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.ABSTRACT

Natural gas is produced from diagenét{ca11y creatad pore space developed
in stratigraphic traps in nonmarine sandstones of the Upper Cretaceous Neslen,
Farrer, and Tuscher Formations of the Mesaverde Group in the eastern part of
the Uinta 3dasin. Porgsity and permeability in these rocksarz quite low and
nighly variable. Faor this reason, the reservoir rocks ars commonly tarmed
“tight" or “unconventional.”“

Although core is limited, our comparison of the physical and b1$1ogica1'
constituents in the rocks in the subsurface with those in tamporally
equivalent beds exposed along the Book Cliffs at the southeast margin of the
basin indicatas the reservoir units were formed by subaerial streams.
Channel-form beds in the Neslen were formed in small, meandering streams on
3 coastal plain, and those of the overlying lower part of the Farrer reoresent
more numerous and larger meandering streams with common straight saegments.

Tne Tuscher and the upper part of the Farrer form the uppermost Cretaceous
rocks in the eastern part of the basin, and they were formed as part of an
anastamosing complex of mixed braided and meandering streams tha%t combined to
presarva a thick sequence of sandstone units. 3oundarias between thesa

formations ars gradational, as are the boundaries hetwesn depositional

sattings.
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The sandstones, studied in thin section and by X-ray diffraction and
scanning electron microscopy (SEM), are pradominantly moderately well sorted
very fine to fine-grained sublitharenitas and litharanites. Rock fragments,
arimarily of chert and fine-grained sedimentary rocks, are commonly
abundant. Deformation of labile rock fragments accurred, but the affacts of
compaction are relatively mjnor. No fractures, either open or healad were
seen in thin section, but mineralized fractures were seen in core.

Chemical diagenesis had a greater influence on the sandstones than did
mechanical compaction. Intergranul ar carbonat2 cements, dolomita/ankaritsz and
calcite, are ccmmon; fine-grained authigenic(?) siderite occurs only in deeper
(i.e., Neslen Formation) samples. Calcite contant appears to decreasa (to
zero?) in the deeper samples, but ankerita becomes more abundant. Authigenic
kaolinite commonly fills pores, partially to completely, but evidently has not
replacad feldspars. Authigenic i1lits usually lines microporas (5-10 um) in
partially leached chert grains; in some cases, it partially repl acas
kaolinite. Oevelopment of authigenic clays significantly modified pore
geometry and fluid flow and retention characteristics of the sandstones.
Probably more than one 2pisode of leaching removed, partially to comoletaly,
carbonate cements, chert grains, and feldspars. Oissolution formed secondary
porosity, which appears to be responsible for the favorable reservoir
characteristics of some of the sandstones.

Sandstone units containing the coarsest grains and the largest scale of
crosabedding are commonly preferentially and pervasively camentad with
carbonata minerals. Therefore, porosity and cermeability may de very low in

units that would otherwise be preferrad exploration targets.
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We suggest that the principal hydrocarbon raservoir rocks in the
nonmarine part of the Mesaverde Group ars developed in diagenetically anhancad

stratigraphic traps.

INTRODUCTION
Nonmarine natural gas-bearing sandstone beds of the Upper Cretaceous
- Mesaverde Group in the Uinta Basin, Utah, are characterized by relatively low
But variable values of parosity and permeability. For this reason, these
reservoir rocks are frequently referred to as "tight" or “unconventional"

resarvoirs. Part of the Southman Canyon gas field (Fig. 1) (Campbell and

Figure 1.--NEAR HERE

L ]

8acon, 1976) is developed in Eocene nonmarine rocks of the Wasatch Formation
in -addition to thosa of the Mesaverde Group. Tempora]1y.and depositionally-
similar rocks contain natural gas in much of the Piceance Creek basin, and
they are oroductive at saveral fields (Johnson, 197%a-c; Johnson and others,
197%a-~-¢, 1980Q).

Cxploration for gas and/or oil in units that contain rocks whose porasity
and permeability vary greatly has historically proven difficult and commonly
unsuccessful in the absence of sufficient economic incentives. [t has also
often proven fruitless when a reasonably accurate analysis of the
sedimentologic and mineralogic charactaristics of the objective units was not
utilized. In the absanca of an understanding of the sedimentologic and .
mineralogic propertias of the rocks, borehole gecphysical logs ara commonly
mi sintarpretad and potantial resarvoirs are damaged during driiling,

completion, or stimulation activitas.
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The purpose of this paper is twofold: (1) to present new data on the
sedimentoiogy and mineralogy of the nonmarine part of the Mesaverde Group in
the Southman Canyon gas field, Utah, and (2) to present our analysis of the
data. We hope this will facilitata development of sedimentolagic and
diagenetic models that may prove useful in the exploration for hydrocarbons in
continental rocks.

Our analysis is based upon the descriptions of four cores of the
Mesaverde Group from the Shell Southman Canyon Unit no. 7. The coread
intervals total 56 m and span the nonmarine section of Ddeds, which is
approximataly 336 m thick.

We are somewhat restrictad in intarpreting the procassas that operatad
during mineral diagenesis in these rocks because of the paucity of cored rock
to analyze at Southman Canyen. Carefully documented published data and
intarpretations derived from similar studies of nonmarine rocks that had a
similar sedimentologic and diagenetic nistory are scarca. There is no
detailed published i nformation for the nonmarine part of the Mesaverde Group
of the study area; our studias of the mineralogy and sedimentology of these
rocks are continuing. Qur analysis of the sadimentalogic oriqgin of the rocks
was further limitaed because of the great distance to axposures of the Deds.
The nearest outcrops of depositionally and tamporally equivalent beds are more
than 40 km to the south along the Book Cliffs. These factors serve to reduce
the cartainty of our interpretations, and many are very speculative in the
absence of additional data that can be usad totest cur hypothesas.

Although many of the pnysical, biclogic, and chemical properties of a
sotantial raserveir rock arz detarmined by the original composition of
minerals and sedimentary structurss established during sadimentation, the

rocks fermed arz2 commonly modified by diageneticprocassas.
4
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STRATIGRAPHIC AND SEDIMENTOLOGIC SETTING
Figure 2 is a stratigraphic cross section of Cratacecus and some Tarti ary
units that extand from the Wasatch Plateau on the west across the southern
part of the yinta Basin to the boundary between the statas of Utan and
Colorado on the east (Fig. 1). Of general interast to this study is the part
of the section bDetween Woodside, Utah, and the Colorado-Utah boundary. Of

special intarest are nonmarine rocks of the Neslen and overlying Cretaceous )

units for they were cored at the Southman Canyon gas field and are the subject

of this report.
Rock units designated as the Neslen Formation and undifferentiatad

Tuscher and Farrar Formations in Figure 2 are so assigned because these
g

_ Figure 2.--NEAR HERE

formational names has been historically applied to rocks of similar lithology
and age exposad along the eastarn 8ook Cliffs of Utah. However, the
identification of formation boundaries by unique combinations of lithalogies
is commonly very difficult in continental rocks in the subsurfacz where
determination of litholegic associations is commonly uncertain.
Identification is especially qifficult if surface boundaries are dased oan
topographic expression. In addition, these lithologies are transitional, as

are the boundaries between depositional environments.
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Nomencliature for stratigrapnic units in the nonmarine part of the
Masaverde Group exposad east of the Green River in Utah was developed
orimarily by Fisher (1936) and by Fisher and others (196Q). Fisher first
applied the name Neslen to conspicuous coal-bearing beds in Neslen Canyon that
also contained sandstone and carbonaceous gray shale. The unit is a slope~=
former and contai ns many horizontal and near-horizontal beds. East of the
Green River, the Neslen grades upwar& into a sequence of resistant crossbedded
lenticular sandstones and nonresistant carbonaceous medium-gray to olive-green
shales that Fisher (1936) termed Farrer. Qverlying the Farrer in part of the
eastarn Book Cliffs of Utah is a sequence of resistant cliff-forming sandstone
beds that are locally altered white; they are locally medium to coarsa grained
and pebble-dearing. These beds wers first tarmed Tuscher by Fisher (1936) for
the exposures of the rocks in Tuscher--spelled Tusher on currsnt maps--Canyon
northeast of Green River, Utah. In 1960, Fisher and others placad the Tuscher
in the Mesaverde Group The tarms Nelsen and Farrer were elevatad by them in
1960 in stratigraphic rank from member status (of the Prica River Formation)
to formational status of the Mesaverde Group and were considered to be of a
Lata Cretacagus age. Tne use of these formational names to designats mappabdle
units of the nonmarine Mesaverde east of the Green River has been only
slightly modified by most authors (Abbot and Liscomb, 1956; Young, 1966;
Cashion, 1973; Fouch and Cashion, 1979; Keighin, 1979; Keighin and Fouch,
1979). In addition, this grouping of rocks can be tracad to the subsurfaca of
the eastarn part of the Uinta Basin. Fouch and Cashion (1979) illustrated the
borahole geophysical log signaturas for these rocks and distinguisned the
coal-bearing Neslen from the undi fferentiatad Tuscher and Farrar Formations.
These tarms ar2 usad for nonmarine Mesaverde rocks discussad in this paper,

for the authors have tracad the units from the Southman Canyon gas field to

-~
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those drill holes illustratad by Fouch and Cashion (1979). In addition, this
distinction emphasizas the Dasic contrast among mappable rock units, and,
therefore, indirectly among their sadimentologic origins.

As previously notad, Fisher and others (196Q) considerad the Tuscher
Formation to be of a Late Cretaceous age although originally Fisher (1936, p.
20) had arbitrarily, and tentatively, assigned the unit to the Tertiary.
Resolution of the uncertainty of the age of the Tuscher and of its proper
usage as a mappable unit (and, therfore, {ts sedimentologic origin) onsurfaca
exposures and in the subsurface is difficult, for Fisher (1936) did not

designate a type section or provide a detailed description of the rocks in

Tuscher Canyon.
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Fisher and others (1960, p. 30) presantad a detai lad description of beds
in Tuscher Canyon &hey beljaved %5 bDe temporally eguivalent to Upper
Cretacegus rocks in western Colorado {Fisher and others, 1560 p. 7). Fouch
and Cashion (1979) identified a conglomeratic sequence of sandstones in Dark
Canyon (Fig. 2) that they have traced to the subsurface in part of the Uinta
Basin. These conglomeratic beds are resarvoirs for natural gas in parts of
the basin. They have al so noted what are believed to be tamporally equivalent
conglomerates sandstones in the right fork of Tuscher Canyon where the beds
form the conspicuous conglomeratas at the base of the Wasatch Formation. They
beliaeve the conglomeratic sandstone sequence is the basal conglomerate of the
Wasatch Formation as used by Fisher (1936, p. 21) and is the uppermost part of
the Tuscher Formation of Fisher and others (13960, p. 50). In Dark Canyon, a
carbonaceous shale in the basal part of the conglomeratic sandstones yielded
palynomorphs of a Paleocene age (Fouch and Cashion, 1979). It, therefore,
seems reasonable to believe that the conglomeratic part of the Tuscher
Formation of Fisher and others (1960, p. 30) in Tuscher Canyon is of a .

Paleocene, age although underlying rocks of the formation may be of Late

Cretaceous age.
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Near ‘Westwater Canyon in the 3cok Cliffs (Fig. 1), the Neslen Formation
consists of coal interbedded with norizaontally thin-bedded fine-grained
sandstones agg carbonaceous shale. Relatively small and sparse channel-form
sandstong::;;t’contain well-developed 1 arge-scale low-angle crossbeds are
1 ocal 1y abundant. The channel-form units are fine grained at their scoured
bases and very fine grained at unit tops. We believe the large-scale low-
angte crossbeds to be accretion beds of point bars formed in meandering
streams. In much of the esastarn Book Cliffs of Utah, the Neslen represents
swampy coastal-plain depositional environments that have a few small
meandering streams. The Neslen grades downward into littoral marine sandstane

of the Sego Sandstone.

In Westwater Canyon, the Neslen grades upward into the Farrer Formation,
a sequence of fine- to medium-grained sandstone, carbonacsous gray and olive-
green claystone, and sparse thin coal beds. Sandstone contant generally
increasas uphard in the unit at the expense of claystone and coal. Near its
transitional boundary with the underlying Neslan, the Farrer contains many
isolated channel-farm sandstone units that contain claystone and siltstone
clasts (rip-ups) and the coarsast grains are locatad along a scouraed Ddasae.
These same channel-form sandstone beds grade upward from large-scale low-angle
accretion beds at the basas to small-scale assymetric cross-stratified very
fine grained sandstone at the top. We interpret the beds near the Ddasal part
of the Farrer.to have formed on an alluvial floed plain that contained
numerous small- and medium-siza meandering streams. These streams flowed
across a flood plain with many swamps that locally contained abundant
herbacsous organic mattar. This organic mattar was subsaquently transformed

into small and discontinuous cosal and carbonacsous shale ynits.
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Where the upper part of the Farrer contains many sandstaones, few
claystones and sparse coals, and is principally a cliff-former, cycles of
grain size and cross-~-stratification are not as well developed in individual
units. Moreover, the beds commonly formcompiexes of apparently flatbedded
units that, when viewed from a distance, can be traced for saveral tens of
meters. However, close inspection of the units indicates the sandstone
complexes are composed of anastomosing channel-form beds that apparently
formed in braided streams flowing on surfaces of very Tow relief. Where such
thick and resistant channel complexas comprise most of the uppermost Mesaverde
Group beds, the rocks have been commonly included in the Tuscher Formation
(Fisher, 1960).

The rocks of the Neslen and undifferentiatad Farrer and Tuscher
Formations can be reasonably interpreted to represent a vertical transition
from coastal plain sedimentation (Neslen) to an alluvial plain with numercus
small- and medium-size meandering streams (Jower part of the Farrar) to the
most landward depositional facies in which deposition was principally in
anastomosing medium~ and large-braided streams with local meandering caurses
(upper part of Farrer and Tuscher Formations).

Data derived from cors aexamination are insufficient to precisely
intarpret the sedimentylogic origin of the cored rocks at Southman Canyan
field. However, as previously indicatad, we have astablished the relation of
cored rocks to the exposure of tamporally and deposi tionally equivalent rocks

along the Book C1iffs to supplement our subsurfacz studies.

10
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Figure 3 (Neslen Formation) and Figures 4, 5, and 6 (undifferentiatad

Tuscher and Farrer Formations) are graphical reprasentaticns of the

Figures 3, 4, 5, 6.--NEAR HERE

1ithologies of cores of the Neslen and their geophysical log responses at the
Southman Canycn gas field in the Shell Southman Canyon Unit, no. 7. The cores
consist of fine- to very fine grained sandstones and thin silty and sandy,
gray carbonaceous claystones. Variations in grains size are not striking, but
claystone and siltstone clasts and a few medium-size grains occur near the
base of some units. The sandstone units commonly contain higher-angle cross-
strata near their basas, and they grade upward into horizontally thin-bedded
units that are commonly very contortad and rich in silt and clay. Root traces
are commonin the contortad and convolutad racks, and they almost everywhere

contain coal fragments and other carbonacecus organic mattar.
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PETROGRAPHY

Thirty-ei ght samplas of sandstones and siltstones were taken fromcoras
cut between gas-producing intervals in the Mesaverde Group (Campbell and
Bacon, 1978, pl. 1). Two thin sections were prepared from each sample; one
section was impregnated with blue-dyed epoxy to aid in definition of
porosity. One-half of this section was stained with Alizarin Red S to
distinguish calcite. The other saction was stained for potassium and
pl agioclase feldspars. Modal analyses were made by counting 30C points on ane
thin section for each sample. The results of the medal analyses are
summarized in Table 1; results for each cored intarval are given in Fi gures 3-
8. One siltstone was examined, but its modal analysis is not included in the
Table or Figures. Using Folk's classification scheme (Folk, 1974, p. 129),

the sandstones are primarily 11 tharenites and sublitharenitas (Fig. 7).

Figure 7.--NEAR HERE

Detrital Mineralogy .--Monocrystalline quartz is the dominant mineral in

most samples, comprising 25 to 53 percent of the framework grains; quartz is
most abundant in the Nesl en Formation. Polycrystalline quartz grains arz
uncommon, and extinction is fairly straight. Few grains snow sign of strain.
Detrital feldspars comprise only 1 to 5 percent of the framework grains;
patassium feldspar is slightly more common than plagiocl ase. Feldspars are

Tess abundant in the Neslen Formation than in the overlying Tuscher and Farrar

Formations.

12
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Igneous and fine-grained sedimentary rock fragments account for as much
as 20 percant of the matarial in the samplas examined. Up to 5 percent
‘chert is present in some samples; it is slightly more abundant in the
Tuscher and Farrer Formations. Only trace amounts of velcanic rock
fragments were identified in the Tuscher Formatian; none was identified in

the other formations.

Biotite and muscovite are sparse; heavy minerals--rutile, zircon,
tourmaline, and apatite--are rare.
Organic matter, probably coal, is present through the intarval studied,

but is more common in the Neslan Formation. Relatively undisturbed plant

fragments are rare.

Mechanical Deformation.--The depth of the samples rahges from 1,641 %o

1,977 m. The types and distribution of grain cdontacts are very similar to
those descriped by Tayler (195Q0). There is no evidence to suggest -that the
rocks were buried significantly deeper in the past. There appears o have
been more intense deformation in the deeper Neslen samples, al though the types
of grain contacts do not change, nor does apparsnt porosity. Post-
degositional mechanical deformation was relatively minor. Mica shards ara
commonly bent, and a faw pl ;Qioclasa grains are brokan. Some quartz grains

show strain shadows thought to be induced by compaction (Fig. 8A). Most

Figure 8.--NEAR HERE

significant, in terms of porosity reduction and therefore, of raservoir
quality, is the squeezing of soft rock fragments betwean more resi stant

detrital framework graias (Figs. 88, C).

13
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Diagenetic Mineralogy.--tvidence of chemical and physical diagenesis is

found throughout the entire sequencs of samples examined. Chemical
di agenesis is more widespread and includes silica overgrowths on quartz

(Figs. 9A, 100), carbonate and clay cements, partial to compl eta repl acement

Figures 9 and 10.--NEAR HERE

of quartz, feldspars, and rock fragments Dy clays and carbonatas, and pore
linings and fillings of kaglinite and 111ite. Quartz overgrowths are commonly
euhedral, indicating growth into open space. Recognition of the overgrowths
is sometimes facilitated by the presance of very thin "dust rings," formed by
chlorite or other clay minerals. Partial to extensive leaching of faldspars,
especially of plagioclase, is fairly common (Fig. 98). The leaching, in

addition to creating porosity, may provide small quantities of elements in
solution, which may subsequently be incarporated in other diagénetic
reactions. Rock fragments, especially chert, are generally extensively
leached or altered to illitic clay (Fig. 9C). Some of the volcanic rock
fragments (Fig. 88) seen in the upper part of the section appear to nave
devitrified, at least to some extent.

Oolomite and ankarite are found in roughly constant amounis throughout
the interval studied. Calcita is less abundant, and its abundance decreases
with depth; none was identified, either in thin section or by X-ray
diffraction, in the deeper Neslan samples. The carbonats minerals occur as

void fillings, generally euhedral (Figs. 10A,C), and as replacements of some

quartz, faldspar, and rock fragments.
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Petrographic axami nation reveals distinctly zoned carponates (Fig. 8A);
in addition, study of selectad samples with the electron microprobe shows
distinct, usually abrupt, variations in chemical composition in carbonate
mineral grains. Calcite is relatively pure; it contains small amounts (l-2
percent) of iron and magnesium (less than 1 percent). Dolomite and ankerite
are commonly intergrown. Preliminary data suggest that dolomite (which
contains very-little iron) occurs most commonly in the centra) portions of
intergrowths; ankarite is peripheral to the dolomite. Al though sampling
limitations precluded microprobe examination of the deeper (Neslen)
sandstones, petrographic and X-ray diffraction data indicate that (a) calcite
is not found in the deeper samples, (b) siderita, in minor amounts, is found
only in the deeper samples, and (c¢) siderita appears to largely replace
ankerife as the iron-Dearing carbonata mineral phase.

Clay minerals, identified by X-ray diffraction of bulk rock samples, are
kaolinite, il11ite, and small quantities of chlorite; c¢lay mineral ssparations
have not been done. Clays occur as detrital rack fragments (Fig.3C),
renlacing quartz, feldspar, and rock fragments (Figs. 98, C), and lining and
filling pores (Figs. 90, E£). Chlaritas, seen cnly in very minor quantitias in
thin section and by X-ray diffraction, occurs primarily as isolatad grains,
which prabably formed by replacement of ferromagnesian (?) minerals. It is
very raraly seen replacing quartz, where it formed prior to quartz

gvergrowths.
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Kaolinita and illite are found throughout the entire section, but account
for only a few percent of the volume of the sandstones studied. XKaolinita is
probably slightly more abundant than illite; it occurs as pore fillings (Figs.
90, 100) and is commonly intimately associated with illite (Figs. 9€, 1QD).
[11ite is commonly seen replacing, partially to completaly, rock fragments
(Fig. 9C), replacing feldspar (Fig. 98), and partially lining pores (Fig. 9E),

where it may or may not be associated with kaolinita.

PETROGENESIS
Sedimentary nonmarine units cored at Southman Canyon gas field ars
generally fine grained and moderatsly well sortad. Examination of the
sandstones with SEM, electron microprobe, and in thin section indicates that
diagenetic reactions modified the entire sequence of rocks studied. Although
three formations, spanning a vertical interval of 1,641-1,977 m, were

.examined, the paragenetic sequence appears to be essentially the same

throughout the entire intarval.
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Effects of mechanical deformaticn, as shown Dy deformed micas, squeezed
rock fragments, and strained or broken framework grains, ars relatively
minor. No evidence of -pervasive fracturing was observed in thin section,
although fractures were detectad in one core. Grain contacts are most
commanly long or concavo-convex (Tayleor, 195Q); only rarely are sutursd
contacts seen, and these are probably inheritad from detrital fgneous rock
fragments. Grain contact relations are oftan somewhat obscured by what is
interpreted as disintagration of polycomponent igneous rock fragments.
Features normally associated with mechanical deformation,‘éQch”;;qextensive
fracturing or abundant sutured contacts, are not present; their absen<e
suggests that burial has not been significantly greater than that now found.
Although compaction reducad porosity somewhat; the reduction was more than
offset by later leaching. It is posgibie that compaction was hindersd by

L ]

early carbonate cement.:

The numercus diagenetic changes observed in the sandstones indicate 2
variety of changes in pore fluid chemistry throughout the nistory of the
rocks . The paragenetic sequence outlined in Figure 11 summarizas the

diagenetic saquenca thought to apoly to this saguence of rocks.

Figure 11.--NEAR HERE
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Following deposition, a thin coating of chlorite formed on a few quartz
grains. The sparsa nature of the chlorite films suggests that iron-rich pore
fluids suitable for chlorite formation were present for only a short time, in
limited quantities, and were not uniformly distributed. Silica-bearing fluids
were more abundant; silica overgraowths on quartz are common throughout the
entire vertical sequence. Silica in solution may have come from partial
dissolution of the abundant siliceous rock fragments, although the principal
1 eachi ngoccurred after deformation. Many of the quartz overgrowths are
euhedral in part, and grew into open pores. Thesa gquartz overgrowths probably
formed defore appreciable compaction occurred.

Leaching, primarily of carbeonate minerals and rock fragments, restored
much porosity which had been lost due to chemical precipitation of minerals
(carbonata?) and.to compaction. Detarmination of the exact time when leaching
first occurred is complicataed by the uncertain history of early carbonate
mineral formation. The secondary pores (Schmidt and others, 1377; Hayes,
1979) created by leaching are rarely larger than 75 um; those in leached (or
recryszallized) rock fragments are on the order of 1 um (or less) across.
Larger pores are due to removal of unstable detrital framework grains, e.g.,
faldspars, or in some cases to removal of carbonate minerals, which may
themselves be sacondary. Although some leaching may have occurred aftar
kaolinite and i11ite formed, post-clay leaching was minor.

Much of the secondary porosity cresated by leaching was subsequently
modifiad by growth of kaclinta and i1lite within pores. It appears that most

of the dissolved mineral mattar was removed in solution, and was not

redepositad Tocally.
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Although it is clear from petrographic, X-ray diffraction, and microprobe
examination that dolomite, ankerite, calcite, and minor amounts of siderits
are mineral caments, the paragenetic relations of the carbonata caments in the
system are not completely clear. With the possibia excention of some minor
amounts of microcrystalline calcite, it is thought that the carbonate minerals
are of a diagenetic origin. The microcrystalline calcite may represent
recrystallized detrital carbonate clasts, or it may represent an early stage
of authigenic calcite. Carbonate minerals occur both as veid fillings (Figs.
8A, 10A), and as replacements of detrital grains, probably of faldspar (Fig.
10C). Zoned carbonate cements (Fig. 8A) are thought to be primarily dolomi te-
ankerita; this belief is supportad by microprobe data, which show sharp
boundaries between low=iron dolomita and ankerite. Ankerita appears
peripheral to dolomite and may have formed by partial conversion of dolomite
(or calcite) by iron-rich solutions (Muffler and Whigte, 1969). Partial
dissolution of iron-bearing sedimentary rock fragments could provide iron in
solution. Petrographic avidence clearly shows that calcita commonly replaces

dolomita and (or) ankerita, and suggests that iron and magnesium in solution

decreasad with time.
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With the exception of minor quantities of chlorita, clays are largely
restricted to authigenic kaolinite and i1lita. Mi nor amounts of detrital
clays were identified by the SEM study, but no evidencs of mechanically
infiltered clays was detacted. No positive aevidencea of mixed layer clays was
noted, but it is possible that clay-mineral separations would have isolatad
small quantities of these clays.. The early clay-forming solutions were
apparently less rich in potassium than wers the fluids later rasponsible for
the fonation of illite. Kaoclinite appears to be slightly earlier than jllita
and is restrictad to growth in open pores (Figs. 90, 100). The platy nature
of kaolinite, and its distribution, makas it especially sensitive ta flowing
fluids, such as might be encountered in well completion or stimulation.

[11ite in some cases appears to be replacing kaolinite, a feature also noted
by Hancock and Taylor (1978, pl. L F, 20). The source of potassium in illite
is not completaly clear, although dissolution of potassium feldspar may be
responsible. While potassium feldspar is never abundant, X-ray diffraction
data suggest a slight increase in illite and a slight decr=ase in potassium
faldspar in the deepest core samples (in the Neslen Formation). I[1lites is

commonly detactad repl acing, generally extensively, fine-grained sedimentary

rock fragments (Fig. SC).

DISCUSSION
We bel ieve the cored rocks were deposited in fluvial channels, but
limitad information pracliudes our determining the geometry and size of the
subaerial streams. If comparison to exposures along the 3ook C1iffs is
reasonable, individual channels in the Tuscher-Farrar interval that was cored

wera orobably no more than a faw tans ¢f metars wide, and those of the Heslan

wera 18ss.
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Although the basic physical and chemical charactaristics of the rocks are
established by the lithologic charactaristics relataed to their depositional
nistory, these conditions may bDe subsaquently modifiad, often dramatically, Dy
di agenetic procassas.

As would be expected in fine-grained sandstones, most of the observed
pores are small, usually less than 60 um. Many pores formed by leaching (thus
forming secondary porosity) are on the order of Q.1-10 um. The smal 1 er pores
are very sensitive to modifications by subsequent diagenetic effacts (e.g.,
1inings, coating, or bridging by authigenic c¢lays), and pore throats may be
~easily plugged by movement of c¢lay-size fines.

Measured porosities for sandstones from the Shell Southman Canyon Unit
ne. 7 well range between about 3 and 13 percent. These values agree with the
ranges detarmined by other investigators for stratigrapnically similar
sandstones in other parts of the Uinta Basin (U.S. Dept. of Znergy , 1879, »n.
27; 1980a, p. 23, 198Qb, p. 21; Keighin and Sampath, 1980, Table 1).

According to Beard and Weyl (1973), sediments with these charactaristics have
an initial porosity on the order of 35 percant and permeabilities of about 2
to 7 darcies. Although detarmination of modal (thin saction) porosity is now
commonly agﬁ easily done using thin sections impregnatad with blue-dyed =2p0xy
(Gardner, in press), the modal values rarely agree with porosities measured in
the laboratory. The reasons for lack of agreement are not clear, but it is
common for modal porosities to be nigher than measursd porosities, aftan
significantly. [t is apparent that porosity may change dramatically over
short vertical distancas due %o the variation in grain size, the degree of

camentation, and the presence of silt or clay laminae.
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Several investigators (McLatchie and aothers, 1959; Vairogs and others,
1971; Thomas and Ward, 1972; Jones and Owens, 1379; Xeighin and Sampath, 1380)
showed that porosity decreasas only slightly (usually less than 5 percent) as
confining stress is increasad to approximate that of reserveir conditions.
Permeability in low-permeability sandstones is, however, drastically reduced
by increases in confining pressure. The permeabilites, measured at surface
conditions, for the low-permeability sandstones in the Uinta Basin are )

commonly in the range of 0.02 to 1 md; these values decrease by as much as 80
percant when subjected to confining pressures of 34.5 MPa (5,00C psi). [t
appears that pores volume is not changed significantly, but pore throats,
already small because of the nature of the detritus forming the rocks and
because of subsequent diagentic reactions, are reduced even further in size.
Another factor which probably reduces communication between pores is the
. presence of convoluted bedding. Whether due to bioturbation or to soft-
sediment deformation, induced irregqularities in bedding surfaces, if
extensive, further complicate reservoir drainage. The common occurrence of
disturbed beds is shown in Figures 3, 4, 5, and &§. Because of the limitad
availability of core matarial, we do not Know the extent or continuity of
thesa disturbed beds, but it seems reasonable that they are common in other

finae-grained, channel-formed sedimentary deposits and should be considered

when evaluating such rocks.
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There is growing recognition that fine-grained authigenic minerals, which
line poras and coat grains, thus alteri ng pore geometry, may medify the
rasponse of rasistivi ty logs and affect calculated water saturation and the
interpretation of sonic and neutron logs (Almon, 1978). Investigations Dy
Texas A & M (U.S. Dept. of Energy, 1980a, p. 23) show that carbonats cement
also nfluencas porosities calculated from sonic and (or) density logs. If a
standard sandstone matrix density (2.65 qm cc~l) is used for porosity
calculations from density logs in a highly carbonate-cemented zone, porosity
will be underestimatad. Conversely, if a higher (e.g., 2.68 gm cc~l) matrix
density is used in the calculations, porosities will be overestimated in zones
with 1 ittle carbonate cement. The importance of knowing the mineralogic

charactaristics of the rocks seems obvious.
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Apparent in all cores is the relation between borehole geophysical log
response and lithology. In at 1 east three of the four coraes (no logs were
avail able for the deepest core), the highest energy crossbedding seems to
correspond with low-gamma ray and good SP (Figs. 4, 6). This is to be
axpected, and these logs could probably be used to delineate channel
sandstones. However, these same higher energy sandstones also seem o De
zones of the highest amounts of carbonate cement, which is displayed as zones
of high resistivity. One normally axpects the highest values of resistivity
%0 occur 1in the lowast energy sandstones where clay minerals and carbonate
cements are more common. These relations of the core to the logs may suggest
that many higher energy Deds (possibly with better initial porosity and
permeability) are prefarentially cemented by carbonate minerals, and, )
therefore are not good reservoirs. It is also probable, although the evidence
is sparse, that thesa higher energy sandstones are preferentially fractured.
Figure 4 illustratas such a highly resistant carbonata-cemented sandstone that
contains mineral-filled fractures. To the extent that carbonata caments are
found in higher energy beds, diagenesis may be related to sedimentaologic
setting. If this is true, then the nigher energy beds, normally considered %0
be preferential exploration targets, may bDe poor choicas, at least locally.

If natural open fracturas are prasent in the carbonate-cemented (and more
brittle) sandstones, these fracturss may enhance permeability by allowing

communication between avail able pare space.
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Coal and carbonacecus claystone beds are abundant in some strati graphic
units, but they are absent in thick sequences of the Mesaverde Group in the
study area. However, even in the absence of c¢oal and carbonacaous claystones,
herbaceous organic matter exists in great quantities along laminae of many
sandstanes in core over most of the nonmarine part of the Mesaverde Group.
This organic matter is particularily abundant in convoluted sandstone and
siltstone beds. We suggest that the herbaceous organic matter in the
sandstone and siltstone units is a principle source of the gas recovered from
these rocks.

Unfortunately, cores wers not taken in producing intarvals of the
Southman Canyon ‘well. However, sangstones of the Neslen that bound the cored
intervals are p\"oduc:tive. We, therefore, suggest that productive sandstone

resarvoir rocks are similar to those sandstone cores that we examined.
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Figure l.--Index map of northeastarn Utah showing axposure of some Upper
Cretaceous and Tertiary rocks, 0il, and/or gas fields; approximate line of

sactian (A--A') illustrated in Figure 2; and sita of core sampies.
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Figure 2.--Diagrammatic cross-section A--A' of Upper Cretacsous and lower
Tertiary rocks from the Wasatch Plateau to the Ytah-Colorade Soundary;
Figure 1 shows the approximatae line of section. The major rock groups and
stratigraphic nomenclature commonly appliad to these rocks are shown in the

cross-section.
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Figure 3A.--Symbols used in graphic sections.
Figure 3B.--Graphical representation of rock types, general bedforms, and

summary of petrographic examination in units cored between 1,960 and 1,977 m

in the Shel 1 Southman Canyon Unit no. 7. Figure 1 shows the location of

this well. Geophysical logs are not available for the intarval.
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Figure 4.--Graphical representation of rock types, general bedforms, and
summary of petrographic axamination in units cored between 1,830 and 1,890 m
in Snell Southman Canyon Unit no. 7. Figure 1 shows the location of this
well. Symbols used to illustrate lithology are defined in Figure 3. Solid
line to left of rock column is gamma-ray log; dashed line to left of rock
column is spontaneous patential lag. Solid line to right of bedforms column

is electrical resistivity log.
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Figure 5.--Graphical representation of rock types, general bedforms, and
summary of petrographic examination in units cored between 1,793 and 1,808 m
in Shell Southman Canyon Unit no. 7. Figure 1 shows the lacation of this
wel 1. Symbols used to illustrata lithology are defined in Figure 3. Log

reprasentations are as in Figure 4.
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Figure 6.--Graphical represantation of rock types, general bedforms, and
summary of petrographic examination in units cored between 1,541 and 1,855 m
in Shell Southman Canyon Unit no. 7. Figure 1 shows the location of this
well, Symbols used to illustratae lithology are defined in Figure 3. Log

representations are as in Figures 4 and 5.
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Table l.-~Summary of modal measurements of sandstone samples, Shell Southman

Canyon Unit, no. 7 (NWL/4NW1/&4,6 sec. 24, 7. 10 S., R. 23 £.).
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Figure 7.--Mineral composition of framework grains and sandstone
classification (Folk, 1974, n. 129) of the sandstones in the Southman Canyon
Unit, no. 7 well., The samples between 1,625.5 and 1,308.4 m ar=s assigned %

the Tuscher and Farrer Formations, undiffarentiated; those samples detween

1,880.6 and 1,976.9 m are assigned to the Neslen Formation.
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Figure 3.--Effects of mechanical deformation are generally rather minor. A,
Photomicrograph illustrating pore-filling intergranular cardonate, (C) (two
generations(?)) abutting strained detrital quartz, (Q) grain with a silica
overgrowth (Q). Crossed polars, deptn 1,776.4 m. 3, Photomicrograph of
1 ightly deformed volcanic rock fragment (Rv) quartz (Q), compacted chert
{Re) fragment, and intergranular secondary carbonate {(C); pore partially
filled with authigenic clays. Plain light, depth 1,644.5 m. C, Scanning .
electron micrograph of detrital clay () clast {?) squeezed between detrital

quartz (Q) grain, and partially altered matrix (M). Depth 1,795.1 m.
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Figure 9.--D1 ageneti ¢ modifications have reducad primary porosity, but have
created secondary porosity through leaching. A, Photomicrograph of detrital
quartz with silica overgrowths almost completely filling pore spaca. Silica
overgrowths are usually not this extensive. Plain light, depth 1,853.8 m.
8, Scanning electron micrograph of extansively leached feldspar, and
authigenic pare-lining il1lite. Depth 1,801.5 m. C, Scanning electron
micrograph of authigenic quartz (Q) and intergranular matrix (possibly a
chart grain now largely altered to illite). Depth 1,88Q.1 m. D, Scanning
electron micrograph of abundant authigenic clay--primarily platy kaolinite
(K)-=1ining pores. Depth 1,644.5 m. E, Scanning electron micragraph
illustrating relationships Detween authigenic illite (I), kaolinita (X), and

quartz (Q). Authigenic minerals forms pore linings with a very high surfaca

area. Depth 1,801.5 m.
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Figure 10.--Carbonatas occur in intargranular pore spaca and as
replacements. A, Photomicrograph of authigenic, pore-filling carbonata
(anergy dispersive spectroscopy suggests the carbonata is ankerita). Cepth
1,882.5 m. 8, Photomicrograph of detrital chart (Rc) grain containing
rhombs of authigenic carbonata (~). Plain light, depth 1,974 m. C,
Photomicrograph of sparry, void-filling carbonate (C) andncarbcnate (Cr)
which appears to have completely replaced a feldspar (?) graid. Clay-
bearing carbonate (»} is intergranular between detrital quartz grains.
Plain light, depth 1,643 m. D, Photomicrograph illustrating authigenic
pore-filling kaolinita (K), authigenic i1lita (I) replacing (?) matrix or
quartz, detri tal quartz (Q), and authigenic carbonate (C) repl acing achert

(Re) grain, and minor pore spacea (P). Plain light, depth 1,974 nm.
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Figure ll.--Suggestad paragenetic saquence for sandstones at Southman Canyan.
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