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ABSTRACT

The late Turonian Frontier Sandstone of North Park, Colorado is a mixed carbonate-
clastic unit of shallow marine-shelf origin. Co_mposed of complexly interbedded calcarenitic
skeletal grainstones, sandstones, siltstones, and shales, the unit varies in thickness from
about 25 to 60 feet (8 to 18 m) in outcrop and, in places, is somewhat thicker in the
subsurface. The bedding characteristics and sedimentary structures of the calcarenites are
nearly identical to those observed in the sandstones, and similar processes of sediment
transport and deposition are suggested.

The arenite units consist primarily of thin beds of sandstone or calcarenite separated
by laminae or thin beds of mudstone or shale. Bedding is typically wavy to lenticular.
Well-preserved ripple cross lamination, parallel lamination, and wave ripples are the
predominant internal sedimentary structures. Some beds of low-angle trough to tabular
crossbedded sandstone or calcarenites are present, and they commonly contain mudstone
clasts which are deformed and oriented elongate parallel to bedding. Trace fossils of
sediment-feeding organisms are restricted to the tops and bottoms of arenite beds. Some
beds up to several feet (about 1 m) thick are completely bioturbated. Faunal and trace fossil
assemblages indicate open marine conditions with normal salinities.

Paleogeographic considerations, in conjunction with the geometric, sedimentologic,
and biologic characteristics, indicate that the Frontier Sandstone was deposited as a
sequence of thin, laterally extensive sheet sands in the lowermost shoreface environment of
a shallow marine shelf as far as 90 to 150 miles (140 to 240 km) from the synchronous
shoreline west of the study area. The lower shoreface is the lowest energy, subtidal portion
of the shoreface still affected by normal wave activity. Storm-generated or storm-
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intensified waves and currents are the most likely origin of the cross stratified beds.

Lateral and vertical changes in bedding sequences, lithology, and sedimentary
structures indicate deposition by spatially and temporally variable processes on local and
regional scales. In surface exposures, genetic units occasionally grade into each other in
short lateral distances. There is a regional change in lithofacies in which calcarenites
predominate in the west and grade laterally to sandstones in the eastern parts of the study
area.

Sandstone deposition was predominant early in the depositional history, but minor
calcarenites occur locally in the western parts of the basin. Calcarenites progressively
increased in abundace through time and eastward extent. Calcarenites of the lower and
middle parts of the Frontier in the western two thirds of the basin are probably equivalent in
age to the sandstones which are dominant in the lower and middle parts of the unit in the
eastern third of the basin. The latest stages of deposition were dominated by the basinwide
deposition of calcarenites. Shoaling water depths during deposition of the upper parts of the
Frontier Sandstone is suggested by the more common occurrence of crossbedded units and
decreasing interbedded mudstones.

The calcarenites are characteristic of palimpsest deposits which bear characteristics
of former and present environments. The quartz-rich sandstones have two possible origins:
1) relict sediments winnowed out from erosion and reworking of previously deposited shelf
sediments, or 2) transport to the shelf from source areas nearer to or along shore. Either or
both are viable based on the mineralogical and textural features observed.

A regional angular unconformity at the base of the Frontier Sandstone is the result of
a eustatic sea-level drop during the late Turonian. With lowering sea level, storm waves
were capable of truncating older strata along the surface of a broad, gently eastward-
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sloping shelf. This erosion formed a regional angular unconformity of slight discordance
with a westward increase in hiatus. The Frontier Sandstone is interpreted to have been
deposited during the earliest stages of a subsequent rise in sea level. Relatively rapid
innundation of the shoreline and shelf following the deposition of the Frontier Sandstone is
the simplest explanation for the absence of faunal zones at the base of the overlying
Niobrara formation.

Topographic variations on the sea floor, probably reflecting development of local
structural elements, are indicated by: 1) anomalous map patterns as subunits of the upper
Benton Shale subcrop against the base of the Frontier Sandstone; and 2) anomalous
thicknesses within Benton Shale and the Frontier Sandstone that correspond to the subcrop
anomalies. Thin areas within the upper Benton Shale are interpreted to represent paleohighs
and thick areas represent paleolows. The higher areas were subject to greater degrees of
erosion and reworking. Shoal water in the areas of paleohighs may be indicated by
increased amounts of crossbedded arenites, but sparse surface exposures and poor
subsurface control in delineating crossbedded arenites do not allow for unambiguous
documentation. Lower areas apparently served as depositional sinks for reworked

sediments, especially the siliciclastic and calciclastic sands.
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INTRODUCTION

Purpose and Scope

The purpose of this study is to examine and summarize the stratigraphic features
and relationships of the Upper Cretaceous Frontier Sandstone as it exists within the
North Park basin of north-central Colorado. The scope of this study is broad, including
information on regional and local scales from a number of sources. Because of the
broad purpose and scope, specific objectives for study and analysis are generalized.
These consist of: 1) interpretation of the environment of deposition of the unit; 2)
examination of the influences that sea-level changes and pre-Laramide tectonic activity
may have played in the origins and distributions of rocks of the Frontier Sandstone ; and
3) petrographic description from thin sections and observation of diagenetic features

from both surface and core samples.
Location and Methods of Study

The study area extends over most of the North Park basin in north-central
Colorado, and is confined mainly to Jackson County (Fig. 1). It is approximately
defined by T.6N. to T. 1IN., R. 77W. to R. 82W_, coveﬁng an area of about thirty
four townships. A variety of sources of surface and subsurface information are utilized.

Three complete sections of the Frontier Sandstone were measured from the
upper parts of the underlying Benton Shale to the lowermost pértions of the overlying

Niobrara Formation by taping or by Jacob's staff methods. These sections are located
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along the west flank of the basin, where the best exposures exist, and are described in
detail in Appendix A. For the most part, the unit is poorly exposed.

Direct subsurface lithologic information is not limited to the west side of the
basin. A core from the CONOCO Federal 21-2 well (sw sw sec. 21, T. 9N.,R. 78
W.), which extends through all but the lowermost portions of the unit was examined
and sampled. Detailed descriptions are provided in Appendix B. In addition, core chips
from four wells on the east side of the basin, containing samples from various
stratigraphic positions in the Frontier Sandstone Member (Appendix B) were described.
These wells are: 1) the Gulf 1 Moore-State, se nw sec. 36, T. 8N., R. 78W.; 2) the
Lion 1-Hackleman, nw nw sec. 23, T. 10N., R. 79W.; 3) the Lion 1-Dwinnel, ne sw
sec. 23, T. 10N., R. 79W.; and 4) the Republic Natural Gas 1-Government B, ne ne
sec. 24, T. 10N., R. 79W. Core descriptions from well files at the Colorado State Qil
and Gas Conservation commision and from scout tickets pertinent to these wells have
also been incorporated.

Samples for thin-sections were collected from surface exposures and from core
samples for petrographic examination. Most of the subsurface information is derived by
calibrating lithology from cores, core chips, or nearby surface exposures to about 230
geophysical well logs utilized in correlation and mapping. Base maps were compiled
from a number of sources, including USGS topographic maps, and maps published by

Petroleum Information and the Rocky Mountain Association of Geologists.
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GENERAL GEOLOGY OF NORTH PARK

A detailed discussion of the geology of the North Park basin would be far
beyond the intended scope of this study. Structural and stratigraphic features and
relationships are often very complex, locally and regionally. The following summary is
presented for the purpose of providing an outline of the regional geology of the North
Park basin.

North Park, and Middle Park to the south, are topographically defined basins
that together constitute a single structural basin. This structural basin formed as a
synclinal sag on the site of what had been a highland of the Pennsylvanian Ancestral
Rockies (Tweto, 1980). The topographic features that define North Park, and enclose
an aréa about 40 miles long and 30 miles wide, are the Park Range to the west, the
Independence Mountain thrust complex to the north, the Medicine Bow mountains of
the Front Range to the east, the Never Summer thrust complex to the southeast, and the
Tertiary volcanics of the Rabbit Ears Range to the south (Fig. 2). All of the bounding
features, except for the Rabbit Ears Range, are composed of Precambrian crystalline

basement rocks.
Stratigraphy

A sedimentary rock sequence over 17,000 feet (5,200 m) thick, ranging in age
from Late Permian to Quaternary, exists in the basin (Hail, 1965; Fig. 3). Rocks older
than Late Permian are absent due to erosion or nondeposition because the North Park-
Middle Park structural basin approximately coincides with the axial position of the

Pennsylvanian Ancestral Front Range (Tweto, 1980).
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Pre-Cretaceous rocks are predominantly nonmarine, and their regional
distributions can be described as a series of systematic onlapping and offlapping
relationships with adjacent units. Up to 1,400 feet (425 m) of later Permian, Triassic,
and Jurassic rocks lie unconformably on the Precambrian basement with each
successively younger unit having a greater southward extent as it overlaps the
previously deposited unit. Lower Cretaceous rocks lie directly on the basement in the
southernmost parts of Middle Park (Tweto, 1957). This overall sequence, and the
individual units, generally become thinner to the south.

The Cretaceous system is up to 6,000 feet (1,800 m) thick and consists
predominantly of marine sandstones, limestones, and shales that were deposited in the
epeiric seas of the Cretaceous of the Western Interior. Approximate equivalents of the
Dakofa Group through the lower parts of the Pierre Shale found along the Colorado
Front Range are present in North Park. The upper part of the Pierre Shale as well as
equivalents of the Fox Hills Sandstone and Laramie Formation are absent due to erosion
in the earlier stages of the Laramide Orogeny. Outcrops of pre-Tertiary rocks are
located along the flanks of the basin.

The surface geology of North Park is dominated by the nonmarine Tertiary
rocks that outcrop throughout the basin and are locally up to 10,000 feet (3,000 m)
thick. These are primarily basin-fill deposits produced from the erosion of adjacent
uplifts formed during several stages of Laramide and post-Laramide tectonism.
Deposits from several episodes of Pleistocene glaciation are located along the flanks of
the basin, often obscuring the underlying Mesozoic rocks. Holocene colluvial and

alluvial materials and their attendent geomorphological forms are present basinwide.
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Structure

The following discussion includes a generalized overiview of the regional
geologic structure of the basin, and of the structural styles within the basin. It
incorporates information from Osterwald and Dean (1957), a geologic map published by
the Rocky Mountain Association of Geologists (1957), Hail (1965,1968), Behrendt
and Popenoe (1969), Park (1977), Wellborn (1977), and Lange and Wellborn (1985).

According to Wellborn (1977), the North Park- Middle Park basin is probably
the most structurally complex of the Laramide intermontaine basins. Several stages of
Laramide tectonism indicated by crosscutting relationships and unconformities within
the Tertiary strata are overprinted by post Laramide block faulting of the Rio Grande rift
systerh (Tweto, 1980) and the emplacement of the Rabbit Ears Range volcanics.

A complex structural trough is represented by the Walden and North Park
Synclines separated by the Spring Creek Fault Zone (Fig. 2). The Walden Syncline is
the northern extension of the northerly trending synclinal axis of the North Park-Middle
Park structural basin. Lange and Wellborn (1985) describe the Spring Creek fault zone
as a large left-lateral compartmental fault complex as it separates the sturctural styles of
the northern and southern parts of the basin. It consists of a series of en echelon faults
trending northwest-southeast with the upthrown sides generally to the north.
Deformation north of the Spring Creek fault zone, dominated by Laramide
compressional features, tends to be more severe. To the south, later tectonic activity
associated with the emplacement of the Rabbit Ears volcanics and the Neogene Rio
Grande rift system strongly overprint Laramide features.

Between the trough and basin margin areas, especially in the north half of North

Park, there is a zone of north- to northwest-striking reverse faults, most of which are
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on the flanks of anticlines that have surface expression. Nearly all of the established
production in North Park is associated with these fault-related anticlines. Fault
displacements can vary from a few to several thousand feet. Lange and Wellborn
(1985) suggest these faults are curvilinear with upward concavity that become moderate-
to low-angle, out-of-the-basin thrust faults at depth. Precambrian crystalline basement
rocks have been displaced to the surface locally, the best example of which is the
Central thrust-fault belt (Fig. 2) of Hail (1965). Other features seen primarily in the
subsurface reported by Wellborn (1977) include numerous bedding-plane thrusts or
detatchments that favor various shale intervals in the Chugwater, Morrison, Frontier,
and Niobrara formations. These detatchments affect practically all of the intrabsin
structures mapped to date.

Along the basin margins, en echelon folding and nearly vertical normal and
reverse faulting are the structural norm. So-called homoclinal structures are subordinate
to heavily faulted anticlinal and synclinal structures most common to the flanks. The
fold axes tend to be parallel or subparallel to the trends of the Park and Medicine Bow
Ranges and are sometimes traceable for as much as ten miles (16 km) on the surface.

There are three dominant trends common to local and regional structural features
of the North Park basin. These are northerly, northeasterly, and northwesterly. The
northerly trending structures, including the Park Range and Medicine Bow mountains,
are numerically subordinate but create more prominent topographic features. Structures
with northeasterly and northwesterly trends are parallel or subparallel to many of the
structural features of the Southern Rocky Mountains. While numerically dbminant, they
tend to be smaller in areal extent and topographic prominence.

Tweto (1980) has mapped many of the north- to northwest-trending normal

faults south of and including the Spring Creek fault zone as Neogene features associated
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with the Rio Grande rift system. These faults and the North Park syncline deform the
Miocene(?) North Park Formation. Up to 500 feet (150 m) vertical offset is common
according to Hail (1968). Similar normal faulting is present north of the Spring Creek

fault zone but to a lesser degree.
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DESCRIPTIVE STRATIGRAPHY

The surface and subsurface characteristics and distributions of various rock units
to be discussed here are based on information compiled in this study and from the
literature. Some interpretive comments will be made here, but the bulk will be reserved
for later sections. Specific relationships betwécn lithology and well log response will be
cﬁscusscd for separate units. The influence of geologic structure is a factor to consider
in the generation of subsurface maps in the North Park area. A summary of the
problems and the methods of removing or, more accurately, minimizing the effects on
isopach values is appropriate prior to discussing subsurface maps.

~ Deformation has resulted in a complex system of faults and folds over the area.
Attitudes can be extremely variable over a relatively short distance and sometimes result
in doubling of the; apparent thickness of a single unit between wells less than a few
hundred feet apart. This partularly occurs along the out-of-basin flanks of the faulted
anticlinal structures that account for most of the densely drilled oil and gas fields. As
good mapping control was available without using these wells, the values were not
included.

Reverse and normal faulting cause the repetition or removal of sections. In the
case of documentable faulting in areas of dense control, values from the affected units
were not used. Where control is sparse, corrections were attempted to remove the
effects of simple reverse faulting. Values consistent with nearby wells, primarily from
the less disturbed footwall side of the fault, are incorporated in the mapping.
Inconsistent values have been deleted.

Sedimentary rocks along the basin flanks typically have dips of 30 degrees or

more. Higher dips probably persist for a distance basinward resulting in greater

11
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apparent thicknesses along the northeastern flank of the basin and near the Central thrust-
fault belt. As most of the values are fairly consistent with stratigraphic thicknesses
measured at the surface in this study and others, corrections were generally not attempted
except for the removal of highly abnormal values.

Variations in thickness due to structural effects are difficult to remove entirely.
Even with the preceeding qualifications, it is felt that the values used are accurate within a
reasonable margin of error and useful for qualitative evaluation for the following reasons:
1) the thicknesses are consistent with stratigraphic thicknesses and variations in nearby
surface exposures; 2) thickness variations and trends remain relatively consistent between
adjacent units or can be related to changes in adjacent units; and 3) the northwest to
southeast trending thick and thin areas observed in all of the units are somewhat oblique to

most of the major known Laramide and post Laramide structures and structural trends.
Previous Work

Pioneer geologic investigations of the North Park area were undertaken by tﬁe
Hayden and King surveys of the 1860's and 1870's, but the first detailed report on the
structure and stratigraphy was provided by A. L. Beekly (1915). Beekly was primarily
concerned with the coal reserves of the area, but provided a reliably accurate geologic map
of the basin and correlated North Park strata to units in southern Wyoming and northwest
Colorado. A number of other subsequent investigations by the USGS were primarily
interested in the coal-bearing Tertiary North Park and Coalmont Formations.

The discovery of oil in the North McCallum anticline in early 1926 generated strong

interest in the Cretaceous strata of the area, particularly the oil-and gas- producing Lakota



