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NATURAL GAS ACCUMULATIONS IN LOW-PERMEABILITY
TERTIARY AND CRETACEOUS
(CAMPANIAN AND MAASTRICHTIAN) ROCK,
UINTA BASIN, UTAH

Thomas D. Fouch, Craig J. Wandrey, Janet K. Pitman, Vito F. Nuccio,
James W. Schmoker, Dudley D. Rice, Ronald C. Johnson, and Gordon L. Dolton
U.S. Geological Survey, Lakewood, CO

EXECUTIVE SUMMARY

Most known accumulations of nonassociated gas
in the Uinta Basin occur east of the Green River where
they are developed within rocks of the Campanian and
Maastrichtian Mesaverde Group, Maastrichtian to lower
Eocene North Hom Formation, and the Paleocene and
Eocene Wasatch, Colton, and GreenRiver Formations.
Most gas is produced from fields developed near the
surface trace of subsurface faults and fractures. The
productive oil and gas-bearing rocks can be divided
into three groups of common reservoircharacter. Group
1is composed of oil- and associated gas-bearing deeply
buried overpressured Tertiary rocks that are character-
ized by reservoirs whose in situ matrix permeability
values are near, and are commonly below, 0.1 md and
whose porosity values (most porosity being second-
ary) average S percent, ranging from 3 to 10 percent.
These strata contain open fractures and transmissivity
(T = permeability x height) values through producing
intervals that are commonly high. Group II rocks are
characterized by combined primary and secondary
porosity values of 10 to 16 percent in normally pres-
sured Tertiary oil and associated gas reservoirs whose
matrix permeability values may be as high as 1d.
Transmissivity values for such sequences can be rela-
tively high because of their high matrix permeability.
Group Il rocks include nonassociated gas Tertiary and
Cretaceous sandstone reservoirs that commonly con-
tain porosity values ranging from 8 to 16 percent, but
whose in situ permeability throughout the pay or gas
producing section is 0.1 md or less to gas (exclusive of
fracture permeability). They are classified as tight gas
sandstones. Transmissivity values for productive “tight
gas” intervals are very low because of relatively few
natural open fractures.

Channel-form sandstone units are the principal
reservoirs for both oil and gas in the Uinta Basin.
Tertiary channel sandstones on surface exposures of

the basin’s south flank can be separated into two
distinct types with respect to geometry and width/
depth (W/D) ratio. Type I is characterized by a tabular
geometry controlled by a planar lower bounding sur-
face, an average channel depthof 7.6 m, and an average
W/D ratio of 8.9. Type Il bodies are characterized by
a lenticular geometry, by an average channel depth of
5.7 m, an average W/D ratio of 3.6, and a concave-
upward lower bounding surface. The size of individual
channel sandstone bodies (and therefore reservoirunits)
is largely dependent upon induration of the substrate
across which streams flowed.

Some structural discontinuities that cut the Creta-
ceous and Tertiary units of the basin represent reactiva-
tion of covered structures associated with the ancestral
Uncomphagre structural element. Some nonassociated
gas has migrated from Cretaceous source rocks through
a permeable network of faults and fractures in Creta-
ceous and Tertiary strata to the slightly overpressured
and normally pressured reservoirs of the Mesaverde
Group and Wasatch Formation in the eastern and
southern parts of the basin. Although permeability
values are low for many sequences, natural fractures
evidently provide major conduits to move fluids and
gases to the wellbore in otherwise relatively low-
permeability strata. An evident lack of significant
natural open fracture systems in impermeable strata of
the southeastern part of the Uinta Basin (area of tight-
gas production) has resulted in very low producibility
except for those isolated zones composed of porous
sandstones.

Projection of maturity values and fluid-pressure
data to undrilled parts of the basin, and the current
subsurface temperatures indicate the probability of
regional, overpressured, basin-centered gas accumula-
tion in Cretaceous rocks, where gas generation is likely
to be occurring at present.

Based on chemical and isotopic composition, two
classes (types) of thermogenic gases have been identi-
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fied in the Uinta Basin. Class A is nonassociated,
chemically dry, and isotopically heavy. This gas is
interpreted to have been gernerated from oxygen-rich
kcrogen primarily in the Mesaverde Group at high
levels of thermal maturity (late catagenesis-metagen-
esis). This gas occurs in both Mesaverde and Wasatch
reservoirs over a wide depth range in the greater
Natural Buttes field area.

Class B gas is chemically wet and isotopically
light, and it is associated with oil. Class B gas was
generated during time of major oil generation
(catagenesis) and from hydrogen-rich kerogen typical
of Green River Formation open-lacustrine facies.
Thermogenic hydrocarbons were generated in the deep
part of the basin to the north (Altamont-Bluebell field
area). The presence of Class B (associated?) gas in
shallow, thermochemically immature reservoirs in the
area of the Red Wash field indicates extensive lateral
migration from the Altamont-Bluebell field area. This
interpreted direction of gas migration (eastward) is the
same as that for fluid flow as interpreted from fluid-
pressure data.

Plots of porosity values versus vitrinite reflectance
values (R_, for Mesaverde Group sandstones from the
Piceance and Uinta basins, between 0.70 percent and
1.8 percent and in the window of hydrocarbon genera-
tion, show that porosity values in Cretaceous rocks do
not decrease as thermal maturity increases.
Overpressured, gas-saturated Mesaverde sandstones
are likely to have porosity values in the 5 percent to 9
percent range.

A large area of overpressured Cretaceous strata
probably underlies the north-central part of the Uinta
Basin. Wells drilled in the areas where R_ at the base
of the Mesaverde is greater than 1.1percent should
have the best potential for future gas production. Over-
pressured gas reservoirs (R_>1.1percent) are likely to
have no free water and to be covered and bounded on
the margins by successive zones of mixed water and
gas (R_ 1.1 percent to 0.75 percent), and of water only
(R_ 0.75 percent).

INTRODUCTION

Gas-bearing Cretaceous and Tertiary strata have
been identified in drill holes distributed over much of
the eastern and north-central parts of Uinta Basin, Utah
(figs. 1, 2, and 3). Most known accumulations of
nonassociated gas are associated with fields that occur
east of the Green River where they are found within
rocks of the Upper Cretaceous Mesaverde Group,
uppermost Cretaceous to lower Eocene North Hom

Natural Gas in Cretaceous and Tertiary Rocks

Formation, and the Paleocene and Eocene Wasatch,
Colton, and Green River Formations (figs. 4, 5, 6, and
7). However, the Altamont-Bluebell producing com-
plexlies west of the river and contains a major accumu-
lation of gas associated with oil developed within
Paleocene and Eocene reservoirs of the Colton (Wasatch
of some authors), and Green River Formations.

The Tertiary tight-gas reservoirs have historically
been the focus of exploration for gas in the Uinta Basin.
The vast majority of successful tight-gas completions
have beenin Tertiary strata. Successful completions in
Cretaceous rocks are few and data sufficient for analy-
sis of Cretaceous units are likewise sparse. A number
of companies are currently very active in Wasatch gas
exploration. Some are attempting to complete in
Upper Cretaceous Mesaverde gas-bearing rocks where
they underlie the productive Tertiary units and where
gas from each formation can be commingled. Spencer
and Wilson (1988) and Nuccio and others (1991) (also
see Spencer and Law, 1988; Law and others, 1989)
suggest that comparison of the geologic setting of the
deeply-buried rocks of the Uinta to those of other
Rocky Mountain basins, indicates that much of the
Mesaverde Group in undrilled areas of the basin will be
prospective for gas.

A number of informal expressions such as tight,
unconventional, and conventional have been used to
characterize the gas reservoirs of the basin. The
distinctions among the terms are vague and poorly
defined. The terms represent rather arbitrary distinc-
tions and applications. However, in general, Uinta oil

112° 110° 108*
‘20 T

40°

380

Figure 1. Index map of northeast Utah and northwest
Colorado. Study area is shaded.
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Figured. Generalized structural-stratigraphic cross section A-A’ which extends from outcrops on the southwest flank of the
Uinta Basin, through Duchesne and Altamont-Bluebell oil fields, to the north-central part of the basin (modified from Fouch,
1975). Stratigraphic names projecied into the line of section are those commonly assigned (o the units and follow the usage
of Fouch (1976), Ryder and others (1976), Bryant (1991), and Bryant and others (1989). See figure 3 for approximate line
of section and figure 2 for fields. Patterns show environment of deposition for sediments.

and/or gas reservoirs have been characterized as being
unconventional in areas where they seem to form a
complex where few wells are economic, and where the
productive section is composed of seemingly unpre-
dictable discontinuous porous and nonporous zones
within an overall sequence of impermeable rocks
(Keighin and Fouch, 1981; Pitman, Fouch and
Goldhaber, 1982). Conversely, the expression con-
ventional has been applied to those reservoirs that form
acomplex of relatively predictable and relatively con-
tinuous zones of porous and permeable units for which
hydrocarbon discoveries are equally predictable, and
economically viable wells are numerous. This ap-
proximate characterization was used by Spencer and
Wilson (1988) in their assessment of the basin’s con-
ventional oil and gas resources. It is clear that the
unconventional can become conventional with changes
in economic, experience, and technology factors.

The Federal Energy Regulatory Commission Or-
der 99 (1980) defined a tight reservoir as one whose in
situ permeability throughout the pay or gas producing
sectior: is 0.1 md or less to gas (exclusive of fracture
permeability). As a result, many Uinta Basin gas
reservoirs have been (escribed as being tight and have
qualified as being tight, although core-plug porosity
values for these tight reservoirs vary greatly and range
from 1-16 percent (Boardman, C.R.,and C.F. Knutson,
1980; Knutson, C.T., Hodges, L.T., and Righter, S.B.,
1981; Keighin and Fouch, 1981; Fouch 1985; Pitman,
JK., Anders, D.E., Fouch, T.D., and Nichols, D.J.,
1986).

This report characterizes Upper Cretaceous
Campanian and Maastrichtian, cnd lower Tertiary gas-
bearing rocks in the Uinta Basin with special emphasis
on those units that contain gas in reservoirs that have
been described as being tight. The report was prepared
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Figure5. Generalized structural-stratigraphic cross section A-A’ which extends from outcraps on the southwest flank of the
Uinta Basin, through Duchesne and Altamont-Bluebell oil fields, 1o the north-central part of the basin (modified from Fouch,
1975). Section shows common stratigraphic markers projected into the line of section. See figure 3 for approximate line of

section and position of control points.

for the U.S. Department of Energy whose Westemn
Tight Gas Sandstone Program cofunded much of this
research in conjunction with the U.S. Geological
Survey’s Evolution of Sedimentary Basins, and On-
shore Oil and Gas Prograrns.

GAS-BEARING STRATA

Regional Framework

Most reservoirs are lenticular fluvial sandstones
that occur within two major sedimentary systems.
Figure § illustrates these two systems in a chronostrati-
graphiccross section C-C’ thatextends from exposures
in central Utah to those along the Book and Roan Cliffs
that mark the southern edge of the Uinta Basin. In the
first sedimentary system, Upper Cretaceous imperme-
able fluvial rock reservoirs occur within the Blackhawk,
Castlegate, Sego, Neslen, Farrer, Tuscher, and Price

River Formations which are assigned to the Mesaverde
Group. A second sedimentary system consists of
Tertiary rocks that occur in the Maastrichtian to lower
Eocene North Horn Formation, and in the Paleocene
and Eocene Wasatch and Colton Formations. Locally,
fluvial sandstones of the Eocene part of the Green
River Formation are tight-gas reservoirs but many
operators frequently group the fluvial Green River
reservoirs with those of the Wasatch Formation when
applying stratigraphic terminvlogy.

Stratigraphic identifications used in making maps
and sections are based on comparison of the wireline-
log character (signature) to that of published identifica-
tions (character of tops and markers), and to other
surface and subsurface lithologic characteristics unique
to individual formations. The stratigraphic data base
includes more than 1,500 identifications by us and
more than 23,000 from other sources. In general, we
use for the stratigraphic identities the subsurface mark-
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basin to the Island gasfield (modified from Pitman and others, 1982). S ubsurface markers of Fouch(1975,1981 ), and Fouch
and Cashion (1979) are shown to provide a basis for comparison. Section and control points are shown in large scale and
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Figure 7. Cross section A-A’ which extends from outcrops on the southwest flank of the Uinta Basin, through Duchesne and
Altamont-Bluebell oil fields, to the north-central part of the basin (modified from Fouch, 1975). Section shows producing
intervals for many of the basin’s fields projected into the line of section. Stratigraphic markers are those commonly assigned
t0 the units and follow the usage of Fouch, (1975), Fouch (1976), Ryder and others (1976), and Fouch, 1981 . See figure 3
JSor line of section, and figure 2 for sites of hydrocarbon accumulations.

ers defined, identified, and illustrated in Chatfield
(1972); Keighin and Fouch (1981); Fouch (1975,
1985), Fouch and others (1976, 1981, 1983); Fouch
and Cashion (1979); Ryderand others (1976); Cashion

stone units, their porosity and permeability values, and
their geometries. The subdivision has been used to
construct several maps for use in the assessment of gas
resources. These maps and sections help characterize

(1972); Cashion and Donnell (1972, 1974); Hendel
(1957); Pitman and others 1982); Pitman and others
(1986); R.C. Johnson (1935, 1989); Speaker (1946);
Fisher and others (1960); Owen, and Whitney (1956);
Lucas and Drexler (1976); Picard (1957); Osmond
(1985), Colburn and others (1985); and Walton (1964).

This stratigraphic subdivision serves as a frame of
reference forquantifying the number of reservoir sand-

and quantify that part of the stratigraphic section that
either is known to be, or may be, gas-bearing.

The uppermost Cretaceous and lowermost Ter-
tiary strata dip between 4° to 6° north from the Book
and Roan cliffs and are penetrated in the subsurface of
the north-central part of the basin at the Altamont-
Bluebell complex between 10,000 ft and 20,000 ft (see
figs. 4, 5, & 6).
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Figure 9 is a map that shows major faults and
gilsonite veinsin fractures in the Uinta Basin. Informa-
tion on the structural composition of the basin was
derived primarily from Cashion (1973), Campbell
(1975),Ryder and others (1976), Fouch (1975), Rowley
and others (1985), and Bryant (1991).

Much of the gas production is from fields devel-
oped along the trace of faults and fractures in the
eastern part of the basin (also see fig. 2). The trend of
the gilsonite veins and several of the fault zones in the
southern and eastern parts of the basin appearto overlie
and coincide with the position of the Douglas Creek,
Seep Ridge, and Gar Mesa faults (see figure in Stone,
1977). Stone (1977) demonstrated that these major
faults developed along the north and northeast flanks of
the Uncomphagre uplift in the region of the Uinta
Basin during the late Paleozoic and Mesozoic. We
suggest that the structural discontinuities that cut the
Cretaceous and Tertiary units of the basin represent
reactivation of buried structures associated with the
ancestral Uncomphagre. We believe that gas has
migrated from Cretaceous source rocks through a per-
meable network of faults and fractures in Cretaceous
and Tertiary strata to the slightlly overpressurred to
normally pressured reservoirs of the Mesaverde Group
and Wasatch Formation in the eastemn and southemn
parts of the basin.

Campanian and Maastrichtian Cretaceous Rocks

Paleogeographic maps and cross sections charac-
terize and portray the primary sedimentologic and
stratigraphic composition of the basin’s hydrocarbon-
bearing strata. Figure 10 is a detailed
chronostratigraphic diagram extending from central
Utah to the boundary between Colorado and Utah (C-
C’ onfig. 3). Figure 11 is a stratigraphic cross section
extending east from Price Canyon to east of the Sego
Canyon (D- to near C’ on fig. 3). These diagrams
illustrate the depositional, stratigraphic, and ternporal
framework of Campanian through Eocene rocks in the
Uinta Basin. In addition, they provide a basis for
comparison of paleogeographic maps for selected time
intervals such that the three-dimensional framework of
the area can be realized.

Figures 12, 13, and 14 are paleogeographic maps
that correspond to periods of time represented by the
Westemn Interior molluscan fossil zones and their abso-
lute age equivalents (see fig. 10). The figures collec-
tively indicate the stratigraphic and sedimentologic
composition of Mesaverde rocks in the basin. Penetra-
tions of the Mesaverde Group in regions other than at
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the margins of the basin are few. In addition, most
Mesaverde tests lie east of the Green River. Successful
completions in Cretaceous rocks are few and data
sufficient for analysis of Cretaceous units are likewise
sparse. Some operators are attempting to complete in
Upper Cretaceous Mesaverde gas-bearing rocks where
they underlie the productive Tertiary units and where
gas from each formation can be commingled. How-
ever, in general, most gas encountered in Uinta Basin
tight sandstone of Cretaceous age has been in rocks
deposited in braidplain and coastal-plain settings. A
later discussion in this paperindicates that coastal plain
units that contain abundant woody organic matter are
a major source of gas in the basin.

Figure 15 is a structure contour map of the top of
the Upper Cretaceous Mesaverde Group. The
westernmost part of the basin has been excluded from
the map area because it contains allochthons of the
thrust belt. The sequence of reservoirs contained
within the Mesaverde section is anticipated to contain
the principal Cretaceous gas-bearing unit in much of
the basin. Figure 16 maps the base of that part of the
Upper Cretaceous Mesaverde section that we are con-
sidering in this study. For purposes of this study, the
map was constructed from interpretations of the base of
the Star Point Sandstone or Blackhawk Formations of
the Mesaverde Group, or the top of the Mancos Shale.
These markers represent a westward-downstepping set
where each marker is progressively older. Figure 17 is
an isopach map of the Mesaverde Group. Analysis of
information provided in figures 10 through 14 indicate
thatless than 10 percent of the Mesaverde sectionin the
Uinta Basin is ccinposed of marine rock. In addition,
for most areas in the study area, more than 70 percent
of the Mesaverde Groupis composed of sandstone with
the remaining portions being of mudrock, coal, and
sandy siltstone.

Paleocene and Eocene Rocks

Paleogene Lake Uinta strata in the Uinta and
Piceance basins, Utah and Colorado, record both long-
and short-term changes in climate and tectonic regime
(Fouch and Pitman 1991; Fouch and Pitman, in press).
Large, tectonically induced reconfigurations of the
lake gave rise to relatively thick (few to several thou-
sand feet), lithologically distinct stratigraphic se-
quences. Simultaneous changes in climate brought on
by variations in solar radiation initiated very rapid rises
and falls of the lake, as well as shifts in alkalinity and
salinity of the water that resulted in the development of
sedimentary and carbonate-geochemical cycles
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Figure9. Preliminary map showing gilsonite veins (dashed lines) and major faults (solid heavy lines) in Upper Cretaceous
andTertiaryrock of the Uinta Basin (from Fouch and others, 1991). Faults are taken from Campbell, 1975; R.W . Scott,R.C.
Johnson, and M.P. Pantea, personal commun., 1990; and L_F. Hintze, 1980.

(parasequences) of up to tens of feet thick. Tectoni-
cally induced stratigraphic sequences represent envi-
ronments that lasted several million years whereas
climate-induced parasequences lasted several thou-
sand years: together they brought on rapidly changing
conditions. The resuiting lake deposits which reflect
both tectonic and climatic cycles, now constitute the
principal source and reservoir rocks for petroleum in
the Uinta Basin.

Middle Paleocene to late Eocene lake deposits are
characterized by halite, sodium bicarbonate salts, and
kerogen-rich shales containing organically derived
carbonate minerals, indicating a highly organically
productive, closed hydrologic system during much of
theexistence of the lake. Strataare cyclic: some cycles

11

extend over a few thousand feet of section, correspond-
ing to a time span of several million years while other
cycles occur within fractions of an inch and probably
represerit approximately 1 year.

Throughout the lake system, a cyclic depositional
sequence in a marginal-lacustrine setting from oldest
to youngest consists of: (unit 1) mud-supported, lami-
nated carbonate rock or oil shale with a flooding
surface at the base shoaling to an ostracod-, pisolite-,
and (or) oolite-grainstone; (unit 2) mudcracked mud-
stone and (or) stromatolitic carbonate; (unit 3)
mudcracked overbank mudstone or sandstone; and
(unit 4) coalesced channel sandstone thatlocally eroded
down to the underlying carbonate (unit 1) and aggraded
laterally to form a composite sandstone sheet. Each
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Figure 12. Paleogeographic map including Mesaverde Group depositional-facies at the time of the Campanian marine fossil
zone of Baculites asperiformis and its nonmarine extensions (modified from Fouch and others, 1983). Refer to figure 10 for

the temporal position of the fossil zone.

interval within the sequence can vary greatly in thick-
ness and areal extent depending upon its position
within the depositional system.

Major open-lacustrine units reflect expansions of
the lake such as those associated with the carbonate
marker, Flagstaff Member, and Mahogany oil-shale
zone of the Green River Formation. They formed in
response to episodes of tectonic reactivation of re-
gional faults such as the subsurface Basin Boundary
fault of Campbell (1975) along the north flank of the
Uinta Basin. Large reconfigurations of the Lake Uinta
system are defined by unconformity-bounded sequence
boundaries. Strata that bracket these boundaries repre-
sent major cycles and consist of thick, lithologically
distinct tongues of open-lacustrine, marginal-lacustrine,
and alluvial rock extending over large regions of the
depositional system. Flooding surfaces documentmajor
episodes of shore transgression and record deposition

14

of open-lacustrine, mud-supported, laminated carbon-
ate rocks that make up the condensed section for each
sequence.

Green River Formation strata contain numerous
cycles of smaller dimensions than the large regional
sequences just discussed. Recurrent and continuing
climate change initiated very rapid expansions and
contractions (and rises and falls) of the lake as well as
shifts in alkalinily and salinity of its water. These
changes resuited in small- to large-scale sedimentary
and carbonate-geochemical parasequences within the
larger regional sequences. Solar radiation-induced
sedimentary and geochemical cycles are similar in
style to tectonic cycles, except that they commonly are
recorded within a sedimentary thickness of 10-100 ft
and represent a few thousand to tens of thousands of
years. In kerogenous open-lacustrine source rocks,
carbon and oxygen isotope profiles for calcite and
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Figure 13. Paleogeographic map including Mesaverde Group depositional-facies map at the time of the Campanicn marine
fossil zone of Baculites perplexus and its nonmarine extensions (modified from Fouch and others, 1983). Coastal-plainrocks
east of the Green River have yielded numerous gas shows in subsurface tests and organic matter within them is thought to
be a major source of gas in the region. Refer to figure 10 for the temporal position of the fossil zone.

dolomite show generally synchronous geochemical
cycles in which positive and negative excursions cor-
respond to cyclic variations in organic carbon content
and to changes in lithology. Small-scale carbon iso-
tope cyclicity in carbonate matter documents salinity-
induced changes in primary organic matter productiv-
ity and the amount of reduced carbon available for
carbonate precipitation via methanogenesis. Large-
scale carbon enrichment trends on carbonate curves
record the effects of progressive acetate metabolismon
the isotopic evolution of the inorganic carbon reservoir
inarestricted, extended-residence-time system. Smail-
scale cyclic variations in oxygen in carbonates are
related to climate-induced salinity changes that re-
sulted from alterations in hydrolegic balance during
the lake's history. Major oxygen trends on the carbon-
ate curves correspond to large-scale variations in lake

15

level and salinity due to large alterations in inflow-
evaporation balance coincident with major paleoclimate
changes.

The principal source and reservoir rocks for Ter-
tiary strata are controlled by the geometry of the
sedimentary cycles. Marginal-lacustrine channel sand-
stones comprise the principal reservoirs for oil and
associated gas in Tertiary strata, and alluvial channel
sandstones are the basin’s principal Tertiary (and Cre-
taceous) reservoirs for nonassociated gas. Tertiary
marginal-lacustrine channel sandstones in surface ex-
posures on the basin's south flank are parts of the
parasequences described above. They can be sepa-
rated into two types with respect 10 geometry and
width/depth (W/D) ratios (Szantay and others, 1989;
Fouch and others, 1990). The channel sequences
(depositional unit 4 above) occur within the
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Figure 14 a. Paleogeographic map including Mesaverde Group depositional-facies at the time of the Campanian marine
fossil zone of Didymoceras nebrascense and its nonmarine extensions (modified from Fouchand others, 1983). Coastal-plain
rocks east of the Green River have yielded numerous gas shows in subsurface tests and or ganic matter within them is thought
1o be a major source of gas in the region. Rocks of the braidplain facies have yielded gas shows in tests along the southern
margin of the basin. Refer to figure 10 for the temporal position of the fossil zone.

parasequences described above. Type I sandstones are
characterized by a tabular geometry controlled by a
planar lower bounding surface, an average channel
depthof 7.6 m, and an average W/D ratio of 8.9. The
planar channel bottom results from underlying resis-
tant carbonate units whose early lithification restricted
downcutting and caused more extensive lateral aggra-
dation compared 1o that of streams forming type I
bodies. Type II sandstones are characterized by a
lenticular geometry, with an average channel depth of
5.7 m, an average W/D ratio of 3.6, and a concave-
upward lower bounding surface. The absence of resis-
tant carbonate rocks (because of erosion or
nondeposition beyond the limits of the lake) underly-
ing streams that deposited type II bodies resulted in
stream channels that, although similar in size, did not
migrate laterally as much as those of type I. As aresult,

16

the size of individual channel sandstone bodies (and
therefore reservoir units) is largely dependent upon
induration of the substrate across which streams flowed.

It should be noted, that Ryder and others (1976)
distinguished between fluvial channels formed at or
near a lake margin (fluvial-lacustrine channels) and
those located in nonlacustrine alluvial-plain settings
(fluvial-alluvial channels). Both channel types can
represent manifestations of depositional unit 4 (above)
within a marginal-lacustrine depositional sequence or
its peripheral alluvial-facies equivalent.

In the Uinta Basin, most oil and associated gas
are recovered from pores (most being secondary)in the
basal parts of marginal-lacustrine channel sandstone
units that are intercalated with carbonate and gray and
green mudstone units (Fouch, 1975; Pitman and oth-
ers, 1982; Keighin and Fouch, 1981; Fouch, 1985).
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Figure 14 b. Paleogeographic map including Mesaverde Group depositional-facies at the time of the Campanian marine
fossil zone of Baculites cuneatus and its nonmarine extensions (modified from Fouch and others, 1983). Rocks of the
braidplain facies have yielded gas shows in tests along the southern margin of the basin and east of the Green River. Refer
to figure 10 for the temporal position of the fossil zone. Much of this zone has been eroded from the top of the Mesaverde
inpart of the Uinta Basin. Lessthan300ft of younger Campanian and Maastrichtian rocks of the undifferentiated Price River,
Tuscher and North Horn (Upper Cretaceous part) is preserved in some areas.

The sequence contains units with great contrast in
ductility and as a results the reservoirs are commonly
fractured in response to differential-brittle failure dur-
ing periods of changes in stress. Fluvial channels
developed in alluvial settings well outside the margin
of the lake are intercalated with and encased within
relatively ductile claystones. Brittle carbonate units
are rare to absent. As a result, oil and associated gas
have not migrated laterally through fractures from
lacustrine source rocks into the fluvial-alluvial chan-
nels. However, in the southeast part of the basin,
regional fractures locally penetrate Wasatch Forma-
tion fluvial-alluvial sandstones providing pathways
for the vertical migration of nonassociated gas into
Tertiary reservoirs from underlying Cretaceous source
beds. .

17

The cyclic nature of the Tertiary units and the
interbedding of mixed lake and alluvial rocks (Green
River Formation) with red colored alluvial strata
{Wasatch, Colton, and North Hom Formations) has
resulted in some confusion in the appiication of strati-
graphic names. Most formational names applied in the
basin are representative of lithologic and depositional
facies. Asaresult, several facies and formations can be
preserved within a thin stratigraphic interval.

Figures 18, 19, and 20 illustrate the paleogeo-
graphic distribution of depositional facies for three
periods of geologic time in the Paleogene. The maps
characterize units within 100 ft of strata approximated
by the Paleocene lower marker of the Flagstaff Mem-
ber of the Green River Formation, the Paleocene-
Eocene boundary, and the middle Eocene middle marker
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Figure 15. Structure contour map of the top of Upper Cretaceous strata (from Fouch and others, 1991 ). The westernmost
pari of the basin has been excluded from the map area where it intersects allochthons of thrusted strata.

of the Green River Formation as illustrated on figures
S, 6, and 7. These markers can be traced from the
surface throughout the subsurface of much of the basin
(see Fouch, 1975; Ryder and others, 1976; Fouch and
Cashion, 1979; and Fouch, 1981).

Lower marker rocks are the oldest Tertiary units in
the basin that have yielded large volumes of oil or gas
(fig. 18). Both are produced from the region of the
Altamont-Bluebell producing area along the north
margin of the former lake. In the southeast part of the
Uinta, beds of this age onlap Cretaceous units along the
northwest margin of the Uncomphagre structural ele-
ment thus theirlimits and potential as gas reservoirs do
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not extend far east of the Green River (Fouch and
Cashion, 1979; Stone, 1977). Qil and associated gas
have been recovered from marginal-lacustrine rocks
adjacent 1o the Paleocene-Eocene boundary (fig. 19).
Like those of the lower marker, the distribution of
potential reservoirs and beds of this age are limited
where they pinchout against the Uncomphagre struc-
tural element a short distance southeast of the present-
day course of the Green River. Middle marker reser-
voirs yield large volumes of oil and gas at the extreme
east end of the basin in Utah in the region of the Red
Wash producing complex (fig. 2). In addition, strata of
the middle marker zone and within a few hundred feet
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Figure 16. Structure contour map of the base of the Upper Cretaceous Mesaverde section that we are considering in this
study (from Fouchand others, 1991). The map was constructedfrom interpretations of the base of the Blackhawk Formation
or Star Point Sandstone of the Mesaverde Group, or the top of the Mancos Shale. These markers represent a westward-
downstepping set where each marker is progressively older. The sequence of reservoirs within the Mesaverde section is
anticipated to contain the principal Upper Cretaceous gas-bearing units in much of the basin.

of it yield gas derived from the maturation of organic
matter that accumulated in open-lake sites (fig. 20).
Marginal-lacustrine units within this sequence contain
gas in much of the eastern and northern parts of the
basin. Beds from this stratigraphic sequence also
contain tight alluvial sandstone reservoirs of the
Wasatch and Colton Formations in the greater Natural
Buttes producing area. In this region, the gas is
believed to have been Zerived from woody plant mate-
rial in the underlying carbonaceous beds of the
Mesaverde Group.
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Lithologic and Depositional Character of
Productive Sequences

Red Wash, Aitamont-Bluebell, and Pariette
Bench Producing Areas

Gas associated with oil is recovered from carbon-
ate and sandstone reservoirs which are parts of green,
gray and brown-colored lithologic s>quences. Princi-
pal reservoir rocks are diagenetically altered fluvial
channel, deltaic, and open lacustrine sandstones (in-



Fouch and others Natural Gas in Cretaceous and Tertiary Rocks

109%45 10930 109°19 109°

40°30°
40°30°
40%15
4015
QK
H
| N O
\I / <
i <//: 40°
40° 4, Ny
4
*-\’L_‘_ .
g
=4
' ?
7z ,;,/ 33%65
39445 7
‘ v
4
)
t
500 /
- é 39°30'
39°30° /‘
I
EXPLANATION & ‘
{ ~ ) $ 1
THICKNESS OF TIGHT GAS INTERVAL
CONTOUR INTERVAL 500 FEET
PO -—— FAULT or INFERRED FAULT 3919
297135 ~-- GILSONITE
0 10 20 30 ’
KILOMETERS
0 10 20 30 .
L | I gt | ]
MILES J A
111° 110%45' 110°30° 110°15 110° 108°45’ 109°30° 109°15" 109°

Figure 17. Preliminary isopach map of the Upper Cretaceous Mesaverde Group (from Fouch and others, 1991). The map
excludes the westernmost part of the basin where thrusted allochthonous Cretaceous rocks are preserved, and it excludes
Cretaceous and older beds north of the subsurface Basin Boundary fault. Map shows thickness and extent of section that
contains potential impermeable gas reservoir units. In the study area, more than 70 percent of the Mesaverde section is
composed of sandstone with the remaining portions being of mudrock, coal, and silt.

cluding turbidites in Altamont) that formed near the  Virtually all of the oil and much of the associated gas
lake margin, and nearshore lacustrine bars and beaches ~ recovered from these marginal-lacustrine reservoirs
that apparently developed parallel with the northeast-  originated from the maturation of hydrogen-rich or-
e margin of the lake in Utah (figs. 21 and 22,and 23 ganic matter that accumulated on the lake floor.

a & b). The fields in the region of the Red Wash,

Altamont-Bluebell, and Pariette Bench producingcom-  Natural Buttes Producing Area

plexes are examples of ficlds that contain large vol-

umzs of oil and associated gas (figs. 2 & 7). Mixed Nonassociated gas is recovered from clastic reser-
carbonate and clastic sequences are commonly as-  voirs (Wasatch, Colton, and much of North Hom
signed to the Green River Formation (Spieker, 1946; Formations) that formed from sediment accumulated
Fouch 1975, 1976, 198S; Johnson, 1985) (figs. 5 & 6).  in alluvial settings well removed from the lake(s).
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Figure 18. Paleogeographic map including depositional-facies of a zone consisting of beds adjacent and laterally equivalent
{0 the lower marker of the Paleocene and Eocene Flagstaff Member of the Green River Formation (modified from Fouch,
1975). Oil and gas are produced the Altamont-Bluebell area along the northmar gin of the lake. In the southeast part of the
Uinta Basin, beds of this age onlap Cretaceous units along the northwestmargin of the Uncomphagre uplift thus limiting their
potential as gas reservoirs east of the Green River (Fouch and Cashion, 1 979; Stone, 1977). See figure 3 for structural
elements and figures S, 6, and 7 for position of lower marker of the Green River Formation.

Although these rocks may be gas-bearing in the Uinta
Basin, oil is sparse or absent from reservoirs formed in
these more proximal environments. The area of Natu-
ral Buttes and Island gas fields is underlain by Tertiary
rocks of the Wasatch Formation and they represent
accumulations of gas in such a setting (fig. 24 a). These
gas-bearing alluvial sequc..ces are commonly com-
posed of variegated red and green sandstone and
claystone units which form more than 95 percent of the
sequence. The clastic strata represent the alluvial
updip depositional equivalents of the oil-bearing mixed
carbonate and clastic rock sequence that formed near
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the center of the lacustrine system. In the Uinta Basin,
nonassociated gas in Tertiary rocks was derived from
hydrogen-richorganic matterin both temporally equiva-
lent lacustrine units of the Green River Formation and
from oxygen-rich organic compounds in underlying
strata of various origins in the Upper Cretaceous
Mesaverde Group. Also, drill holes have penetrated
gas-bearing rocks of the Mesaverde Group in the
eastemn part of the basin where they contain nonassoci-
ated gas that formed from the thermochemical trans-
formation of organic matter within the Group (fig. 24
b & c).
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Figurel9. Paleogeographic map including depositional-facies in a zone consisting of beds adjacent and laterally equivalent
to the Paleocene-Eocene boundary (modified from Fouch, 1975). The distribution of potential reservoirs and beds of this
age are limited where they pinchout against the Uncomphagre uplift a short distance southeast of the present-day course of
the Green River. See figure 3 for structural features and figures 5, 6, and 7 for position of the Paleocene-Eocene boundary.

DRILL-STEM TEST ANALYSIS
AND FLUID-PRESSURE
REGIME

The productive oil and gas-bearing rocks can be
divided into three groups of common reservoir charac-
ter. Group 1 is composed of oil- and associated gas-
bearing deeply buried overpressured Tertiary rocks
that are characterized by reservoirs whose in situ ma-
trix permeability values are near, and are commonly
below, 0.1 md and whose porosity values (most poros-
ity being secondary) average S percent, ranging from 3
to 10 percent. These strata contain open fractures and
transmissivity (T = permeability x height) values
through producing intervals that are commonly high.
Group II rocks are characterized by combined primary
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and secondary porosity values of 10 to 16 percernt in
normally pressured Tertiary oil and associated gas
reservoirs whose matrix permeability values may be as
high as 1d. Transmissivity values for such sequences
can be relatively high because of their high matrix
permeability. Group II rocks include nonassociated
gas in Tertiary and Cretaceous sandstone reservoirs
that commonly contain porosity values ranging from 8
to 16 percent, but whose in siti permeability through-
out the pay or gas producing section is 0.1 md or less
to gas (exclusive of fracture permeability) are classi-
fied as tight gas sandstones. Transmissivity values for
productive “tight gas” intervals are very low because of
relatively few natural open fractures.

Analysis of drill-stem test (DST) data from 78 tests
in wells in Upper Cretaceous and lower Tertiary hydro-
carbon-producing domains in the Uinta Basin indi-
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Figure20. Paleogeographic mapincluding depositional-facies in a zone consisting of beds adjacent and laterally equivalent
to the middle marker of the Green River Formation (modified from Fouch, 1975). Middle marker reservoirs yield large
volumes of oil and gas at the extreme east end of the basin in the region of the Red Wash producing complex (fig. 2). Marginal-
lacustrine units within this sequence contain gas in much of the eastern and northern parts of the basin. In addition, beds
from this stratigraphic sequence contain tight alluvial sandstone reservoirs of the Wasatch and Colton Formations in the
greater Natural Buites producing area. See figures 5, 6, and 7 for position of middle marker of the Green River Formation.

cates that natural fractures provide major conduits to
move fluids and gases to the wellbore inotherwise very
low-permeability strata (Wesley, 1990, Wesley and
others, in press; Fouch and others, in press) (fig. 25).
An evident lack of significant natural open fracture
systems in impermeable Cretaceous and Tertiary pro-
ducing intervals of the southeastern part of the Uinta
Basin has resulted in relatively low producibility. Im-
permeable pay zones commonly require some type of
artificial stimulation to increase gas flow to economic
levels.

Many zones tested in deeply buried Group I rocks
below depths of 10,000 ft at Altamont-Bluebell oil
field are fractured naturally. The permeability and
radius of investigation in these rocks are relatively
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high, and the Homer-plot slope is low. Homer plots
from DST’s in Group II strata in and north of the large
Red Wash field in thie northeast Uinta Basin, especially
for shallower alluvial rocks, exhibited low slopes asso-
ciated with high permeability.

Most of our study relates to the evaluation of
impermeable strata whose permeability values, exclu-
sive of fracture permeability, generally fall below 0.1
millidarcy (md). Our DST determinations arid inter-
pretations of rock characteristics are consistent with
the interpretations of Boardman and Knutson (1981)
who investigated permeability structure of Uinta gas-
bearing units in the easten part of the basin for both
thick stratigraphic intervals and for short intervals at
the scale of individual reservoirs. Qur DST-denved
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Figure 21. Lithologic and sedimentologic features of oil-bearing cored rocks in the Chevron Red Wash Unit 275, a well
located in the central part of the Red Wash field, Utah. Strata depicted are of middle Eocene units of the Green River
Formation. Oil-producing rocks are of a fluvial and lacustrine origin. Production is from fractured and unfractured
rock. See figure 2 for location of Red Wash
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Figure 22. Lithologic and sedimentologic features of oil-bearing cored rocks in the Pan American Broadhur st No.4,awell
located at the northern margin of the Red Wash field, Utah. Strata depicted are dominantly of middle Eocene marginal-
lacustrine fluvial rock of the Green River Formation. See figure 2 for location of Red Wash field.
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EXPLANATION FOR FIGURES 21 AND 22

Claystone; dark grey to dark brown, slightly calcareous; thinly laminated to structureless;
locally contains ostracode molds along laminae.

e - = - = =

e e e Claystone; dark grey to dark brown; moderately to very calcareous and is locally a argilaceous
oo S ST 4 mud-supported carbonate rock; laminated to thinly bedded to structureless; locally very
1 oo T e T e ostracodal.

Claystone; dark to medium gray to darker shades of brown; is locally calcareous and ostracodal;
generally irrgeular to wavy laminae to thin bedded; locally contains sandstone and siltstone
lenses.

Claystone; generally shades of gray and /or brown, locally gray green; noncalcarcous to very
slightly calcareous; generally indeterminately bedded to structureless to very thin bedded;
blocky fracture.

Siltstone; generally shades of gray; grades locally to sandstone or claystone; irregular thin
beds to laminae most common, laminae commonly marked with clay; usually calcareous to
very calcareous;

Sandstone; generally calcareous; tan to light brown to gray,; commonly moderately well sorted
but locally poorly sorted. Irregular thin beds to laminae and is locally structureless or
laminated; Granules and pebbles most commonly of white, grey, and locally tan chert or other
siliceous subrounded to angular lithic material.

Sandstone: generally calcareous; tan to light brown to gray; commonly well to very well sorted;
symmetrical oscilation ripples common.

Sandstone; generally calcareous; tan to light brown to gray; commonly well to very well sorted;
assymetric current ripples common.

Sandstone: commonly moderately calcareous; light brown to gray; generally well to very well
sorted; structureless to very thinly laminated; ostracodes are locally preserved.

Sandstone; noncalcareous to slightly calcareous; light brown or tan to darker shades »f gray;
structureless to thin bedded to laminated; sorting variable; argilaceous streaks sparse but
may be locally developed; fossils rare.

Sandstone; noncalcareous to slightly calcareous; light brown to tan to dark shades of gray;
structureless to thin bedded to laminated; beds are irregular to even and continuous to

discontinuous; silty streaks and silt and clay size matter common; ostracodes locally preserved
along clay laminae.

Sandstone; noncalcareous to very calcareous; generally darker shades of gray and brown;

structureless to laminated and beds discontinuous and irregular to continuous and even;

clayey and silty streaks locally common; ostracode molds are locally common along clay
minae.
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EXPLANATION FOR FIGURES 21 AND 22 (continued)

PODD Grainstone and/or packstone; ostracodal, locally contains coated grains; generally light
5529525@, brown to tan, some units are dark brown, kerogenous and argillaceous; structureless to
- laminated; laminated units commonly are rich in clay;

Grainstone and/or packstone; contains coated grains, oolites, and/or pisoliths; coalings
commonly developed on ostracod tests; generally light to dark shades of brown; local
spar carbonate cement; commonly structureless to faintly thin bedded to laminated;
locally argillaceous;

Carbonate mudstone and/or wackestone; locally contains abundant ostracod tests and
molds along laminae; light to dark brown, locally tan; generally thin bedded to
laminated, irregular to even bedded;

T Carbonate mudstone and/or wackestone; generally clayey and kerogenous, and is locally

:{ -11:% C :E :ﬂ aclay mudstone; ostracod tests and molds are locally common; fossiliferous rock is
commonly laminated but structureless fossiliferous and nonfossiliferous units are
common;

Carbonate mudstone and/or wackestone; commonly quite clayey, kerogenous, and sandy;
rock is locally a very calcareous sandstone or clayey silistone and contains thin lenses
of these lithologies; rocks are generally darker shades of brown but is locally dark grey;
bedding is commonly irregular and discontinuous;

': lq;i illjli Carbonate mudstone and/or wackestone; ostracod tests and molds common; commonly
S oo oo o e sandy and local sandstone lenses; some units are clayey; bedding is generally laminated
to structureless and ranges from irregular to even;
Rock Color

g Grey

dg Dark Grey

Ig Light Gray

bl Black

ggn Gray green

ogr Olive green

gr Green

Tgr Red and green, mottled

r Red

bu Buff/tan

1b Light brown

mb Medium brown

db Dark brown

\ db Dark brown grading to red

r
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EXPLANATION FOR FIGURES 21 AND 22 (continued)

1 Pyrite or marcasite
- Calcareous; moderately to highly
- Calcareous; slightly to moderately
o -2 Grains rounded to subangular
0-2 Grains rounded to subrounded
> Grains subrounded to subangular
oo Lithoclasts; generally composed of indigenous carbonate rock type; commonly a
< broken carbonate crust where fragments are horizontally alligned
o Granules and pebbles composed of siliceous rock types; commonly tan to light grey

chert, locally are of silicified sedimentary rock.

Uncertain identification

v Burrow; vertical or at high angle to bedding
C Burrow or track; horizontal or at low angle to bedding
Coated ostracode; some grains have several coats.
< Ostracode test or mold
Coated grain, pisolite, and/or oolite
Q@ Gastropod
¢ Fossil; undifferentiated type
o Plant material; generally very small fragments or impressions, and/or carbonaceous
matter
g Woody fragment
A Root bioturbation
= Laminated to very thinly bedded; continuous to discontinuous
AN Ripples; current lamination
Ao Contorted beds or laminae; local dewatering and/or sediment joading
Cross stratification: generally small to medium scale and
e unidirectional
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Figure 23 a. Lithologic and sedimentologic features of oil-bearing cored rocks extending from 12, 365 to 12,4025 f1, Shell
Brotherson 1-11B4, central part of the Altamont-Bluebell field, Utah (fig. 2). Strata depicted are lower Eocene units that
lie at or near the boundary between the Paleocene and Eocene units of the Green River Formation (seefig. 5). Oil -producing
rocks are of a fluvial and lacustrine origin. See figure S for stratigraphic placement.
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Figure 23 b. Lithologic and sedimentologic features of oil-bearing cored rocks extending from 12, 440 to 12,477 ft, Shell
Brotherson 1-11B4, central part of the Altamont-Bluebell field, Utah (fig.2). Strata depicted are lower Eocene units that lie
at or near the boundary between the Paleocene and Eocene units of the Green River Formation (see fig. 5). Oil-nroducing
rocks are of both a fluvial and lacustrine origin. See figure S for stratigraphic placement.
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B
DOMINATE
GRAéN
SIZ _
Tt SEDIMENTARY LS'GOIC
fey ROCK TYPE | sraucTuRES DESCRIPTION
§ i<le! ICONSTI
! -E! ITUENTS
3
|Elelefd
T

I— Claystone, silty

I~ Gray mottled green with trace reddish cast
[~~Gray mottied green, clay clasts

Medium gray

Gray with red streaks

}—Sandy

/Modium Qrayish-brown, biotite?, small-scale
C1083 10 wavy wregular laminations

- Light gray

[~ Medium gray, moderately caicareous
Lghtgray

- Medium-gray, very silty, clayey

DEPTH, IN METERS

|- Gray
/glv mottied pink, clasts of reddish-brown claystone
|-—Gray
[~ Gray mottied pink, flat rip-up clasts
I~ Gray with slight greerish cast
Pyrite nodule, 7 cm. dismeter
Very weli-sorted, greater than upper very fine, pebbles to 2 cm
Black and white graing, gravish, pyrite(?), pabbles and cobbles,
sandstone, sitstons, nd gray claystone
— Gray morttied red, yellow. poorty sorted
Pinkish cast
\Zandnono. lower very fine-grained, silty, deformed

P ,\2\ I— Bioturbation - -probably roots
‘}h [ol]

7 W[ ey

I~ kreguilar deformed thin-beds

1340 — {h [~ Root bioturbation?

[~ Medium gray. slightly dolomitic
T [ Lght- to medium Qray, trace greenish cast, Clayey
1 o I—Slightty caicarsous
7 ) ; ) . SRR é |- Very weli-sorted
- 3 S I Gray, light; medium well-sorted

e ol S *;Monlod pink. red and clayey
. Gray. poorly sorted
Medium dwk gray

| Red
B [~ Red mortled gray, hght gray clasts
_ [~ Reddish gray

| ~Gray mortled red

[—Grayish green
T ° [~~Gray to reddish-brown

1350 —| [~ Bright reddish-brown
k E - Gray

-1 - I~ Gray mottied green. shght reddish cast

mud cissts-not transported
ay, medium grained sandstone
Grades to red a1 44953 teet
Grades to light gray at 4496 teet, wavy thin lsminas
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Figure 24 a. Lithologic and sedimentologic features of cored lower Tertiary Wasaich Formation rocks in the CIGE Natural
Buttes No 21-15-22, NW 1/4, Sec. 15, T.155, R22E, Natural Buttes field, Utah (fig. 2). Gas is recovered from Wasatch
Formation sandstone reservoirs in thisfield. Reservoirs are in approximately the same stratigraphic position as those shown
in the Island field on figure 6. See figure 7 for the projection of the gas-bearing interval at Natural Buttes to cross section
A-A'.
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Figure24b. Lithologic and sedimentologic features of Upper Cretaceous Tuscher Formation of the Mesaverde Group cored
rocks from the CIGE Natural Buttes No 21-15-22, NW 1/4, Sec. 15, T15S5, R22E, Natural Buttes field, Utah (fig. 2). Strata
depicted are of the . See figure 7 for the projection of the gas-bearing interval in Natural Buttes 10 cross section A-A’.
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Figure 24 c. Lithologic sequences and geophysical log responses for cored units of the Blackhawk Formation of the Upper
Cretaceous Mesaverde Group in the CIGE Natural Buttes No 21-15-22, NW 1/4, Sec. 15, T15S, R22E, Natural Buttes field,
Ulah (fig. 2). Figure is from Pitman, Franczyk, and Anders, 1987.
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Figure2S. Map of the Uinta Basin, Utah showing location of drill holes that contain drill stem tests analyzed in this report.
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permcability values for thick stratigraphic intervals of
Group Il impermeable gas-bearing strata in the south-
castem part of the basin are very similar to permeabil-
ity values derived from individual core samples (sce
Wesley, Wandrey, and Fouch, 1991). This is presum-
ably due to the encasement of numerous individual
Wasatch Formation reservoirs in relatively ductile
claystone and the lack of numerous continuous open
natural fractures in tight-gas formations in the eastem
part of the basin which, if present, would most likely
provide larger scale, higher permeability flow con-
duits.

Deceply buried Group I overpressured strata are
characterized by reservoirs whose core-derived in situ
matrix permeability values are near, and commonly
below, 0.1 md and whosc porosity values (most poros-
ity being secondary) average S percent and range from
310 10 percent (Figs. 26 and 27). These strata contain
open fractures and thercfore transmissivity (T = per-
meability x height) values through producing intervals
are commonly high. In this basin, combined primary
and secondary porosity values of 10 to 16 percent are
common in normally pressured Group II oil and gas
reservoirs and matrix permeability values may be as
highas 1d. Asaresult, eventhoughthese rocks contain
relatively few open fractures, transmissivity values for
such sequences can be relatively high because of their
high matrix permeability.

It is important to note that the subsurface tempera-
tures calculated from DST analyses (Wesley ,1990;
Wesley, Wandrey, and Fouch, inpress) show that in the
Altamont-Bluebell area, temperatures atdrilling depths
near 14, 500 ftin Tertiary strata are currently near 270°
F and that underlying Mesaverde Group rocks are
hotter. Information presented in a later section of this
report indicates that organic matter in rocks at these
temperatures would be transformed into oil and/or gas.

Known gas-bearing sandstone reservoirs in the
basin that commonly contain porosity values ranging
from 8 to 16 percent, but whose matrix and formation
permeability values are 0.1 md or less are “tight gas”
sandstones. Transmissivity values forexisting produc-
tive “tight gas” intervals are very low because of few
natural open fractures.

Our analysis of drill-stem tests also included deter-
mination of fluid-pressure gradients. Such gradients
can be estimated using a variety of techniques includ-
ing comparison of mud weights versus drilling depths.
Our analysis was restricted 1o the calculation of gradi-
ents using extrapolated shut-in pressures for those
ISTs in our sample that were of long duration (see
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Wesley, 1990; Wesley, Wandrey and Fouch,, 1991).
Figure 26 is a map of the DST-derived fluid-pressure
gradients and Figure 27 is a cross scction of the basin
illustrating that portion of the subsurface for which
fluid-pressure gradients excced 0.5 psi/ft. Tempera-
tures ncar 14,500 ft in the well on the left side of figure
27arencar270°F. Note that our analysis indicates that
the measured abnormally high gradients are restricted
to Tertiary rocks. Our determinations largely agree
with the map view of the pressures presented in Lucas
and Drexler (1976), and in Spencer (1987, fig. 15); and
they concur with the cross-sectional view of pressures
of Fouch (1975, fig. 2).

We suggest forrcasons discussed laterin thispaper
that the highest fluid-pressure gradients are located in
that part of the subsurface where impermeable rocks,
exceptionally rich in hydrogen-rich organic matter,
have been subjected to sufficient heat to transform
thermochemically their organic matter into petroleum-
like compounds at such a rate, and in such volume that
the increase in volume of petrolcum has effected an
increase in fluid-pressure gradients. Figure 27 indi-
cates that fluid-pressure gradients in deeply buried
strata decrease in the North Hom Formation, a unit not
particularly richin hydrogen-rich type 1 organic matter
inthat area. Fluid-pressure gradients decrease in rocks
where pressures have equilibrated to normal hydro-
static gradients. Inthese rocks, the rate of hydrocarbon
and other fluid production, in the zone of thermal
generation, is less than the rate of migration through
permeablity pathways (fracture permeability).

Data from Lucas and Drexler (1976), and from
unpublished studies of core by us, suggest that open
fractures are much more common within the overpres-
sured strata than without. This relation of abnormally
high fluid-pressure gradicnits, rich source rocks, matu-
ration temperatures, and open fractures suggests that
the fractures may be the result of the rapid and ongoing
generation of hydrocarbons within the largely imper-
meable subsurface rock cell. Spencer used analysis of
mud weights to conclude that Cretaceousunitsin a well
in the southwest part of the basin achicved fluid-
picssure gradients as high as 0.6 psi/ft and that a mud-
weight equivalent to 0.8 psi/ft was used to control the
well at drilling depths of 19,000 ft. Likewise, although
as yet untested in the structurally lowest (and hottest)
part of the basin, organically-enriched units of the
Mesaverde Group that are encased in impcrmeable
strata can be expected to be overpressured, and if so,
they can be expected to contain some natural open
fractures.
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Figure26. Map of maximum fluid pressure gradients 0.6 psi and above for Tertiary strata in the Uinta Basin (also modified

SfromFouch,1975; Lucas and Drexler,1976; Wesley,1990; and Spencer 1987). Map is based upon interpretations of drill-

stem tests although interpretations of mud weights may indicate additionnl strata with abnormally high (or low) fluid
pressures. Contour interval is 0.1 psifft. Maximum values occur in various stratigraphic intervals (see figs. 27 and 32
following). Fluid-pressure gradients of Upper Cretaceous strata in the north-central part of the basin have been measured
by one drill-stem test (Shell, Brotherson 1-11B4, sec. 11,T.2S.,R. 4 W.). ‘

THERMAL HISTORY
OF ORGANIC MATTER

One of the most important factors controlling
petroleum generation in a basin is the level of thermal
maturity achieved by the source rocks. Of equal
importance to the geological characterization of the
Uinta Basin, thermal maturity studies play an impor-
tant role in determining sandstone diagenesis patterns,
timing of structural movement and burial reconstruc-
tion, and prediction of porosity trends for reservoir
rocks. For this study, thermal maturity was determined
by vitrinite reflectance (R ), coal-rank data, and Tmax
from Rock-Eval pyrolysis (table 1). Most of the data
used to construct the maps were taken from Nuccio and

Johnson (1986), Nuccio and Johnson (1988) and V.F.
Nuccio, U.S. Geological Survey, unpublished data.
Three maturity maps showing important gas genera-
tion thresholds were developed: (1) an R map of the
base of the Upper Cretaceous Mesaverde Group; (2) an
R_ map of the top of the Upper Cretaceous Mesaverde
Group, and (3) amap showing elevationto 0.75 percent
R_ (the onset of gas genceration from type I1I kerogen)
and the formations in which it occurs. Using these
maturity maps, we can infer zoncs of no generation, the
onset of significant gas generation and the areas of
maximum gas generation and expulsion for the
Mesaverde Group throughout the Uinta Basin (sce
Nuccio and others, 1991; Nuccio and Fouch, in press).

A cross-section showing the thermal maturity and
general types of kerogen for Cretaceous and Tertiary
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fluid-pressure gradients > 0.5 psi/ft as measured by drill-stem tests

Figure 27. Generalized structural-stratigraphic cross section A-A’ showing aren of fluid-pressure gradients > 0.5 psilft as
measured by drill-stem tests (modified from Fouch, 1975). Abnormalfluid-pressure gradientsare confinedtoTertiary strata.
Highest fluid-pressure gradients are located in that part of the subsurface where impermeable rocks exceptionally rich in
hydrogen-richorganic matter have been subjected to sufficient heat to transform thermochemically their organic matter into
petroleumlike compounds at such arate, and in suchvolume that the increase in volume of petroleum has effected an increase
in fluid-pressure gradients. Although as yet untested in the structurally lowest (and hottest) part of the basin, organically-
enriched units of the Mesaverde Group that are encased in impermeable strata can be expected to be somewhat

overpressured. See figures 4,5, 7, and 32 for additional information relative to cross section, and figure 3 for approximate
line of section.

rocks through the Uinta Basin is presented (see fig. 1). thermal maturity; Tissot and others (1974), Dow (1977),
Two maps, one for the base and one for the top of the ~ Waples (1980; 1985). Three general types of kerogen
Mesaverde (figs. 28 and 29), showing R_lines and the  have the potential, under optimum conditions, to gen-
area where porosity does not decrease as a function of  erate hydrocarbons: Type I, alginite—sapropelic or
increasing thermal maturity are presented in the “ma-  lipid-rich; Type I, exinite—phytoplankton, zooplank-
turity-porosity trends and their relation to R_" section  ton,and othermicroorganisms, and Type Il vitrinite—

1ater in this paper (fig. 48 and 49). huminite (terrestrial plant debris).
Type I kerogen is hydrogen-rich, occurs primarily
Mesaverde Group Kerogen Type inmarine and lacustrine rocks and generates mainly oil
and Potential during catagenesis. The onset of oil generation from

type I organic matter varics depending on the modcl
Scveral models have been developed relating the  one chooses. There is no absolute point at which

generation of hydrocarbons to types of kerogen and  hydrocarbon begins to be generated, and it nrobably
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begins over a range of R values depending on the
specific type of organic matter. Dow, (1977) uses 0.50
percent R as the onset of oil generation for Type |
kerogen, while Anders and Gerrild (1984), and Tissot
and Welte (1984) use 0.70 percent R_.

Type Il kerogen occurs mainly in marine rocks, but
can occur in lacustrine rocks as well, and generates
mostly oil during catagenesis. Waples (1985) stated
that oil gencration begins over a range of R_ values of
about 0.45 percent to 0.50 percent for high-sulfur
kerogen to 0.60 percent for “typical” type II kerogen.

Huminite and vitrinite or Type III kerogen is
oxygen-rich and hydrogen-poor, occurs mainly in ter-
restrial, marginal lacustrine, or marginal marine rocks,
and generates mainly methane gas during maturation.
Fortype Il kerogen, vitrinite reflectance is the best and
most widely used measure of thermal maturity. Two
important R _ thresholds are used to define regions of
gas generation from type I kerogen; these are 0.75
percent and 1.10 percent.  An R_ of 0.75 percent
represents the maturity required for the onset of signifi-
cant gas generation (Juntgen and Karweil, 1966; Juntgen
and Klein, 1975). Gas accumulations found in rocks
with an R_ less than 0.75 percent either contain carly
biogenic gas, or gas migrated in from more mature
source rocks. Inthe Piceance basin, it appears thatlow-
permeability Mesaverde rocks have negligible gas
production where the Mesaverde is less than an R_ of
0.73 percent (Johnson, 1989, Johnson and others, 1987).
AnR_of1.10percent represents the level of maximum
gas expulsion from type 11l kerogen (Meissner, 1984).
The upper limit of maturity for gas preservation is still
unknown, but could be as high as 4.0 percent R_
(Waples, 1980).

Types I, Il and 11T kerogen are present in the Green
River Formation (Paleocene and Eocene), and these
rockshave generated large amountsof oil and gasin the
Uinta Basin (cross section A-A’, fig. 5; B-B’, fig. 6).
The thick Mancos Shale (Upper Cretaceous) is prob-
ably compositionally similar to the Mancos in the
Piceance basin, where it contains significant amounts
of types 1l and IIT kerogen and has generated oil and gas
(Johnson and Rice, 1990). The nonmarine to nearshore
marinc Mesaverde Group contains dominanty type 111
kerogen, and has the potential to generate large amounts
of methane gas (Pitman and others, 1987).

Rm Map at Base of the Mesaverde Group.

Figurc 28isanR_mapat the base of the Mesaverde
Group. The map shows a general trend of increasing
maturity from south to north. This trend generally
follows the structural configuration on the base of the
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Mesaverde (see fig. 16) which indicates that maturity
was set prior 1o (at maximum burial) or during carly
stages of structural movement. In some areas, how-
ever, the R_ lines cut across structure indicating that
maturity continued during or for some time after struc-
tural movement. Itislikely thattoward the deepest pan
of the basin, maturation at the base of the Mesaverde
continued to increase during or after uplift and crosion
that began 10 Ma (Miocene). On the flanks of the
basin, however, maturity patierms may have been
achieved prior to uplift.

Four R_ lines and three zones of hydrocarbon
generation are shown. The 0.65 percent R_ line is for
reference, and shows the maturity of the basc of the
Mesaverde around the cdge of the basin. The arcas of
the basin which have not achicved a maturity of 0.75
percent, not mature enough for significant gas genera-
tion, are shown by the light stipple pattern. The 0.75
percent R line indicates the onsct of significant gas
generation from type HI kerogen at the base of the
Mesaverde. The arca between 0.75 percent and 1.10
percent R_ (darker stipple) is where one would expect
10 begin encountering gas gencration and accumula-
tion in Mcsaverde reservoirs. The area north of 1.10
percent R (darkest pattern) is the zone of maximum
gas generation and expulsion. The upper limit of gas
gencration in the northern and deepest, undrilled parn
of the basin is unknown at this time. The 1.50 percent
R_ line is for reference only.

The base of the Mesaverde is greater than 0.75
percentR_overalarge arcaof the Uinta Basin. Except
for the margins of the basin, where subsidence and
burial depths were less, gas was probably being gener-
ated as Tertiary sediments were being deposited, in
Palcocene or early Eocene time, and this gencration
continued until 10 Ma when uplift and erosion began a
regional cooling. In the decpest part of the basin, where
the effect of uplift and erosion are not as great, if
temperatures were still high enough, and kerogen was
available (not “‘cooked out™), gas generation may have
continued after 10 Ma and may be continuing ioday. It
is likely that this gas was trapped in “tight reservoirs”
throughout the generation history of the Mesaverde,
and the pods of high fluid pressures (>0.5 psi) found in
the basin today may mark the arcas of active genera-
lion.

Rm Map at the Top of the Mesaverde Group

Figure 29is the R_map at the top of the Mesaverde
Group. R_ lines generally follow the structural con-
figuration of the top of the Mesaverde (sce fig. 15),
suggesting that maximum maturity was achieved prior
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Figure 28. Vitrinite reflectance (R_) map showing thermal maturity on the base of the Mesaverde Group, Uinta Basin, Utah.
The map indicates areas of no gas generation (light stipple pattern), significant gas generation (0.75 to 1.10 percent R |

isoreflectance line, and darker stipple pattern), and maximum gas generation and expulsion (>1.10 percent R_isoreflectance
line and darkest patiern). Dots are location of analyzed samples.

to, or during the early stages of Late Paleogene and
Neogcne structural movement and at maximum burial.
As with the map of the base of the Mesaverde,R_ lines
in some areas cut across structure, indicating continued
maturation duringor after structural movement. Equiva-
lent R_ lines on the top of the Mesaverde are located
further to the north than those at the base, suggesting
a greater arca of less mature rock at the top of the
Mesaverde. This pattern is a direct result of relatively
shallower depth of burial on the top of the Mesaverde.

Five R lincs and three zones of hydrocarbon
generation are shown.  The 0.50 percent and 0.60
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percentR_lines are forreference, and show the general
maturity for the top of the Mesaverde where it outcrops
around the edge of the basin. For the area south of the
0.75 percent R_ line (light stipple pattern), one would
not expect significant gas generation from source rocks
near the top of the Mesaverde. The area between the
0.75 percent and 1.10 percent R _ lines (darker stipple
pattern) is the zone of significant gas generation, and
the area north of the 1.10 percent R line (darkest
pattern) is the zone of maximum generation and expul-
sion for source rocks near the top of the Mesaverde.
The 2.0 percent R_ line is for reference only, but in-
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analyzed samples.

dicates maturity at the top of the Mesaverde in the most
deeply-drilled part of the basin. As discussed earlier,
the upper limit for gas preservation is not well defined.

The arca where the top of the Mesaverde is greater
than 0.75 percent R_ is less than that at the base, and
occurs further north in the deeper part of the basin.
Again this pattern is due to shallower depths of burial
onthe top of the Mesaverde. Therefore, gas generation
for the top of the Mesaverde began later than for the
base, probably not until at least Eocene or Oligocene
time. This timing agrees with Pitman and others
(1987), who constrain timing of gas generation from
the Upper Cretaceous Blackhawk and Neslen Forma-
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tions to Oligocene and Miocene time. As with the base
of the Mesaverde, gas generation continued through
the Tertiary and was accumulating in nearby reser-
voirs. From 10 Ma (Miocene) to present, gas gencra-
tion has ceased at the top of the Mesaverde where it is
exposed or at shallow depths, however in the deeper
parts, where temperatures are sufficient, active genera-
tion is still probable today.

Map Showing Elevation te 0.75 percent R_

Figure 30 is a map showing the elevation to the
0.75 percent R _ line within the basin; the threshold for
significant gas generation. The 0.75 percent R_linecuts
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Figure 30. Elevation relative to sea level of the 0.75 percent isoreflectance line (onset of significant gas generation), Uinta
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of the shaded area, the 0.75 percent isoreflectance line occurs in Tertiary rocks. Dots are location of analyzed samples.

across formation boundaries and stratigraphically rises
to the north. For example, in the southemmost part of
the basin, 0.75 percent R_ occurs in the Mancos Shale,
whereas in the northern part of the basin near Altamont,
0.75 percent R_ occurs between the middle and car-
bonate markers of the Green River Formation. The
reason forthis can be related to the structural movement
and variations of burial depth in the basin. After final
movement, the flanks of the basin were eroded to
greater depth than the structural center of the basin.
However in the center of the basin, where the effect of
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uplift and erosion was less, and sediment continued (o
accumulate, the rocks continued to mature causing the
0.75% isoreflectance line to stratigraphically rise to
higher positions.

The shaded pattern on figure 30 is the area where
the 0.75 percent R_ line occurs in the Mesaverde
Group. This map is useful in that it approximates at
what elevation (easily converted to depth) one would
have 1o drill to encounter the threshold for significant

gas generation, and in which formation it could be
found.
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Cross-section Showing Rm Lines and Kerogen
Type Through the Uinta Basin

Seventy-two samples were analyzed for vitrinite
reilectance and Rock-Eval pyrolysis to determine ther-
mal maturity and kerogen type for wells along a line of
section through the Uinta Basin (sec table 1 and fig. 6).
Figure 31 shows the types of kerogen at various strati-
graphic levels in the Mesaverde Group and Green
River Formation. This is, of course a section through
only a small portion of the basin and core suitable for
optimum analysis is limited for many stratigraphic
intervals and depositional facies, and one would expect
the kerogen type to change as facies change in other
parts of the basin. The analyses show Type I kerogen
only in alimited arca around the Mahogany zone. The
majority of the section contains a mixture of Types Il
and 11l kerogen with a few zones of Type 111 kerogen.
Kerogen types have been shown for the entire section.
However, it should be noted that in many areas in this
scction, rocks are organically-lean or barren.

For the same section, R_ lines have been superim-
posed as well (fig. 31). As discussed earlicr, the R
lines climb stratigraphically going north, toward the
decper part of the basin. The 0.50 percent R_ line is
shown to indicate where Type I and 11 rocks should be
maturc cnough for oil generation. It is interesting to
note that the oil-producing zones are found where
mixed Type 11 - III kerogen and the optimum-maturity
range foroil generation (>0.50 percent R ) occur. The
0.75 percent R line indicates where the onset of
significant gas generation for type Il kerogen should
occur. Not surprisingly, the gas-producing zones coin-
cide with type Il kerogen and R_ of around 0.75
percent. The 1.10 percent R_ line is shown to indicate
where maximum gas generation and expulsion would
be found for type T kerogen. The 2.0 percent R_ line
is givento show the maturity forthe top of the Mesaverde
in the deeper part of the basin.

Rm and Fluid-Pressure Gradients

The 0.75 percent R_ line has been used to define
the threshold at which significant gas generation be-
gins. Assuming this also marks the beginning of
overpressuring, onc should be able to map
overpressuring in the Uinta Basin using the Rm maps.
In attempting this, we found that overpressuring doces
not always coincide with the 0.75 percent R_ line (fig.
32). In fact, overpressuring only occurs in scattered
pods throughout the basin. There are four very impor-
tant variables that must be considered in defining areas
of overpressuring: (1) organic matter quality and
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quantity, (2) timing of gas gcneration in rclation to
uplift and erosion, (3) lcakage through recently cx-
posed strata and fault zoncs, and (4) low permcability.
In order o have significant gas generation, the quality
and quantity of the source rocks must be optimum. If
the proper type and amounts of organic matlcr are
present, the liming of gas generation in relation to uplift
and erosion must be right. For instance if gas genera-
tion is too carly, the gas might be lost through fractures
associated with later structural movement. If gas
generation is too late, it might be lost o late basin
faulting, and/or leakage through outcrops created by
the downcutting of rivers. The Uinta Basin has had a
complex history of Laramide structural deformation,
followed by late Miocene-Pliocence uplift and erosion
that has formed deeply dissected canyons. Permeabil-
ity is important for overpressuring because without a
relatively low permeability, the rate of gas loss will
keep pace with the rate of gas gencration. Itis obvious
that simply using the 0.75 percent R line 1o define the
top of overpressuring is not accurate. The only way to
define overpressuring in the Uinta Basin is to map it
direcdy using DST’s, and/or mud weights, and to use
R_ as a secondary variable only.

R_ and Estimates of Removed Overburden

Several workers have tried to determine amounts
of overburden removed across the Uinta Basin. Tissot
and others (1978) estimated 5,840 ft of overburden
removal from the site of the Sheli 1-23-B4 Brotherson
well in the Altamont-Bluebell field in the trough of the
basin. Narr and Currie (1982) used fluid inclusions to
determine overburden removal from the Altamont-
Bluebell area and had greatly varying results ranging
from 1,112 109,482 ft of removal. Pitman and others
(1982) estimated no more than 3,300 ft of removal
from the Parictie Bench ficld, and Pitman and others
(1987) estimated that 3,300 ft of overburden have been
removed from the Natural Buttes ficld arca. Sweeney
and others (1987) estimate that between 5,000 and
9,000 ft of rock have been eroded from the area of
Altamont-Bluebell.

Johnson and Nuccio (in press) have used R_-depth
profiles to estimate amounts of overburden removed in
different parts of the Uinta Basin as well. Surface Rm
points were combined with ncarby well data to con-
struct semilogarithmic Rm-depth profiles. These plots,
when extrapelated to an original surface R_ value of
between 0.20 percent to 0.30 percent (when the basin
was at maximum burial) should yield an estimate of
removed overburden (Dow, 1977 for method).
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Three R_-depth profiles were constructed for the
Uinta Basin. Extrapolating the profile of the Mid-
America #1 Unit well (sec. 24, T. 9S, R. 24E) ncar the
eastern cdge of the basin 10 0.30 percent R, gives a
thickness of overburden removed of about 4,000 ft.
Extrapolating this profile to 0.20 percent R gives an
estimate of about 9,000 ft of overburden removal. This
contrasts markedly with the extrapolation to the R
profiles for the Mountain Fuels #1 and #3 wells (scc. 8,
T. 10S., R. 20E). The combined profile for these wells
does not plot in a straight line and forms a kink near the
middle of the Mesaverde Group. The extrapolation of
this profile to 0.30 percent R _ yields a depth of about
900 ft below the present-day surface while extrapolat-
ing 10 0.20 percent R_ gives an estimate of about 2,300
ft of overburden removed. An R_ profile has been
constructed for the Shell Brotherson 1-11-B4 well
from about 10,000 ftto TD atnearly 18,000 ft. We have
anR_point at the present-day surface as well, however,
there is no data from 10,000 ft to the surface. This gap
makes extrapolation somewhat tenuous, especially if
there are kinks in the profile (sec Law and others,
1989). For the Shell Brotherson 1-11-B4 well (sec. 11,
T. 28., R. 4W), located in the Altamont-Bluebell ficld
extrapolating 1o 0.30 percent R_ gives an estimate of
6,200 fi removed, and extrapolationto 0.20 percent R
yields an estimate of 11,000 ft of overburden removed.

Projection of maturity values and fluid-pressure
data into undrilled parts of the basin reveals the prob-
ability of aregional, overpressured, basin-centered gas
accumulation, where gas gencration is likely to be
occurring at present. Published estimates of amounts
of erosion in the region vary widely, ranging from
1,000 ft (300 m) to almost 11,000 ft (3,350 m). Our
interpretation favors the lesser crosional estimates,
because of consistency with structural and stratigraphic
reconstructions, and maturation pattems, and because
significant cooling of strata due to uplift and erosion
would slow or stop the generation of hydrocarbons.

ORIGINS AND CHEMICAL
TYPES OF NATURAL GASES

Natural gas is generated from organic matter
throughout the burial history of sedimentary rocks
during three main stages (fig. 33). The generation of
hydrocarbons is controlled mainly by thermal history,
whercas the amount and composition of the hydrocar-
bons generated is controlled by kinetics of kerogen
composition (Burnham and others, 1987; Tissot and
others, 1987; Mackenzic and Quigley, 1988). At shal-
low depths of burial (diagenesis or immature zone),
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bacterial ormicrobial gas is gencrated by the decompo-
sition of organic matter by anacrobic bacteria. During
catagenesis and metagencesis, thermochemical processes
become prevalent and products are referred to as
thermogenic. During early catagenesis, both liquid
and gascous hydrocarbons are generated, mainly from
hydrogen-rich types I and 1l kerogens; these types of
kerogen predominantly occur in rocks deposited in
lacustrine and marine environments. With increasing
thermal maturity and during later catagenesis, lighter
hydrocarbons are formed by cracking of previously
generated heavier hydrocarbons and by gencration
from oxygen-richtype Il kerogen. Type 1l kerogenis
commonly associated with rocks dcposited in
nonmarine environments. During metagenesis, kero-
gen begins to evolve to graphite and methane is the
principal stable hydrocarbon.

Natural gases can be distinguished by their
chemical and isotopic composition (James, 1983; Rice,
1983; Schoell, 1983) (fig. 34). Bacterial gas consists
predominantly of methane that is depleted in *C (8"°C,
values more negative than -S5 ppt) because of biologi-
cal enrichment (Rice and Claypool, 1981). During
catagenesis, thermogenic methane, whichis commonly
accompanied by heavier hydrocarbons, is isotopically
heavier than bacterial methane (9"*C, values of about -
55 to -35 ppt) because of smaller kinctic isotopic
effects associated with thermal cracking processes.
During late stages of thermal history (metagenesis),
natural gas becomes devoid of all heavier hydrocar-
bons and the isotopic composition of the methane
approaches that of the original organic matter (0"°C,
values are more positive than -35 ppt).

Natural gases show a continuous gradation of
chemical and isotopic compositions. The factors that
are primarily responsible for the gradations are (1)
mixing of gases of different origins and generated at
different levels of thermal maturity and (2) effects of
different types of organic matter. These factors can
usually be recognized by using carbon and hydrogen
isotope compositions of various gas components (James,
1983,1990; Schoell, 1983, 1988).

Nonhydrocarbon gases, such as nitrogen, carbon
dioxide, and hydrogen sulfide, can also be abundant in
hydrocarbon accumulations. They tend to be more
plentiful at greater depths and higher levels of thermal
maturity and their occurrence is usually not related to
the generation of hydrocarbons from organic matter.

Methods of Gas Analysis

Gas samples were analyzed by thermal-conductiv-
ity gas chromatography. Volume percent of methane,
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Figure33. Diagram of hydrocarbon generation as a function of depth of burial. After Tissotand Welte (1984). Geochemical

fossils occur throughout the black zone.

ethane, propane, butane, pentane, carbon dioxide, and
nitrogen and/or air were measured. Methane and
cthane were prepared for isotopic analysis using meth-
ods similar to those described by Schoell (1980).
Carbon and hydrogen isotope ratios were measured on
a Neir-McKinney type mass spectrometer and are
reported in d-notation in parts per thousand (ppt) rela-
tive to PDB for carbon and to SMOW for hydrogen.

Results and Discussion of Gases

Twenty three gas sampies were collected and ana-
lyzed from producing wellsin the Uinta Basin (table 2).
The samples were collected from the Upper Creta-
cecous Mesaverde Group, Paleocene and Eocene Colton-
Wasatch and Green River Formations in the Altamont-
Bluebell, Natural Buttes, and Red Wash fields (also see
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fig. 37 discussed below). Some of the results are
summarized in plots shown in figures 35 and 36.
The chemical and isotopic compositions of the gas
samples in the Uinta Basin are quite variable (3"C,
values range from -53.610-34.5 ppt; 9"°C, values range
from -39.4 to -29.8 ppt. dD, values range from -286 to
-166, wetness (C,) values range from 2.0 to 23.3
percent) over a depth range of 4,102 to 16,887 ft and
Rm values for the top of the reservoirs vary from 0.5 to
1.3 percent (figs. 35 and 36; table 2). These data
indicate that the gases arc dominantly of thermogenic
origin and that they were generated during both
catagenesis and metagenesis. However, trends in com-
position and depth are not obvious, as illustrated by
figures 35 and 36, when considering all of the gas
samples. This absence of trends indicates that gas
samples fiom different producing intervals within the
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of hydrocarbon generation. From Johnson and Rice (1990).

producing fieids should be looked at separately to gain
insight into their character and origin.

Types of Gas in Basin

Based on chemical and isotopic composition, two
classes (types) of thermogenic gases have been identi-
fied in the Uinta Basin (fig. 35). Class A is
nonassociated, chemically dry, and isotopically heavy.
This gas is interpreted to have been generated from
type 1l kerogen in the Mesaverde Group at high levels
of thermal maturity (late catagenesis and metagenesis).
This gas occurs in both Mesaverde and Wasatch reser-
voirs over a wide depth range in the Natural Buttes
producing area (fig. 37). The identification of class A
gas in both of these reservoirs is important for two
reasons. First, the occurrence of gas in Tertiary reser-
voirs, such as in the Wasatch, will be in areas where
conduits for vertical migration are available. These
conduits will probably be provided by faults and frac-
tures, which are generally concentrated in the south-
east part of the basin (fig. 9). Second, significant
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amounts of nonassociated gas were generated during
peak generation (R_>1.1 percent) from type III kero-
genin the Mesaverde over large parts of the basin. The
lower limit of gas generation and preservation from
this type of kerogen is probably not present in the basin.
Although some of this gas has migrated into shallower
Tertiary reservoirs, large amounts of this gas are prob-
ably present in tight reservoirs of the Mesaverde.

In contrast, class B gas is chemically wet and
isotopically light, and is associated with oil (fig. 35).
Class B gas was generated during the time of major oil
generation (catagenesis) and from type I kerogen typi-
cal of the Green River Formation open lake facies.
Thermogenic hydrocarbons were generated in the deep
part of the basin to the north (Altamont-Bluebell field
area) (fig. 37). The presence of this type of gas in
shallow, immature reservoirs in the area of Red Wash
field indicates extensive lateral migration from the
Altamont-Bluebell ficld area (fig. 37). Thisinterpreted
direction of gas migration (eastward and vertical) is the
same as that predicted for fluid flow as interpreted from
pressure data (fig. 26).
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Figure 35. Methane carbon isotope ratio (8"C,) versus wetness (C,,). Class A gas is derived from type IlI organic matter
and islargelyderivedfromalteration of organic matter in the Mesaverde Group. Class B gasisassociated with typel organic
matter and is largely derived from lake beds in the Green River Formation. Class B gas is commonly associated with oil.

Natural Buttes Field Gas

In the Natural Buttes field (figs. 2, 7, and 24),
mainly nonassociated gas is produced from reservoirs
of Upper Cretaceous Mesaverde Group and Tertiary
Wasatch and Green River Formations. The major part
of production and much of recent exploration activity
is in the Wasatch Formation. The gases from the
Mesaverde Group and overlying Wasatch Formation
are almost identical in chemical and isotopic composi-
tion, yet they occur over a depth interval of 5,307 to
9,332 ft (figs. 35 and 36). The composition suggests
that the gases were generated during late catagenesis
and/or the metagenesis stages of hydrocarbon genera-
tion at vitrinite reflectance values in the range of 1.1 to
1.5 percent. Based upon analysis of figures 28 and 29,
generation probably took placc in lower part of the
Mesaverde Group, which is characterized by thislevel
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of thermal maturity in the Natural Buttes area. In
contrast, rocks in the Wasatch Formation are probably
only marginal mature in reference to hydrocarbon
generation in the area. Source rocks in the Mesaverde
contain predominantly type III kerogen which gener-
ates mostly gas throughout its thermal history and
reaches its peak generation in the late catagenesis and/
or metagenesis stages. This interpretation means that
the gases produced from tight reservoirsin the Wasatch
have probably migrated vertically from the underlying
Mesaverde along faults and fractures that are typical of
the area (see fig. 9).

Gases produced from shallower reservoirs in
the Green River Formation have a similar chemical
composition, but are slightly isotopically lighter (fig.
35). These gases are also interpreted to have been
mostly generated in and migrated from the decper
Mesaverde source rocks during late catagenesis and/or
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Figure 36. Methane carbon isotope ratio (0" C,) versus depth to top of gas pool, Uinta Basin, Utah.

metagencsis. However, mixing of some isotopically
lighter methane of either bacterial orearly thermogenic
origin have resulted in the isotopically lighter gas.

Johnson and Rice (1990) interpreted the gases
in Paleocene Fort Union and Paleocene and Eocene
Wasatch Formations in the adjacent Piceance basin to
have had a similar origin as Tertiary gases at Natural
Buttes ficld. There, the Tertiary gases were generated
from type III kerogen in the nonmarine par of the
Mesaverde and migrated along fractures into shal-
lower, immature reservoirs.
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Altamont-Bluebell Field Gas

The Altamont-Bluebell field produces major quan-
tities of oil from fractured lacustrine and associated
facies of the Green River Formation in the nerthern
part of the basin where Tertiary rocks experienced
greatcr burial (figs. 6, 7 and 23). Associated gas
samples were collected from reservoirs of the Green
River Formation at depths of 10,984 to 16,887 feet,
these are the deepest gas samples collected for the
study (fig. 36). Although the samples occur at these
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Altamont-Bluebell area

1HI'w

Types ol Gas

Class A: Tw, Tc, and Kmv reservoirs: gas derived

from Cretaceous Type 3 kerogen

E cCiassB: Tgr, Tc. and Tw reservoirs: gas derived from
Tertiary Type 1 kerogen
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Figure 37. Map of Uinta Basin showing chemical classes of gas and their host formations for fields for which analyses are
available. Tw is Wasatch Formation; Tc is Colton Formation; Kmv is Mesaverde Group; Tgr is Green River Formation.

Class B gas is commonly associated with oil.

depths, they are associated with oil and are chemically
wet and isotopically light, as compared to those just
described from the Natural Buttes field (fig. 35 and 36).
Based on their composition and on studies by Sweeney
and others (1987), the gases are interpreted to have
been generated from type I (lacustrine) kerogen in the
oil generation window (catagenesis). Sweeney and
others (1987) predicted that oil generation from type I
kerogen in the area occurs (ed) at depths of about 9,000
to 14,000 ft based on heating values calculated from
their geologic model.

Red Wash Field Gas

In the Red Wash field (figs. 2, 7, 21, and 22), both
oil and associated gas are produced from the Green
River Formation. The producing and adjacent source-
rock facies are lithologically similar and about coeval,
but the depth of production (fig. 21, 22, and 36) and
levels of thermal maturity (immature to marginally
mature) are much less than at Altamont-Bluebell. The
gases from reservoirs of the Green River at Red Wash
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are similarinisotopic composition tothose at Altamont-
Bluebell, but are chemically dryer (fig. 36). The gases
are interpreted to have been generated from type I
kerogen in the Green River Formation in the decper,
more mature part of the basin and to have migrated
laterally, along with the oil, into the Red Wash area.
This migration resulted in the gases becoming enriched
in methane (Schoell, 1983).

MINERALOGY AND
DIAGENESIS OF RESERVOIRS

Sandstone Composition and Reservoir
Quality

Several hundred thin sections of presumed low-
permeability reservoir sandstones Late Cretaceous and
early Tertiary in age from the Uinta Basin were point
ccunted (300 counts per section) to determine their
detrital and authigenic mineral compositions and to
relate these features to their overall reservoir quality
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(table 3). Each section was stained to distinguish iron-
bearing from non iron-bearing carbonate and 1o aid in
the recognition of potassium feldspar. Samples were
collected from wells in four areas of the basin: the
Natural Buttes, Pariette Bench, Red Wash, and
Altamont-Bluebell fields (fig. 2). Each arca has under-
gone adifferentburial and diagenetic history which has
resulted in variable reservoir quality. In general, po-
tential reservoir rocks throughout the basin have low
porosity and matrix permecability except Red Wash
ficld which is typified by higher porosity and perme-
ability because of its shallow-burial depths. Data from
conventional reservoir rocks at Red Wash field are
discussed only briefly; they were included in the study
because they provide insight into the original reservoir
conditions that may have existed in an area of the basin
that was never deeply buried. The Altamont-Bluebell
ficld alsois somewhat atypical because itisextensively
fractured and has produced large amounts of liquid
hydrocarbons viaa well-developed interconnected frac-
ture system that pervades otherwisctightrocks. Analy-
sis of reservoir quality in these strata is important
because they are the most deeply-buried rocks in the
rcgion, thus, their reservoir characteristics should be in
sharp contrast to those in less deeply-buried strata.
Comparable mineralogic data were collected for rocks
of the same age and origin exposed in the Book Cliffs
along the south flank of the basin but they only indi-
rectly relate to reservoir quality in the subsurface, thus
they will not be referred to in this portion of the study.
A wide spectrum of mineralogic and petrophysical
data from areas of the basin that have experienced
different diagenetic and burial histories should eventu-
ally lead to the development of a model that can be used
1o predict areas of the basin that have specific reservoir
characteristics.

Upper Cretaceous and Tertiary sandstones of in-
terest in this study generally are fine-grained and poor-
to medium-sonted although some medium-grained,
well-sorted beds occur locally in some sections. The
grain sizes and sorting of individual beds vary signifi-
cantly within and between localitics because of differ-
ences in depositional environment and source area
(figs. 4 and 6). Based on the classification scheme of
Folk (1974), low-permeability Tertiary sandstones in
the Uinta Basindisplay a wide range in composition as
shown in figure 38. The data generally cluster into
three distinct groups: a quartz-lithic petrofacies, a
quartzose petrofacies, and a feldspathic-lithic
petrofacies. Each of these facies spans a broad strati-
graphic interval ranging from Late Cretaceous through
carly Tertiary in age. The quartz-lithic petrofacies,
composed predominantly of monocrystalline quartz
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and sedimentary lithic fragments, comprises litharenites
and sublitharenites in the Upper Cretaceous Blackhawk
Formation, Neslen Formation and the pans of the
lower Tertiary Wasatch and Green River Formations
that are geographically restricted to the northern and
eastern parts of the basin. Quartzarenites of the quart-
zose petrofacies typify the Upper Cretaceous Bluecastle
Tongue of the Castlegate Sandstone and they form
distinct beds that are intercalated with quartz-lithic-
rich strata of the Wasatch and Green River Formations
in the northem and eastern arcas of the basin. The
feldspathic-lithic petrofacies consists of approximately
subequal amounts of sodium and potassium fcldspar, a
sedimentary lithic assemblage, and aminor component
of metamorphic grains. This compositional range,
classifying mostly as lithic arkoses and feldspathic
litharenites, characterizes sandstones in the Upper Cre-
taceous undifferentiated Tuscher and Farrer Forma-
tions, Price River Formation, and the lower Tertiary
Wasatch, Colton, and Green River Formations that
extend throughout much of the central and southern
parts of the basin. The spatial and temporal distribu-
tions of these petrofacies with respect to stratigraphic
age and location within the basin are shownon figures
39 and 40.

Sedimentologic and paleoflow characteristics of
individual petrofacies are highly variable across the
basin inferring sediment contributions from source
arcas that were tectonically active at different times in
the basin’s history. Cretaccous quartzose and quartz-
lithic-richsandstones comprise detritus reworked from
the thrust belt in western Utah (fig. 41). In contrast,
Tertiary sandstones with essentially the same
mineralogies are interpreted to have had a sediment
source in the Uinta Mountains, a region that was
tectonically active during the Palecocene and Eocene.
At about the same time, rising Laramide highlands to
the south of the basin contributed feldspar-rich sedi-
ment from eroded Cretaceousrock to river systems that
flowed northward into the basin. These sediments
were redeposited as a thick Tertiary scction.

Detrital Constituents in Cretaceous and Tertiary
Rock

Monocrystalline quartz is amajor detrital constitu-
ent in the three petrofacies types. Grains range from
angular to subrounded in shape and from very-fine to
medium-grained in size.

Feldspar is a major component in sandstones com-
prising the feldspathic-lithic petrofacies. Plagioclase
and potassium feldspar, the most common varicties,
occur in subequal amounts and vary in appearance
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Figure 38. Ternary diagram of petrologic constituents within Tertiary wunits in the Pariette Bench, Altamont-Bluebell,

Natural Buttes,and Red Wash fields. Seefigure 2 for locations of producing areas

identity of reservoir units.

from fresh to highly altered. The most common alter-
ation features are seritization, carbonate replacement,
and dissolution.

Sedimentary rock fragments are dominant con-
stituents in the quartz-lithic and feldspathic-lithic
petrofacies. Chert is generally most abundant with
lesser amounts of mudstone, shale, and carbonate clasts.
Individual grains of chert typically have retained their
original size and chape, unlike argillaceous sedimen-
tary rock fragments that have been mechanically de-
formed to pseudomatrix. Where these disaggregated
fragments are widespread, they have significantly de-
creased the permeability. Other lithic constituents
observed include minor metamorphic and plutonic
grains and, in feldspathic-rich rocks, rare volcanic
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andfigures4,5,6,and7 for stratigraphic

fragments all of which are relatively unaltered and did
not affect the overall reservoir potential.

Depositional matrix, composed of allogenic clay,
is common in low-permeability sandstones in both
petrofacies. Because of its extreme fine nature, it tends
to obstruct fluid flow thereby inhibiting both cementa-
tion and the development of secondary porosity.

Diagenetic Alteration

The quartz-lithic and feldspathic-lithic petrofacies
each show a unique set of diagenetic characteristics
that can be related to detrital grain composition and
burial history. The extent of alteration within a facies
is variable and can account for the differences in
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Figure 39. Depositional-facies map also showing distribution of petrofacies for rock in a zone consisting of beds adjacent
and laterally equivalent to the middle marker of the Green River Formation ( modifiedfrom Fouch, 1975). Horizontal dashed
line near 40° W. latitude represents the approximate boundary between the two petrofacies types and reflects northand south
sediment sources. This map generally characterizes petrofacies for Tertiary strata between the middle marker of the Green
River Formation and the boundary between Cretaceous and Tertiary rocks. See figure 5 for position of stratigraphic markers
and figure 40 for stratigraphic units in cross-sectional view.

reservoir quality of rocks similar in age but at different
localities in the basin. In the feldspathic-lithic
petrofacies and, to a lesser degree, the quartz-lithic
petrofacies, authigenic cementation, replacement, and
dissolution are the primary postdepositional processes
that modified reservoir sandstones. Of these pro-
cesses, cementation and dissolution reactions were the
most important with respect to reservoir quality.
Diverse authigenic mineral phases distinguish
quartz-lithic from feldspathic-lithic sandstones. Inthe
Sevier thrust belt-derived quartz-lithic sandstones, sec-
ondary quartz and dolomite-ankerite cements are most
common although they are present in relatively small
amounts due to the presence of widespread matrix and
mechanically unstable lithic fragments which disag-
gregated eliminating most of the initial pore space

57

earlyin the burial history. Authigenic clay mineralsare
difficult to recognize because of the absence of poros-
ity; however, much of the detrital matrix, particularly
in the deeper-buried rocks, probably recrystallized to a
well-ordered 10 angstrom clay. Diagenetic modifica-
tion tends to be more diverse in the feldspathic-lithic
petrofacies reflecting the presence of different compo-
sitional types of feldspar. The major authigenic com-
ponents in these rocks include a complex carbonate
assemblage and a variety of clay minerals. Combined,
these constituents significantly affected the reservoir
quality of anindividual bed or series of beds depending
their burial history. Minor authigenic phases such as
quartz, anhydrite, barite, and pyrite are present in some
rocks but generally they did not significantly affect the
reservoir quality of the sandstones.
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Figure 40. Cross section A-A’ of Tertiary rocks extending from Willow Creek-Indian Canyon to the Altamoni-Bluebell field
area showing principal petrofacies. See figure 3 for line of section, figure 6 for stratigraphic position of producing intervals,
and figure 39 for map view of petrofacies projected into a map of the middle marker zone.

Carbonate Phases

Multiple generations of carbonate consisting of
calcite, ferroan-calcite, dolomite, and ferroan-dolo-
mite are observed in Cretaceous and Tertiary sand-
stones reflecting a multistage diagenetic history. Cal-
cite and ferroan-calcite are the dominant carbonate
phases in feldspathic-lithic sandstones and in the Uinta
Mountain-derived quartz-lithic rocks; they are present
in variable amounts at all depths studied. In contrast,
dolomite and ferroan-dolomite are most abundant in
the Sevier-thrust belt derived quartz-lithic sequence.
The amount and distribution of authigenic carbonate
phases within and between beds may be widespread or
localized depending on the depositional environment
and the burial history of different areas of the basin.
Where carbonate phases are well-developed, they typi-
cally form a poikilotopic cement that fills pores and
pardy to completely replaces fresh to slightly altered
detrital framework grains. If carbonate is minor, it
usually is distributed as discrete grains or as irregular
patches.
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Petrographic analysis reveals the sequential order
of carbonate formation in sandstones to be calcite,
dolomite, ferroan-calcite, and ferroan dolomite. Cal-
cite, distinguished by its red stain, occurs most com-
monly as small patches that are partly replaced by
ferroan-calcite (identified by its purple stain). The
embayed texture of non-ferroan calcite relicts in pores
suggests this carbonate phase was affected by dissolu-
tion early in the diagenetic history. Ferroan-calcite is
a pervasive cement at greater burial depths although it
also may occur as a patchy cement implying a subse-
quent episode of leaching during late stage diagenesis.
In some reservoir sandstones, porosity enhancement as
a result of ferroan calcite leaching may be well-devel-
oped; however, these zones of high porosity are usually
isolated and volumetrically insignificant because of
the lenticular nature and complex geometry of indi-
vidual beds. Like calcite, dolomite exits as isolated
grains and small patches of cement but it also may
replace matrix. Individual dolomite grains are angular
to partly abraded in shape and often contain a euhedral
ferroan rim. Some carbonate grains may have served
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Figure 41. Map of eastern Utah and western Colorado showing major structural elements that existed at some period in
Late Cretaceous and early Tertiary time and that contributed sediment to the area of the central and eastern Uinta Basin,

Utah.

as nucleation sites for later ferroan carbonate cement.
Ferroan dolomite recognized by its dark blue stain
occurs both as discrete rhombs and as pore-fill and
replacement cement that shows no evidence of leach-
ing. It is most abundant in deeper-buried rocks in the
basin.

Authigenic Clays

Authigenic clay minerals in reservoir sandstones
consist of kaolinite, chlorite, illite, and interstratified
illite-smectite. Inthe Sevier thrust belt derived quartz-
lithic sandstones, the major clay-mineral assemblage is
composed of illite, illite-smectite, chlorite, and rare
kaolinite. The 10-14 Angstrom minerals, which com-
monly occur together in the same bed, represent prod-
ucts related to the recrystallization of matrix and asso-
ciated argillaceous material during burial diagenesis.
Generally, the same suite of clay minerals comprises
the feldspathic-lithic petrofacies but in different pro-
portions. Kaolinite is dominant in most sandstones
with lesser yet significant amounts of illite, illite-
smectite, and chlorite. Rare corrensite occurslocally in
some sequences. Petrographic analysis shows kaolin-
ite distributed as stacked hexagonal crystals that fill
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secondary intergranular pores and voids within frame-
work grains such as feldspar that were created by the
dissolution of carbonate. Fibrous authigenic illite and
randomly-oriented platelets of chlorite often are dis-
tributed along framework grain surfaces and are in
contact with kaolinite that fills the center of a pore.
Where these minerals are abundant, they can signifi-
cantly affect the reservoirquality of the host sandstone.

Ilite and kaolinite in feldspar-ricl: rock exhibit a
spatial zonation pattern across the basin. Kaolinite is
conspicuously absentin Tertiary quartz-lithic rich rocks
with high primary porosity and permeability along the
eastemn flank of the basin. This lack of occurrence can
be attributed to the lack of feldspar as a dominant
framework-grain constituent. However, kaolinite is
abundant in temporally-equivalent strata and in older
Cretaceous rocks at Natural Buttes field to the south-
west. Tothe west, inthe vicinity of Pariette Bench field
and along the northern flank of the basin at Altamont-
Bluebell field, kaolinite is absent in Tertiary age rocks
and illite is the major clay phase. The transition from
a kaolinite-dominated clay assemblage in the distal
part of the basin to an illite-dominated sequence in the
proximal and deeply-buried portions of the basin is
interpreted to record the evolution of formation waters
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from relatively fresh conditions near recharge areas to
reducing conditions in the decper, more restricted parts
of the section.

Secondary Quartz

In both petrofacies, rare authigenic quartz occurs
as small, poorly-developed overgrowths on detrital
grains, usually in sandstones that are relatively free of
labile lithic grains and matrix and that contain abun-
dant dctrital quartz. The abraded nature of many
overgrowths may be indicative of detrital grain and
grainovergrowths reworked from the source areato the
site of deposition. The volumetrically minor amount of
sccondary quartz in most Cretaceous and Tertiary
sandstones implies that it was not an important factor
controlling the distribution of porosity.

Other Diagenetic Phases

Petrographic analysis reveals local occurrences of
anhydrite and barite as a replacement mincral in some
sandstones in the feldspathic-lithic petrofacies.

Petrophysical Properties of Sandstone Bodies

The rescrvoir quality of Cretaceous and Tertiary
sandstones in the Uinta Basin was evaluated based on
measured ambient and in-situ porosity and permeabil-
ity values and visible porosity measurements deter-
mincd by petrographic analysis. As expected, most
sandstones show a significant decline in reservoir
quality with increased burial and thermal maturity. A
similar burial-related trend characterizes pcrmeability
although the variability between individual samples is
not as great as that for porosity.

The dominant porosity type in reservoir rocks is
rclated largely to depth of burial. Forexample, primary
intergranular porosity is a major feature in shallow-
buried rocks (<4,000 ft) along the castem margin of the
basin. However, in more decply-buried rocks, the
initial porosity was reduced during diagenesis by me-
chanical compaction of unstable grains and precipita-
tionof mineral cements. Volumetric determinations of
authigenic cements in these rocks indicate original
porosities between 30 to 40 percent. The dominant
porosity type at depths greater than about 4,000 ft is
sccondary porosity which resulted from partial disso-
lution of intergranular carbonate cement and carbon-
ate-replaced framework grains such as feldspar.

The nature and extent of porosity development in
Cretaceous and Tertiary reservoir sandstones are a
function of mineralogic composition, clay content,

60

Natural Gas in Cretaceous and Tertiary Rocks

mean grain size, soring, framework-grain compac-
tion, and development of authigenic mineral cements.
Detrital mineralogy and, 1o a lesser extent, grain size
vary across the basin which, combined with the effects
of burial and a complex cementation-dissolution his-
tory, result in highly variable porosity values. Except
in shallow-buried Tertiary rocks along the castecrn
marginof the basin, the quartz-lithic petrofacies gener-
ally displays the least amount of porosity due to abun-
dant sedimentary lithic fragments squeezed into the
original pore spacc. However, in the feldspathic-lithic
petrofacies, porosity is highly variable because of
multiple episodes of carbonate cementation and disso-
lution. In some feldspathic-rich sandstones, carbonate
cementation is pervasive while others show localized
carbonate occurrences along with cvidence of wide-
spread carbonate dissolution preserved as secondary
porosity. A moderately stable mineral assemblage is
necessary to preserve good reservoir qualily in the
deeper subsurface. If some fraction of the mechani-
cally and chemically unstable grains are fcldspar, the
development of secondary porosity is favored because
they dissolve. However, if the percentage of these
grains becomes to high or the fraction is dominated by
argillaceous fragments that form pscudomatrix, as is
the case in many feldspathic-rich sandstones, porosity
ultimately will be greatly reduced. Kaolinite, illite, and
chlorite also tend to be widespread in feldspar-rich
sandstones filling secondary pores which leads to
decreased porosity and permeability. Morcover, the
large surface areas of clay minerals such as kaolinite
and to a lesser extent chlorite promote high water
saturations which cancreate problems during reservoir
stimulation. In addition, fibrous illite and mixed-layer
clays block pore throats which restrict fluid movement
through the system.

Regional Trends in Reservoir Quality

Generalized mineralogic, diagenctic, and reser-
voir properties of Cretaceous and Tertiary sandstones
in four areas of the basin are summarized in table 3 and
figure 42. Except for Paleocene and Eocene rocks
(Wasatch, Colton Green River, Formations), strati-
graphically and temporally equivalent intervals gener-
ally were not cored at differcnt geographic localities.
Thus, spatial comparison of reservoir quality between
rocks of the same age and origin that experienced
different depositional and burial histories is limited.
However, given that only three petrofacies types dis-
tinguish Cretaceous and Tertiary strata throughout
most of the basin, and the fact that the burial history of
the region is fairly well constrained, it may be possible
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Figure 42. Sequence of diagenetic events related to hydrocarbon migration in the Altamont-Bluebell, Natural Buttes,

Pariette Bench, and Red Wash fields.

to predict with some degree of accuracy the nature and
extent of the major diagenetic reactions that occurred
both temporally and spatially as well as their affect on
reservoirpotential. A descriptionofshallow-todeeply-
buried rocks in the four areas of the basin along with a
discussion of the reservoir quality is given below.

Mincralogy and Diagensis of Red Wash Reservoirs

In the northeastern part of the basin, the Paleocene
and Eocene Wasatch and Green River Formations have
produced significant hydrocarbons from conventional
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reservoirs in Uinta Mountain-derived quartz-lithic and
quartz-rich sandstones and fossiliferous carbonate rock.
Paleoenvironmental studies indicate that conventional
and unconventional units in the field represent a broad
range of lacustrine depositional settings varying from
fluvial-deltaic systems to barrier-beach complexes
(Castle, 1990). These rocks which lie at burial depths
between 4,000 to 7,000 fi (?) typically have relatively
high matrix porosities (13-15 percent) and
permeabilities (75-125 md) compared to temporally
equivalent units that lic farther west and north in the
basin (Chatfield, 1972). Palcogeographic reconstruc-
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tion indicates Wasatch and Green River strata reached
their maximum burial depths and temperatures about
20 Ma (Early Miocene) followed by minor uplift and
crosion at about 10 Ma (Late Miocene) (Pitman, un-
published data; Chevron Oil Co., unpublished data).
That these rocks were never deeply buried is supported
by petrographic data which shows preservation of a
well-developed primary pore-network in many sand-
stones.

Shallow-buried, quartz-lithic-rich and quarnzose
sandstones in the Wasatch and Green River Forma-
tionsin Red Wash field (figs. 21 & 22) are important to
study because they exhibit less complex diagenetic
modifications than more-deeply buried time-equiva-
lent lithic-feldspathic sandstones in the eastern and
central parts of the basin. For example, some
quartzarenites show primary porosity occluded by
poikilotopic ferroan and non-ferroan calcite cement
with minor secondary quartz overgrowths and
dolomicrite cement whereas other sandstones display
awcll-developed primary pore network thatis open or
partly filled with dolomicrite, euhedral quartz
overgrowths, or bituminous residue. Authigenic clay
minerals are virtually abscnt in sandstones that have
good primary porosity. Local occurrences of bitumen
and minor authigenic mineral phases in porous and
permeable sandstones are taken as evidence that hy-
drocarbons migrated into reservoir sandstones early in
the burial history. The emplacement of hydrocarbons
during early burial prevented further sandstone alter-
ation thus preserving the porosity and permeability
present at the time of reservoir charging. The positive
correlation between hydrocarbon occurrence and good
reservoir quality does not exist elsewhere in the basin
except locally at Pariette Bench field where there is
geochemical evidence of early migrated oil.

Mineralogy and Diagensis of Altamont-Bluebell
Reservoirs

The Altamont-Bluebell field, located along the
structural axis that parallels the north flank of the basin,
has produced large amounts of hydrocarbons from
naturally-fractured rock that otherwise has generally
poorreservoir quality. Production typically is from the
overpressured Paleocene and Eocene Colton, and Green
River Formations, including the Flagstaff Member,
which are presently at burial depths between 11,000-
15,000 ft. A burial-history model suggests at least
2,000 ft of Tertiary rock was eroded from the section
during Colorado Plateau uplift (fig. 43); at maximum
burial the rocks were at depths from 13,000 to 17,000
ft. In the northemn part of the basin, the Colton and
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Green River Formations consist of fine-grained allu-
vial and marginal-lacustrine sandstones with
mineralogic compositions typical of the Uinta Moun-
tain-derived quartzose and quanz-lithic petrofacies
although a few percent plagioclase fcldspar exist in
some sandstones. The reservoir quality, specifically
the matrix porosity, is poor in most sandstones because
the rocks have been affected by extreme mechanical
compaction and have experienced a more complex
diagenetic history due to decp burial. The major
authigenic cements are secondary quartz overgrowths,
ferroan and nonferroan calcite, and dolomite. Ferroan
dolomite occurs very rarely and the clay minerals illite
and chlorite are present sporadically in variable
amounts. Combined, these mincrals have greatly re-
duced the reservoir quality of the sandstones.

Core-plug petrophysical data for reservoir sand-
stones in the Colton and Green River Formations are
not available for the wells analyzed in our study .
However, measured visible porosity data obtained by
petrographic analysis is highly variable, from O to 24
percent, although generally it averages less than 5
percent. Most porosity is secondary intergranular that
formed as a result of carbonate dissolution based on
remnant carbonate grains in voids. A few sandstones
show minor porosity that is interpreted to be primary
because there is no evidence of pre-existing carbonate.

Parallel, near vertical, open to partly mineralized
fractures are abundant in the Colton and Green River
Formations and greatly affcct the reservoir quality.
The mineralized portions of fractures typically are
cemented with quartz and carbonate minerals both of
which contain oil inclusions (Narr and Currie, 1982).
Fractures increase the interconnection between iso-
lated pore, thereby increasing the overall effective
porosity and permeability in these rocks. Permeability
associated with matrix in reservoir sandstones is as-
sumed to be very low based on the mineralogic charac-
teristics; however, fracture permeability is generally
high and is an important factor regarding production in
the field.

Mineralogy and Diagenesis of Natural Buttes
Reservoirs

The factors controlling the reservoir quality of
low-permeability rocks in the eastern Uinta Basin were
evaluated by studying cored stratigraphic intervals in
the Upper Cretaceous Blackhawk, Neslen, and
undifferentiated Farrer and Tuscher Formations, and
the upper Paleocene and Eocene Wasatch Formation
(fig. 24). The rocks in these units represent a wide
range of depositional regimes: marine ncar-shore to
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backshore environments in the Blackhawk Formation,
nonmarine coastal and lower alluvial-plain settings in
the Neslen Formation, alluvial braidplain and overbank
environments in the undifferentiated Farrer-Tuscher
Formations, and lower delta-plain settings in the
Wasatch Formation. Detailed sedimentologic and
lithologic descriptions of these units are given in Pit-
man and others (1986; 1987). The reconstructed burial
and tectonic history of the area (fig. 43) reveals that
Upper Cretaceous and Tertiary rocks at Natural Buttes
reached maximum burial during the Oligocene and
Miocene and then were uplifted and eroded from 10
Ma to the present during the development of the
Colorado Plateau. Approximately 3,000 ft of Tertiary
section are estimated to have been eroded from the
section at that time (Pitman and others, 1987). Creta-
ceous and Tertiary strata at Natural Buttes now are at
burial depths between 4,000 and 8,000 ft and analysis
of available drill-stem test data indicate that they are
normally pressured (fig. 26).

Diagenetic features preserved in Upper Creta-
ceous and Tertiary rocks record changes in the burial
and thermal history with time. The quartz-lithic
petrofacies typifying the Blackhawk and Neslen For-
mations was modified by mechanical deformation of
unstable lithic grains, the precipitation of silica ce-
ments as quartz overgrowths during shallow burial,
cementation and framework grain replacement by do-
lomite, ankerite, and barite during deep burial, dissolu-
tion of unstable lithic fragments during deep burial,
and development of authigenic clay minerals through-
out the burial history. A similar paragenetic sequence
was documented forthe Neslen Formationin Southman
Canyon field a few miles to the west (Keighin and
Fouch, 1981). Except for mechanical compaction, the
extent of postdepositional alteration in these Upper
Cretaceous rocks was relatively minor and did not play
animportant role in determining their overall reservoir
characteristics.
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Diagenetic events that affected the feldspathic-
lithic petrofacics of the undifferentiated Farrer and
Tuscher Formations, and the Wasatch Formation were
more extensive than those in older rocks devoid of
fcldspar. Feldspathic-lithic sandstones have been al-
tercd by sccondary quartz, multiple generations of
carbonate- non-ferroan calcite, ferroan calcite, dolo-
mite, and minor ankerite, local occurrences of anhy-
drite and barite, and the clay minerals kaolinite, illite,
illite-smectite, chlorite, and corrensite. Comparable
authigenic mineral phascs have been reported for
stratigraphically-equivalent rocks innearby Southman
Canyon field (Keighin and Fouch, 1981). Authigenic
non-fcrroan calcite and dolomite, present in some
rocks and absent in others, formed during early burial
before significant compaction. Later in the diagenctic
history, variable amounts of ferroan calcite precipi-
tated when the rocks were close to maximum burial.
An episode of carbonate dissolution also occurred
during later stages of diagenesis followed by the sub-
scquent crystallization of anhydrite and barite and
illite, illite-smectite, chlorite, and corrensite in second-
ary pores. Most kaolinite probably formed during late
stage uplift and crosionin response to an influx of near-
surface meteoric water that mixed with more reducing
waters although it is possible that some fraction of
kaolinite inthe upper part of the undifferentiated Farrer
and Tuscher Formations may be older and associated
with the development of the Cretaceous-Tertiary
unconformity (Pitman and others, 1986).

The reservoir quality of Upper Cretaceous and
Tertiary rocks at Natural Buttes and nearby areas is
influenced by stratigraphic position within a deposi-
tional sequence, petrofacies type, and the nature and
extent of burial alteration. Porosity preserved in the
Blackhawk and Neslen Formations typically is low (2-
10 percent) as is permeability which averages <1 md
(Pitman and others, 1987). Petrographic analysis indi-
cates that porosity in the Blackhawk and Neslen For-
mations iS enhanced in sandstones that contain dis-
solved framework grains and matrix and is reduced in
rocks that exhibit extensive mechanical compaction of
unstable framework grains. In the Blackhawk Forma-
tion, abundant fossiliferous chert grains commonly are
partly dissolved and exhibit microporosity. Rare over-
sized pores and partly open natural fractures in both
formations also contribute to the porosity. Consis-
tently low permeability reflects the abundant matrix
and pseudomatrix that characterizes these rocks.

Porosity preserved in the undifferentiated Farrer
and Tuscher Formations, and the Wasatch Formation
is highly variabie ranging from 0-13 percent and 0-15
percent, respectively (Pitman and others 1986). Dis-
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similar rescrvoir quality betweenindividual beds within
cach formation can be attributed to differences in grain
size and sorting and to the relative abundance of
individual grain types. For cxample, in a thick, sand-
stone-dominated interval, beds with the highest poros-
ity generally are coarser-grained and contain a minor
component of matrix but a high percentage of frame-
work grains and intergranular pores containing relict
carbonate cement. Initially, reactive fluids migrated
through an open, well-developed pore network which
resulted in the formation of carbonate replacement and
pore-fill ccment thus eliminating mest primary poros-
ity. During later diagenesis, partial dissolution of
carbonate, possibly caused by organic acids relcased
during thermal gas generation, enhanced porosity. A
sccond carbonate reduction and enhancement cycle
occurred during decper burial resulting in the local
occurrences of ferroan calcite and sccondary porosity
now cbserved in the sandstones. The sccondary inter
and intragranular pores eventually became occluded
by authigenic clay which further decreased the poros-
ity inmany sandstones. Upper Cretaceous and Tertiary
strata with the lowest porosity usually are fine-grained
and more poorly-sorted. Morcover, thcy commonly
containalarger component of matrix and pscudomatrix
which effectively eliminated the original pore space.
Authigenic cemenis in these beds tend to be poorly
developed.

Permeability in these Upper Cretaccous and Ter-
tiary rocks was most affected by the development of
authigenic clay in residual pores. Clay-filled pores
exhibit microporosity which tends to be discontinuous
thusinhibiting the movement of fluids orhydrocarbons
through the pore network.

Mineralogy and Diagencsis of Parictte Bench
Reservoirs

The lower pant of Eocene strata of the Green River
Formation (Douglas Creck Member—figure 6) was
penctrated in three wells at Parictic Bench ficld located
in the central part of the Uinta Basin. The cored rocks
comprise feldspathic-lithic rich, alluvial sandstoncs
interbedded with lacustrine claystones and carbonate
rock. These strala arc at present-day burial depths
between 4,000 and 5,000 ft and are slightly overpres-
sured (Pitman and others, 1982). The rocks may have
beenburied asmuch as 3,000 ftdecperinthe past. Ficld
studies and time-temperature reconstruction indicate a
burial and thermal history similar to that postulated for
temporally-equivalent rocks at Natural Buttes ficld
farther to the east. This infers a comparable sequence
of diagenetic events in the reservoir sandstones at
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Pariettc Bench. However, based on petrographic analy-
sis, more advanced stages of alteration typify the
sandstones which strongly suggests that the nature and
extent of organic-diagenetic rcactions in an
overpressured regime differed from those in a nor-
mally-pressured environment despite similar burial
historics. Minor quartz overgrowths formed early in
the burial history followed by non-ferroan calcite,
dolomite, ferroan-calcite, and ferroan dolomite
(ankerite) which replaced grains and filled intergranu-
lar pores during carly and late stages of diagencsis.
Relict non-ferroan calcite together with patchy occur-
rences of ferroan calcite in some sandstones is cvi-
dence for carly and late stages of calcite dissolution
which is preserved as sccondary porosity in the sand-
stones. Well-crystallized ankerite which was not ob-
served intemporally equivalent rocks at Natural Buttes
replaces ferroan calcite and locally forms a pore-fill
cemeni that does not show the effects of dissolution.
Stable isotope geochemical data of end-member car-
bonate (Pitman and others, 1982) display an isotopic
trend toward more depleted carbon and oxygen values
with increased iron content. The evolution in carbon-
alc composition from early low-iron to later higher-
ironvaricties withtime is interpreted to reflect progres-
sive diagenesis in arestricted hydrologic regime influ-
enced by high pore-fluid pressures. Multiple episodes
of carbonate dissolution probably took place in the
same diagenetic regime in response to organic reac-
tions during gas gencration. Secondary inter and
intragranular pores that resulted from carbonate disso-
lution typically are filled with illite, illite-smectite, and
chiorite whichlikely formed at about the same time and
under the same burial conditions as the iron-carbon-
ates. Apparently, recharge waters near the basin mar-
gin did not reach the proximal portions of the basin
because kaolinite is absent in these sandstones unlike
the rocks at Natural Buttes field to the east where
kaolinite is abundant.

Porosity in sandstones of the Wasatch and Green
River Formations in the central part of the basin is
highly variable (between 1.2 and 16.2 percent) whereas
the permeability is usually less than .1 md which is
characteristic of unconventional reservoir rocks (Pit-
man and others, 1982). As at Natural Buttes, the
highest porosity values occur in sandstones that are
coarser-grained and that have the least amount of
unstable framework grains and matrix material. At
Parictte Bench, sandstones with these characteristics
occur at the base of fluvial channel-formed beds which
was the high energy part of an overall low-cnergy
depositional system. The relatively high inital poros-
ity in these scdiments promoted the formation of
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authigenic cements which later were locally dissolved
creating secondary porosity. Most secondary voids are
now occluded with authigenic clay which forms a
complex micropore network that results in decreased
fluid flow and consequently, low permeability. Sand-
stones with the lowest porosity values at Parictte Bench
field are composed of large amounts of matrix material
and unstable framework grains which eliminated most
original pore space due to compaction.

POROSITY AND POROSITY
PREDICTION

In some arcas of the Uinta Basin, few wells pen-
ctrate the nonmarine sandstones of the Mcsaverde
Group. For this reason, a predictive model for the
typical porosity and porosity range of these sandstones
is necessary for regional assessment of hydrocarbon
resources and reserves.

Predictive porosity trends are developed here as a
function of thermal maturity as represented by vitrinite
reflectance (R_) rather than of depth. By plotting
porosity against R_, which is a measure of time-
temperature exposure, effects upon the data of local
topographic relief, varying thermat gradients, and re-
gional differences in uplift and erosion are normalized.
In addition, porosity change can be placed in the
context of hydrocarbon generation if porosity is char-
acterized in terms of R .

Core-Plug Data Set

Core-plug porosity and Rm data representing
nonmarine sandstones of the Mesaverde Group in 14
wells from 11 widely separated locations in the Uinta
and Piceance basins (fig. 44, table 4) arc assembled for
this study. The scarcity of suitable Mesaverde porosity
data from the Uinta Basin dictates that measurcments
from the Piceance Creck basin be included in the data
set. We infer that Piceance samples are applicable
because nonmarine rocks of the Mesaverde Group in
the Uinta and Piceance Crcck basins are temporally
and depositionally similar (Keighin and Fouch, 1981).
By plotting porosity as a function of R_, differences in
the subsequent burial and thermal histories of the Uinta
and Piceance Creck basins are taken into account and
porosity measurements from the two basins can be
combined.

The number of porosity measurements represent-
ing a cored interval varies (table 4). Instead of plotting
these porosity measurements individually, in which
case some strata would influence interpretations more
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Figure 44. Map of Uinta and Piceance basins, Utah and Colorado, showing drill holes Jfrom which Upper Cretaceous
Mesaverde Group (circles) and Tertiary Colton-Wasatch-Green River Formations (diamonds) core-plug porosity values
were obtained for this report. ldentification numbers refer to those of figure 44 and table 4.

than others simply because more core plugs were
taken, cored intervals are represented by normalized
porosity distributions. A porosity distribution cannot
be easily graphed as such. Therefore, cach distribution
is characterized by the porosity of its 10th, 25th, 50th,
75th, and 90th percentiles, as well as by its single
highest porosity measurement. These values are easily
plotted and are used to develop regional predictive
trends of sandstone porosity versus vitrinite reflec-
lance.

Typical Porosities of Nonmarine Mesaverde
Sandstones

The vertical lines of figure 45 connect the 25th and
75th porosity percentiles of each porosity distribution
of the Mesaverde data set. These data characterize the
middle one-half of the measured porosity range and
define an cnvelope that subjectively represents normal
or typical porosities of nonmarine Mesaverde sand-
stones.

Porosity-R_ trend lines that represent sandstones
in general are also shown in figure 45. The line labeled
“type curve’ is from Schmoker and Gauvtier (1989) and
is a typical compaction curve for clastic rocks. The
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lines labeled *“10th percentile” and “90th percentile”
(fig. 45) are from Schmoker and Hester (1990) and
define an envelope within which most sandstone po-
rosity-R | measurements fall. These three generic
trend lines provide an interbasinal reference frame-
work within which Mesaverde porosity data can be
placed.

Porosities of Mesaverde sandstones in the Uinta
and Piceance Creek basins have been subjectively
described as low. Figure 45 demonstrates that this is
not the case if the level of time-temperature exposure
(R_) is taken into account. The dashed trend lines
superimposed upon the data of figure 45 show that
porosities of nonmarine Mesaverde sandstone inter-
vals are, in an overall sense, typical of sandstones in
general,

The unusual aspect of nonmarine Mesaverde sand-
stones is that their porosities remain approximately
constantasR _ increases from 0.7 percentto 1.8 percent
(fig. 45). The porositics of most sandstones decrease
as a power function of increasing R_ over this range of
thermal maturities (Schmoker and Hester, 1990).

The R range for which porosities remain approxi-
mately constant (fig. 45) is within the window of active
hydrocarbon generation for type III kerogen (Tissot
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Table 4. Description of Cretaceous Mesaverde Group core-plug porosity and vitrinite data sets used in this analysis. Wells

are plotted by numbers in figure 44.

No. of Average
Core-Plug Core-Plug
D! Porosiy  Depth  Rpy?
No. Well Name Location Data Source Analyses (m) (%)
1 Utex Brotherson 2-14B41 4-T2S-R4W Authors’ data; Anders (1990) 13 5,880 24
Duchesne Co., Utah
2 Exxon Wilkin Ridge 1 29-T10S-R17E Pitman et al. (1988) 15 3,140 0.74
Duchesne Co., Utah 55 3,290 0.84
3 Mapco River Bend 11-17F 17-T10S-R20E Authors’ data; Anders (1990) 45 2,530 0.83
Uintah Co., Utah
4 Pacific Gas Transmission 7-T11S-R21E Authors' data; Anders (1990) 24 2,130 0.79
Federal-Natural 1-7 Uintah Co., Utah 19 2,350 0.87
5 Colorado Interstate Gas 15-T10S-R22E Authors’ data; Pitman et al. 8 1,950 0.75
Exploration Natural Uintah Co., Utah (1986; 1987) 14 2,290 0.83
Buttes 21 14 2,590 0.95
6 Ensearch Petes Flat 1-1 1-T10S-R23E Authors’ data; Anders (1990) 35 2,500 0.91
Uintah Co., Utah .
7  Shell Southman Canyon 24-T10S-R23E Keighin and Fouch (1981); ? 1,820 0.70
Unit 7 Uintah Co., Utah Anders (1990)
8 Exxon Production Research ? Authors’ data; Wendlandt 33 200 0.56
Sego Canyon 2 Grand Co., Utah and Bhuyan (1990) 33 230 0.57
9 Twin Arrow C&K 4-14 14-T3S-R101W Authors’ data; Johnson 50 340 0.50
Rio Blanco Co., Col. and Nuccio (1986)
10 CER Geonuclear RBE-01 14-T3S-R98W Authors’ data; Hansley and 25 1,890 0.97
CER Geonuclear RB-MHF-3  11-T35-R98W Johnson (1980); Johnson and 29 1,830 0.93
Rio Blanco Co., Col. Nuccio (1986)
11 CER Geonuclear MWX- 34-T6S-R94W Authors’ data; Spencer and 51 1310 0.88
1,2, and 3 Garfield Co., Col. Keighin (1984); Bostick and 26 1,400 0.93
Freeman (1984); Pitman et al. 23 1,430 0.96
(1989) 28 1,460 1.00
74 1,490 1.02
93 1,950
74 1,980 1.49
54 2,160 1.73
40 2,230 1.80

1 Identification number refers to Figure 44.
Ry = vitrinite reflectance.

and Welte, 1984). Hydrocarbons generated from inter-
bedded coals and mudstones of the Mesaverde Group
could possibly be directly or indirectly responsible for
the observed Mesaverde porosity trends. Hydrocar-
bons, by displacing water, have the potential to inhibit
burial diagenesis. Less directly, organic acids result-
ing from the thermal breakdown of kerogen can alter
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pore-water chemistry and affect subsurface reactions
(Surdam and others, 1989).

Overpressuring produced by hydrocarbon genera-
tion in low-permeability rocks (Spencer, 1987) can
also affect porosity evolution because of reduced
lithostatic loading and a fluid-flow system character-
ized by expulsion rather than exchange of liquids.
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Figure d5. Plot of core-plug porosity versus vitrinite reflectance for 25th and 75th porosity perceniiles (joined by vertical
lines) of nonmarine sandstone intervals of Mesaverde Group, Uinta and Piceance Creek basins. Mesaverde data are
compared o type curve and to 10thand 90th porosity percentiles representing sandstones in general (Schmoker and Gautier,
1989, Schmoker and Hester, 1990). Arrows ind.cate values near the Cretaceous-Tertiary boundary.

Overpressured portions of the Mesaverde Group in the
Uinta Basin cannot be accurately mapped at present.
Well penetrations are sparse in many arcas, few wells
lest the base of overpressuring, and reliable pressure
data are uncommon. However, limited data suggest
that the Mesaverde section of the deep Uinta Basin may
be regionally overpressured (Fouch, 1975; Spencer,
1987).

Hydrocarbons in pores, organic acids in pore wa-
ters, and regional overpressuring are all aspects of
hydrocarbon generation within the Mesaverde Group.
The possible effects of each upon the porosity of
Mesaverde sandstones cannot be separated.

To summarize our interpretation of figure 45,
porositics of the three intervals with R_ near 0.5 per-
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cent and of the single interval withR_of2.4 percent are
more or less typical of sandstones in general. The
thermal maturitics of these intervals are less than and
greater than the window of active hydrocarbon genera-
tion, respectively. We speculate on the basis of these
sparse data that porosities of nonmarine Mesaverde
sandstones with thermal maturitics less than or greater
than the window of hydrocarbon genecration tend 1o
follow the “normal’ sandstone trends of Schmoker and
Hester (1990). Within the window of hydrocarbon
generation, we infer from figure 45 that porosities of
nonmarine Mesaverde sandstones donotdecrease with
increasing thermal maturity. From the standpoint of
hydrocarbon resources, this conclusion offers reason
for optimism. Deeply buried nonmarinc Mesaverde
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sandstones can be expected to have average porosities
in the 5 10 9 percent range, provided that R_ does not
exceed a threshold value somewhere near 2.0 percent.

Influence Upon Porosity of Cretaceous-
Tertiary Unconformity

Hansley and Johnson (1980), studying thin sec-
tions from the RBE-01 well (no. 10 of fig. 44 and table
4), noted that secondary porosity in Mesaverde sand-
stones appears best developed immediately below the
unconformity that separates Cretaceous and Tertiary
strata in the Piceance Creek basin. They associated
enhanced secondary porosity development with near-
surface weathering bencath the erosional surface. A
similar concept was espoused by Shanmugam and
Higgins (1988) with reference to the North Slope of
Alaska. An unconformity might also enhance late-
stage secondary porosity development by focusing the
flow of basin waters in the decp subsurface.

Of the porosity data collected for the present study,
only those from the RBE-O1 and RB-MHF-3 wells
offer the possibility of testing whether Mesaverde
sandstone porosity tends to be higher near the Creta-
ccous-Tertiary unconformity. Seven core-plug poros-
ity measurements in the RBE-O1 well are from
nonmarine sandstones 351085 ft (11 to26 m) below the
unconformity and 29 core-plug porosity measurements
inthe RB-MHF-3 well are from nonmarine sandstones
10to 180 ft (3 to 55 m) below the unconformity. (Itis
not clecar how far below the unconformity a zone of
enhanced dissolution might extend, although a thick-
ness of a few hundred feet scems possible.)

The average porosities of these two data subsets
arc 8.6 and 7.9 percent, respectively. These average
porosities are plotted in figure 45 (triangles) and are
higher than the majority of Mesaverde porosity mea-
surements in the vitrinite-reflectance range of 0.7t0 1.8
percent. On the basis of these data and the petrographic
observations of Hansley and Johnson (1980), we specu-
late that the porosity of nonmarine Mesaverde sand-
stones in close proximity to the Cretaceous-Tertiary
unconformity is enhanced, all else being equal, be-
cause of better secondary porosity development.

Above Average Porosities of Nonmarine
Mesaverde Sandstones

A well may require only a single interval of
atypical (high) porosity and permeability to be suc-
cessful.  For this reason, a plot depicting trends of
unusually high sandstone porosities is of particular
importance. The vertical lines of figure 46 connect the
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75th porosity percentile and single highest core-plug
porosity measurement of each porosity distribution of
the Mesaverde data set. These data characterize the
upper quartile of the measured porosity range and
define an envelope that subjectively represents the
better (higher) porositics of nonmarine Mesaverde
sandstones.

The upper-quartile porosity range is rel tively
narrow (fig. 46). The single highest porosity measure-
ments are not distant outliers. The general trends of
upper-quartile porosities versus R (fig. 46) parallel
those of figure 45 and presumably reflect the same
causative factors.

Two somewhat arbitrary lines are superimposcd
on the data of figure 46. One merely marks the 8
percent porosity level, which is sometimes taken as a
generic lower porosity limit for conventional sand-
stone reservoirs. The other, based on the rather sparse
available data, approximates the high-porosity limit
fornonmarine Mesaverde sandstones. ForR_ between
0.7 and 1.8 percent, some porositics greater than 8
percent are likely; the maximum porosity that can
rationally be hoped for is about 13 percent (fig. 46).

Comparison of Porosities—Mesaverde
Group and Wasatch-Green River Formations

Tertiary rocks of the Uinta Basin are separated
from Cretaceous strata by a regional unconformity. In
conirast to the underlying Mesaverde Group, the Wa-
satch and Green River Formations have undergone
only a single, relatively simple cycle of burial, uplift,
and erosion (Narr and Currie, 1982). The question
posed here is whether the Mesaverde porosity-R
trends of figure 45 can be projected across the Creta-
ceous-Tertiary unconformity and used as a predictive
porosity model for sandstones of the Wasatch and
Green River Formations.

This question is addressed using 550 core-plug
porosity measurements from undifferentiated sand-
stones of the Wasatch and Green River Formations.
These data span a vitrinite-reflectance range of 0.45 to
0.68 percent and are from scven wells in the Uinta
Basin. The solid vertical lines of figure 47 connect the
25th and 75th porosity percentiles of each porosity
distribution of the Wasatch-Green River data set. To
facilitate the comparison of Wasatch-Green River and
Mesaverde porosity data, a portion of figure 45 (repre-
senting Mesaverde data) is reproduced in figure 47.

Porositics of Wasatch and Green River sandstones
(solid vertical lines) are substantially lower than those
of Mesaverde sandstones (dashed vertical lines) at the
same R_ (fig. 47). Within the thermal-maturity range
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Figure 46. Porosity versus vitrinite reflectance for upper quartile of core-plug porosity values, nonmarine sandstone
intervals of Mesaverde Group, Uinta and Piceance Creek basins. Vertical lines connect 75th porosity percentiles and single
highest porosity measurements in Magoon, L.B., The Petroleum System—Status of Research and Methods 1991. Data set

is described in table 4.

for which a comparison can be made, the porosity-R _
trend of Wasatch and Green River sandstones is paral-
lel to but below that of Mesaverde sandstones. The
porosities of Wasatch and Green River sandstones are
also low relative to the generic trend lines representing
sandstones in general (fig. 47). Figure 47 shows that
the predictive porosity model developed fornonmarine
sandstones of the Mesaverde Group cannot be extrapo-
lated across the Cretaceous-Tertiary unconformity and
applied to sandstones of the Wasatch and Green River
Formations.

Predicting Porosity for the Mesaverde Group
Using Maturity-Porosity Trends

Predictive porosity trends can be developed for the
deeper, unexplored parts of the basin when porosity is
represented as a function of thermal maturity. Porosi-
ties of nonmarine Mesaverde sandstones with thermal
maturities less than or greater than the window of
hydrocarbon generation follow normal sandstones
trends. Within the window of hydrocarbon generation
(for this study we use 0.70 to 1.8 percent R ) we infer
nonmarine Mesaverde sandstones do not decrease as
maturity increases (fig. 45). Deeply buried sandstones
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of the nonmarine Mesaverde should have porosities in
the 5 1o 9 percent range when thermal maturities do not
exceed values of around 1.8 to 2.0 percent. Based on
figure 45 and maps presented in figures 28 and 29, the
porosity prediction map of the base of the Mesaverde
Group (fig. 48), was constructed to show the zone
(shaded arca) where nonmarine Mesaverde sandstone
porosities do not decrease as thermal maturity in-
creases (0.70 to 1.8 percent R_). Generally speaking,
this defines the area of optimum gas recovery for the
lower part of the Mesaverde Group.

Figure 49 is the porosity prediction map on the top
of the Mesaverde Group showing the arca (0.70to 1.80
percentR ) where sandstone porositiesdo notdecrease
with increasing maturity. This map can be used to
define the area of optimum gas recovery for sandstones
near the top of the Mesaverde Group.

SUMMARY

Most known accumulations of gas are found within
rocks of the Upper Cretaccous Mesaverde Group,
uppermost Cretaceous to early Eocene North Hom
Formation, and the Paleocene and Eocene Wasatch,
Colton, and Green River Formations. Much of the gas
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Figure 47. Porosity versus vitrinite reflectance for sandstone intervals of Wasatch and Green River Formations compared
to equivalent data for Mesaverde Group. Solid vertical lines connect 25th and 75th core-plug-porosity percentiles of
Wasatch-Green River data, Uinta basin. Dashed vertical lines represent Mesaverde Group. See caption of figure 46 for
additional explanation and table 4 for description of data set. Within thermal-maturity range for which data are available,
porosities of Wasatch and Green River Formations at a given vitrinite reflectance are lower than those of Mesaverde Group.

production is from fields developed along the trace of
faults and fractures in the eastern part of the basin.
The productive oil and gas-bearing rocks can be
divided into three groups of common reservoir charac-
ter. Group I is composed of oil- and associated gas-
bearing deeply buried overpressured Tertiary strata
that are characterized by reservoirs whose in situ ma-
trix permeability values are near, and are commonly
below, 0.1 md and whose porosity values (most poros-
ity being secondary) average S percent, ranging from 3
to 10 percent. These strata contain open fractures and
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transmissivity (T = permeability x height) values
through producing intervals that are commonly high.
Group II rocks are characterized by combined primary
and secondary porosity values of 10 to 16 percent in
normally pressured Tertiary oil and associated gas
reservoirs whose matrix permeability values may be as
high as 1 d. Transmissivity values for such sequences
can be relatively high because of their high matrix
permeability. Group III rocks include nonassociated
gas Tertiary and Cretaceous sandstone reservoirs that
commonly contain porosity values ranging from 8 to
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Figure48. Map of the Uinta Basin, Utah showing the region (shaded area) between R_0.70 percent and 1.8 percent where
porosity of sandstones at the base of the Mesaverde Group does not decrease as a function of increasing R . This is the area
of optimum recovery for gas-bearing sandstones near the lower part of the Mesaverde Group.

16 percent, but whose in situ permeability throughout
the pay or gas producing sectionis 0.1 md orlessto gas
(exclusive of fracture permeability) are classified as
light gas sandstones. Transmissivity values for pro-
ductive “tight gas” intervals are very low because of
relatively few natural open fractures.

Structural discontinuities that cut the Cretaceous
and Tertiary units of the basin represent reactivation of
covered structures associated with the ancestral
Uncomphagre. We believe that much of that gas has
migrated from Cretaceous source rocks through a per-
meable network of faults and fractures in Cretaceous
and Tertiary strata to the slightly overpressurred to
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normally pressured reservoirs of the Mesaverde Group
and Wasatch Formation in the castern and southem
parts of the basin. Natural fractures provide major
conduits to move fluids and gases to the wellbore in
otherwise very low-permeability strata. An evident
lack of significant natural open fracture systems in
impermeable strata of the southeastern part of the Uinta
Basin (arca of tight-gas production) has resulted in
very low producibility.

Projection of maturity valucs and fluid-pressure
data to undrilled parts of the basin indicate the prob-
ability of regional, overpressurred, basin-centered gas
accurnulation, where gas generation is likely to be
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Figure49. Map of the Uinta Basin, Utah showing the region (shaded area) between R_ 0.70 percent and 1.8 percent where
porosity of sandstones at the top of the Mesaverde Group does not decrease as a function of increasing R_. Thisis the area
of optimum recovery for gas-bearing sandstones near the op of the Mesaverde Group.

occurring at present. Published estimates of amounts
of erosion vary widely, ranging from 1,000 ft to almost
11,000 ft. Ourinterpretation favorsthe lesserestimates
because significant cooling of strata due to uplift and
erosion would slow or stop the generation of hydrocar-
bons.

Based on chemical and isotopic composition, two
classes (types) of thermogenic gases have been identi-
fied in the Uinta Basin. Class A is nonassociated,
chemically dry, and isotopically heavy. This gas is
interpreted to have been generated from type III kero-
gen in the Mesaverde Group at high levels of thermal
maturity (late catagenesis and metagenesis). This gas
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occurs in both Mesaverde and Wasatch reservoirs over
a wide depth range in the greater Natural Buttes and
Red Wash field areas.

Class B gas is chemically wet and isotopically
light, and is associated with oil. Class B gas was
generated during time of major oil generation
(catagenesis) and from type I kerogen typical of Green
River lacustrine facies. Thermogenic hydrocarbons
were generated in the deep part of the basin to the north
(Altamont-Bluebell field area). The presence of this
type of gas in shaliow, immature reservoirs in the Red
Wash field indicates extensive lateral migration from
the Altamont-Bluebell ficld area. This interpreted di-
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rection of gas migration (castward) is the same as that
for fluid flow as interpreted from pressure data.

In general, potential reservoir rocks throughout the
basin have low porosity and matrix permeability ex-
cept Red Wasti field which is typified by higher poros-
ity and permeability because of its shallow-burial
depths. The Altamont-Bluebell field also is somewhat
atypical because it is extensively fractured and has
produced large amounts of liquid hydrocarbons via a
well-developed interconnected fracture system that
pervades otherwise tight rocks. Analysis of reservoir
quality in these stratais important because they are the
most deeply-buried rocks in the region thus, their
reservoir characteristics should be in sharp contrast to
those in less deeply-buried strata.

Low-permeability sandstones in the Uinta Basin
display a wide range in composition. The data gener-
ally cluster into three distinct groups: a quartz-lithic
petrofacies, a quartzose petrofacies, and a feldspathic-
lithic petrofacies. Each of these facies spans a broad
stratigraphic interval ranging from Late Cretaceous
through ecarly Tertiary in age. The quarnz-lithic
petrofacies, composed predominantly of monocrystal-
line quariz and sedimentary lithic fragments, com-
prises litharenites and sublitharenites in the Upper
Cretaceous Blackhawk Formation whichextends from
the western through the central part of the basin, the
Upper Cretaceous Neslen Formation deposited east of
the Green River, and the parts of the lower Tertiary
Wasatch and Green River Formations that are geo-
graphically restricted to the northem and eastern parts
of the basin. Quartzarenites of the quartzose petrofa-
cies typify the Upper Cretaceous Bluecastle Tongue of
the Castlegate Sandstone and they form distinct beds
that are intercalated with quartz-lithic-rich strata of the
Wasatch and Green River Formations in the northen
and eastern areas of the basin. The feldspathic-lithic
petrofacies, classifying mostly as lithic arkoses and
feldspathiclitharenites, characterizes sandstones in the
Upper Cretaceous undifferentiated Farrer-Tuscher
Formation deposited in the area east of the Green
River, the temporally-equivalent Price River Forma-
tion restricted to the area west of the Green River, and
the lower Tertiary Wasatch, Colton, and Green River
Formations that extend throughout much of the central
and southern parts of the basin.

The reservoir quality of Upper Cretaceous and
Tertiary rocks at Natural Buttes and nearby areas is
influenced by stratigraphic position within a deposi-
tional sequence, petrofacies type, and the nature and
cxtent of burial alteration. Consistently low perme-
ability reflects the abundant matrix and pseudomatrix
that characterizes these rocks. Dissimilar reservoir
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quality between individual beds within ecach formation
can be attributed to differences in grain size and sorting
and to the relative abundance of individual grain types.

Permeability in these Upper Cretaccous and Ter-
tiary rocks was most affected by the development of
authigenic clay in residual pores. Clay-filled pores
exhibit microporosity which tends to be discontinuous
thus inhibiting the movement of fluids orhydrocarbons
through the pore network.

Plots of porosities versus Rm for Mesaverde sand-
stones in the Uinta and Piceance basins, between 0.70
and 2.0 percent, in the window of hydrocarbon genera-
tion, show that porosity values do not decrease as
thermal maturity increases. Overpressurred, gas-satu-
rated Mesaverde sandstones are likely to have porosi-
tics in the S to 9 percent range.

A large area of organic-rich overpressured Upper
Cretaceous strata probably underlies the north-central
partofthe Uinta Basin. Wellsdrilled in the areas where
R_ at the base of the Mesaverde is greater 1.1 percent
should have the best potential for gas production.
Overpressurred gas reservoirs (R_>1.1 percent) are
likely to have no free water and be enveloped by
successive zones of mixed waterand gas(R_1.1100.75
percent), and of water only (Rm, 0.75 percent)
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