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Natural gas is produced from diagenetically created pore space developed

in stratigraphic traps in not-marine sandstones  of the Upper Cretaceous Neslen,

Farrer, and Tuscher Formations of the Mesaverde Group in the eastern part of

tfie Uinta 8asin. Porosity and permeabilitl/ in these rocks ar2 quite low and

highly variable. Fur this reason, the reservoir rocks are commonly  termed

“tight" or “unconventional." .

Although core is limited, our comparison  of the physical and billogical *

constituents in the rocks in the subsurface with those in temporally

equivalent beds exposed along the Zook Cliffs at the southeast margin of the

basin indicates the reservoir  units were formed by subaerial  streams.

Channel-form beds in the Neslen were fomed in small, meandering streams on

a coastal plain, and those of the overlying lower part of the Farm- represent

more numerous and larger meandering streams vith cmmn straight segments.

The T'uscher 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

anas*wsfng complex of mixed braided and meandering streams that combined to

preserve  a thick sequence of sandstone units. Boundaries  bet-deen ties?

formations are gradational,  as are ti;e boundaries  bekeen depositiona!

S2ttinp.
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The sandstones, studied in thin section and by X-ray diffraction  and

scanning electron microscopy (SEH), are predominantly moderately  well sorted

very fine to fine-grained sublitharenites and litharenites. ?,ock fragments,

primarily  of ch2rt and fine-grained sedimentary  rocks, are commonly

abundant. Deformation of labile rock fragments occurred, but the effects of

compaction are relatively  minor. NO fractures, either open or healed 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 carbonate cements, dolomit2/ankaritt  and

calcite,, are common; fine-grained authigenic(?)  siderite occurs only in deeper

(i.e., Neslen Formation) samples. Calcite content appears to decrease  (to

zero?) in the deeper samples, but ankerite becomes more abundant. Authigenic

kaolinite commonly fills pores, partially  to. completely,  but evidently  has not

replaced feldspars.  Authigenic illt'te usually lines micropores  (S-10 rsn) in

partially  leached chert grains; in some cases, it partially  rep1 aczs

kaolinite. Development of autnigenic  clays significantly  modified pore

geometry and fluid flow and retention characteristics of the sandstones.

Probably more than one episode of leaching ramoved,'partia!ly to completely,

carSonate 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

crossbedding are commonly preferentially and pervasively  cemented with

carbonato  minerals. Tflerefare, porosit- and peneabilitj may be vety lcw in

tinifs that would otherwise be prblba=arr?d exploration  targets.
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'de suggest that the principal hydrocarbon reservoir  rocks in the

nonmarine  part of the Mesaverde Group ar,Q developed  in diagenetically anhanced

stratigraphic traps.

INTRCDUCTSON

Nonmarine  natural gashbearing sandstone  beds of the Upper Cretaceous

.. iclesaverde  Giuup in the Ufnta Basin, Utah, are characterized by relatively  low

hut variable  values of porosity and permeability. For this reason, these

reservoir rocks are frequently  referred to as "tight" or "unconventional"

reservoirs. Part of the Southman Canyon gas field (Fig. 2) (Campbell and

Figure L.--NEAR HERE

Sacon, 1976) is developed in Eocene nonmarine  rocks of the Wasatch Formation

in .addition to thoie of the Mesaverde Group. Temporally'and  depositionally*

similar rocks contain natural gas in much of the Piceance Creek basin, and

they are productive  at several fields (Johnson, 1979a-c; Johnson and others,

1979a-c, 1980).

Exploration  for gas and/or oil in units &at cjntain rocks whose porosity

and permeability  vary greatly has historically proven difficult and commonly

unsuccessful  in the absence of sufficient economic incentives. It has also

often proven fruitless when a reasonably  accurate  analysis of the

sedfmentologic and mineralogfc characteristics of the objective units was not

utilized. In the absence of an understanding of the sedimentologic and l

mineralogic properties  of tie roc!cs, borehole geophysical logs are cmmonly

mi sintepretcd and potential reservoirs are damaged during drilling,

completion, or stimulation  activitts.
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The purpose of this paper is tAofold: (>I to present new data on the

sedimentology  and mineralogy  of the nonmarine  part of the Yesaverde Grou:, in

the Southman Canyon gas field, Utah, and (2) to present our analysis of the

data. We hope this will facilitate  development of sedimentolagic and

diagenetic models that may prove useful in tie 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 cored

intervals total 56 m and span the nonmarine section of beds, which

approximately 336 m thick.

is

We are somewhat restricted in interpreti'ng the processes  that operated

during mineral diagenesis  in these r%&s because of the paucity of cored rock

to analyze at Southman Canyon. Carefully documented published data and

interpretatIo,ns  derived from similar studies of nonmarine  rocks that had a

similar sedimentologic and diagenetic history are scare?. There is no

detailed published  i nfomation for the nonmarine  part of the Yesaverde Group

of U7e study area; our studies of the mineralogy  and sedimentology  of tfrese

rocks are continuing. Our analysis of the sedimentilogic origin of the rocks

was further limited because of the great distance to exposures of the beds.

The nearest outcrops of depositionally and temporally  equivalent beds are more

than 40 km to the south along the Book Cliffs. These factors serve to reduce

the certainty  of our interpretations, and many are very speculative in the

absence of additional data that can be used to t2st our hypotheses.

Although many of he physical, biologic, and chemical properties  of a

potential reservoir  rock are determined by ttre original tamposition  of

minerals and sedimentary  structures established during sedimentation,  the

rocks formed ar" commonly zmdified by diagenetic  ~ruc2ss2s.

4
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STRATIGRAPHIC AND SEDIMENTOLOGIC SETTING

Figure 2 is a stratigraphic cross section of Cretaceous  and same Ttrti sty

units that extend from the Wasatch Plateau on the west dcruss the southern

part of the Uinta Basin to the boundary betAeon the states of iltah and

Colorado on the east (Fig, 1). Of general interest  to this study is the part

of the section between Woodside,  Utah, and the Colorado4tah boundary. Of

special interest  are nonmarine rocks of the Meslen and overlying Cretaceous -

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

of this report.

Rock units designated as ';'le Neslen Formation and undifferentiated

Tuscher and Farrer Formations in Figure 2 are so assigned because these

, Figure Z.--NEAR HERE

.

formational names has been historically applied to 'rocks of similar lithology

and age exposed along the eastern Gook Cliffs of Utah. However, the

identification of formation boundaries  by unique combinations of lithologies

is commonly vepj difficult in continental rocks in the subsurface  >tihere

detamination of lithologic associations is commonly uncertain.

Identification  is especially  difficult if surface boundaries  are based on

topographic expression. In addition, these lithologies  are transitional,  as

are the boundaries  between depositional environments.
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tiomenclature for stratigraphic units in the nonmarine  part of the

:4esaverde  Group exposed eas t of the Green River in Utah was developed

primarily by Fisher (1936) and by Fisher and others (i960). 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 con_tai ns many horizontal and near-horizontal‘  beds. East of the

Green River, the Neslen grades upward intb a &uence of resistant crossbedded

lenticular sandstones  and nonresistant carbonaceous medium-gray ta olive-green

shales that Fisher (1936) termed Farrer. Overlying the Farrer in part of the

eastern Book Cliffs of Utah is a sequence of rssistant cliff-forming sandstone

beds that are locally altered white; they are locally medium to coarse grained

and pebble-bearing. These beds were *first termed Tuscher by Fisher (1936) for

the exposures of the rucks in Tuscher--spelled  Tusher on current maps--Canyon

northeast of Green River, Utah- In 1960, Fisher and others placed the Tuscher

in the Mesaverde Gt-3up The terms Nelsen and Farrer were elevated by them in

1960 in stratigraphic rank from member status (of the Price River Formation)

to formational status of the Mesaverde Group and were considered to 'se of a

Late Cretaceous  age. The use of these formational irames to designate  mappable

units of the nonmarine  Mesaverde east of the Green River has been only

slightly modified by mast authors (Abbot and Liscomb, 1956; Young, 1966;

Cashion, 1973; Fouch and Cashion, 1979; Keighin, 1979; Keighin and Fouch,

19791. fn addition, this grouping of racks can be traced to the subsurface of

the eastwn part of tie Uinta Basin. Fouch and Cashion (I.9791 illustrated t!!e

borehole geophysical log signatures for these rocks and distinguished the

coal-bearing Neslen from the undi fferentiatzti Tuscher and Farrer Formations.

These tams are usad for nonmarine Hesaverde rocks discussed in this paper,

for the authors have traced  the units from the Southman Canyon gas field ti

6
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those drill holes illustrated by Fouch and Cashion (1979). In addition, this

distinction  emphasizes  the basic contrsst among mappable  rock units, and,

therefore, indirectly among their sedimentologic origins.

As previously  noted, Fisher and others (1960) considered the Tuscher

Formation to be of a Late Cretaceous age although originally Fisher (1936, p.

20) hhd arbitrarily,  and tentatively,  assfgned the unit to the Tertiary.

Resolution of the uncertainty of the age of the Tirscher  and.of its proper

usage as a mappable unit (and, therfore, its sedimentilogic origin) on Surface

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. SO) presented a detai lad description of beds

in Tuschet Canyon they believed to be temporally  equivalent m Upper

Cretaceous rocks in western Colorado (Fisher and others, 1960 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 reservoirs  far natural gas in parts.of

the basin. Thay have al so noted what ar2 believed to be Wnporally equivalent

conglomerates sandstones  fn the right fork of Tuscher Canyon where the beds

form the conspicuous conglomerates at the base of thee Wasatch Formation.  They

believe the conglomeratic sandstone  siquence is the basal conglomerate of the

Yasatch Formation  as used by Fisher (1936, p. 21) and is t!!e uppernost part of

the Tuscher Formation  of Fisher and others (1960, p. 50). In Dark Canyon, a

carbonaceous sha12 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. 50) in Tuscher Canyon is of a .

?aleocene, age although underlying rocks of the formation may be of Late

Cretaceous aga.
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Near 'r(esWater  Canyon in the 3ook Cliffs (Fig. 11, the Neslen Formation

consists of coai interbedded wis horizontally thin-bedded fine-grained

sandstones  and carbonaceous shale. Relatively  small and sparse channel-form
4rif5

sandstoneAthat contain well-developed  1 arge-scale  low-angle  crossbeds  are

1 ocal ly abundant. The channel-form units are fine grained at their scoured

bases and very fine grained at unit tops., Ue believe'the large-scale low-

angle crossbeds  to be accretion  beds of point bars formed in meandering

streams. fn much of the eastern 'Book Cliffs of Utah, the Neslen represents

swampy coastal-plain depOSitiona  environments that have a few small

meandering streams. The Neslen grades downward  i'nto littoral marine sandstone

of the Sego Sandstone. .

In Westiater Canyon, the Neslen grades upward into the Farrer Formation,

a sequence  of fine- to medium-grained  sandstone, carbonaceous gray and olive-

green claystone, and sparse thin coal beds. Sandstone content generally

increases upward in th e unit at the expense of claystone and coal. Near its

transitional boundary with the underlying Neslen, the Farrer contains many

isolated channel-fom sandstone  units that contain claystone and siltstone

clasts (rip-ups) and the coarsest grains are located along a scour2ci base.

Thes2 same channel-fan sandstine  beds grade upward from large-scale  low-angle

accretion  beds at the bases to small-scale  assymetric cross-stratified ver.y

fine grained sandstone at the top. Ye interpret the beds near the basal part

of the Farrer.to  have farmed on an alluvial flood plain that contained

numerous small- and medium-site meandering streams. These streams flowed

across a flood plain uith many wamps that locally contained  abundant

herbaceous  organic matter. ?is organic matter *#as subsequently  transfoned

into small and discontinuous  coal and carbonaceous  sha'e units.

9



'Ahere the upper part of

claystones and sparse coals,

grain size and cross-stratif

Farrer contains many sandstones, fewthe

and

icat

is principally  a cliff-former,  cycles of

ion are not as well developed  in individual

units, Moreover, the beds commonly form complexes of apparently  flataedded

units that, when viewed from a distance, can be traced for several 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 low relief. Where such

thick and resistant channel complexes  comprise most of t!!e uppermost Nesaverde

Group beds, the rocks have been commonly included  in the Tuscher Formation

(Fjsher, 1960).

The rocks of the Neslen and undifferentiated  Farrer and Tusch;?r

Formations can be reasonably  interpreted to represent a vertical transition

from coastal plain sedimentation (Neslen) to an alluvial plain with numerous

small- and medium-size meandering streams (lower part of the Farrsr) to t!x

most landward  depositional facies in which deposition  was principally  in

anastomosing medium and large-braided streams with local meandering courses

(upper part of Farrer and Tuscher Formations).

Oata derived from core examination are insufficient to precisely

interpret the sedimentologic origin of the cored rocks at Southman  Canyon

field. However, as previously  indicated, we have established the relation of

cored rocks to the exposure of temporally  and deposi tionally equivalent rocks

along the Sook Cliffs to supplement our subsurface  studies.

LO
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Figure 3 (ieslen Formation) and Figures 4, 5, and 6 (undifferentiated

Tuscher and Farrer Formations)  are graphical representations of the

Figures 3, 4, 5, 6.QCAR HERE

litiologies  of cores of tie Neslen and their geophysical log responses  at the

Southman Canyon gas fie7din the Shell Southman  Canyon Unit, no. 7. .The cores

consist of fine- to very ffne 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 sme units. The sandstone  units commonly contain higher-dangle cross-

streta‘near their bases, and ttrey grade upward into horizontally thin-bedded

units tiat are commonly very contorted and rich in silt and clay. Root traCeS

are comnon  in the contorted and convoluted mcks, and they almost everywhere

Contain coal fragments and other carbonaceous organic mtter.
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PETXOG2APHY

Thirty-pi ght samples of sandstones  and siltstDnes  'tier0 taken frcm cores

cut between gas-producing intervals in the :4esaverde  Group (Campbell and

Bacon, 1976, pl. 1). Two thin sections were prepared from eacfi sample; one

section was impregnated  with blueidyed epoxy to aid in definition  of

porosity. One-half of this section was stained with Alitarin  Red S to

distinguish calcite. The other section. wasstained for potassium and

pl agiaclase feldspatr. Modal analyses were made by counting 300 points on one

thin section for each sample. The results of the modal analyses are

summarized  in Table 1; results for each cored interval are given in ii gures 3-

6. One siltstone  was examined, but its rodal analysis is not included in the

Table or Fi.gures. Using Folk's classification scheme (Folk, 1974, p. 1291,

the sandstmes*are primarily  li thareni-tes and sublitharenites (Fig. 7).

Figure 7.0-NEAR HERE

Detrital Mineralogy .--+lonocrys*~lline  quartz is tie dominant  mineral in

most samples, comprising 25 to 55 percent of the framework grains; quartz is

most abundant in the Nesl en Formation. Polycrystalline quartz grains ar2

uncommon, and extinction  is fairly straight. Few grains show sign of strain.

Detrital feldspars comprise only 1 to 5 percent of the framework grains;

potassium feldspar  is slightly more comn than plagiocl ase. Feldspar3 are

less abundant in the Neslen Formation  than in the overlying Tuscher and Farrsr

Fonations.

12
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FELDSPAR

Sublithercni;a

Symbol Oepth Sclow  Surface

( in smeLtfs  1

1641.2 - 1654.8’
1793.1 - 1808.4

18to.4 - 1 8 9 2 . 3
1961.7 - 1976.9
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Igneous and fine-grained sedimentary  rock fragments account for as much

as 20 percent of the material in t!!e samples examined. up to s percent

'chert is present in some samples; it is slightly more abundant  in Lhe

Tuscher and Farrer Formations. Only trace amounts of volcanic rock

fragments were identified in the Tuscher Formation;  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 thrcugh the interval studied,

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

fragments are rare.

Mechanical Deformation ,--The depth of the samples ranges from 1,641 to

.1,977 m. The types and distribution of grain contacts are very Similar to

those described by Taylor (1950). There is no evidence to suggest .that the

rock3 were buried significantly  deeper in the past. There appears to have

been more intense deformation  in the deeper Neslen samples, al though the types

of grain contacts 40 not change, nor does apparent porosity. ?ost-

depositional mechanical deformation  was relatively ainor. Mica shards are
_..

commonly bent, and a few pl agioclase  grains are broken. Some quartz grains

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

‘Figure 8.--NEAR  HERE

significant, in tens of porosity reduction and therefore, of reser\rOir

quality, is the sque2ting of soft rock fragments betdean more resi stunt

derrital frsmework grains (Figs. 88, Cl.

13
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Oiagenetic Mneraloqy.--Evidence  of chemical and physical diagenesis  is

found throughout the entire sequence of samples examined. Chemical

di agenesis is mar2 widespread and includes silica overgrowths on quartz

(Figs. 9A, LOO), carbonate and clay cements, partial to compl et2 rep1 acement

Figures 9 and 10.~-EAR HERE

of quartz, feldsparo, and rock fragments by clays and carbonates,  and pore

linings and fillfngs of kaolinite and illite. Quartz overgrowths are commonly

euhedral, indicating  growth into' open space. Recognition of the overgrowths

is sometimes facilitated by the presence of very thin "dust rings," formed by

chlorite or other clay minerals. Partial to extensive leaching  of Feldspars,

especially  of plagioclase,  is fairly common (Fig. 981. The leaching, in
l

addition to creating porosity, may provide small quantities of elements  in

solution; which may subsequently  be incorporated in other diaginetic

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 have

devitrified,  at least t;j some extent,

Oolomite and ankerite are found in roughly constant amounts throughout

the interval studfed. Calcite is less abundant, and its abundance decreases

with depth; none was identified, either in thin section or by X-ray

diffraction,  in the deeper Neslen samples. The carbonate minerals  occur as

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

quartz, feldspar, and rocfc fragments.

14
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Petrographic axami nation reveals distinctly toned carbonates  (Fig. 841;

in addition, study of selected samples ?tiith 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). Oolomite and ankerite

are commonly  ~ntergrown. Preliminary data suggest that dolomite (which

contains very-little iron) occurs n&t commonly in the central portions of

intergrowths; ankerite 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) siderite, in minor amounts, is found

only in the deeper samples, and (cl siderite  appears 31 largely replace

ankerite as the iron-bearing carbonate mineral phase.
.
Clay minerals, identified  by X-ray diffraction  of bulk rock samples, are.

kaolinite,  illite, and small quantities of chlorite; clay mineral separations

have not been done. Clays occur as detrital rock fragments (Fig.  3C),

replacing quartz, feldspar, and rock fragments (Figs. 98, C), and lining and

filling pores (Figs. 90, E), Chlorite, seen only in very minor quantities  in

thin section and by X-ray diffraction, occurs primarily as isolated gr,ains,

which probably formed by replacement of ferromagnesian (?I minerals. It is

very rarely seen replacing  quartz, where it formed prior to quartz

overgrowths.
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Kaolinite and illit are found throughout the entire section, but account

for only a few percent of the volume of the sandstones  studied. Kaolinite is

probably slightly mar2 abundant than illite; it occurs as pore fillings (Figs.

90, 100) and is corrPnonly  intimately  associated with illite (Figs. 9E, ICO).

Illite is commonly seen replacing, partially  to completely,  rock fragments

(Fig. 9C), replacing feldspar (Fig. 991, and partially  lining pores (Fig. 9E),

where it may or may not be associated with kaolinite.

PETROGENESIS

Sedimentary nonmarine  units cored at Southman Canyon gas field ar2

generally fine grained and moderately well sorted. Examination  of the

sandsAgnes  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 interval.

16
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Effects of mechanical deformation,  as shown by deformed micas, squeezed

rock fragments, and strained Or broken framework grains, are relatively

minor. No evidence  of apervasive fracturing  was observed in thin section,

although fractures were detected in one core. Grain contacts are most

cornmanly long or concavobconvex (Taylor, 1950); only rarely are sutured

contacts seen, and these are probably inherit& from detri,tal igneous rock

iSfragments. Grain contact relatfons  are often somewhat obscured by what

interpreted as disIntegratfon of polycomponent igneous rock fragments-
-.- I._^.

Features normally associated with mechanical deformation,  such as extens

fracturing or abundant  sutured contacts, are not.present;  their absence

ive

suggests #at burial has not been significantly greater than that now found.

Although  compaction reduced porosity somewhat,' the reduction was more than

offset by later leaching. It is possible that compactio'n  was hi-nderod by
.

early carbonate cmeflt,.

The numerous diagenetic changes observed in the sandstones  indicate a

variety of changes in pore fluid chemistry throughout the history of the

mcks * The paragenetic sequence outlined in Figure 11 summarizes tie

diagenetic  sequent,= thought to apply tn this sequence of nc!cs.

Figure 11. --NW HERE
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Following deposition, a thin coating of chlorite  formed on a few quartz

grains. The sparse 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 overgrowths 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 ng o c c u r r e d  after deformation. Many of the quartz overgrowths are

euhedral in part, and gm into open pores, These quartz overgrowths probably

formed before appreciable compaction occurred.

Leaching, primarily of carbonate minerals and rock fragments, restored

much porosity which had be& lost due to chemical precipitation of minerals

(carbopatz?) and.to compaction. Determinatfon of the exact time when leaching

first occurred fs complicated by the uncertain  histojl of early carbbnate

mineral formation. The secondary pores (Schmidt and others, 1977; Hayes,

1979) created by leaching are,rarely  larger than 75 'VIII; those in leached (or

recrys~nllized)  rock fragments ar,a on the order of 1 INI (or less) across.

Larger pores are due to removal of unstable detrita? framework grains, e.g.,

feldspars, or in some cases to removal of carbonate minerals, which may

themselves be secondary. Although  some leaching  may have occurred after

kaolinite and illite formed, post-clay  leaching was minor.

Much of the secondary pomsity created by leaching was subsequently

modified by gmwtb of kaolinte and illite within pores. It appears that .most

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

redeposited locally.
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Although  it is clear from petrographic,  X-ray diffraction,  and microprobe

examination  that dolomite, ankerite, calcite, and minor amounts of siderite

are mineral cements, the paragenetic relations of the carbonate  cements in the

system are not completely  clear. With the possible exception  of some minor

amounts of micmcrystalline 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 void fillings  (Figs.

8A, LOA), and as replacements of detrital grains, probably of feldspar (Fig.

lomi te-SOC). Zoned carbonate cements (Fig. 8A) are thought to be primarily do

ankerite; this belief is supported by microprobe data, which show sharp

boundaries between low*imn dolomite  and ankerite.  Ankerite appears

peripheral tu.dolo~~ite and rpay have for%ed by partial conversion of dolomite

(of cajcite) by iron-rich solutions (Muffler and 'r(hi$e, 1969). ?artial

dis&lution of iron-bearing sedimentary  rock fragments could provide iron in

solution. Petrographic evidence clearly shows that calcite commonly replaces . .

dolomite  and (or) ankerite, and suggests tha t iron and magnesium in solution

decreased with time.
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'r(ith the exception of minor quantities  of chlorite, clays are largely

restricted to authigenic  kaolinite and illite. Iyi nor amounts of detrital

clays were identified  by the SET4 study, but no evidence of mechanically

infiltered  clays was detected. No positive evidence of mixed iayer clays was

noted, but it is possible that clay+rtineral  separations  would have isolated

small quantities of these clays.. The early clay-forming solutions were

apparently less rich in potassium than wer,- the fluids later responsible for

the fonation of illite. Kaolinite appears to be slightly earlier than illite

and is restricted to growth in open pores (Figs, 90, LOCI). The platy nature

of kaolinite, and its distribution,  makes it especially  sensitive to flowing

fluids, such as might be encountered in well completion  or stimulation.

Il*lite in same cases appears to be replacfng  kaolinite,  a feature also noted

by Hancock and Taylar (L978, pl. 1 F, 2 0). ,The saurce of potassium in illite

'is nbt completely clear, although dissolution  of potassium felldspar may be

responsible. 'rlhile potassium feldspar is never abundant, X-ray diffraction

data suggest a slight increase in illite and a slight decrease in potassium

feldspar  in the deepest core samples (in the Neslen Formation). Sllits is

commonly detected rap1 acing, generally extensively,‘fine;grained  sedimentary

rock fragments (Fig. 9C).

DSSCUSSION

'r(e be1 ieve the cored rocks were deposited in fluvial channels, but

limited infonation preciudes our determining the geometry and size of the

subaerial streams. If comparison to exposures along the aook Cliffs is

reasonable, individual  channels in the Tuscher-Farrer interval that Was cored

were probably no more tian a few tins of meters wide, and those of The Zeslen

were less.

20
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Although the basic physical and chemical characteristics of the rocks are

established by the lithologic  characteristics related to their deqositional

history, these conditions  may be subsequently  modifitd, often dramatically,  by

di agenetic processes.

As would be expected in fine-grained sandstones, most of the observed

pores are small, usually less than 60 lm. Many pores formed by leaching  (thus

forming secondary porosity) are on the order of 0.1-10 wn. The ma7 1 er pores

are very sensitive to modfffcations by subsequent diagenetic  effects (e.g.,

linings, coating, or bridging  by authigenic clays), and pore tbmats may be

. easily plugged by movement of clay-size fines.

Measured pomsities,for sandstones  from the Shell Southman Canyon Unit

no. 7 well range between about 3 and 13 percent. These values agree with the

ranges detenined by other investigators  for stratigraphically similar

sandstones in other parts of the Ufnta gasin (U.S. Dept. of Energy , 1979, p-

27; 1980a, p. 23, 1980b, p. 2-l; Keighin and Sampath, 1980, Table II.

According  to Beard and !42yl (19731, sediments with these characttristics have

an initial porosity on the order of 35 percent and peneabilities of about 2

to 7 darcies. Although determination  of modal (thin section) porosity is nou
-

commonly and easily cone using thin sections impregnated with blue-dyed epoxy

(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 pomsities to be hfgher than measured pomsities, oftsn

significantly. It is apparent that pomsfty may change dramatically  over

short vertical distances due to the variation  in grain size, the degree of

cementation,  and the presence of silt or clay laminae.
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Several investigators  (Hclatchie and otbers, 1959; Vairogs and others,

1971; Thomas and 'dard, 1972; Jones and Owens, 1979; Keighin and Sampath, 1980)

showed that porosity decreases only slightly (usually less than S percent) as

confining stress is increased  to approximate that of reservoir conditions.

Permeability in low-permeability sandstones  is, however, drastically  reduced

by increases in confining pressure. The permeabilites, measured at surface
e

conditions, for tire 1owbpelTneabiliVf  .sandstones  in the Uinta Basin- are

con~~~~nly  in the range of 0.02 to L md; these values decrease by as much as 80

percent when subjected to confining pressures of 34.5 MPa (5,OOC psi). It

appears that par,- 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 bemeen pores is tie

l presence  of convoluted bedding. Whether due to bioturbation or to soft-

sediment deformation, induced irregularities in bedding surfaces, if

extensive, further complicate reservoir  drainage. The commn occurrenc2 of

disturbed beds is shown in Figures 3, 4, 5, and 0'. 6ecause of Lhe limited

availability  of core mattrial, we do not know the extent or continuity  of

these disturbed beds, but it seems reasonable  that they are cotman in other

fine-grained,  channel-famed 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 pores and coat grains, thus altari ng pore geometry, may modify the

response of resistivi ty logs and affect calculated water saturation and the

interpretation  of sonic and neutron logs (Almon, 1978). Investigations  by

Texas A & M (U.S. Oept. of Energy, 1980a, p. 23) show that carbonate cement

also infhencas porosities calculated from sonic and (or) density logs. If a

standard sandstone matrix density (2.65 gm c& is used for porosity

calculatfons from density logs in a highly carbonate-cemented  zone, porosity

will be underestimated, Conversely, if a higher (e.g., 2.68 gm cc-l) matrix

density is used in the calculations,  pomsities will be overestimated in zones

with 1 ittle carbonate cement, The importance  of knowing the mineralogic

characteristfcs of the rocks seems obvious.
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Apparent in all cores is the relation bettieen borehole  geophysical log

response and lithology. In at 1 east three of the four cores (no logs were

avail able for the deepest core), the highest energy crossbedding seems to

correspond with low-g- ray and good SP (Figs. 4, 6). This is to be

expected, and these logs could probably be used to delineate  channel

sandstones. However,  ti.ese same higher energy sandstones  also seem to be
a

tones of the highest amounts of carQon&te 'c&e& which is displayed as zones

of high resfstivity- One normally expects the highest values of resistivity

to occur in the lowest 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 beds (possibly with better initial pomsiW and.

permeability)  are preferentially ceqented by carbonate minerals,  and, '

therefore are not good reservoirs, It is also probable, although the evidence

is sparse, that these higher energy sandstones are pre7erentially fractured.

Figure 4 illustrates  such a highly resistant carbonateicemented  sandstone that

contains mineral-filled fractures. To the extent that carbona&ti cements are

found in higher energy beds, diagenesis  may be related to s2dimentologic

setting. If this is &ue, #en the higher energy beds, normally considered to

be preferential exploration targets, may be poor choices, at least locally.

If natural open fractures are present in the carbonate-cemented  (and more

brittle) sandstones,  these fractures  may enhance permeability by allowing

communication bet?iJeen avail abTe pore space.
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Coal and carbonaceous claystone beds are abundant in some strati graphic

units, but they are absent in thick sequences of the Yesaverde Group in the

study area. However, even in the absence of coal and carbonaceous claystones,

herbaceous organic matter exists in great quantities along laminae of many

sandstones 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 saurce of the gas recovered from

these rocks.

Unfortunately,  cores were not taken in producing  intervals of the

Southman Canyon well. However, sandstones of the Neslen that bound the cored
t .

intervals  are productive. 'rie, tierefore, suggest that pm&ctive sandstone

reservoir rocks are similar to those sandstone cores that we examined.
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Figure 1.-- Index map of northeastern Utah showing exposure of sme Upp2r

Cretaccous  and Tertiary rocks, oil, and/or gas fields; approximate line of

section (A-4') illustrated in Figure 2; and sit2 of core samples.

.
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Figure '2. -4iagrammatic cross-section A--A' of Upper Cretaceous  and lower

Tertiary rocks from the Yasatch Plateau to the Utah-Colorado boundary;

Figure 1 shows be approximate line of section. The major rock groups and

stratigraphic nomenclature commonly applied to these rucks are shown in the

cross-section.
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Figure 3A. --Symbols  used in graphic sxtions.

Figure 38. --Graphical representation of rock types, general bedfornrs, and

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

in tile She1 1 Soutiman Canyon Unit no. 7. Figure 1 shows the location of

this well. Geophysical logs are not availabi'e for tie interval.

.
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Figure 4. --Graphical representation of rock types, general bedforms, and

summary of petrographic examination in units cored bet'*reen 1,880 and 1,890 ;il

in Shell Southman Canyon Unit no. 7. Figure 1 shows tie 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  potential log. Solid line tn right of bedfor;ns 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 location of this

we1 1. Symbols used to illustrate  lithology are defined in Figure 3. Log

representations are as in Figure 4.

-.- s-n-
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Figure 6. --Graphical representation of rock types, general bedforms, and

summary of petrographic examination in units cored bet-&em 1,541 and 1,655 m

in Shell Southman Canyon Unit no. 7. Figure 1 shows t!!e location of this

well. Symbols used to illustrate  lithology  are defined in Figure 3. Log

representations are as in Figures 4 and 5.

.
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Table 1 .-&Summary of modal measuwnents of sandstone  samoles, Shell Soutbman

Canyon Unit, no. 7 (NW1/4NW1/4, sec. 24, T. 10 S., R. 23 E.).
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Figure ‘I.--Wneral composition of framework grains and sandstone

classification (Folk, 1974, p. 129) of the sandstones  in the Soutbman Canyon

Unit, no. 7 well. The samples be*crceen 1,625.5 and 1,308.5 ;n are assigned to

the Tuscfier and Farrer Formations,  undiffsrentiated; those samples bet%een

1,880.6 and 1,976.g m are assigned ELI the Neslen Formation.
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Figure.a.--Effects of mechanical deformation  are generally rather minor. A,

?hotomicrograph illustrating  por,a-filling intergranular carbonate, (Cl (two

generations(?))  abutting strained  detrital quartz, (Q) grain wit5 a silica

overgrowth (0). Crossed polars, depth 1,776.4 m, 6, Photomicrograph of

1 ightly deformed volcanic rock fragment (2~) quart2 (Q), compacted chert

(2~) fragment, and intergranuTar secondary carbonate (Cl; pore partially

filled with authigenic clays. Plain light, depth 1,644.j m. C, Scanning .

electron micrograph of detrital clay (+) clast (?) squeezed between detrital

quartz (9) grain, and partially altered xtatrix (MI. Depth L,795.1 m.

.
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Figure 9. --Oi ageneti c modifications have reduced primarjr porosity, but have

created secondary porosity through leaching. A, Photomicrograph of detrital

quartz wi*th silica overgrowths almost completely  filling pore space. Silica

overgrowths are usually not this extensive. Plain light, depth 1,653.8 m.

3, Scanning  electron micrograph of extensively leached feldspar, and

authigenic pare-lining i77itec Oepth 1,801.5 m, C, Scannfng electron

micrograph of authigenic quartz (Q) and intergranular matrix (possibly a

chart grain now 1argeTy altered to illite). Oepth L,880.1 m. 0, Scanning

electron ndcrograph of abundant authigenic  cTay~-primarily  platy kaolinite

(!o--lining pores. Depth 1,644.5 m. E, Scanning electron micrograph

illustrating relationships between authigenic illite (I), kaolinita (XI, and

quartz IQ). Authigenic minerals forms pore linings with a very high surface

area. Oepth 1,801,5 m. *
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Figure lO.--Carbonates occur in intergranular pore space and as

replacements. A, Photomicrograph of authigenic,  pore-filling carbonate

(energy dispersive  spectroscopy  suggests the carbonate  is ankerite). Depth

1,882.S me 3, Photomicrograph of detrital chart (2~) grain containing

rhombs of authigenic  carbonate (+), Plain light, depth 1,974 m. C,

Photomicrograph of sparry, void-filling carbonate (Cl and carbonate (Crj.

which appears to have. completely  replaced a felds$ar (?I. grain- Clay-

bearing carbonate (+-I is intergranular between detrital quartz grains.

Plain light, depth 1,643 m. 0, Photomicrograph illustrating authigenic

pore-filling kaolinite  (K), authigenic illite (I) replacing  (?) matrix or

quartz, detri tal quartz (Q), and authigenic carbonate (C) rep1 acing a Chert

(2~) grain, and minor pore space (P). Plain light, depth 1,974 m.

.
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Figure 11. --Suggested paragenetic sequence for sandstines  at Southman Canyon.
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