg-80-110 5.7 /1.6 / 1.5 64.8 18.2
Pg=-80-L 10.3 / 4.5 69.6 30.4
Pg-80-E 2.8 / 3.6 43..7 56.3
Pg-80-192 1.5 / 1.6 48 .4 51.6
Pg-80-165 3.0 / 6.6 31.3 68.7 .
Pg-80-161 2.0 / 4.8 29.4 70.6 '“@
Chlorite
Mean = 71.5%
= 17.8
Illite
Mean = ' 26.6%
= 18.6

*0nly the less than 4 micrometer fraction was considered.
**Technique according to Griffin, 1971.
***Samples arranged in order of increasing depth.
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compositionally distinct chlorites can be recognized oﬁ the
basis of the relative amplitude of initial basal, (001l) to
(004), reflections (Brown, 1955; Brindley and Gillery,
1956). Iron—rich chlorites display relatively weak first
and third order basal reflections while magnesium-rich
-varieties exhibit equally intense reflections for all
orders. Transitional members also occur. Quantitative
analysis according to methods outlined by Schoen (1962)
(Table 7)‘confirms gualitative compositional identifica-
tions with iron#rich varieties containing four or mofe iron
atoms and magnesium-rich varieties COntainin§ 10 to 12 mag-
nésium atoms per octahedral layer (octahedrai layers are
generally characterized by 12 magnesium atoms occupying all
available positions prior‘to random substitution by iron
atoms). |

Variation in chlorite morphology is observed with
depth. 1In addition, a correspondihgrchange in chemical
‘composition'is also noted. The morphological varieties
will be distinguished in the following paragraphs with ap-
parent diagenetic clay zonation to be considered in a later
section. - |

The first group of chlorites are represenfed by
leafy, slightly crenulated, irregularly-edged plates ar-
ranged. in a honeycomb-like cellular pattern (Figures 293,
29B and 29C). The crenulatipn and ragged edges are prqb—

ably a result of dehydration of expandable layers which
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Table 7. Determination of Relative Iron and Magnesium Con-
tent of Chlorites from Selected Bell Canyon and
Cherry Canyon Samples by Semi-Quantitative X-ray
Diffraction Analysis

Sarple Intensity °29 Structure Factor (F)1 F(003)/ Ft (theoretical)2 Mean” —V

(001) (002) (003) (001) (002) (003) (001) (002) (003) F(0OL)/ /(001)/  /(003)/ Ff/F (00%) Fe
Pg-30-17 17 23 6 6.14 12.47  18.76 0.96 1.61 1.02 1.06 87 91 90.0 145.0 8 4
Pg—80-30 68 100 28 6.15 12.42  18.69 1.92 3.31 2.18 1.13 34 94 43.5 142.0 8 4
Pg-30-41 62 82 22 6.21 12.52 18.74 1.84 3.01 1.93 1.05 37 a1 47.2 142.0 8 4
Pg-80-42 36 68 20 6.11 12.32 18.59 1.39 2.72 1.83 1.31 7 101 55.3 150.0 8 4
Pg-30-45 7 7 2 6.11 12.38 18.70 0.61 0.87 0.57 0.93
Pg-80-49 20 18 8 6.13 12.38  18.67 1.02 1.39 1.16 1.14 83 94 81.2 112.9 11 1
?2g-80-59 90 73 24 6.14 12.39 18.71 2.20 2.83 2.03 0.92
Pg-80-65 13 10 4 6.23 12.49 18.70 0.85 1.04 0.84 0.98 91 88 106.0 110.2 11 1
Pg-30-70 93 86 28 6.15 12.39 18.74 2.24 3.07 2.18 0.97 a1 88 40.5 124.0 10 2
Pg-TO-77 60 53 14 6.23 12.46  18.80 1.81 2.42 1.51 0.83
PS-20-85 50 39 12 6.24 12.55 18.85 1.65 2.08 1.43 0.87
Pg-30-89 87 98 27 6.18 12.48 18.67 2.17 3.28 2.13 0.98- a1 38 41.6 136.4 9 3
Pg-80-96 35 26 7 6.20 12.53 18.72 1.38 1.70 1.09 0.79
pg-S0-97 19 16 5 6.16 12.46  18.61 1.01 1.33 0.97 0.96 91 38 90.4 120.2 10 2
Pg-30-101 66 35 14 6.28 12.49 18.75 1.90 1.97 1.51 0.79
PS-80-105 4 28 15 6.23 12.46  18.76 1.50 1.76 1.59 1.06 37 91 57.6 101.4 12 0
Pg-S0-110 19 1 4 6.24 12.43 18.79 1.02 1.10 0.82 0.80
pg-ao-iii 45 28 1 6.23 12.43 18.73 1.57 1.76 1.36 0.87
Pg-30-115 40 39 12 6.18 12.47 18.71 1.47 2.07 1.42 0.97 a1 88 61.9 123.1 9 3
Pg-8C-118 43 43 14 6.30 12.51  18.78 1.54 2.29 1.54 1.00 89 89 57.8 132.3 9 3
Pg-30-124 60 a1 25 6.22 12.49 18.71 1.81 3.16 2.06 0.55
Bg-80-127 30 32 9 6.14 12.48 18.70 1.26 1.88 1.23 0.98 a1 88 71.9 135.2 9 3
Pg-80-131 88 87 22 6.25 12.54 18.72 2.19 3.11 1.91 0.87
Fg-80-133 56 40 12 6.24 12.50 18.76 1.75 2.10 1.43 0.82
Pg-30-138 100 no 33 6.20 12.45 18.78 2.33 3.48 2.37 1.02 39 e0] 38.1 132.6 9 3
pg-bo-i 41 18 14 3 6.28 12.48 18.74 0.99 1.24 0.71 0.72
pg-SO-144 70 55 22 6.25 12.45 18.80 1.96 2.46 1.93 0.98 91 38 46.0 113.2 1 1
Fg-60-150 45 32 9 6.28 12.46  18.84 1.57 1.86 1.24 0.79
pg-30-161 6 13 4 6.22 12.50 18.76 0.57 1.18 0.82 1.44 73 104 127.4 150.3 8 4
Pg-S0-164 4 8 3 6.21 12.48 18.80 0.47 0.91 0.71 1.51 71 106 150.2 136.7 9 3
Pg-80-165 10 15 7 6.24 12.50 18.81 0.74 1.27 1.05 1.42 74 104 99.5 126.4 10 2
Pg-30-166 15 21 1 6.18 12.43 18.80 0.90 1.50 1.37 1.52 73 106 79.2 118.8 10 2
Pg-80-189 9 5 2 6.27 12.45 18.80 0.70 0.74 0.58 0.33
pg-80-192 5 5 6.10 12.50
Pg—80-A 28 27 7 6.24 12.49 18.75 1.24 1.71 1.09 0.38 84 94 46.0 97.5 12 0
PS-80-C 60 77 25 6.30 12.50 18.70 1.82 2.12 2.05 1.13 76 102 55.4 114.1 1 1
pg—80-D 35 39 20 6.21 12.50 18.71 1.37 2.06 1.84 1.34 75 102 101.2 121.4 10 2
pg-ao-E 10 13 6 6.23 12.50 18.70 0.74 1.20 1.01 1.37 78 100 80.8 130.1 9 3
Pg-80-F 18 24 9 6.22 12.43 18.73 0.97 1.61 1.23 1.27 85 93 58.7 147.3 8 4
pg-8o-c 38 57 15 6.25 12.50 18.76 1.44 2.51 1.59 1.10 79 98 106.6 117.3 10 2
PS-30-1 10 1 5 6.30 12.50 18.85 0.74 1.10 0.92 1.24 39 90 46.6 116.0 10 2
Pg-80-j 66 56 22 6.29 12.49  18.80 1.91 2.49 1.93 1.01,
pg-80-K 93 73 22 6.28 12.49 18.73 2.26 2.84 1.91 0.84 39 89 64.2 104.6 1 1
Pg-30-L 35 24 12 6.20 12.48 18.65 1.38 1.63 1.39 1.00 35 93 56.9 134.3 9 3
PS-80-M 40 51 16 6.22 12.48 18.76 1.48 2.37 1.65 1.12 35 93 43.9 121.2 10 2
pg—80-M 68 69 27 6.20 12.50 18.74 1.92 2.76 2.14 1.11
1Structure factor (F) = Intensity x (I + co0s229)

sInTo
mTheoretical structure factor (Ft) obtained from table 1 in Schoen (1962)
~ean F/F = (Ft(003) / F(003)) + (Ft(001)/F(001)) /7 2
“Mg and Fe atoms per octahedral layer determined from table 1 in Schoen (1962)
Mote: Ch the averatje, an Mg/Te ratio of 9/3 seems to separate iron-rich and magnesium-rich
varieties of chlorite (as determined, semi-quantitatively, by conparison of the relative
intensities of the (001) through (004) basal reflections according to Brown (1965)

and Brindley and Cillery (1956)). Comparison of the two methods suggests that ratios
from 12Mg/OFe to 9*5g/3Fe are magnesium-rich and 9Mg/3Fe to 8Mg/4Fe are iron-rich.
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have been randomly incorporated into the chlorite struc-
ture; The presence of these expandable layers is fecog-
nized on x=-ray diffraction traces by asymmetry on the low
anglé sides of the low order stable chlorite peaks ((001),
(002), (003)), and the subsequent slight shift of these
peaks upon glycolation of the sample (an average shift of
14.2 i to 14.5 R is recognized for the (001) reflection).
The inconsistency displayed by this shift implies a random
interlayering and’a variability in amount 6f expandable
layers per individual‘chlorite structureé, referred to as
"swelling chlorites" by Lucas (1963). Heat treatment
(550°C for 2 hours) also coﬁfirms this variability of com-
position. Regular chlorite experiences sharp increases in
- the amplitude of the first order basal (001) reflection as
a result of this treatment, while contamination by mixed
expandable layers subdues fhis effect. Although the resul-
tant morphology of these mixed-layer chlbrites is similar
in many respects to smectite (Wilson and Pittman, 1977),
other features diagnostic of smectite such as a (001) basal
reflection between 12 and 15 R which subsequently expands
to 17 R upon élycolation, are absent.

| These chlorites are’generally found in upper Bell
Canyon sections and are characterized by more iron-rich
compositions (8 Mg/4 Fe to 10 Mg/2 Fe for the’12 octahedrél

- atoms per unit_layér).
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The second group of chlorites exhibits better
structural ordering and less interlayvering of expandable
matefial. They generally display smoother-edged, more
‘uniformly-shaped plates which are again arranged in a honey-
comb pattern (Figures 29E and 29F).A.Individual chlorite
crystals, ranging from 5 to 10 micrometers, are more easily
distinguished within thick aggregates of clay growth than
~ the shallower expandable chlorite flakes which are nearly
unresolvable. Rarely chlorite crystals,‘arranged in
rosette clusters, are observed intergrown with individual
chlorite flakes (Figure 29D).

This group of chlorites are characteristically ob-
‘served at depths greater than 5500 feet in upper to middle
Cherry Canyon intervals and display magnesium contents from
12 Mg/0 Fe to 10 Mg/2 Fe atoms per octahedral layers. The
lack of expandable layers can probably be attributed to de-
watering as a result of increased overburden; however, a
greater magnesium content may have had some influence on
the extent to which interlayeriné could occur within the
chlorite structure. | |

Illite. Illites have‘also been identified in all
samples examined, averaging 25 percent of the less than 4
micrometers fraction. Higher percentages’arg generally re-
stricted to the siltstone facies while lower extremes tend
to be associated With‘the very fine-grained sandstones.

The higher illite content associated with siltstones may
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not represent actual illite percentages. It is possible
that a significant amount of finely-crushed detrital miéa
dispiaying basal reflections coincident with those of il-
litermay have contaminated the less than 4lmicrometers
fraction, thereby increasing computed authigenic illite
percentages.

X-ray diffraction yields distinct low order basal
illite peaks ((001) at 10 A, (002) at 5 A) plus stable
(upon treatment) peaks intermediate between chlorite and
illite (8.5 to 8.7 R) which may suggest some random inter-
layering of the two minerals. The illites recognized are
dioctahedral which is confirmed by the presence of a dis-
tinct 5 g reflection. It is difficult to determine the
specific illite polytype as defined by Levinson (1955) be-
céuse of the lack of diagnostic (hkl) reflections ((hkl)
reflections aré obtained through the use of unoriented sam-
ples). Because IM (degraded) and 2M polymorphs occur in
sedimehtary rocks (Levinson, 1955) the possibility exists
that either are present in the samples examined. The
slight asymmetry of the (001) reflection at 10 R toward the
low angle side and the (003) reflection at 3.3 g toward the
high angle side, in addition to a decrease in the (00l1) re-
flection's amplitude upon glycolation (Thoraz, 1976), sug-
gests the presence of a degraded or '"open" illite structure
(Bradley, 1954; Kubler, 1962; Lucas, 1963). More speci-

fically this is a member intermediate between pure and
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mixed-layer illite varieties which contains minor amounts
of interlayered material. These open illites can be clas~-
sified as the I, variety (Lucas, 1963), containing inter-
layered stable chlorite, with asymmetry of the (001) re-
flection toward the same basal chlorite peak‘and charad—
terized by relative stability upon glycolation and heaﬁ

treatment. Another possibility is the I, variety (modi-

G
fication of Lucas, 1963) in which very minor amounts of
expandable chlorite are interlayered within the illite
structure creating negligible expansion after glycolation
(net peak shift of 0.01 to 0.05 A (Figure 29C)).

Illite crystal size averges 3 to 7 micrometers with
finger-like projections extending fractions of a micrometer
from the platy crystal body (figures 30A and 30B). The
thin, long, delicate wisplike projections often associated
with authigenic illites (Wilson and Pittman, 1977) are ab-
sent in almost all samples examined, possibly as a result
of their’destruction during specimen preparation. The dom-
. inance of chloritic clays masks the presence of illite in
‘most samples..

Chemical composition of the illites was determined.
Ratio tests for the determination of magnesium-rich

((001)/(002) 2) and iron-rich ((001)/002) 3) illites
(White, 1962), (Table 8) proved to be nearly useless be-

cause of the small quantities of illite present, interlay-



Dolomite crystal (d) floating amidst authigenic i1llite (il). Note
the very fine fTibrous extensions along the edges of the illite

crystals in the lower portion of the photo. Pg-80-E, 59751, 4000x.

Illite (1) is the dominant clay present, characterized by long,
fibrous projections (upper right). Dolomite rhombs (d) also occur,
projecting into interstitial areas, as do unoriented aggregates

of rectangular anhydrite crystals (an), filling pore throats.
Pg-80-E, 5975", 2000x.

oTtT
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"Table 8. Determination of Relative Iron and Magnesium
Content of Illites from Selected Bell Canyon and
Cherry Canyon Samples by Semi-Quantitative
X-Ray Diffraction Analysis*

Sample - (001)**.  (002)** (001)/(002) Composition
Pg-80~17 16 6 2.7 Fe-Mg
Pg-80-30 6 1 6.0 Fe
Pg~80-41 , 10 8 1.3 Mg
Pg-80~42 8 6 1.3 Mg
Pg-80-45 4 3 1.3 Mg
Pg-80-49 5 4 1.3 Mg
Pg-80-59 10 6 1.7 Mg.
Pg-80-65 6 5 1.2 - Mg
Pg-80-70 12 10 1.2 Mg
Pg-80-77 18 9 2.0 Mg
Pg-80-85 21 13 1.6 Mg
Pg-80-89 13 11 1.2 Mg
Pg-80-96 29 9 3.2  Fe
Pg-80-97 17 6 2.8 Fe-Mg
Pg-80-101 14 11 1.3 Mg
Pg-80-105 14 7 2.0 Mg
Pg-80-110 7 5 1.4 Mg
Pg-80-111 23 14 1.6 Mg
Pg-80-115 13 7 1.9 Mg
“Pg-80~118 9 7 1.3 Mg
"Pg=-80-124 15 - 10 1.5 Mg
Pg-80-127 19 10 1.9 Mg
Pg-80-131 10 12 0.8 Mg
Pg-80-~133 20 10 2.0 Mg
Pg-80-138 7 13 0.5 Mg
Pg-80-141 - 15 7 2.1 Fe-Mg
Pg-80~-144 10 9 . 1.1 Mg

- Pg-80-150 16 9 1.8 Mg
Pg-80-161 20 -6 3.3 Fe

' Pg-80-164 18 5 3.6 Fe

- Pg=80-~165 27 7 3.9 Fe
Pg-80-166 28 11 2.5 Fe=Mg
Pg-80-189 11 .0 - -
Pg-80-192 7 0 - -
Pg-80-A 16 6 2.7 Fe-Mg
Pg-80-C 17 11 1.5 ‘Mg
Pg-80-D 10 6 1.7 Mg
Pg~-80-E 16 7 2.3 Fe-Mg
Pg-80-F 15 6 2.5

*According to White, 1962
**Relative intensity of basal peaks
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Table 8. -~ Continued

Sampile (001 )*=* (002)** » (001)/(002) Composition
Pg-80-G . 7 5 1.4 Mg
Pg-80-1 12 4 3.0 Fe
Pg-80-J 13 9 1.4 Mg
Pg-80-K 8 13 0.6 Mg
Pg-80-L 19 11 1.7 Mg
Pg~80-M 11 9 1.2 Mg
Pg-80-N 15 : 10 1.5 Mg

{001)/(002) 2 - Magnesium-rich illites
(001)/(002) 3 - Iron-rich illites
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erihg within the illite structure and abundance of ratio
values in the 2 to 3 range. |

| Figures 31, 32 and 33 display characteristic x-ray
diffraction patterns for the less than 4 micrometers frac-
tion of selected sandstone and siltstone samples. Note the
~changes in clay type, chlorite composition and mixed-layer
varieties present in the samples examined.

Discussion. The few authors (Dahl, 1965; Watson,

1974; Williamson, 1978) who have investigated clays within
the Delaware Mountain Group have identified a variety of
clay species, primarily occurring in the northérn half of
the Delaware basin. In all studies, stable chlorite and an
expandable mixed-layer chlorite have been recognized, al-
though a variety of expandable materials have been sug-
gested (Dahl, 1965 - montmorillonite; Watson, 1974 - correﬁ—
site-like vermiculite; Williamson, 1978 - smectite). Illite
(and the associated expandable and chloritic mixed-layer
varieties) has also been identified by Dahl (1965) and
Williamson (1978). Watson (1974) has also proposed'tﬁe
Apresence of kaolinite in the subsurface. However, this is
poorly supported in similar studies, although its presence
has been noted tﬁrough thin section examination of outcrop
" samples (Berg, 1979).

Authigenic clay formation, relative to the develop-“
ment of other diagenetic fabrics, tookAplace over a con-

siderable span of time. Clay growth occurred prior to and
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Figure 31. Clay Fraction Obtained from Bell Canyon Sand-

stone Displaying Authigenic Expandable Chlor-
ite and Illite. Note that the dominant
chlorite species displays a nearly impercep-
tible shift in lower basal peaks upon glyco-
lation which suggests the presence of expand-
able layers. [1llite is the subordinate clay
species with evidence of an open illite
structure reflected in the a symmetry of the
basal peaks.
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Sample Pg-80-41 C - Chlorite I - I Hite I-C - Mixed-layer illite-chlorite

Figure 32.

Clay Fraction Obtained from Bell Canyon
Sandstone Displaying Authigenic Slightly
Expandable Chlorite, Illite and Mixed-Layer
I1lite-Chlorite. The i1llite and i1llite-
chlorite peaks display stability upon
treatment with chlorite shifting only
slightly to the right.
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Figure 33.

Clay Fraction Obtained from Bell Canyon Shaly
Siltstone. Chlorite contains a significant
amount of expandable layers. Strong illite
peaks reflect an increased dominance of this
clay species. Asymmetry of illite, and the
slight shift and reduction of the (001)

peak upon glycolation suggests the presence
of an open illite structure.
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contemporaneous with the development of carbonate cements
and grain alteration fabrics. There may have been periods
of significant clay growth following carbonate cementation
as suggésted by the ability of heavy cementation to‘impede

further formation of clay coats on detrital grains.

Pyrite

Authigenic pyrite occurs as very fine, disseminated
cubes or octahedra approximately 5 to‘20 micrometers in dia-
meter (Figure 25B). Pyrite has an affinity for the silt-
stoné units because of the higher concentration of contained
organic matter, although its occurrence is not limited to
these units. Growth is restricted primarily to intersti-
tial areas with minor replacement of framework grains and

carbonate cement also evident.

Other Diagenetic Features

Additional diagenetic features were encountered
during sample examination including framework grain corro-
sion and embayment, pressure solutioning and subsequent
suturing of §rain boundaries, detrital grain deformation
and minor developemnt of secondary porosity.

Surface corrosion of detrital grains is evident in
a few samples as a result of replacement by microcrystal-
line calcite and micrite. This carbonate material has re-
‘placed detrital carbonate clasts which were incorporated

-into massive sand bodies during transport into the basin.
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Subsequent burial resulted in deformation, dissolution and/
or replacement of these clasts, the timing of which is dif-
ficuit to determine at the present state of diagenesis.
Concurrent with these events was dissolution and replace-
- ment of detrital grains at points of contact with the
clasts. It is evident that a greater amount of detrital
carbonate méterial was formerly included in the units by
the presence of a number of embayed (due to solution corro-
sion) plutonic quartz grains not presently in contact with-
carbonate clasts. Dissolution of the carbonate clasts re-
sulted in the development of a minor amount of secondary
porosity which was subsequently occluded by carbonate ce-
ment; Much of this cement was probably derived during
clast dissolution. :

Another type of grain alteration is displayed by
the feldspars, previously described in an earlier section.
It is of interest to note that feldspar alteration has béen'
so complete in some instances that all fhat remains is the
thick authigenic clay coat.

Grain to grain contacts between framework compo-
nents are predominantly of the concavo-convex or straight
type. 1In samples derived from depths greater than 5200
.feet, closer packing, random occurrences of sutured boun-
daries and occésional deformation of lithic clasts are evi-
dent. Overall one might anticipate closer packing and more

evidence of overburden effects in these samples because of



119
the absence'ofvgrain supportive primary and secondary ce-
ments. Perhéps the early development of thick clay coats
has alleviated these effects in the absence of cementing

agents.



CHAPTER 6

DIAGENESIS OF THE BELL CANYON AND
CHERRY CANYON FORMATIONS

Diagenetic Sequence of Fabric and Feature Development

The relative timing of diagenetic events (Figure
34) can’be determined from the overlapping relationships
of the secondary fabrics involved (Figures 35A through
35F). However, the'same eventé cannot easily be placed
within the strict constraints of absolute time because of
the inability to isolate individual authigenic materials
and perform the necessary time~determinative analyses.
Fortunately in most situations knowledge of relative timing
is sufficient to unravel the unit's diagenetic history and
determine its subsequent hydrocarbon potential.

Deposition of Bell Canyon and Cherry Canyon sedi-
ments resulted in the accumulation of irregular sandstone
channels and laterally uniform siltstone units displaying
»high initial porosities and permeabilities. This can be
attributed to the well-sorting of the framework components
in addition to the lack of detrital clay-size material in-
cluded within the units. Because of the significant con-
tent of micaceous material, the siltstones demonstrated a
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more reduced vertical permeability resulting in an overall
permeability decrease. Compaction due to o&erburden occur-
redzﬁith continuous sedimentation resulting in deformation
of the less stable framework members, which included the
metasedimentary rock fragments, chert and carbonate clasts.
Considerable deformation is observed in the carbonate
clasts which have undergone replacement by micrite during
this early diagenetic phase and have concurrently devoured
quartz and feldspar fragments at points of contact. Disso-
lution of the clasts supplied sufficient carbonate material
for later periods of cementation. At this stage, initial
vclay formation, manifest as thick to irregular clay coat-
ings on detrital grains, commenced representing a process
which spanned a major portion of the units' diagenetic his-
tory. Clay growth proceeded until significant coating of
grains had occurred preventing major development of quartz
and feldspar overgrowths (Figure 35A). Feldspar degrada-
tion, although beginning with initial sediment transport
prior to deposition, reached a maximum at this time. This
diagenetic process is dramatically displayed by self-sup-
porting clay rims where the enclosed detrital grain has
been completely dissolved creating a very minor amount of
secondary porosity. Carbonate deposition, both in the form
of sparry calcité and dolomite kdependent on the intersti-
tial water chemistry) closely proceeded initial clay forma-

tion with intergrowth of the two components commonly occur-~
f
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ring (Figure 35B through 35E). It is difficuit to deter-
mine if carbonate deposition was an inhibiting factor in
clay formation or vice versa sihce the two appear to be
-inversely proportional to each other. Anhydrite formation
occurred relatively late as witnessed in the interstitial
clay-free crystals (Figure 35F). It is possible that a
very late-stage period of minor dolomite formation occurred
as suggested by the infrequent dolomite replacement of
anhydrite crystals (Figure 27C). The precipitation of
dolomite signaled the final phase of in situ diagenetic
processes.

In the context of absolute time, diagenesis began
with initial sediment deposition during the middle to late
Guadalupian. The major portion of the authigenic material
(overgrowths, clays, cafbonates and sulfates) was derived
from overlying Ochoan evaporites in the form of expulsed
intgrstitial fluids (see Williamson, 1978 for detailed
thermodynamic derivation of authigenic materials) which in-
filtrated down into underlying Guadalupian units. Thus, a
post-Ochoan date is required for most diagenetic fabrics.
Maximum burial of the Guadalupian sediments was attained
during the Triassic and early Jurassic when up to 4000 feet
of continental deposits wefe laid over basinal units. How-
ever, tiltihg and uplift during the early Cenozoic removed
almost all traces of these continental beds, leaving the

Paleozoic deposits which have remained relatively undis-
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turbed up to and including present time.v The diagenetic
fabrics and features witnessed today reflect equilibrium
conditions at present burial temperatures and pressures

(Williamson, 1978).

Regional Trends in Clay Diagenesis

General Statement

Delineation of regional diagenetic cley trends in
the Coyanosa field and adjacent areae is crucial to the
development of prOpei well-treatment programs ensuring max- -
imum hydrocarbon production. .In an attempt to define such
vertical and lateral trends all wells incorporated in this
study were examined with at least one sample representing
“each formation present per well. X-ray and SEM-EDEX enal-
yses of these samples reveal distinct clay composition
_trends and improvement in structural ordering with~increas-
ihg overburden. Authigenic clays also exhibit definite
lithologic affinities as.well as predictable associations
with coexistent diagenetic fabrics. Lateral trends in dia-

genetic clay development were not. apparent in this study.

¢

Elemental Trends in Chlorite Composition

The authigenic chlorites and_randomly mixed-layered
expandable chlorites display vafiations in relative degree
of magnesiﬁm and iron content with ihcreasing depth of
burial. Uppermost Bell Canyon units ih the Coyanosa field

are characterized by chlorites with compositions of 8 Mg/4
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Fe to 10 Mg/2 Fe atoms per octahedral layer. A sampling |
gap occurs in the middle to lower Bell Canyon before upper
Cherry Canyon units are encountered. The majority of these
underlying chlorites tend to display a stronger magnesium
component reflected in a distribution of 12 Mg/0 Fe to
10 Mg/2 Fe atoms per octahedral layer. The few basinal
samples examined, although representing correlative Bell
Canyon and Cherry Cahyon intervals, occur at greater depths
and suggest similar trénds in composition.

It is difficult to attribute these trends in com-
position merely to depth of burial. The association of
chlorites with other secondary minerals and the degree to
which these minerals are enriched in iron and magnesium
appear to be the more reasonable limiting factors. It is
apparent that the chlorites displaying the greatest magne-
sium contents are confined to upper Cherry Canyon intervals
‘which tend to be characterized by significant amounts of
dolomite and magnesium-rich calcites. Thus, the intersti-
tial fluids from which these authigenic minerals have been |
created appear to have undergone enrichment in magnesium
"content with increasing depth of burial. However, this may
be only apparent because of the laék of continuous core

material available for examination.
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Trends in Clay Type

Distinct trends in authigenic clay type and their
subséquent structural ordering can be observed in the
Coyanosa field and adjacent areas. Trends appear to be
depth—rélated; therefore, latefélly consistent clay zones
occurring at uniform depths should be observed throughout
the basin. Three zones have been identified and will be
described in the following paragraphs. Figure 36 sum-
marizes‘characteristics of these 2zones.

Uppermost zones situated within the Bell Canyon
Formation at depths between 4700 and 5500 feet display a
predominance of chlorite containing randomly interstrati-
fied swelling layers (Figure 37). The degree of inter- |
stratification varies, although generally not exceeding
20 to 30 percent expandable layers (based on a maximum of
50 percent for expansion of the (061) reflection to 15.4 g
when glycolated, (Lucas, 1963)). This slightly expandable
-mixed=1ayer chlorite averages 85 percent of the clay frac-
tion found in Sahdstone units and 68 percent present in
siltstone units. Chlorites are ubiquitous throughout this
section, forming extremely variable grain coatings, both in
the manner in which they are distributed and their re-
lative thicknesses. Also present is é minor amount of
slightly degraded illite comprisipg an average of 14 and
32 percent of authigenic clay material obtained from sand-

stones and siltstones, respectively. Five samples indicate



Depth 4700 - 5500

Clay type Degraded chlorite (containing moderate
amounts of randomly interlayered
expandable materiall

Degraded "open" illite
Randomly mixed-layer illite-chlorite

Zone 1

10Mg/2Fe to 8Mg/4Fe chlorites

Distribution* Upper Bell Canyon

1?7 68% C 32% ! ) Trace I-C

Depth 5500 - 6400

Clay type Degraded chlorite (slight amounts of
expandable material!
Degraded illite
Randomly mixed-layer illite-chlorite

Zone 2 12Mg/OFe tolO0Mg/2Fe chlorites

Distribution* Lower Bell Canyon
Upper Cherry Canyon

1?7 71% C 29% ! } Trace I-C

Depth 6400- ?

Clay type Chlorite A\JBOth display increased

iiiite crystallimty

10Mg/2Fe to 8Mg/4Fe chlorites
Zone 3
Distribution* Middle Cherry Canyon

SS 30% C 70% 1
ST 33% C 67% 1

#SS - Sandstone ST - Siltstone C-Chlorite I - llite

Figure 36. Characteristics of Diagenetic
Clay Zones Ildentified iIn the
Coyanosa Field Area
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the presence of a mixed-layer illite-chlorite, which gemner-
ally does not exceed 8 percent of the total clay fraction.

The underlying Cherry Canyon Formation reflects a
change in chlorite structure as increasing overburden re-
sults in "dewatering" of expandable layers. This second
zone spans approximately 1000 feet, to depths of 6500 feet.
There still exists a small percentage of expandable mate-
rial (approximately 10 percent) within the chlorite struc-
ture as indicated by the slight to almost imperceptible
shift in the (001) reféction ﬁpon glycolation, in addition
to the slightly crenulated appearance of the chlorite
plates. Generally, though, the chlorites display an in-
creased ordering within their structures toward a more
stable chlorite end member. Illite cohprises a greater
percentage of the less than 4 micrometers fraction in the
sandstone units than the previously described zone, amount-
ing to 25 percent in some instances. Chlorites and
slightly expandable chlorites comprise .the remaining 75
percent. Increased symmetry and sharpness of the 10 R
(001) reflection, although slight, indicates improved
crystallinity of the illite component (Dunoyer de Segonzac,
1969). This observation is an accord with expected in-
creased structural ordering with depth and subsegquent de-
crease in amount. of degraded illite species.

Samples examined from lower Cherry Canyon inter-

vals (zone three which extends from 6600 to 6900 feet)



13i
exhibit little lithologic preferences by diagenetic clay
species. Chlorite, appearing well-crystallized with no
discernible expandable layers, is the subordinate clay
component, COmpfising 30 percent of the total authigenic
clay material (Figure 37). Illite, also displaying in-
creased crystallinity on x-ray diffraction traces, provides
the remaining 70 percent. Although no supporting SEM or
core lab analyses are available for these samples, the
relative weakness of authigenic clay reflections (as com-
pared with all other samples) seems to suggest a paucity
of authigenic clay growth at these depths.

The overall modification of authigenic clay species
with depth has been considered by a number of authors
(Perry and Hower, 1972; Foécolos and Powell, 1979; Seemann,
1979; Nagtegaal, 1979; Sarkisan, 1972; Dunoyer de Segonzac,
1969). Their results support a sequence of depth-related
| diagenetic zones characterized by predictable clay species
(Figure 38). .Shallow depths, usually defined as less than
8000 feet, favor the forﬁation of kaolinite under acidic
conditions or montmorillonite in alkaline environments.
| Increasing overburden (to 10,000 feet) results in the de-
structioh of kaolinite and dehydration of expandable clays
in favor of mixed-layer varieties and illites. Greater
depths (exceeding 10,600 feet) are conducive to formatién
of<stab1e clay varieties such as chlorite or illite, de-

pending on the elemental composition (magnesium or po-
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tassium) of the interstitial fluids. Further burial pro-
duces improved structural ordering within the two clay
species toward é low~-grade metamorphic end member. This
sequence appears to be consistent in all geographic areas
examined. '

The diagenetic clay sequence observed in_the
Coyanoéa field area is gquite similar to that predicted
above. 'However; the depths at which clay mineral trans-
formations are observed within the field are anomalously
shallow‘in comparison. This problem can be rectified if it
is assumed that the present clay mineral spebies reflect
maximum burial depths which were attained during the late
Mesozoic, prior to erosion of 3000 to 4000 feet of emergent
marine deposits. (See Figure 39 for the relationships be-
tween tectonic events and clay diagenesis in the Coyanosa
field.) But this, too, poses a problem in that one should
anticipate degradéd clay products at present depths of |
shallower burial. Perhaps this is what is presently ob-
served with "open" illite and slightly expandable inter-
stratified chlorite structures. Another possibility is
that variables such as geothermal gradient, pore fluid
chemistry and hydrostatic pressures have modified the
A depths at which clay mineral transformations have occurred
within the Bell Canyon and Cherry Canyon Formations. How-

ever, time has precluded analyses of these variables in
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this study and thus their subsequent influence on authige-

nic clay development cannot be predicted.

Lithologic Affinities

As previously mentioned, chlorites and their asso-
ciated expandable mixed-layer varieties demonstrate a pre-
ference for massivé sandstone members within the Bell Can-
yoﬁ and Cherry Canyon Formations. 1Illites, on the other
hand, display affinities for the siltstone'and shaly silt-
stone units. This latter relationship is possibly a result
of the readily available supply of potassium from degrading
detrital micas preferentiélly deposited in these finer-

grained members.

Diagenetic Fabric Associations

Inverse relationships between degree of authigenic
clay formation and subsequent overgrowth and cement devel-
opment are observed in the massive sandstone samples ex-
amined. Thick, uniform clay coatings preclude later devel-
opment of secondary fabrics by enveloping available attach-
ment surfaces on detrital grains. Irregﬁlarity or absence
of these clay rims provides an opportunity for these secon-
déry fabrics to develop. '

The distribution of authigenic clay within indivi-
dual massive sandstone bodies appears to be uniform with no
apparent preference for interior sections or portions adja-

cent to underlying or overlying siltstone bodies. It has
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been noted that edges of sandstone bodies display poorer
porosity and permeability as a result of increased cemen-
ﬁtatién along these contacts, although clay growth appears
to be relatively uniform throughout the sandstone unit
(Williamson, 1978). Thus, it is implied that cement pre-
cipitation is controlled more by available material in
solution, perhaps derived from "dewatering" of adjacent
shaly siltstone units, than by the inhibiting effect of
authigenic clay growth. With respect to interior sections
of sandstone bodies, more cement attachment -surfaces are
available than potential cement held in solution by inter-

stitial fluids.

Concluding Remarks

Studies by Williamson (1978) and Watson (1974) ac-
knowledge the presence of expandable mixed-layer chlorites
in uppermost Bell Canyon sections in the north-central por-
tions of the Delaware basin at depths approximating 5000
and 3000 feet, respectively: Although their studies are
limited to examination of a few samples, the results ob-
tained fit into the diagenetic clay sequence presented in
this paper.b_The suggested presence'of kaolinite by Watson
(1974) at relatively shallow depths of less than 3000 feet,
although difficult to confirm, lends additional support to
a depth-related diagenetic zonation. However, it should be

emphasized that kaolinite is very similar to chlorite in



137
x-ray character and thus the presence of kaolinite may also
- be attributed to misinterpretation of x-ray data.

V On a regional scope, assuming consistent litholo-
Qies and éeCondary mineral development for the Bell Canyon
and Cherry Canyon Formations within the Delaware basin,
similar diagenetic clay zonation with respect to claf type
should be encountered elsewhere in the basin. However,
these zones will not necessarily coincide with identical
stratigraphic intervals throughout the basin. For any
given stratigraphic interval, less intense clay diagenesis
will be observed in the northern and western portions of
the basin because of shallower burial. This is a result of
relative uPlift of these areas which océurred during the
Cenozoic. The clays encountered will differ from those
found in similar stratigraphic intervals in the eastern and
southern portions of the basin and treatment of the weils

will have to vary to accommodate the differences in clay

type.



CHAPTER 7
IMPACT OF DIAGENESIS ON RESERVOIR CHARACTERISTICS

Introduction

In order to accurately estimate reservoir potential
it is necessary to gvaluate resefvoir textural parameters
with respect to inferred diagenetic trends. Only the mas-
sive gandstone units were considered in this aspect of the
study because of their demonstration of reservoir poten-
tial. A strong correlation exists between permeability and
authigenic clay formation, as well as porosity and degree of
 secondary cementation. Authigenic'clay growth results in
extreme permeability reduction, inhibition of cement devel-
opment and high irreducible water saturations (thin layers
. of adsorbed water held to detrital grains and discontinuous
pendular water around grain contacts held by capillary
pressure). The extreme variability in clay composition and
distribution, and the difficulty in recognition because of
extremely fine size complicates prediction of favorable
 productive trends within the formations. Conversely,
porosity/cement_relationships exhibit a predictable uni-
formity within the massive sandstone units. Lithologic
homogeneity, well-sorting and an overall paucity of cement-

138 |
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ing material contribute to the development of good porosity
within these units.. Slight increases in cementation-and
compéction have reduced the porosity in some instances, but
the resultant effect has had minimal impact on reservoir
development.

.Porositz

The porosity characterizing the Bell Canyon and
Cherry Canyon Formations is predominantly primary in ori-
gin. Fluid density currents allowed for separation of
grain size classes resulting in deposition of extremely
clean, well-sorted, very fine-grained séndstone units.
Secondary intergranular porosity developed as a consequence
of dissolution of carbonate clasts which had been incor-
porated into the sandstone units. In addition, a very
minor amount of secondary intragranular or moldic porosity
resulted from feldspar dissolution. However, the amount of
secondary porosity developed was probably offset by depo-
sition of carbonate and silica cements derived from the
associated dissolution processes. It is difficult to de-
termine the original amount of detrital carbonate material
present but lack of large irregular pore spaces, rare oc-
currences of embayed and corroded grains, scaftered remains
of micrite-replaced carbonate clasts and paucity of secon-
dary carbonate cement imply relatively small initial vol-

umes.
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Aé mentioned in an earlier section, porqsity ranges
from 15 to 25 percent for the massive sandstones and 2 to
23 pércent for associated siltstone intervals (as measured
by commercial laboratories according to Boyle's law). Al-
though it is difficult to discern from routine petrographic
analysis, the intergranular porosity displayed is only ap-=
parént° An intergranular microporous system actually ex-
ists as a result of partitioning of pore space by authi-
genic élay growth. This does not affect the net amount of
porosity but it severely restricts permeability of the
units.

Occlusion of porosity is primarily accomplished by
precipitation of calcite, dolomite énd anhydrite cements,
usually amounting to less than 10 percent of total rock
volume (Figure 40). There appears to be no discernible
pattern to cementation within the sandstone bodies. Occa-
sionally uppermost beds display greater degrees of cemen-
tation as do a number of interior bed which are adjacent.
to thin interbedded shaly units. The occurrence of these
more-heavily-cemented,beds, though, is too inconsistent to
establish trends within the study area. It is possible
that in some situations fine-grained shaly units are able
to supply increased amounts of interstitial fluids to ad-
jacent sandstone units upon dewatering under the influence

of compaction.
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PERCENT TOTAL CEMENT
(Anhydrite, calcite, dolomitel

Figure 40. Relationship Between Porosity and Degree of
Cementation iIn Selected Bell Canyon and Cherry
Canyon Sandstone Samples. Porosity is labor-
atory-derived; cement percentages have been
obtained by thin section point counting methods
and include calcite, dolomite and anhydrite
cements.
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Cementation is better, overall, in the Cherry Can-
yon Formation. This can be attributed to increased amounts
of available carbonate material which originates in the |
numerous interbedded limestones and dolomites. Dewatering
of clays may alsq‘contribute to inéreases in interstitial
fluids occurring within fhe formation. Anhydrite and py-
rite deposition is also favored in these intervals.
Development of gquartz and feldspar overgrowths ac-
counts for very minor occlusion of porosity. Compaction
also results in porosity reduction as displayed in Figure
41. Presence of increased grain deformation, tighter pack-
ing and predominance of sutured, concavo-convex contacts
confirms this relationship.
| It should be emphasized that although variations in
porosity have been identified withih the massive sand-
stones, they have been relatively insignificant in affect-
ing overall reservoir potential. Even in sections display-
ing relatively heavy cementation, a considerable amount of
effective porosity still exists. The indirect influence of
authigenic clay growth on porosity development aléo needs to
be stressed. The early diagenetic development of clay rims
by occupying available attachment surfaces and reducing
flow of interstitial fluids controls the subseguent forma-
tion of overgrbwth and‘cementing materials. In addition,
élay growth has alleviated compaction in the absence of

supportive secondary cements. Thus, porosity is best de-
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Figure 41. Decrease in Porosity as a Result of Depth-
Related Compaction. Well examined is the
Mobil, Coyanosa Plant "A" SWD #1.
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veloped in the presence of thick authigenic clay growth.
However, the accompanying reduction in permeability tends

to negate any benefits.

Permeability

Permeability bears only a slight relationship to
porosity values (Figure 42). For the most part, perme-~
ability displays wide variatipn for any given range of
porosities. 7 |

Siltstone units display relatively greater hori=-
zontal permeabilities as a consequence of their laminated
structure and corresponding preferred orientation of de~
trital grains, Conversely, vertical permeabilities are
poor, making the siltstones effective permeability bar-
riers to fluids contained in enclosed sandstone bodies.
Sandstones display no tendencies-toward horizontal or ver-
tical movement of fluid as a result of their homogeneous
nature. Permeabilities range from less than 0.1 to 120
millidarcies with no discernible trends in development.

The primary control on permeability is the forma-
tion of authigenic clays. Their occurrence as pore linings
and bridges greétly increases the surface area in contact
with‘interstitiel fluids. Subsequently, drag is increased’
on the fluids resultlng in sharp permeability declines.

Although locally permeability trends are difficult

to predict because of the irregularity in distribution be-
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cause of the authigenic clay developed, regional patterns
can be distinguiShed. A plot of permeability values versus
clay'zone occurrence (Figure 43) for nine Coyanosa field
area wells suggests that permeability is influenced to some
extent by the suite of clay minerals present at that depth.
The upper zone (4700 to 5500 feet), which is characterized
by‘randomly interstratifiéd mixed-layer expandable chlo-
rites, illite and mixed-layer illite-chlorite, displays
overall greater average permeabilities. Zone two clays
(5500 to 6400 feet), consisting of chlbrite, slightly ex-
pandable chlorite and increased émounts of illite, exhibit
ldwer average permeabilities in all but one well. Perhaps
the greatér surface area exposed to fluids due to increaéed
amounts of authigenic illite has resulted in decfeased per-
meabilities within the lower zone. Howevei, the relation-
ships observed may prove to be only apparent because other
variables such as compactionveffects, degree of cementa-
tion, variations in amount and distribution of clays and
the dehydrated state of the clays during measurement may
also influence permeability measurements.

Another property which depends primarily on the
amount, distribution and composition of the authigenic
clays and in turn influences the effective permeability is
water saturation (Figure 44). Authigenic clays tend to
hold considerable irreducible water saturations because of

their high surface area to volume ratios and increased
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ionic activities at clay surface/interstitial water con-
tacts. In addition, expandable layers within mixed-layer
and degraded clay species incorporate water into the clay
structure thereby increasing the amount of unextractable
water. Water saturations, as derived by commercial labor-
atories, were. also plotted against aathigenic clay zone
occurrence (Figure 45). Clay zone two, which had pre-
viously displayed lower average permeabilities, is asso-
ciated with relatively higher average water saturations.
Conversely, clay zone onhe, which was characterized by
higher permeabilities, reflects lower average. water satu-
rations. Because of the migration of pore—blocking fines,
the extremely high surface areas in contact with intersti-
tial fluids and the relative increase in amount with re-
spect to other authigenic clay types, the illites of zone
two may account for a greater reduction in permeability and
higher water saturation then zone one. Zone one contains
predominantly moderately to slightly expandable chloritic
clays which are capable of interlayer entrapment of water
by the expandable layers. However, the expandable layers
are not as significant in total water-trapping volume as
those properties associated with illites. The fact'that :
swelling clays are less sensitive to the saline intersti-

. tial waters (as opposed to fresh waters) and thus less apt
to incorporate vast amounts of water into their structures

may account for the relatively reduced water saturations
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in zone one. It is interesting to note that Bell Canyon
permeability studies by Jenkins (1961) reveal that signifi-
cant permeability reductions do not occur even when the
formation is saturated with fresh water. These results are
supported by Williamsoﬁ (1978). This lack of sensitivity
by the swelling clays may be a consequence of there being
only minor amounts of expandable material interlayered iﬁr
the chlorité structure plus their departure ffom true
smectite structure. It is this latter smectite structure
on which most water sensitivity studies have been concen-
trated and assumptions extracted.

It should be stressed that the permeability mea-
surements utilized in these analyses are higher than the
actual permeabilities because they have not been corrected
for air slippage, lack of overburden, or absence of irre-
ducible water saturation (the sample has been completely
voided of interstitial fluids for these meésurements). See
LeRoy and Le Roy (1977) for detailed correction of labora-
tory measured permeabilities to obtain in situ valﬁes.
Without corrections, permeability values obtained from
fine-grained clastics may be 10 to‘10,000 times greater
than ‘actual values; In this case, since overriding condi-
tions were fairly hbmogeneous and the primary objective
was tovobtain relative trends in permeability values, ac-
tual magnitude determination was not crucial to interpre-

tations.
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Recognition of Authigenic Clay Growth on
‘ Subsurface Logs

Subsurface logs routihelykrun in the Coyanosa field
areé include sonic, gamma-ray-neutron, formation density
and/or induction-electrical légs° The first three delin-
eate porosity and lithologic trends while the latter is
primarily useful in determining fluid saturations by ob-
serving relative resistivities within the fbrmation,:

Detailed analysis of subsurface logs was not per—
formed for the wells involved in this study bécause of the
- lack of available logé,and the restricted interpretive
ability of the author. Regardless, a few qualitative
statements concerning authigenic clay detection on subsur-
face logs can be made:

1) Resistivity logs are especiélly“sensitive to
authigenic clay growth. The exfremely high
surface areas offered by authigenic clays are
covered by thin films of bond water character-
ized by elevated ionic concentration which dis-
play high conductivities. These zones will
subsequently appear water-saturated although
interstitial areas may contain no water, or
hydrocarbons. (Almon, 1979). |

2) Poroéities obtained from sonic logs are 5 to
15 percent higher than actual porosities
(measured according,to Boyle's law). The

presence of bound water on clay surfaces tends
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‘to decrease the velocity range predicted for
sandstones. Thus, velocity-derived porosities
will exceed actual values.

3) Neutron logs} because they are sensitive indi-
cators of all water contained in a formation,
will display an apparent porosity which is
greater than actual effective porosity. This
is ‘a consequence of the assumption that con-
tained water occurs only interstitially and
thus bound water on clay surfaces is inaccu-

rately interpreted to be a pore-filling fluid.

Clay Treatment Programs

Reaction of authigenic clays to poorly planned
well-treatment pfograms can magnify permeability problems
alreédy present within the formation. In the case of the
Coyanosa field area attention must be given to three types
of clays - chlorite, illite and randomly-interstratified
expandable layers..

Chlorites are volumetrically the most important
‘clay contained within the Bell Canyon and Cherry Canyon
Formations, although probably not,exceeding 5 to 7 pefcent
of total rock constituents. As with the other authigenic
clays, permeability is restricted within the formations by

intricate networks of micrbporosity established as a result
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of thick clay coats, pore-bridging and pore filling
(Figures 46A through 46F).

| Additional permeability loss results from the in-
troduction of hydrochloric acid into the formation during
well completion. This is usually standard procedure in
formations containing carbonate cements. The iron that
is present'in the chlorites reacts readily with the acid.
The original chlorite structure is dissolved and subse-
quently reprecipitated as a gelatinous ferric hydroxide
'(Fe(OH)3) in thegpreseﬁce of oxygenated waters. This fer-
ric hydroxide tends to precipitate as large crystals which
exceed pore diameters and effectively impede fluid flow.
This problem can be avoided if iron chelating agents and an
appropriate oxygen scavenger are added to the hydrochloric
acid prior to treatment. Simulation of treatment tech-
niques was attempted on the Bell Canyon Formation under
laboratory conditions but results were poor (Figure 46F).
This was probably a consequence of not reproducing in situ
reservoir pressure and.temperature conditions during the
experiment. |

Also present are illites which demonstrate an in-

crease in relative amounts with depth. They are difficult
to visually detect in the presence of other authigenic
clays which often leads to their underestimation in the
formations examined. Because of their high surface areas

the illites can easily bind considerable amounts of water



Figure 46.

SEM Photomicrographs of Authigenic Clay Distribution
within Bell Canyon Sandstones
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to detrital grain surfaces creating significant irreducible
water saturations. Also, the fibrous extensions alqng il-
lite.crystal edges are readily broken off and consequently
swept into pore throats by interstitial fluids. In the
presence of fresh water these fibers tend to clump.to—
ggther.' Addition of a hydrochloric and hydrofluoric mix-
ture to the formation can adequately dissolve the illiﬁes._

The expandable layers are present primarily within
the chlorites with minor amounts detected in the degraded
illite structure. Because .of their random interlayering,
expandable layers amouh£ to less than 20 to 25 percent of
mixed-layer structures. They do tend to imbibe water in
random ihterlayer positions; however, they do not appear
to have a particular éehsitivity to fresh or saline waters
as do true smegtities. Because they do not display as in-
tense swelling as smectites, they are less prone to break
free from detrital grain surfaces upon swelling. Their
dominant effect is tb create a slightly higher surface
area for the more stable clay members in which they ate
contained, thereby increasing irreducible water satura-
tions. Becéuse of their apparent insehsitivity to the
salinity of interstital fluids, they can be treated essen-
tially the same as the dominant clay mineral with which

they are associated.
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Clay Treatment Presently Employed in the
Coyanosa Field Area

Stimulation programs presently employed in fhe
Coyanosa field area by Mobil operétors recognize that the
Delaware sands are water-sensitive and contain appreciable
amounts of chlorite. Therefore the formations are not ex-
posed to acid‘or water-base fracture treatments (Mont-.
gomery, 1981, written communication). Where acid is abso-
lutely necessary it has been recommended that iron-
chelating agents and oxygen scavengers be used in .conjunc-
tion (Randerson, 1980, written communicatibn). These sug-
gested treatments are in accord with identified authigenic
clays.

The following recommendations should be considered
in improving well production. Although the procedures men-
tioned above are acceptable with regard to clays present in
the two formations, further improvements are possible.
Presently.sandffracturing with an oil-base medium is the
only treatment utilized on the Delaware sands. This sta-
bilizes the clays present but it does not significantly im-
prove in situ permeability values. increased use of acidi-
zation, both hydrochloric and hydrofluoric, with proper
cheléting agents and oxygen scavengers could remove ch16=
rite; illite and mixed-layer varieties. However, employ-
mentrof these techniques requires that rigorous controls be
followed to ensure that proper results'are obtained. 1In
particular, extreme éare\must be taken to completely remove

spent acids.



CHAPTER 8
CONCLUSIONS

- The following statements briefly summarize conclu-
sions obtainea from the investigation of the Bell Canyon
and Cherry Canyon Formations in thé Coyanosa field area,
Pecos County; Texas.

»1) Very fine-grained, well-sortéd, massive sandstone
units, displaying horizontal and large-scale cross-bed-
ding, in addition to scour surfaces, were deposited from
stratified saline fluid density currents as long linear
submarine chénnel systems. These were incised into under-
lying silty units and oriented perpendicular to basin mar-
gins. The fluid density currents, originating in evapori-
tic back-reef areas, allowed for excellent separation of
grain size clasées resulting in textural homogeneity within
the units.

2) Coarse to mediﬁm-grained, moderately-sorted, very
thinly-laminated, shaly siltstones, compositionally ;imilar
to massive sandstones, were deposited from suspenéion"dur—
ing periods of low sand ihflux into the basin forming
_1atera11y continuous, evenly bedded units which mantled
sandstone units. In many instances, intense bioturbation
has disrupted bedding.

158



159
3) Examination of framework grains indicates a subarkose
classification for both the massive sandstone and thinly~
lamihated siltstone units. The presence of monocrystal-
line, slightly unduiose quartz; potassium feldspar, plagi-
oclase, metamorphic rock fragments and detrital micas sug-
gest a plutonic source, primarily in the Pedernal uplift of
southeastern New Mexico. Additional sediment contribution
was from the Wichita and Arbuckle uplifts in Oklahoma,
slight uplift in séuth—central Texés and the surrounding
carbonate reef bank. Tectonic interpretation indicates a
continental block provenance, transitional between stable
cratoﬁic platforms and uplifted block-faulted areas.
4) A clearly defined diagenetic sequence is observed in
the sandstones and siltstones examined. Authigenic clays,
comprised of chlorite (Ib and Ibd’polytypes), degraded
illite, slightly expandable mixed-layer chlorite and minor
mixed—léyer illite-chlorite, form thick and continuous to
thin and interrupted detrital grain coatings, and pore
throat bridges and linings. Subsequent quartz and feld-
spar overgrowth developmént, inhibited to a degree by clay
coatings, and feldspar dissolution were proceeded by scat-
tered deposition of calcium carbonate and dolomite cements.
Continuatidn of clay development occurred concurrently with
these processes. Late-stage anhydrite deposition-followed

cessation of all previous diagenetic events.
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Additienal diagenetic features observed include
detrital grain deformation, dissolution, embayment and
euturing. )

With respect to absolute time, development of dia-
genetic fabrics followed.depositioh of overlying Ochoan
evaporites, the suggested source for many of the authigenic
materials.
5) A depth-related diageneric clay zonation can be iden-
tified within the Coyanosa fieldvarea. Increasiﬁg depths
resulted in improved structurel ordering, decrease in ran-
- domly interlayered expandable material and enrichment in
magnesium with respect to iron within the authigenic chlo-
rites and illites. In addition, an overall increase in
relative amounts of illite is also noted. On the basis
of observed clay transformations, three vertical zones
(4700 to 5500 feet, 5500 to 6400 feet, greater than 6400
feet), characterized by distinct authigenic clay suites
have been delineated in the field area. Comparison of this
diagenetic clay sequence with similar studies suggeets that
formation of initial clay species occurred at maximum
burial depths (8000 to 10,000 feet) attained during Late
Triassic and Early Jurassic. Signs of degradation are
detected in the clay species under present pressures and
temperatures.
6) Lateral diagenetic clay trends cannot be distinguished

in the CoYanosa field area. This is primarily a conse-
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quence of the mineralogical and textural uniformity dis-
played within the méSsive sandstone units.

7) Thé impact of authigenic clay growth on reservoir
parameters is marked. Authigenic clay growth accounts

for extreme variability and reduction in permeabilities and
increased water saturations within the two formations. Il-
lite clays tend to have the greatest.detrimental effect on'
these parameters. Net porosity is not affected; however,
primary intefgranular porosity is replaced by intricate
microporous networks, established'as a result of authigenic
clay growth. |

8) Well=stimulation programs can be adversely affected if
specific clay types are not properly treated. Therefore,
withih the Coyanosa field area it is necessary to recognize
the fresh—water‘sensitivity of illites and expandable
layers (although it has been suggestéd that the expandable
material present is not affected by salinity changes), the
migration of broken illite appendages and the acid-
sensitivity of iron-containing chlorites. It is also im-
portant to stress that in all céses_successful clay removal
can be attained, exceeding benefits obtained from clay

stabilization techniques.



APPENDIX I
DETAILED CORE AND CORE CHIP SECTIONS WITH
ACCOMPANYING X-RAY DIFFRACTION TRACES
AND DIAGENETIC FEATURES

Slabbed core sections and‘core chip sampleslob—
tained from the 14 wells utilized in this study are dis-
played in detail in the following section. Lithology, sam-
ple position and depth, in feet, are indicated for all
cored intervals. Sedimentary structures are shown only for
slabbed core sections since core chip samples were too
small to allow détection of such structures. 1In addition,
x-ray diffraction traces have been included to the right of
~each section. Aithough guantitative analyis is not possi-
ble with the reduced traces, semi-quantitative determina-
tion of chemical composition and relative clay amounts can
be made. To the left of each column is a summary of the
diagenetic features present in that interval. Legends are
provided on the following pages fo assist in interpretation

of lithologies and diagenetic features.
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Diagenetic Features

Quartz overgrowth

Feldspar overgrowth

Sparry calcite

Dolomite

Anhydrite
Chlorite coatings

Authigenic pyrite

Bio

Mc

Dt C1
Dt Mi
Pr su
Alt F
Gr Cr

Bioclastic.matérial,
allochem ghosts

Micrite clésts

Detrital clay, ma-
trix material

Detrital micas

Pressure solution,
grain suturing

Altered and degraded
feldspars

Grain corrosion
(primarily at micrite)
clast/grain boundaries)

Presence of diagenetic feature supported by core,
thin section or SEM examination.

Presence of diagenetic feature interpolated between

known occurrences.

individual lithologic units.

Homogeneity assumed within
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Light grey, very fine-grained to fine-grained
very friable to moderately friable massive
sandstone

‘Light grey, coarse-grained, slightly shaly,
thinly-laminated siltstone

Medium to dark rey, medium to coarse-grained
very shaly, thinly-laminated siltstone

Dark grey shale

Medium to dark grey limestone

Medium to dark grey, finely-crystalline dolomite

Light grey, very fine-grained to fine-arained
dolomitic sandstone

Disturbed and convoluted shaly beds, primarily
occurring in massive sandstone units '

Ripple-drift cross-lamination

Large-scale trough cross-bedding, often occurring
at high angles and proceeding scour and
channeling of underlying sandstone units

Bioturbated, sli htlg shaly sandstone and silt-
stone represented by horizontal and vertical

burrowing, and back-filled grazing trails

Bioturbated, very shaly sandstone and siltstone
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