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ABSTRACT

The carbonates and si 1iciclastics of the Permo-Triassic 
Lykins Formation of the Golden-Morrison area, Colorado are 
interpreted as having accumulated on the landward edge of a 
gently inclined, low relief, shallow shelf under arid to 
semi-arid marine to marginal marine conditions. As a whole, 
the formation represents shallow marine to terrestrial 
environments of deposition. Important elements of this 
interpretation include: (1) thinly bedded carbonates sand
wiched between thick red beds; (2) stromatolitic origin of 
most of the carbonates; (3) close association of bedded 
evaporites; (4) absence of a normal marine fauna and flora; 
(5) pervasive dolomitization of the carbonates; (6) abundance 
of ripple marks and migrating ripple bed forms; (7) evidence 
of early lithification; and (8) desiccation cracks.

The carbonate members of the Lykins Formation, ranging 
from 3 to 15 ft thick, constitute environments somewhat 
similar to the modern arid carbonate tidal flats of Shark Bay 
in Western Australia and the Trucial Coast of the Persian 
Gulf. Most of the carbonates of the Lykins Formation have a 
stromatolitic origin. The typical carbonate sequence exhi
bits a reworked si 1iciclastic deposit, overlain by an algal 
stromatolitic peloidal boundstone, capped by a thin in situ 
evaporite solution breccia.
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Diagenetic alterations, including neomorphic recrystal
lization and dolomitization, obscure the original carbonate 
textures and grain types. Using cathodoluminescence and 
fluorescence microscopy, the original peloidal textures of 
the carbonates become apparent. From the study of original 
depositional textures, lithologies, fossils, sedimentary 
structures, internal stromatolite fabrics, stromatolite mor
phologies and modern analogs, the carbonates of the Lykins 
Formation are interpreted as representing very shallow sub- 
tidal to intertidal, shallowing-upward, tidal-flat deposits. 
The evaporite solution breccias capping the stromatolitic 
carbonates occupy the former position of upper intertidal and 
supratidal evaporites and evaporitic mud flats. The over
lying silicic lastic mud-flat deposits grade upward into 
fluviatile red beds.

Lateral facies and thickness changes in the carbonate
evaporite cycles and si 1iciclastics of the Lykins Formation 
are interpreted as being controlled by variations in paleo
topography. It is highly probable that reactivation of base
ment fault-blocks prior to and/or during deposition created 
subtle variations in topography along the tidal flats. These 
variations influenced the origin, distribution and thickness 
of the carbonates, evaporites and si 1iciclastics, resulting 
in; (1) a 10 to 20 percent thinning of the lower Lykins 
Formation over paleotopographic highs (horsts) ; (2) an in
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crease in the number and thickness of carbonate and evaporite 
beds in paleotopographic lows (grabens); and (3) pronounced 
lateral facies changes in the carbonates and si 1iciclastics 
over paleotopographic highs and lows.
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INTRODUCTION

Objectives
This study was designed to analyze the lower portion of 

the Permo-Triassic Lykins Formation in the Golden-Morrison 
area of Jefferson County, Colorado. The Lykins Formation 
consists of thick si 1iciclastic red beds separatee by thin 
stromatolitic carbonates. Because the thin stromatolitic 
carbonates are important environment indicators, they 
were emphasized in this study.

The main objectives of this study were: (1) to deter
mine the depositional environments of the Lykins Formation, 
with emphasis on the carbonates; (2) to evaluate the major 
diagenetic features that obscure the original depositional 
textures of the carbonates; and (3) to test for the presence 
of structural control on the facies distribution in the 
Lykins Formation.

In the following text, the first two chapters give the 
reader a general overview of the stratigraphic and structural 
setting and major characteristics of the Lykins Formation. 
The remainder of the text concentrates on detailed descrip
tions, diagenetic features and environmental interpretations 
of the Lykins Formation, with emphasis on the carbonates.
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Location
The area of investigation is located along the eastern 

flank of the central Colorado Front Range in Jefferson 
County, Colorado (T4-5S, R70W) (Figure 1). Contained 
entirely within the Morrison 7.5 minute quadrangle, the study 
area extends approximately 8.2 miles (13.2 km) from the town 
of Golden on the north to the Turkey Creek water gap (highway 
285) on the south. The thickest carbonate member of the 
Lykins Formation forms a subtle hogback in the strike valley 
between the Front Range on the west and the prominent Dakota 
hogback on the east. Most of the north-south outcrop belt of 
the Lykins Formation is located on privately owned property; 
however, it is readily accessible by obtaining permission 
from the local landowners.

Methods of Investigation 
Field Work

Field work was conducted for six weeks during the summer 
of 1985 and for three weeks during the spring of 1986. Ini
tial reconnaissance of the study area involved walking out 
the entire Lykins outcrop belt to determine the locations for 
measuring stratigraphic surface sections. Twelve strati
graphic sections were measured, with a Brunton compass and 
Jacob's staff, over the 8.2 mile (13.2 km) length of the 
study area. The position of each stratigraphic section was 
located with respect to the inferred positions of fault
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blocks in the Precambrian basement (Figure 1). All strati
graphic sections were measured through the four lower members 
of the Lykins Formation, from just below the Lyons-Lykins 
contact to just above the Glennon Member. Both the siliclas- 
tic and carbonate members of the Lykins Formation were exa
mined for facies changes. Representative samples of each 
carbonate in the formation were photographed and collected 
for preparation of thin sections and slabbed hand samples.

An additional stratigraphic section was measured at the 
type locality of the Lykins Formation (Lykins Gulch, Boulder 
County, Colorado) to see how it compared to the Lykins Forma
tion of the Golden-Morrison area. The Lykins was also 
observed in the vicinity of Garden of the Gods National Park, 
just west of Colorado Springs, El Paso County, Colorado.

Laboratory Work
Laboratory work involved the detailed examination of 

both thin sections and slabbed hand samples. All samples 
were examined for changes in lithology, texture, micro- and 
macro-fossils, sedimentary structures and diagenetic fea
tures. Observations were aided by the preparation of acetate 
peels from both thin section samples and hand samples. The 
carbonate classification system of Dunham (1962) (Figure 2) 
and the fenestral void classification system of Logan (1974) 
(Figure 3) were used throughout the study. The carbonate 
microscopy techniques of cathodoluminescence and fluorescence



DEPOSITIONAL TEXTURE RECOGNIZABLE DEPOSITIONAL TEXTURE 
NCT RECOGNIZABLE

Crystalline Carbonate
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on physical feature or diagenesis !
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as shown by Intergrown 
skeletal matter, 

lamination contrary Io gravity, 
or sediment-floored cavities that 

are roofed over by organic or 
questionably organic matter and 
are loo large to be interstices.
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Contains mud 
( particles of clay and fine silt site ) Lacks mud 
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grain-supported

Grainstone
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10 percent grains
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Figure 2. Dunham’s (1962) classification of carbonate
rocks.

TYPE VOID SIZE COARSE MEDIUM FINE
LAMINOID Av. Height (mm) 5 1 - 5 1Av. Length 10 - JO 10 - JO 5 - jo
IRREGULAR Av. Height (mm) 5 1 - 5 1Av. Length 5-10 1 - 5 1
TUBULAR Av. Diameter (mm) 5 1 - 5 1

Figure 3. Logan's (1974) classification of fenestra 1 
voids.
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were used to aid in evaluating the diagenetic features and 
original depositional textures of the carbonates. (These 
techniques are discussed under petrographic techniques in 
this chapter). Limited access to the use of both techniques 
did not allow a thorough examination of all the carbonates. 
A limited number of representative samples were studied using 
the two techniques.

In evaluating the possible influence of tectonics on 
sedimentation of the lower Lykins Formation, the twelve stra
tigraphic sections were correlated (plate 1) and examined for 
thickness variations and facies changes. In addition, pre
vious interpretations on the tectonically influenced facies 
changes in the Lyons and Fountain formations were compared to 
the changes observed in the Lykins Formation.

From the above observations, a diagrammatic deposi
tional model was developed for the lower Lykins Formation of 
the Golden-Morrison area.

Petrographic Techniques
Cathodoluminescence Microscopy
Cathodoluminescence is a form of luminescence in which 

emission of light is induced by the electron bombardment of a 
phospher. Luminescing conditions occur in impure crystal line 
substances where substituted ions in the crystal structure 
act as activators or inhibitors of luminescence. Manganese 
is the principal activator, and ferrous iron is the main 
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inhibitor of luminescence (Pierson, 1981). Overall the tech
nique is relatively easily used, rapid and requires no spe
cial simple preparation. This technique can be destructive. 
If used for prolonged periods of time thin-section samples 
are irreparably damaged. In some cases, cathodoluminescence 
may permit observation of original depositional textures and 
the sequence of diagenetic events where conventional petro
graphic techniques fail. The technique is especially useful 
for determining the sequential history of carbonate cementa
tion .

Fluorescence Microscopy
Fluorescence is a form of luminescence whereby material 

emits light when excited by visible or ultra-violet light. 
Fluorescence microscopy obtains results similar to those 
achieved by cathodoluminescence, and much more. The tech
nique is easily used, rapid, nondestructive and requires no 
special sample preparation. Thin sections or rock slabs do 
not require polishing. The fluorescence attachment secures 
onto a standard research petrographic microscope. The exact 
cause(s) of fluorescence in carbonate rocks has not been 
systematically evaluated. The recognition of original granu
lar depositional textures is thought to result from the 
preservation of residual organic matter within the original 
grains, despite diagenetic changes. With the use of this
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technique, original grain types and depositional textures of 
pervasively dolomitized carbonate rocks may be recognized 
where other standard petrographic techniques fail (Dravis and 
Yurewicz, 1985). As a result, facies interpretations pre
viously unattainable in the dolomitized carbonates of the 
Lykins Formation can now be made.

Previous Work
Fenneman (1905) first defined the Lykins Formation and 

designated the type locality in Lykins Gulch approximately 9 
miles (14.5 km) north of Boulder, Boulder County, Colorado. 
Dorrell (1940) constructed subsurface cross-sections, isopach 
maps and structure contour maps of the Lykins Formation based 
on sample logs of wells from southeastern Colorado. He 
interpreted the red beds of the Lykins as deltaic deposits 
and thought that the carbonates resulted from marine trans
gressions and subsequent regressions of the shallow Permian 
sea. Dorrell also determined the percentages of heavy 
minerals in the carbonate members through insoluble residues.

LeRoy (1946) described and subdivided the Lykins 
Formation in the Golden-Morrison area into five members. 
Figure 4 shows LeRoy*s nomenclature and how it correlates 
wish other nomenclature systems north of the study area. 
LeRoy also performed chemical analyses of the Glennon Member 
in the Golden-Morrison area. He determined the percentages 
of Cao, MgO and other minor constituents including FeO, A10
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and MnO. LeRoy believed that the Lykins Formation was depo
sited rapidly under a uniform aqueous environment, possibly 
in close relation to the sea, but not under normal marine 
conditions.

Iglehart (1948) studied the Glennon Member in detail. 
He proposed that the carbonates were deposited during a 
transgression of the Permian sea. The laminations so charac
teristic of the Glennon Member were produced by the deposi
tion of tidally transported red silt. As the sea regressed, 
deltaic red beds built out over the Glennon. He thought that 
slumping and loading of the deltaic sediments on the still 
unconsolidated carbonates produced the crenulations and 
brecciation which he observed in the Glennon Member.

Walker (1957) did not dispute the presence of early 
deformational structures within the Glennon Member; however, 
he thought that this interpretation failed to explain certain 
crenulated features common to the carbonate beds of the 
Lykins Formation. Believing these features had an algal 
(stromatolitic) origin, he called the Glennon Member a 
stromatolitic biostrome. published descriptions of the 
ecology of recent stromatolites suggested to him that the 
Glennon Member was deposited either on a very shallow marine 
bottom or an intermittently exposed tidal flat. The close 
association of gypsiferous deposits also implied a hyper
saline depositional setting.
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Broin (1957) subdivided the Lykins Formation of northern 
Colorado into ten members (Figure 4). He emphasized the 
surface and subsurface correlation of the Lykins Formation 
over the entire eastern portion of Colorado. This included 
the construction of cross sections, isopach and lithofacies 
maps.

Paleontology
Only a small number of workers have reported the occur

rence of fossils from the Lykins Formation. Girty (1912) 
reported a restricted gastropod and mollusc assemblage from 
the Lykins south of Heygood Canyon, near Stout and Perry 
Park. Shoewe (1925) reported the find of a fossil fish 9 
miles (14.5 km) north of Canon City, Fremont County. Warme 
(1986, personal communication) reported a restricted bivalve 
and gastropod bed within the Glennon Member south of Morrison 
(shown in stratigraphic section 2, Plate 1). Ogden (1958) 
reported a single occurrence of poorly preserved fragments of 
codiacean algae in the Day Creek Limestone (correlated with 
the Glennon by Ogden) at Two Buttes, Baca County. Ogden also 
reported probable foraminifera (family Opthalmidiidae) in the 
Falcon Member at the Garden of the Gods National park near 
Colorado Springs. He suggested that this fauna implied a 
transitional environment or mixed environment of deposition 
between or alternating from normal marine to continental.
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Tectonics and Sedimentation
Previous workers on the Fountain, Lyons and Lykins 

formations in the Golden-Morrison area interpreted the 
facies and thickness changes in these formations to be 
controlled by the local structural framework. Weimer and 
Land (1972) and Weimer and Erickson (1976) believed that 
reactivation of basement fault blocks prior to and/or during 
deposition influenced the origin, distribution and thickness 
of the Fountain, Lyons and Lykins formations. More details 
on their interpretations are discussed under Tectonics and 
Sedimentation in the next chapter.



T-3331 13

GENERAL STRATIGRAPHY AND STRUCTURE

Stratigraphy
In the Golden-Morrison area, the Pennsylvanian and 

Permian Systems are represented by the Fountain, Lyons and 
(lower) Lykins Formations. These sediments accumulated along 
the eastern flank of the Ancestral Front Range on the western 
edge of a marine depositional basin (Momper, 1963). A 
general stratigraphic section for the Golden-Morrison area is 
shown in Figure 5.

Fountain Formation
The Fountain Formation is Upper Pennsylvanian and Lower 

Permian in age and rests uncomfortably on the Precambrian 
basement of the eastern Front Range. The formation ranges 

from 750 to approximately 1,000 ft (198 to 305 m) thick over 
the study area. Lithologically, the Fountain consists of 
terrestrial red, pink and gray, poorly sorted arkosic con
glomerates, conglomeratic sandstones and minor arenaceous 
claystone beds (LeRoy 1946; Erickson, 1977). The primary 
sedimentary structures indicate that the Fountain is a flu
viatile deposit. It is generally accepted that the Fountain 
Formation represents the deposits of alluvial fans shed from 
the Ancestral Rocky Mountain uplift (Mallory, 1960; Maughan 
and Wilson, 1960; Momper, 1963).
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GENERALIZED STRATIGRAPHIC SECTION 
Golden-Morrison Area 
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Figure 5. Generalized stratigraphic section of the 
Golden-Morrison area, Jefferson County, 
Colorado (modified from LeRoy, 1978).



T-3331 15

Lyons Formation
The Lyons Formation is Permian (Leonardian) in age and 

appears to conformably overlie the Fountain Formation. The 
lower formational contact is gradational (Erickson, 1977). 
Total thicknesses of the Lyons over the study area range from 
116 to 166 ft (35 to 51m) (LeRoy, 1946). Based on lithologic 
characteristics, Weimer and Land (1972) subdivided the Lyons 
Formation into three informal members: lower, middle and 
upper. The lower and upper members consist of light-colored 
conglomerates, subarkosic arenites and some thin claystones. 
The middle member is dominantly very fine- to medium-grained 
quartz arenite with claystones being common locally. The 
primary sedimentary structures and direction of transport 
indicate that the upper member, lower member and portions of 
the middle member are fluvial deposits. Locally, the middle 
member is interpreted as an eolian deposit (Erickson, 1977).

Lykins Formation
The Lykins Formation of the Golden-Morrison area is 

subdivided into five members (Figure 5). They consist of 
thick si 1iciclastics separated by thin carbonates. The 
Lykins Formation is considered to be of permo-Triassic age. 
This age is inferred from previous correlations of dated 
sequences north of the study area (Broin, 1957). The Ingle
side Formation of northern Colorado which, occurs between the 
Fountain and Lyons formations, contains a middle Wolfcampian 
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fusulinid fauna (Hoyt and Chronic, 1961). Age assignments 
for the Lykins Formation are interpretative due to lack of 
datable fauna. It is believed that the rock units are 
properly assigned in a relative sense, but specific assign
ments may be incorrect. The geochronological assignments 
have been carefully considered after extensive regional cor
relations and lithofacies studies (Momper, 1963). The lowest 
red bed member, the Harriman, is probably late Leonardian. 
The Falcon, Bergen, Glennon and lower Strain members are 
considered to be Guadalupian (Campbell, 1963) (Figure 6). 
Rocks of Ochoan age (Late Permian) have not been recognized 
in the mid-continent region (McKee, 1967). The Permian - 
Triassic boundary is placed at the top of the Poudre Member 
within the Strain Member. The absence of the Poudre Member 
south of Boulder, Colorado, prohibits a clear definition of 
the Permo-Triassic boundary within the lower portion of the 
Strain Member of the Golden-Morrison area (Campbell, 1963; 
Momper, 1963).

Both the upper and lower formationa1 contacts of the 
Lykins Formation are sharp. The lower contact exhibits an 
abrupt change from the conglomerates and conglomeratic sand
stones of the Lyons to the red silt stones of the 
Harriman Member of the Lykins (Figure 7). Although no 
evidence for an unconformity exists in the study area, the 
abrupt contact may represent a disconformable surface. The
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Figure 7. Contact between the Lyons (left) and Lykins 
(right) formations, stratigraphic section 3. 
Note the thin carbonate units near the base 
of the Lykins Formation (Harriman Member).
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upper Lykins-Ralston Creek formational contact is unconform
able (Figure 6). A progressive increase in the erosional 
truncation of the Strain Member of the upper Lykins Formation 
occurs southward from the Colorado-Wyoming border (Broin, 
1957).

Structure
The Fountain, Lyons and Lykins formations of the Golden- 

Morrison area all dip eastward at moderate to steep angles 
off of the crystalline basement rock of the eastern Front 
Range. The present structural attitude of the formations is 
a result of the Late Cretaceous, Laramide Front Range uplift 
and subsequent erosion (LeRoy, 1946).

Basement rocks in the eastern Front Range consist of 
intrusive igneous and metasedimentary rocks of Precambrian 
age. When under stress, the rigid basement rocks yield by 
brittle deformation, which produces a mosaic of fault blocks 
bounded by relatively high-angle fracture zones. Individual 
fault blocks are generally a few tens of miles or smaller in 
width and length. Bounding faults of varying orientations 
may owe their origin to one or more orogenic events. The 
Precambrian rocks of the Morrison quadrangle are broken by 
fault systems that trend east, northwest and northeast 
(Sonnenberg and Weimer, 1983).

The exact trend of many of the faults that continue 
eastward under the sedimentary rocks is not known. A similar 
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structural fabric as that displayed by the exposed 
crystalline rock of the Front Range (Figure 1) can be 
postulated for the precambrian basement under the sedimentary 
cover. The age of most of the faults on the eastern flank of 
the Front Range is considered to be Precambrian (Tweto, 1980; 
Braddock, 1976; Sonnenberg and Weimer, 1983). Reactivation 
of these basement fault systems during the phanerozoic may 
have influenced the origin, distribution and thickness of the 
younger sedimentary rocks deposited over the basement 
(Weimer, 1980 ) .

Tectonics and Sedimentation
Previous work on the Lykins Formation in the Golden- 

Morrison area indicates that facies and thickness changes in 
the lower Lykins Formation may be structurally controlled. 
Facies and thickness changes in the formations underlying the 
Lykins Formation are attributed to reactivation of basement 
fault-blocks, which created subtle variations in 
topography during deposition.

Weimer and Land (1972) observed several features in the 
Lykins of the Golden-Morrison area that supported the idea of 
basement fault-block control on deposition of the lower 
Lykins Formation. The following observations were made: 
a 20 to 30 percent thinning of the lower Lykins over 
structural highs (horsts), and a thinning or wedging out 
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of the carbonate beds over structural highs. They also 
stated that subtle facies changes may occur in the Lykins 
with respect to structural highs and lows but did not 
document any of these changes. Following the same line of 
thought, Weimer and Erickson (1976) published an article in 
which they presented a cross section that showed some of the 
effects of basement fault control on the Fountain, Lyons and 
lower Lykins formation. Figure 8 summarizes the findings of 
their study.

The major changes observed in the Fountain and Lyons 
formation interpreted as resulting from the reactivation of 
basement faults during deposition include: (1) a 20 to 30 
percent thinning of the formations over structural highs 
(horsts) ; and (2) facies changes within the formations in 
structural lows. The Fountain Formation shows more 
conglomeratic arkoses (stream channels) in the structural 
lows (grabens). The Lyons Formation contains eolian deposits 
in the structural lows (Weimer and Erickson, 1976). Figure 9 
shows an interpretation of the geography and lithofacies 
distribution in relation to the basement structure during 
middle Lyons deposition (Weimer and Land, 1972).

Whereas the previous work exhibits a definite link 
between the reactivation of basement faults and the changes 
observed in the Lykins Formation, the changes described thus 
far are of a general nature. More detailed descriptions of
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thickness and facies changes, within the context of the 
depositional environment of the Lykins Formation, have not 
been previously attempted. This study seeks to test for the 
presence of structural control on the Lykins Formation by 
understanding the lateral changes in thickness and deposi
tional environments. To better understand the conditions 
under which the Lykins Formation was deposited, it is neces
sary to review the geography and latitude of Colorado during 
the Pennsylvanian and Permian.

Paleogeography
During the Pennsylvanian, active tectonism and block 

faulting occurred in Colorado and adjacent areas. The major 
tectonic elements activated in Colorado at this time included 
the Uncomphagre, the Apishapa and Ancestral Front Range 
uplifts (Figure 10). The Pennsylvanian and Permian sediments 
of eastern Colorado accumulated in or adjacent to epicon
tinental seas that advanced over the mid-continental region. 
The positive tectonic elements supplied clastic sediments to 
the surrounding shallow shelves and basinal areas (McKee, 
1967; Sonnenberg and Weimer, 1983).

During the Mid- to Late-Pennsy1vanian, erosion of the 
Ancestral Front Range provided the source for the conglomera
tic alluvial-fan sediments of the Fountain Formation. As 
clastics continued to be shed from the Ancestral Front Range, 
marine conditions began to dominate the eastern portion of
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Figure 10. Map showing major tectonic elements of 
Pennsylvanian and Permian time in Colorado. 
Cross hatching indicates areas of uplift in 
the Pennsylvanian (modified from Mallory, 
1960).
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Colorado during the Early Permian (Wolfcampian) (Figure 11). 
Continued reduction in topographic relief during the Leonar- 
dian reflected more stable tectonic conditions. An accom
panying widespread subsidence or rise in sea level permitted 
the deposition of more uniform tabular bodies of sediment. 
Sediments accumulated on widespread, broad, shallow shelves 
that sloped gently toward the basina1 areas. The semi-arid 
to arid, shallow, restricted marine conditions that existed 
at this time encouraged the precipitation of thick sequences 
of evaporites in the basina1 areas of eastern Colorado 
(Figure 12). In the study area, the mixed eolian and fluvial 
sediments of the Lyons Formation were deposited between the 
subdued highlands to the west and the marine carbonates and 
evaporites to the east (Mallory, 1960; Momper, 1963; McKee, 
1967; Sonnenberg and Weimer, 1983). The subdued topo
graphy, gently sloping shallow shelves, and periodic advance 
of epicontinental seas set the stage for deposition of the 
majority of the Lykins Formation during the Mid-to Late- 
Permian (Guadalupian).

Paleolatitude
Colorado was within 10 degrees north latitude of the 

equator during the Permian. Arid to semi-arid condi
tions extended from the paleoequator to a latitude of north 
40 degrees in western Laurussia (Figure 13). Such widespread 
arid conditions resulted from disruption of the subtropical
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Figure 13. Late Permian paleogeography. Oceans, 
unshaded; low land, intermediate shading; 
mountains, dense shading. L = Laurussia, 
G = Gondwana, S = location of study area 
(modified from Scotese, et al., 1979). 
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easterly winds by the high mountain range that existed be
tween Gondwana and Laurussia. This obstacle created an in
tense rain shadow even in the tropical latitudes (Bambach, et 
al., 1980).



T-3331 31

LYKINS FORMATION: DESCRIPTIONS AND INTERPRETATIONS

Plates 1 and 2
Before describing the Lykins Formation, it is necessary 

to describe plates 1 and 2. Plate 1, the correlation of the 
twelve stratigraphic sections (inside pocket of this report), 
serves as the basis for the conclusions reached during this 
study. Plate 1 shows the details of each stratigraphic 
section, including: (1) lithologies; (2) sedimentary struc
tures; (3) fauna and flora; (4) thickness changes; (5) facies 
changes; (6) inferred positions of major basement faults; and 
(7) the locations and sample numbers of hand samples and thin 
sections used in this report. A detailed study of the fea
tures listed above is necessary in order to interpret the 
depositional environments and determine the relationships of 
thickness and facies changes. When reading the following 
descriptions of the Lykins Formation, Plate 1 should be 
continually referred to as it is referenced in the text.

Plate 2 (inside pocket of this report) shows the 
details of the type section of the Lykins Formation (Lykins 
Gulch, Boulder County, Colorado). This stratigraphic section 
was measured to see how the Lykins Formation varies outside 
the study area.
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Stratigraphic Relationships
The Lykins Formation of the Golden-Morrison area 

contains four major lithologies: siliciclastics, carbonates, 
intraformational breccias and evaporites. The siliciclastics 
consist of the Harriman, Bergen and Strain members; the 
carbonates consist of the Falcon and Glennon members and as 
many as four thin carbonate beds near the base of the 
Harriman Member. Intraformational breccias occur as capping 
units on the top of the carbonates. Evaporites are exposed 
only in the lower portion of the Harriman Member. Because 
the carbonates (and closely associated intraformational 
breccias) act as important environmental indicators, they are 
discussed in detail first.

Carbonate Units
The relationships of the carbonates of the Lykins Forma

tion are shown in Figure 6. Both the Falcon and Glennon 
members are laterally persistant on a regional basis. The 
Harriman Member carbonate units are locally discontinuous 
(Plate 1). The following descriptions concentrate on the 
genetically significant features of the carbonates. All 
the carbonates are subdivided into distinct units based on 
variations in texture and lithology. The detailed charac
teristics of each individual unit are discussed shortly. 
Because of the common stromatolitic origin of most of the 
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carbonates in the Lykins Formation, the following discussion 
concentrates on the important attributes of stromatolites.

Most carbonates of the Lykins Formation are algally 
laminated (stromatolitic). Stromatolites are organosedimen- 
tary structures produced by sediment trapping, binding and/or 
precipitation as the result of growth and metabolic activity 
of micro-organinisms, principally blue-green algae (Walter, 
1976). This definition includes stratiform algal-mat mor
phologies. The common stromatolitic origin of most the car
bonates of the Lykins Formation indicates that they all 
accumulated under similar environmental conditions.

Stromatolites
Stromatolite Morphologies and Environmental Factors
Workers on recent stromatolites recognize that the char

acteristics of a particular stromatolite are molded by com
plex interrelationships between physical, chemical and bio
logical aspects of tnë environment in which that stromatolite 
forms. It is generally accepted that the morphologies of 
stromatolites are strongly influenced by the physical condi
tions and processes of the environment (Logan, et al., 1964; 
Chafetz, 1973 ; Hofmann, 1973; Hoffman, 1976). The most 
important environmental factors that influence the distribu
tion and morphologies of stromatolites include: (1) prolonged 
wetting and drying; (2) desiccation; (3) erosion and scour by 
waves and tides; (4) rate of sediment influx; (5) bioturba
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tion and grazing by animals; (6) rate of cementation; (7) 
salinity; and (8) changing morphologies of the stromatolites 
as they modify their own environment (Logan, 1960; Garrett, 
1970; Wilson, 1975). Analysis of the lithology, texture, 
distribution and morphology of stromatolites provides useful 
information in the interpretation of environmental conditions 
during their formation (Hofmann, 1973; Hoffman, 1976).

In addition to the above, the internal fabrics (mat type 
and fenestral fabrics) of the algal mats are also important 
to recognize when interpreting the paleodepositional 
environments of stromatolites. Figure 14 shows the major 
algal mat fabrics as observed in modern stromatolite forming 
environments. Most of the carbonates of the Lykins Formation 
exhibit a smooth type of algal-mat fabric. Fenestral fabric 
is a term that refers to the millimeter sized vugs in the 
carbonate rocks that result from shrinkage and expansions, 
gas bubble formation or wrinkles in algal mats (Shinn, 1983).

Stromatolitic Morphologies of the Lykins Formation 
In the following descriptions of stromatolite 

morphologies of the Lykins Formation, no attempt is made to 
apply a rigorous classification system to the various mor
phologies. Instead, the structures are described in general 
terms, chiefly following the orderly scheme of Hofmann (1969) 
and Hoffman (1976). The smooth algal fabrics of the Lykins
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Formation carbonates exhibit a range of morphologies from 
stratiform sheets (flat, undulose and wavy) to laterally 
linked domed, to unlinked (or discrete), circular to oblong 
(in plan view) columnar geometries. Figure 15 graphically 
exhibits each one of these morphologies. Plate 1 shows the 
range of morphologies and their distribution within the car
bonates of the Lykins Formation. The following discussion 
concentrates on describing and interpreting the stromatolitic 
carbonates and associated breccias.

Intraformational Breccias
Intraformational breccias occupy the upper portions of 

many of the carbonates in the study area. Ranging from less 
than 2 cm to 0.36 m thick, the brecciated zones lie between 
the underlying carbonates and overlying red beds (Figure 16). 
Locally, brecciation occurs within the mid- to lower-portions 
of the carbonates and within the si 1iciclastics overlying the 
carbonates. A typical capping breccia consists of carbonate 
intraclasts in a carbonate (cement) matrix with a high per
centage (less than or equal to about 40%) of si 1iciclastic, 
red bed intraclasts. Individual intraclasts are angular, 
unsorted, unbedded to crudely bedded and range from sand- to 
cobble-size (Figure 17). They exhibit the same textures and 
lithologies as the surrounding beds, with little to no evi
dence of transport. Some carbonate intraclasts can be refit-
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Figure 16. Intraformational breccia capping the Falcon 
Member, stratigraphic section 7. Contact 
between the breccia and underlying car
bonate member is indicated by dashed line.
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Figure 17. Slabbed hand-sample of intraformational 
breccia showing angular carbonate (white) 
and red siltstone (red) intraclasts in a 
carbonate matrix, Falcon Member, strati
graphic section 6, sample 2-UF. 
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ted into their original position within the overlying or 
adjacent beds.

From the field observations, a strong case exists for an 
evaporite-solution origin for the breccias. Evidence to 
support such an origin includes : (1) the consistent location 
of the breccias that cap the carbonate units; (2) the 
unsorted, unbedded, angular intraclasts that indicate little 
to no transport; (3) the incorporation of a high percentage 
of previously consolidated red siltstone intraclasts within the 
breccias; (4) the localized brecciation of the previously 
consolidated red beds over lying the capping breccias; (5) the 
abrupt, uneven, lower contacts of the breccias suggesting a 
settling of the overlying material into the underlying car
bonate beds, which are themselves disturbed; and (6) the 
presence of evaporites laterally equivalent to the breccias 
within the study area, north of the study area, and in the 
subsurface east of the study area (Broin, 1957). An 
evaporite solution origin implies that the intraformational 
breccias occupy the former position of an evaporite cap over 
the top of the stromatolitic carbonates.

Harriman Member Carbonates
The lower portion of the Harriman Member contains one to 

four thin carbonate units separated by thinly bedded, red 
siltstones to claystones. The lowest of these carbonates, 
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unit 1, is persistent throughout the study area; the other 
three units are laterally discontinuous.

Unit 1
Carbonate Unit 1 is persistent throughout the study 

area. It crops out 0.2 to 0.8 m (0.65 to 2.6 ft) above the 
Lyons-Lykins contact, and ranges from 0.15 to 0.4 m (0.5 to 
1.3 ft) thick. On the outcrop, Unit 1 exhibits the fol
lowing: a brown to tan color; indistinct, internal algal 
laminations; abrupt, undulose upper and lower contacts; and 
fine to coarse irregular fenestrae.

In thin-section, Unit 1 is interpreted as a partially 
dolomitized, neomorphically recrystallized, stromatolitic, 
peloidal lime grainstone to wackestone (boundstone). The 
original grain types and depositional textures are visible 
through fluorescence microscopy. In addition to the peloidal 
grains mentioned above, superficial ooids and possible grape
stone grains are also present. Superficial (ooid) is a term 
applied to ooids containing only one or two concentric 
lamina. Grapestones are clusters of carbonate grains bound 
together by micritic cement (Enos, 1983). Some grains are 
preferentially dolomitized and strongly hematite stained. 
The characteristic brown to tan color of Unit 1 is a result 
of strong hematite staining. This staining, associated with 
dolomitization, is responsible for obscuring the internal 
laminations within the unit. Pore spaces between grains are 



T-3331 42

filled with blocky calcite (Figure 18). Other features ob
served in thin section include authigenic euhedral quartz 
crystal, and vertical to subvertical microfractures filled 
with blocky calcite spar.

Zebra Limestone
In stratigraphic sections 4 and 5 and near 6, carbonate 

Unit 1 is subdivided into two units. The lower unit, de
scribed above, is overlain or capped by a zebra-textured 
limestone. The term "zebra" is a textural term applied to 
carbonate rocks that exhibit alternating coarsely crystalline 
and finely crystalline carbonate laminae (Figure 19). In 
addition to Unit 1, Units la and 2 are also capped by a 
thinly bedded to laminated zebra limestone (Plate 1). A more 
detailed description and the origin of the zebra limestone is 
discussed under Interpretations in this chapter.

Unit la
Carbonate Unit la is geographically restricted to stra

tigraphic sections 4, 5 and 6. Reaching a maximum thickness 
of 0.4 m (1.3 ft), this unit consists predominantly of the 
zebra limestone. Locally, the unit also exhibits a lower, 
thin, non-zebra portion. The lower non-zebra portion is lith
ologically and textural ly the same as Unit 1. For this 
reason, no further description of Unit la is necessary.
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Figure 18. Thin-section photomicrograph of Harriman Unit 1, stratigraphic 
section 11, sample 4-1. Plain light, left; cathodoluminescence, 
right; D = dolomite, s = void filling blocky calcite spar. All 
outcrop locations for sample numbers used in this report are shown 
on plate 1. Bar scale = 1.0 mm.
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Figure 19. Acetate-peel of zebra-textured limestone 
showing alternating coarsely and finely 
crystalline laminae. Harriman Unit 1, 
stratigraphic section 4, sample 1-1B. 
Bar scale = 2.0 mm.
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Unijt 2
Carbonate Unit 2 is present in all stratigraphic sec

tions except Section 10. The unit crops out 1.3 to 3.6 m 
(4.3 to 11.8 ft) above the Lyons-Lyk ins contact, and ranges 
in thickness from 0.15 to 0.5 m (0.5 to 1.6 ft). On the 
outcrop, Unit 2 exhibits the following: a tan to light gray 
color; internal algal laminations (stratiform morphologies) ; 
a smooth algal-mat fabric; and abrupt, undulose upper and 
lower contacts. Locally, the unit exhibits a laminoid to 
irregular fenestral fabric, small-scale tepee structures and 
a thin, capping (evaporite solution) breccia.

In thin section, Unit 2 is interpreted as a partially to 
completely dolomitized, neomorphically recrystallized stroma- 
tolitic, peloidal lime grainstone to packstone (boundstone) 
(Figure 20). Other features commonly observed in thin sec
tion include: vertical to subvertical microfractures filled 
with blocky calcite spar, hematite-stained laminae, minor 
flakes of mica, and variations in the intensities of dolomi
tization from one lamina to the next. Also important to note 
is the presence of spherulitic forms of length-slow chalce
dony. This variety of chert results from the diagenetic 
replacement of interstitial evaporites by silica (Folk and 
Pittman, 1971; Siedlecka, 1972).
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Figure 20. Thin-section photomicrograph (plain light) 
from Harriman Unit 2, stratigraphic section 
7, sample 2-2. Unit 1 is almost completely 
dolomitized with minor patches of blocky 
calcite. Bar scale = 1.0 mm.
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Unit 3
Unit 3 is the uppermost of the thin carbonates in the 

lower Harriman Member. Ranging in thickness from 0.15 to 
0.65 m (0.5 to 2.1 ft), this unit crops out 3.2 to 5.9 m 
( 10.5 to 19.3 ft) above the Lyons-Lykins contact. Like Unit 
2, Unit 3 is correlatable through all the stratigraphic 
sections except section 10. Unit 3 is also similar to Unit 2 
in terms of a light gray color, fenestra 1 fabric, smooth 
algal-mat fabric, small-scale tepee structures, presence of 
length-slow chalcedony, presence of mica flakes, and the 
localized presence of a thin, capping evaporite solution 
breccia. Unlike Unit 2, Unit 3 exhibits a lateral variation 
in stromatolite morphologies. Stratigraphic section 5 dis
plays well developed, low relief, closely spaced, laterally 
linked domed stromatolites (Figure 21). Lateral equivalents 
north and south of Section 5 are characterized by stratiform 
morphologies or the complete absence of the carbonate unit.

In thin section, Unit 3 is interpreted as a partially to 
completely dolomitized, neomorphically recrystallized, stro- 
matolitic, peloidal lime grainstone to packstone (bound
stone). The unit also exhibits quartz silt laminae, varying 
intensities of dolomitization from one lamina to the next, 
and hematite-stained laminae.
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Figure 21. Low relief, closely spaced, laterally 
linked domed stromatolites from Harriman 
Unit 3, stratigraphic section 5, sample 
9-3 .
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Interpretations
Environmental Significance of Stromatolite Morphologies 

and Internal Fabrics
The distribution of stromatolite morphologies and 

internal fabrics in the carbonates of the Lykins Formation is 
interpreted as being similar to the distribution of the same 
features in modern stromatolite (carbonate tidal flat) 
environments. According to Logan, et al. (1964) and Hoffman 
(1976), stratiform morphologies are indicative of lower 
energy protected environments, and columnar morphologies are 
indicative of higher energy open environments. Figure 22 
illustrates the ideal relationships between the stromatolite 
morphologies, relative energy levels of the environments, and 
the geographic distribution of the different stromatolite 
morphologies along the shoreline.

Kendall and Shipwith (1968), Kinsman and park (1976), 
and Hoffman (1976) have shown that algal-bound sediments 
display an internal fabric that is diagnostic of distinct 
tidal-zone environments. Figure 23 shows the major algal-mat 
fabrics and their general distribution as observed on modern 
arid carbonate tidal flats. Despite the wide variety of 
algal-mat fabrics observed at the surface, very few of the 
fabrics are preserved upon burial. in fact, the only fre
quently preserved form is the smooth mat. The smooth-mat 
fabric occurs in the intertidal zones of low energy, low 
relief shorelines or protected embayments. It may also
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Figure 23. General distribution of the major algal- 
mat fabrics in the tidal-flat zones. Mat 
fabrics in capital letters may produce 
columnar morphologies. Mat fabrics in 
lower case letters only produce stratiform 
sheets (from Hoffman, 1976).
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occur in shallow subtidal zones under hypersa line conditions 
(Playford and Cockbain, 1976; Park, 1977; Hardie and Shinn, 
1985). Most of the carbonates of the Lykins Formation 
exhibit a smooth-mat fabric.

The presence or absence of a fenestral fabric is also 
important to note when relating the stromatolitic carbonates 
to a specific tidal-zone environment. Fenestral voids within 
the carbonates of the Lykins Formation are interpreted as 
resulting from; (1) the evolution and trapping of gas below 
the algal mat associated with photosynthesis and algal decay, 
and (2) the decay of algal material interlaminated with the 
trapped (bound) sediments. According to Shinn (1968), fenes
tral voids are preserved mainly in the supratida1 sediments, 
sometimes in intertidal sediments, but almost never in sub- 
tidal sediments.

As compared to the algal fabrics and morphologies 
observed on the modern arid carbonate tidal flats of Shark 
Bay, Western Australia and the Trucial Coast of the Persian 
Gulf, the stromatolites of the study area are most 
characteristic of low relief open to protected shallow 
subtidal to intertidal tidal-flat environments.

Major Diagenetic Features
The major diagenetic features observed in the Harriman 

Member carbonate units are also common to the other car
bonates of the Lykins Formation. The diagenetic features 
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responsible for obscuring the original depositional textures 
of the Lykins carbonates are: (1) neomorphic recrystalliza
tion, (2) cementation, and (3) dolomitization.

Neomorphic recrystallization refers to the transforma
tion of mineralogically unstable aragonite and Mg calcite 
sediments to mineralogically stable calcite. This transfor
mation is accompanied by an increase in the crystal size from 
micritic (1-4 micron) muds which coalesce to form coarser 
(greater than 4 micron) blocky mosaics of neomorphic calcite 
spar. Recognition of neomorphic spar from blocky mosaics of 
true pore-filling calcite spar can be extremely difficult. 
Folk (1964) listed the thin section criteria used to dis
tinguish the two forms of sparry calcite. Neomorphic spar 
may exhibit ; (1) varying crystal sizes with an irregular and
patchy distribution; (3) curved to wavy intercrystalline 
boundaries; (3) abundant inclusions or relicts of older tex
tures; (4) embayments into older fabrics ; and (5) sharp or 
gradational boundaries with original micritic sediments. All 
the carbonates of the Lykins Formation are interpreted to 
have undergone neomorphic recrystallization or early dolomi
tization prior to recrystallization.

Through the use of cathodoluminescence, true pore
filling blocky calcite spar can be distinguished from neomor
phic spar. pore-filling calcite spar is recognized by serial 
euhedral growth banding within the blocky calcite crystals.
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Other inclusion-rich blocky mosaics that do not exhibit 
growth banding are interpreted as neomorphic spar (Figure 
18). The Harriman carbonate units as well as the other 
carbonates of the Lykins Formation are interpreted as a 
complex combination of dolomitized, neomorphically recrystal
lized peloids and carbonate muds, intermixed with early to 
late void-filling, blocky calcite spar.

Dolomitization is pervasive within most of the car
bonates of the Lykins Formation. From thin-section analysis, 
dolomites occur in a broad spectrum of crystal sizes 
ranging from 4 microns up to 300 microns. In general, 
crystal sizes of the dolomites are distributed in two 
groups, approximately 4 to 15 microns and 20 to 300 microns. 
Most dolomites fall in the 4 to 15 micron size group. 
Texturally, dolomitization occurs as isolated to inter
locking, euhedral to anhedral crystals in a laminated frame
work. Laminations are visible due to variations in the 
intensities of dolomitization and the crystalline sizes of 
the dolomite from one lamina to the next. The degree of 
dolomitization of the carbonates ranges from partial to com
plete. The laminated texture occurs in both crystalline size 
groups and constitutes the major textural type of dolomitiza
tion. Similar dolomites are described from modern carbonate 
tidal flats.
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According to Deffeyes, et al. (1965), Shinn, et al. 
(1965), and Shinn (1983), modern tidal-flat dolomites are 
characteristically composed of small crystals ranging in size 
from 2 to 4 microns. In similar ancient tidal flats, dolo
mite crystals are also small, but generally in the 5 to 10 
micron size range. As observed in modern tidal flats, this 
type of dolomite forms very early (penecontemporaneously) in 
the evaporitic supratida1 environments. Sea water, under
lying the intertidal and supratidal zones, is brought to the 
surface through capillary action or is supplied by surface 
flooding and evaporates to form a concentrated brine. 
Through precipitation of aragonite and gypsum, calcium is 
selectively removed, and the Mg/Ca ratio is elevated to many 
times that of normal sea water. Dolomitization proceeds 
within the upper few centimeters of the sediment through the 
replacement of Ca by Mg. This process is known as the evapo
rative pumping model (Folk, 1974; Folk and Land, 1975). The 
small crystalline sized dolomites of the Lykins Formation 
carbonates are interpreted as forming from this type of early 
dolomitization. Flooding of the stromatolitic carbonates by 
hypersaline waters, and further evaporative concentration of 
these waters, provided the mechanism for dolomitization of 
the carbonate sediments.

Other viable processes for both early and late diagenetic 
forms of dolomite in the Lykins Formation include an organic 
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model involving blue-green algae (Gebelein and Hoffman, 1973) 
and a seepage reflux model (Deffeyes, et al. 1965).

The importance of an organic model cannot be overlooked. 
The common inter laminations of calcite and dolomite in both 
ancient stromatolitic carbonates and those of the Lykins 
Formation support an organic role in dolomitization. During 
deposition, Mg is concentrated three to four times that of 
normal sea water in the blue-green algal sheath material. 
Decomposition of the Mg-rich organic residue, possibly long 
after deposition, releases excess Mg into the micro-environ
ment of the relict algal mat layers. Mg is released in 
sufficient quantities to dolomitize the adjacent carbonates. 
These secondary dolomite layers conform to the primary algal 
mat layers of the sediment (Gebelein and Hoffman, 1973; 
Wilson, 1975).

The seepage reflux model of dolomitization is the oppo
site of the evaporative pumping model. In this model, dense, 
evaporative concentrated brines, with high Mg/Ca ratios, flow 
downward through the carbonate sediment. Substitution of Mg 
for Ca in the carbonate sediments continues until the excess 
Mg is depleted (Deffeyes, et al., 1965).

As evident from the models described above, the dolo
mites of the Lykins Formation have a number of possible 
origins. However, most dolomite is interpreted as having an 
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early origin due to a combination of evaporitive pumping and 
shallow reflux of hypersaline waters.

Tepee structures recognized in the Harriman carbonate 
units and other carbonates of the Lykins Formation are 
recognized as common features in ancient and modern carbonate 
tidal flats (Evamy, 1973; Wilson, 1974; Asserto and Kendall, 
1977; Hardie and Shinn, 1985). Seen in cross section, tepee 
structures of the Lykins Formation appear as compressional 
buckles or arches involving varying thicknesses of carbonate 
beds. In plan view, these arched ridges intersect in three
way junctions to form linked polygons. The most probable 
mechanism for the formation of tepee structures is that of 
early crystallization of cements in pores, joints and 
fractures that causes the rock to expand and buckle (Evamy, 
1973; Smith, 1974; Asserto and Kendall, 1977; Herrod, 1980; 
Hardie and Shinn, 1985). Crystallization of evaporite 
minerals may also contribute to tepee formation.

Tepee structures form in a variety of environments, from 
shallow subtidal to supratidal. Recognition of the specific 
environment of formation depends mainly on associated 
features rather than the tepees themselves.

Sources of Carbonate Sediment
Carbonate sediments trapped and bound by the algal mats 

of the Lykins Formation have several possible sources, inclu
ding: (1) chemical precipitation caused inorganically by
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agitation, salinity changes, heating, or biochemically in
duced by the processes of blue-green algae and bacteria; (2) 
disintegration of certain types of calcareous algae; and (3) 
abrasion of non-alga1 skeletal particles by waves, currents, 
living burrowers and borers (Folk, 1964; Wilson, 1975). Al
though all of the above may have contributed to the supply of 
carbonate muds in the Lykins Formation, the major source of 
carbonate muds is interpreted as biochemically induced preci
pitation, due to the activity of blue-green algae. According 
to Bose 11 ini and Hardie (1973), shallow restricted seas and 
ephemeral lakes where sea water is concentrated by evapora
tion are likely geochemical settings for the direct precipi
tation of carbonate muds. During photosynthesis, algae con
sumes CO2 from water saturated with respect to CaCOg. The 
consumption of CO2 induces the direct precipitation of CaCOg 
in the form of micritic aragonite and Mg calcite muds (CO2 + 
H20 + CaCOg Ca+2 + 2HCO3”). precipitation of car
bonate material occurs directly in the algal mucilage or is 
trapped and bound by the algal mats after being transported 
by waves and tides (Monty, 1967; Wilson, 1975).

Additional carbonate can be added to the algal mats 
through precipitation of cement. Early acicular aragonite 
cements, similar to beach-rock cements, occur in the stroma
tolites of Shark Bay (Logan 1960). Beales (1965) suggested 
that precipitation of carbonate within the algal mats con
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tinues for some time after deposition due to: (1) changes in 
pH; (2) release of calcium ions during dolomitization; (3) 
washing of limestones by percolating rain waters ; and (4) 
dissolution of unstable mineralogies and reprecipitation. 
Using cathodoluminescence microscopy, the carbonates of the 
Lykins Formation exhibit abundant cementation in the form of 
blocky void-filling calcite spar. Many of these cements 
could have an early origin.

Origin of peloids
The peloidal textures observed in the Harriman carbonate 

units are common in all the carbonates of the Lykins Forma
tion. Peloidal textures are also commonly observed in modern 
and ancient shallow, restricted subtidal and intertidal en
vironments (Enos, 1983). Peloids have a variety of possible 
origins, including: (1) micritization of skeletal and 
oolitic grains; (2) fecal aggregation of lime mud; (3) 
mechanical erosion of carbonate muds or lithified mudstones ; 
(4) aggregation and cementation promoted by algal mats ; and 
(5) aggregation through inorganic precipitation and cementa
tion (Beales, 1965; Monty, 1967; Enos, 1983). Grains of all 
these origins converge in appearance through rounding, micri- 
tization and hardening (intra-particle cementation) so that 
the mode of origin is commonly indeterminate (Enos, 1983). 
Due to the lack of a normal marine fauna in the Lykins
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Formation, peloids of the Lykins Formation carbonates 
probably resulted from processes three, four and five listed 
above. The general distribution of peloidal grains, car
bonate muds and other grain types common to shallow re
stricted environments is shown in Figure 24. Restriction 
refers to the lack of normal marine salines due to poor 
circulation of marine waters over the extremely shallow 
shelf.

Harriman Carbonate Units
Based on the lithologies, sedimentary structures, 

stromatolite morphologies and fabrics, lack of fossils, major 
diagenetic features and original grain types and textures, 
the carbonate units of the lower Harriman Member are inter
preted as accumulating near the landward edge of shallow, 
restricted, hypersaline marine embayments and/or ephemeral 
playa lakes. Each carbonate-evaporite cycle represents a 
single shallowing-upward sequence, from shallow subtidal to 
intertidal stromatolitic carbonates through upper intertidal 
to supratidal evaporites (evaporite solution breccias). The 
shallowing-upward sequences are a result of: (1) prograda
tion (lateral accretion) of the stromatolitic carbonates and 
evaporites (Figure 25); (2) a simple infilling of the shallow 
shelf by vertical accretion; or (3) a combination of these 
two processes.



T-3331 61

INTRACLASTS

GRAPESTONES 
SHALLOW WATERS WITH 

MODERATE WAVE ENERGY

OOLITES 
HIGH ENERGY 
TDAL SHOALS

PELLETS
SHALLOW PROTECTED 

WATERS

TIDAL FLAT

ALGAL 
STROMATOLITES

MUD SIZED 
CARBONATE 
(OR MICRITE)

Figure 24. Generalized distribution of grain types on 
a shallow restricted shelf (modified from 
Harris, et al., 1985).
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Figure 25. Progradational model showing the relation
ships between the tidal zones during the 
seaward progradation of the tidal flat. 
Progradation produces a shallowing-upward 
cycle from subtidal to supratidal zones. 
None a thin transgressive sequence of re
worked clastics may be deposited during the 
initial transgression (modified from park, 
1977).
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Zebra Limestone
It is beyond the scope of this report to give a complete 

and detailed analysis of the characteristics and origin of 
the zebra limestones in the study area. The possible origins 
of zebra-textured carbonates are debated in the literature 
(Bathurst, 1959; Kendall and Tucker, 1973; Ross, 1975).

In the following discussion, the zebra limestones of the 
Lykins Formation are described, and a single model is presen
ted for the origin of these units. The zebra limestones of 
the Lykins Formation have a restricted geographic distribu-. 
tion (Plate 1). They occur as a capping unit on carbonate 
units 1, la and 2 of the Harriman Member at stratigraphic 
sections 4 and 5.

The typical zebra limestone consists of alternating 
coarsely crystalline and finely crystalline calcite laminae. 
Individual laminae are laterally very persistent across the 
outcrop; however, some rupturing and internal truncation of 
laminae do occur. The lower contact between the zebra and 
non-zebra carbonates is sharp and undulose. Laminae within 
the zebra limestone generally truncate at moderate to gentle 
angles from horizontal against the lower non-zebra carbonate. 
The sharp contact and truncation of laminae may indicate that 
some dissolution of carbonate material occurred between the 
zebra and non-zebra carbonates, although no other evidence 
for carbonate dissolution is evident. The coarsely crystal
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line calcite layers exhibit the following characteristics : 
(1) the layers consist of euhedral calcite crystals that 
appear to have grown into open cavities between the finely 
crystalline laminae; (2) the calcite crystals grow at perpen
dicular angles from both the floors and roofs of the cavi
ties; (3) crystal sizes increase toward the middle of the 
cavities; and (4) many crystals exhibit euhderal terminations 
within the cavities. The finely crystalline calcite layers 
consist of equigranular, blocky calcite mosaics. The contact 
between the coarsely and finely crystalline laminae is sharp.

Using cathodoluminescence microscopy, the coarsely 
crystalline laminae are interpreted as true void-filling 
calcite spar. This technique reveals a serial euhedral 
growth banding within the calcite crystals (Figure 26). It 
also appears that there are two generations of spar : (1)
earlier nonluminescent spar, and (2) later highly luminescent 
spar. The finely crystalline laminae (blocky calcite 
mosaics) exhibit no relict growth banding. These laminae are 
interpreted as neomorphically recrystallized carbonate mud 
(neomorphic spar) (Figure 26). The void-filling nature of 
the coarsely crystalline layers implies that voids are 
created prior to and/or during crystal growth. In the con
text of the depositional environment, the coarsely crystal
line layers could have been previously occupied by organic 
algal mats and/or gypsum. Due to the lack of collapse st rue-
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Figure 26. Thin-section photomicrograph (plain light, 
top; cathodoluminescence, bottom), zebra 
limestone, Harriman Unit 1, stratigraphic 
section 4, sample 1-1, F = finely crystal
line laminae, C = coarsely crystalline 
laminae. Bar scale = 1.0 mm.
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tares, the persistent lateral extent of individual laminae, 
the truncation relationships of laminae, and the close asso
ciation with stromatolitic carbonates, the cavities are 
interpreted as originally occupied by algal-mat material, as 
described below.

Algal mats trapped and bound the carbonate sediments 
which, subsequent to early neomorphism, produced the finely 
crystalline laminae. Burial and slow decay of the algal-mat 
material produced the cavities into which the coarse calcite 
spar grew. Growth of calcite spar began early, prior to 
complete decay of the algal material. Early precipitation of 
calcite occurred in fresh water which lacked Mg or hyper
saline water which lacked Mg relative to Ca. Continued 
growth of the calcite spar from both the floors and roofs of 
the cavities caused a lifting effect on the laminae as the 
crystals grew (Folk, 1965). This increased the size of the 
cavities and allowed further crystal growth.

Falcon Member
Unlike the thin carbonates of the lower Harriman Member, 

the Falcon Member is thicker and correlatable on a regional 
basis. In the study area, the Falcon Member is subdivided 
into three distinct units based on variations in lithology 
and texture (Figure 27). Local facies changes within the 
Falcon cause these units to vary in both thickness and 
lateral extent.
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Figure 27. Typical Falcon Member of the Golden- 
Morri son area. Upper portion of figure 
shows details of sedimentary structures and 
stromatolite morphologies for each unit. 
Photograph is from stratigraphic section 
10. Stratigraphically up is toward the 
left. Hammer is 28 cm (11.1 in) long. For 
explanation of symbols, see Figure 28 
(following page).
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LITHOLOGY AND TEXTURE
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Figure 28. Key to symbols used in all the strati
graphic sections in this report.
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Unit 1
Unit 1 of the Falcon represents a gradational contact 

between the Harriman and Falcon Members. It is characterized 
by interbedded, laminated to thinly bedded si 1iciclastics 
(claystones, sandy siltstones and calcite-cemented, silt
stones) to quartzose silty carbonates (Figure 27). Sedimen
tary structures consist of minor horizontal laminations and 
ripple marks.

Although this unit is clearly absent from some strati
graphic sections (Sections 1 and 2, Plate 1), its presence 
or absence in other sections cannot be determined due to the 
poor exposures.

Unit 2
Unit 2 is very distinctive and correlatable over most of 

the study area. Lithologically, the unit is composed of gray 
to tan, thinly bedded to internally laminated, calcareous to 
dolomitic, quartz siltstones to quartzose silty carbonates. 
Ripple marks, wavy bedding and small-scale trough (ripple) 
cross-stratification are the most common and characteristic 
sedimentary structures (Figure 27). Ripple marks are symmet
ric (oscillation ripples) to slightly asymmetric (current 
ripples) (Figure 29). Unit 2 has thin, transitional upper 
and lower contacts. The transition from si 1iciclastics to 
carbonates occurs over a 4 to 16 cm interval.
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Figure 29. Oscillation ripple marks from the upper 
portion of Falcon Unit 2, near strati
graphic section 3. Pencil is 14 cm (5.6 
in) long.
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In thin section, Unit 2 is composed of approximately 85 
percent well sorted, well rounded to subangular, quartz silt 
grains, and 15 percent subrounded to well rounded, spherical, 
hematite-stained, silt-size, peloidal carbonate grains 
(Figure 30). Pore spaces between grains are filled with a 
combination of blocky, neomorphic spar and void-filling 
blocky calcite spar. Dolomitization of the pore-filling, 
blocky calcite mosaic ranges from partial to complete. The 
peloidal carbonate grains are also recrystallized and pre
ferentially dolomitized over the blocky calcite mosaic.

Compaction within the unit is evident from embayed 
grain-to-grain contacts between carbonate peloids and quartz 
grains (Figure 30). Minor occurrences of foraminifera are 
present in thin-sections (Figure 30). A clear identification 
of the microfossils is not possible due to their limited 
number and poor preservation.

Unit 3
Unit 3 is the most widely exposed unit of the Falcon 

Member. As shown in Plate 1, the absence of Unit 3 from 
stratigraphic sections 11 and 12 is interpreted as being due 
to poor exposures, rather than non-deposition. Unit 3 ranges 
from 0.3 to 0.75 m (1 to 2.4 ft) thick and is persistent on 
a regional basis. On the outcrop, Unit 3 exhibits
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Figure 30. Thin-section photomicrograph (plain light) 
from Falcon Unit 2, stratigraphic section 
10, sample 3-LF. Note the uniserial, 
rectilinear foraminifera (f); hematite 
stained, dolomitized, peloidal carbonate 
grains (p) ; quartz grains (q); and embayed 
contacts (E). Bar scale = 0.5 mm.
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a light gray to tan color ; pronounced algal lamina
tions in a variety of morphologies; an absent to poorly 
developed fenestra1 fabric; well defined tepee structures 
(Figure 31); bedded and lenticular to irregular nodular forms 
of gray to white chert; and a capping intraformational, 
evaporite solution breccia. Algal fabrics best match those 
of the smooth to gelatinous mat types. Algal morphologies 
range from stratiform to laterally-linked domed geometries 
(Figure 15).

In thin-section, Unit 3 is interpreted as a partial ly to 
completely dolomitized, neomorphically recrystallized, stro- 
matolitic, peloidal, lime grainstone to packstone (bound
stone) (Figure 32). Other features observed in thin section 
include minor laminae of angular to subrounded quartz silt, 
more intense dolomitization from one lamina to the next, 
minor flakes of mica, anhedral to euhedral authigenic quartz, 
and hematite-stained laminae.

Facies Changes
The Falcon Member exposed at stratigraphic section 6 

represents a local facies change from the more regional 
lithologies and textures already described. At stratigraphic 
section 6, the Falcon is subdivided into four distinct units 
based on variations in lithology and texture. The units are 
shown in Figure 33. Unit 1 is equivalent to Unit 1 of the
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Figure 31. Overthrust tepee structure from Falcon Unit 
3 of stratigraphic section 7. Hammer is 28 
cm (11.1 in) long.
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Figure 32. Thin-section photomicrograph (plain light) 
of Falcon Unit 3, stratigraphic section 10, 
sample 3-MF. Note varying degrees of 
dolomitization from one lamina to the next. 
Bar scale = 1.0 mm.
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Figure 33. Falcon Member of stratigraphic section 6. 
Note the gently inclined, carbonate grain
stone foresets. Upper portion of figure 
shows the details of sedimentary structures 
for each unit. Units 1, 2a and 3 are not 
exposed in the photograph. For explanation 
of symbols see Figure 28.
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regional Falcon Member. It consists of interbedded clay
stones to siltstones and calcareous siltstones.

Unit 2a, equivalent to the regional Unit 2, is thin to 
completely absent from stratigraphic section 6. It consists 
of small-scale trough (ripple) cross-stratified, dolomitic, 
quartz siltstones to quartzose, silty carbonates. Unit 2b is 
unique to stratigraphic section 6. It is characterized by 
large-scale, thinly bedded (nonlaminated), wedge shaped, 
carbonate grainstone foresets, which pinch out near the base 
of the unit (Figure 33). Migration of the gently-inclined 
foresets is generally toward the southwest to southeast. 
Foreset bedding planes are accentuated by angular carbonate 
intraclastic pavements and finer-grained, quartzose sandy 
carbonate drapes (Figure 34). Locally, small-scale, wedge 
shaped cross-stratification occurs within the unit.

From thin section (Figure 35) and hand sample, the ori
ginal depositional texture of Unit 2b is interpreted as a 
quartzose sandy intraclastic (possibly oolitic) lime grain
stone, with enhanced dissolution, moldic porosity. Unit 2b 
experienced a dissolution event sometime after deposition, 
which removed the carbonate grain framework, leaving behind a 
porous, peloidal, quartzose (dolomitized) wackestone to 
packstone matrix. From studying the voids previously occu
pied by grains, the original grains appear to be subrounded 
to well rounded, moderately to well sorted, medium-to coarse-
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Figure 34. Angular carbonate intraclasts accentuating 
foreset bedding planes. Falcon Unit 2b, 
stratigraphic section 6. Pencil is 14 cm 
(5.6 in) long.
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Figure 35. Thin-sect ion photomicrograph (plain light), 
Falcon Unit 2b, stratigraphic section 6, 
sample 4-MF3. Note completely dolomitized 
quartzose sandy carbonate matrix and voids 
(moldic porosity) due to the dissolution of 
carbonate grains. Some voids are lined or 
filled with blocky calcite spar. 
Bar scale = 2.0 mm.
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grained carbonate sands (Figure 35). These sands (grain
stones) contain a high percentage of angular carbonate intra
clasts of sand to cobble size. The upper portions of the 
carbonate grainstones exhibit well developed tepee struc
tures .

In general, Unit 3 of the Falcon at stratigraphic 
section 6 (Figure 42) is the equivalent of the more regional 
Unit 3 of the Falcon. It exhibits a smooth type of algal-mat 
fabric and stratiform morphologies.

Interpretation
Based on the lithologies, sedimentary structures, 

stromatolite morphologies and fabrics, original grain types 
and textures, lack of fossils, and major diagenetic features, 
the Falcon Member as a whole is interpreted as a shal lowing- 
upward sequence of si 1iciclastics and carbonates that accumu
lated near the landward edge of a gently inclined, shallow, 
restricted shelf. The Falcon Member represents a single 
shal lowing-upward cycle, from the shallow subtidal to inter
tidal stromatolitic carbonate through the upper intertidal to 
supratidal evaporites (evaporite solution breccia) (Figure 
36). The regional extent of the Falcon Member indicates 
that it accumulated subsequent to a eustatic rise in sea 
level. An analogous shallowing-upward sequence is exhibited 
by the prograding carbonate tidal flat of the Trucial Coast 
in the Persian Gulf (Figure 37).
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Figure 36. Interpretation of the typical Falcon Member 
of the Golden-Mor ri son area. For explana
tion of symbols, see Figure 28.
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Both Unit 1 and Unit 2 of the Falcon Member comprise the 
reworked si 1iciclastic portion of the shallowing-upward 
sequence that accumulated prior to deposition of the 
over lying stromatolitic carbonates and evaporites (Figure 
36). These units represent the residual sandy sediments of 
the shallow subtidal from which the finer sediment fractions 
have been winnowed. This sequence is analogous to the 
shallow subtidal to lower intertidal sands of the Trucial 
Coast (Figure 37). Important elements of this interpretation 
include: (1) the abundance of ripple marks, wavy bedding and 
small-scale trough cross-stratification; (2) presence of 
carbonate grains (peloids) and foraminifera; (3) localized 
presence of silty carbonate laminae; and (4) the 
relationships to the overlying carbonates and evaporites and 
underlying red beds.

Unit 2b of stratigraphic section 6 is interpreted as a 
migrating tidal-channel deposit. Features observed in the 
unit are similar to published descriptions of tidal-channel 
deposits (Shinn, et al., 1969; Shinn, 1983). When tidal 
channels meander and migrate laterally, a point bar accumula
tion similar to fluvial channels is laid down. Foreset 
inclination directions of Unit 2b indicate that the channel 
flowed toward the southeast to east-northeast. From outcrop 
measurements, the tidal channel exhibits a maximum channel 
width of approximately 6.5 m (21.3 ft) and a maximum depth of 



T-3331 84

approximately Im (3.3 ft). Carbonates from the immediately 
surrounding environments provide the source for the channel 
fill of carbonate sands and angular intraclasts. The rounded 
to well-rounded nature of many of the carbonate sand-sized 
grains indicates that they may have been oolitic. The origi
nal mineralogy of the carbonate sands is interpreted as the 
unstable mineralogy of aragonite. The dissolution event 
removed the unstable mineralogies, but left the dolomitic, 
angular intraclasts (stable mineralogy). Preservation of the 
intraclasts indicates that they were dolomitized prior to 
deposition.

The thinning or complete absence of Unit 2a at 
stratigraphic section 6 is due to scour at the base of the 
migrating tidal channel (Figure 33). Unit 3 represents the 
re-establishment of algal mats over the top of the migrating 
channel foresets, after the channel migrated through the 
area.

Tidal channels comprise a special subenvironment of 
tidal flats. With tidal channels, the sea, rather than the 
land, acts as the sediment source. Channels, with their 
distributaries branching in the landward direction, provide 
the pathway for sediment delivery to the tidal flats. in 
general, tidal channels extend more or less perpendicular to 
the supratida1 and intertidal belts. They are economically 
important in terms of oil and gas prospects because their 
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basal portions are usually porous and permeable, and 
surrounded by less porous and less permeable sediments. 
Channel deposits serve as pathways for the migration of 
interstitial fluids. Migration of the tidal channels over 
the tidal flat can rework a substantial portion of the 
intertidal zone. This process can convert the relatively 
impermeable intertidal flat into a more permeable blanket 
deposit (Shinn, et al., 1969; Evamy, 1973; Shinn, 1985).

Unit 3 of the Falcon represents the shallow subtidal to 
intertidal algal-mat zone. This unit is analogous to the 
intertidal algal mats and capping supratidal evaporites of 
the Trucia1 Coast shallowing-upward sequence (Figure 25). 
Important elements of this interpretation include: (1) the 
smooth to gelatinous algal-mat fabrics; (2) the localized 
upward succession of stromatolite morphologies from 
laterally-linked domed to stratiform geometries; (3) the 
close association of a capping evaporite solution breccia; 
(4) evidence of early cementation such as tepee structures 
and angular intraclasts; and (5) a local facies change into a 
tidal-channel deposit.

Glennon Member
The Glennon Member is the thickest and most resistant 

carbonate member of the Lykins Formation in the study area. 
It forms the crest of the subtle hogback within the strike 
valley of the Lykins Formation. The Glennon Member is sub
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divided into five distinct units based on variations in 
lithology and texture. In the following discussion, each 
unit is referred to in ascending order as shown in Figure 38. 
The overall quality and extent of outcrop exposures of the 
individual units of the Glennon, as well as the other mem
bers, tend to deteriorate northward from stratigraphic sec
tion 9. All exposures of the Glennon are modified from 
quarrying of Unit 2 during the late 1800's and early 1900's 
(LeRoy, 1946). Due to those quarrying operations, the lower 
contact of the Glennon with the Bergen is only visible in the 
vicinity of stratigraphic sections 1 and 2.

The contact of the si 1iciclastics of the Bergen Member with 
the carbonates of the Glennon Member is abrupt. The struc
tureless claystones to silty claystones of the upper Bergen 
Member grade upward into 0.3 to 0.5 m (1 to 1.6 ft) of small
scale trough (ripple) cross-stratified silty claystones, 
which are directly over lain by carbonate unit 1 of the 
Glennon (Figure 39). Locally the si 1iciclastics just below 
Unit 1 exhibit vertical wedge-shaped cracks, which die out 
downward. These prism cracks are filled with the alga 1 ly 
laminated carbonate of overlying Glennon Unit 1.

Unit 1
Glennon Unit 1 is recognized in the field by its purple 

color and high degree of induration. Reaching a maximum
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Figure 38. Typical Glennon Member of the Golden- 
Morrison area showing details of the 
individual units. For explanation of 
symbols, see Figure 28.
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Figure 39. Contact of Bergen Member with the Glennon
Member, stratigraphic section 2. T = trough 
cross-stratified si 1iciclastic interval; 1 = 
Glennon Unit 1; 2 = Glennon Unit 2; D = zone 
of carbonate dissolution. Note low relief, 
laterally linked, domed stromatolite mor
phologies in Glennon Unit 1. Hammer is 28 
cm (11.1 in) long.
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thickness of 0.6 m (2 ft), Unit 1 is absent from the majority 
of the stratigraphic sections. Its absence is due mainly to 
the poor and modified nature of the exposures; however, 
evidence for abundant dissolution of carbonate material 
exists both within the unit and along the upper contact of 
the unit. Stylolites at varying orientations with thick 
insoluable residues are abundant. Dissolution of carbonate 
along those stylolites, to the point of complete removal of 
Unit, 1 is another reason for the absence of this unit.

On the outcrop, Unit 1 exhibits : a deep purple color; 
pronounced algal laminations with stratiform to low relief 
laterally-linked domed morphologies ; a smooth algal-mat 
fabric; localized irregular, medium to fine fenestral voids 
lined with sparry calcite; and minor ripple marks.

In thin section, Unit 1 is interpreted as a neomor- 
phically recrystallized, stromatolitic (peloidal?) lime 
boundstone (Figure 40). Through cathodoluminescence and 
fluorescence microscopy, the unit appears to be a combination 
of neomorphic recrystallized, lime mud (neomorphic spar) and 
true void-filling blocky calcite spar (Figure 48). Locally, 
questionable peloidal textures are visible. The unit may 
have been deposited as a peloidal grainstone to wackestone, 
but neomorphism has almost completely obscured the original 
textures and grain types. Unit 1 is well indurated due to
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Figure 40. Thin-section photomicrograph. Glennon Unit 1, stratigraphic sec
tion 7, sample 2-GI (plain light, left; cathodoluminescence, 
right). Note the inclusion-rich blocky calcite mosaic (mostly 
neomorphic spar) and a single spherulite of length-slow chalcedony 
(C). Spherical brown inclusions within the calcite mosaic (right 
photo) may represent peloids (P). (Light area in right photo is #
overexposed area on film.) Bar scale = 0.5 mm. °
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abundant silicification. Silica takes the form of isolated 
to coalescing spherulites of length-slow chalcedony.

Unit 2
Glennon Unit 2 is distinguished in the field by its 

laminated, white, chalky appearance and relatively pronounced 
fenestral fabric. Averaging approximately 0.85 m (2.8 ft) 
thick, Unit 2 is laterally very persistent with only minor 
thickness variations over the study area. As in Unit 1, the 
sharp upper and lower contacts of Unit 2, and the truncation 
of laminae at this contact, indicates that a minor amount of 
dissolution of Unit 2 is likely. The other major charac
teristics of Unit 2 as observed in the field include: pro
nounced algal laminations, exhibiting stratiform to 
laterally linked domed morphologies; smooth algal-mat fabric; 
pronounced irregular to laminoid, fine to medium fenestral 
fabric (Figure 41); and the presence of gray to lavendar 
cherts in bedded sequences and irregular to lenticular shaped 
nodules. Most silicification is confined to trough areas 
between laterally linked domed stromatolites.

In thin section, Unit 2 is interpreted as a completely 
dolomitized, stromatolitic, peloidal, lime grainstone to pack
stone (boundstone) (Figure 42). Algal laminae visible in 
thin section result from varying intensities of dolomitiza
tion and varying crystalline sizes of the dolomite from one 
lamina to the next. intense dolomitization completely
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Figure 41. Fenestral fabric of Glennon Unit 2 near top 
of hammer handle, stratigraphic section 2. 
Hammer is 28 m (11.1 in) long.
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Figure 42. Thin-section photomicrograph (plain light), 
Glennon Unit 2, stratigraphic section 10, 
sample 3-GII. Note faint laminations due 
to varying degrees of dolomitization from 
one lamina to the next. Bar scale = 1.0
mm.
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obscures any hint of the original depositional textures of 
the unit. Only through fluorescence are the relict peloidal 
textures visible. Other features observed in thin section 
include minor laminae of well sorted, angular to subrounded, 
quartz silt, and minor flakes of mica.

Unit 3
The well developed, unlinked, columnar stromatolite 

morphologies of Unit 3 make it the most distinctive unit of 
the Glennon Member. Many of the stromatolite morphologies 
are extremely similar to those described from Shark Bay, 
Western Australia. On the outcrop, Unit 3 exhibits : a white 
to purple to light green color; pronounced algal laminations; 
unlinked, closely spaced, moderate to high relief (0.7 m), 
circular to oblong (in plan view), columnar stromatolites 
(Figure 43), with narrow troughs between each column (Figure 
44); a smooth algal-mat fabric; an absent to poorly developed 
fenestral fabric; ripple marked upper surfaces of many of the 
columnar stromatolites; and abundant silicification in the 
form of lavender to gray, lenticular bedded to nodular forms 
of chert, which are confined to trough areas between columnar 
stromatolites (Figure 45).

The intercolumnar stromatolite troughs are interesting 
features that deserve further examination. In cross
section, the troughs have steep, linear to curved vertical to 
subvertical walls, with widths of up to 0.4 m (1.4 ft). In
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Figure 43. Plan view of a circular, columnar stromato 
lite from Glennon Unit 3, stratigraphic 
section 7.
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Figure 44. Interstromatolite trough filled with thinly 
bedded, red carbonate (dolomite) sediment, 
Glennon Unit 3, stratigraphic section 2. 
pencil is 14 cm (5.6 in) long.
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Figure 45. Columnar stromatolite from Glennon unit 3. 
Note chert replacement of carbonate along 
the margin of the column and angular car
bonate intraclasts in the trough. Sample 
5-GIII.



T-3331 98

plan view, troughs conform to the circular to oblong 
geometry around the closely spaced columnar stromatolites. 
Most troughs are filled with a thinly bedded, red carbonate 
sediment, which is not algal ly laminated. Individual beds are 
lenticular, concave upward and pinch out or truncate against 
the vertical to subvertical walls of the columnar 
stromatolites. Locally, the following features are observed 
within the troughs: syndepositional, angular, carbonate 
intraclastic breccias derived from slumping and brecciation 
of the over-steepened walls of the columnar stromatolites 
(Figure 45); minor amounts of soft sediment deformation; fine 
to medium, irregular fenestral voids lined with sparry cal
cite; subtle erosional scours; and concentrations of quartz 
silt and sand along some bedding planes.

In thin section, the red sediment is completely 
dolomitized, strongly hematite stained, with minor 
laminae of quartz silt and minor flakes of mica. These 
are the same lithologies observed in the algal-bound 
sediments of the adjacent columnar stromatolites (Figure 46).

Unit 4
Unit 4 is the thickest and most widely exposed unit of 

the Glennon Member. Variations in thickness of this unit, as 
shown in Plate 1, are only apparent variations due to the 
poor exposures. The upper contact of Unit 4 is highly 
weathered and/or covered and/or modified by the quarrying
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Figure 46. Thin-section photomicrograph of columnar 
stromatolite algal-oound sediments (plain 
light), Glennon Unit 3, stratigraphic sec
tion 7, sample 2-GIII. Note quartz silt 
and hematite concentrated along individual 
lamina. Unit 3 is almost completely 
dolomitized. Bar scale - 1.0 mm.
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operations. This makes it difficult to locate the true 
position of the upper contact in many of the stratigraphic 
sections. Where the contact is visible, it is abrupt and 
exhibits a thin, intraformational, evaporite solution 
breccia. In places, brecciation extends into the overlying 
red bed interval, which separates carbonate Unit 4 from 
carbonate Unit 5 (Figure 38). The lower contact of Unit 4 is 
marked by an abrupt increase in red silty-clay laminae 20 to 
30 cm (8 to 12 in) above Unit 3 (Figure 47). Because this 
red layer is correlatable through most of the stratigraphic 
sections, it is the horizontal datum on which the twelve 
stratigraphic sections are correlated. Other important char
acteristics of Unit 4 include: pronounced algal laminations; 
a smooth algal-mat fabric; a vertical change in stromatolite 
morphologies from unlinked to laterally-linked broad domed 
morphologies in the low half of the unit, which grade upward 
into stratiform morphologies in the remainder of the unit; a 
poorly to moderately developed coarse to fine, laminoid to 
irregular fenestral fabric within the mid- to lower- portions 
of the upper stratiform interval (Figure 48); tepee struc
tures in the upper stratiform interval (Figure 49) ; abundant 
ripple marks (interference- to current-ripples) in the lower- 
to mid-portion of the unit; abundant silicification in the 
form of gray to lavender, irregular to lenticular chert 
nodules, which are confined mainly to trough areas between
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Figure 47. Typical Glennon Member, stratigraphic 
section 6. 2 = Glennon Unit 2, 3 = Glennon 
Unit 3, 4 = Glennon Unit 4. Note red layer 
near base of Unit 4. Hammer is 28 cm (11.1 
in) long.
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Figure 48. Medium to fine, irregular to laminoid 
fenestral fabric, Glennon Unit 4, strati
graphic section 3. Pencil is 14 cm (5.6 
in) long.
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Figure 49. Tepee structure from Glennon Unit 4, stra
tigraphic section 7. Hammer is 28 cm (11.1 
in) long. Note three-way 120 degree junc
tion of tepee crests at bottom of photo.
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domed stromatolites; the presence of angular carbonate intra 
clasts within inter-stromatolite troughs; vertical to hori
zontal stylolites; and areas of disrupted algal laminations. 
Areas of disrupted algal laminations are extremely common in 
the mid- to upper-portions of Unit 4. Laterally and verti
cally across the outcrop, well laminated intervals grade into 
disrupted layers and then back into well laminated intervals 
(Figure 50). Dimensions of the disrupted areas range from 1 
to 3 m (3.3 to 9.8 ft) wide and less than 1 m (3.3 ft) thick. 
These areas are also more highly silicified than the sur
rounding laminated intervals.

In thin section, Unit 4 is interpreted as a partially to 
completely dolomitized, neomorphically recrystallized, stro- 
matolitic, peloidal, lime grainstone to packstone (bound
stone) (Figure 51). Relict peloidal textures are only 
visible through the use of fluorescence. Like Units 2 and 3, 
Unit 4 also exhibits variations in the intensities of dolomi
tization, crystal size of the dolomite from one lamina to the 
next, and presence of hematite-stained laminae, quartz silt 
laminae, and flakes of mica.

Unit 5
Unit 5 of the Glennon is generally poorly exposed over 

most of the study area. It is separated from Unit 4 by a 
thin, red bed interval. As mentioned earlier, the silici- 
clastics within this interval are locally brecciated. At
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Figure 50. Area of disrupted laminae from Glennon Unit 
4, stratigraphic section 1. Pencil is 14 
cm (5.6 in) long. Note laminated car
bonates above and below disrupted carbonate 
layer.
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Figure 51. Thin-section photomicrograph (plain light), 
Glennon Unit 4, stratigraphic section 4, 
sample 1-GIV. Note variations in dolomiti
zation from one lamina to the next, fenes- 
tral void lined with blocky calcite spar, 
and quartz silt along individual lamina. 
Bar scale = 1.0 mm.
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stratigraphic section 6, brecciation continues upward to 
include carbonate clasts from the base of Unit 5. All of 
these breccias are interpreted as _in situ evaporite solution 
breccias.

Where visible, both the upper and lower contacts of Unit 
5 are sharp. The unit as a whole has a consistent thickness 
of approximately 0.8 m (2.7 ft) over the study area. As with 
Unit 4, the upper contact of Unit 5 also exhibits a thin 
capping evaporite solution breccia (Figure 38). Other char
acteristics of Unit 5 include: a gray to white color; 
pronounced algal laminations; smooth to gelatinous algal-mat 
fabrics; vertical change in stromatolite morphologies from 
laterally-linked domed morphologies in the lower half of the 
unit (Figure 52) to stratiform morphologies in the upper 
half; an absent to poorly developed fenestral fabric in the 
upper stratiform interval; small scale desiccation cracks 
which are locally common in the upper stratiform interval 
(Figure 53); a thin macro-fossil-rich (bivalves and high-spired 
gastropods) bed in the lower domed interval (Figure 54); and 
abundant silicification in the form of gray to white, bedded 
to lenticular chert nodules.

In thin section, Unit 5 is interpreted as a partially 
dolomitized, stromatolitic (peloidal?) lime boundstone 
(Figure 55). Relict peoloida1 textures are not visible 
through the use of fluorescence; however, the original
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Figure 52. Glennon Unit 5, stratigraphic section 2. 
Note laterally 1 inked, domed stromatolite 
and the thin fossil bed (F) (bivalves and 
gastropods) that pinches out on the margin 
of the domed stromatolite.
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Figure 53. Small-scale desiccation cracks from the 
upper portion of Glennon Unit 5, strati
graphic section 2, sample 7-G5. Metal end 
on pencil is 2 cm long.



T-3331 110

Figure 54. Acetate-peel of bivalve and gastropod 
fossil bed from Glennon Unit 5, strati
graphic section 2, sample 7-G5F. Bar 
scale = 2.0 mm.
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Figure 55. Thin-section photomicrograph (plain light), 

Glennon Unit 5, stratigraphic section 2, 
sample 7-G5. Note varying degrees and 
crystalline sizes of dolomite from one 

i lamina to the next. Bar scale = 1.0 mm.
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textures are probably obscured by neomorphism and dolomitiza
tion. As with the other carbonates, laminations are visible 
due to the varying intensities and crystalline sizes of the 
dolomite from one lamina to the next. Quartz silt laminae 
and flakes of mica are also present.

Interpretation
Major Diagenetic Features
Only the diagenetic features not previously described 

are discussed below. This includes a discussion of early 
lithification, silicification and pressure solution.

Early lithification of the Glennon Member and other 
carbonates of the Lykins Formation is interpreted as a vari
able process. Evidence to support early lithification of the 
carbonates (Zankl, 1969) includes; (1) preservation of 
large fenestral voids; (2) presence of angular (syndeposi- 
tional) carbonate intraclastic breccias in the troughs be
tween columnar and domed stromatolites; (3) presence of angu
lar carbonate intraclastic pavements accentuating foresets of 
the tidal channel deposit within the Falcon Member; (4) 
abundance of early tepee structures; (5) presence of over
steepened columnar stromatolite morphologies; and (6) lack of 
abundant soft-sediment deformational structures. Many of the 
carbonates display all these characteristics while others 
display none.
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In modern carbonate tidal flats, early marine cementa
tion occurs in the form of fibrous to micritic aragonite and 
Mg calcite. These cements are precipitated from marine 
waters with high Mg contents as beach rock cement or shallow 
submarine cements (hardgrounds) (Folk, 1974) (Figure 56). 
The Mg/Ca ratio of the fluid controls the morphology and 
lithology of the precipitant. Abundant Mg favors the forma
tion of fibrous aragonite and Mg calcite crystals, whereas a 
lack of Mg allows the formation of blocky, sparry calcite. 
Within the study area, only one type of cement is visible 
within the carbonates—blocky to subhedral calcite spar. The 
absence of petrographic evidence for other types of early 
cements is attributed to the pervasive nature of neomorphic 
recrystallization and dolomitization. The void-filling cal
cite spar fills and lines fenestral voids, microfractures, 
and other voids within the carbonates. Through cathodolumi
nescence the euhedral (episodic) growth morphology of the 
blocky spar is visible.

Void-filling blocky mosaics of sparry calcite can occur in 
two different environments : (1) surficial meteoric waters
that are initially poor in Mg, and (2) subsurface solutions, 
either connate or mixed with meteoric water, that have lost 
Mg relative to calcium to form dolomite or clays (Figure 56) 
(Folk, 1974; Folk and Land, 1975).
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Figure 56. General distribution of cement types and 
the environments in which they form 
(directly from Folk, 1974).
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Although silicification is most common in the Glennon 
Member, some form of silicification occurs in almost all of 
the carbonates of the Lykins Formation in the study area. 
The major forms of silicification include: (1) bedded and 
nodular chert; (2) thin sheaths of chert that cover the outer 
margin of columnar stromatolites (Figure 45); and (3) minor 
amounts of authigenic euhdral and anhedral crystals dispersed 
within the carbonates. Most silicification within the domed 
and columnar stromatolites is confined to the trough areas 
between stromatolite structures. The cherts exhibit repla- 
cive and displacive relationships to the carbonates. Tex
tural details of the cherts reveal the following: (1) algal 
laminations within the carbonates preserved within the 
replacive cherts; (2) chert nodules distorting surrounding 
carbonate laminae, indicating their early presence; (3) dolo
mitization interrupting the growth of euhedral, authigenic 
quartz; and (4) spherulites of (length-slow) chalcedony re
placing evaporites within the carbonates.

Most silicification within the carbonates of the Lykins 
Formation is interpreted as an early diagenetic process. 
Peterson and von der Borch (1965) described a mechanism for 
early precipitation of silica in modern sedimentary 
environments. Early silicification is caused by seasonal 
fluctuations in pH in hypersaline environments. On 
hypersaline tidal flats, the pH rises to greater than 10 
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during active photosynthesis. As the brine reaches maximum 
concentrations, it dries at the surface or sinks into the 
sediment, and the pH drops to approximately 8.2. Beneath the 
surface of the sediment, the pH of interstitial fluids drops 
to 6.5 within a zone of decaying algal mats. As the pH of 
the infiltrating fluid drops, silica is precipitated 
(Peterson and von der Borch, 1965). The replacement of 
carbonate by chert is related to changes in pH (above pH 9) 
(Walker, 1962). The trough areas between domed to columnar 
stromatolites of the Lykins carbonates are topographic lows 
containing sediments with higher vertical permeabilities than 
the surrounding algal mats. This makes the trough areas the 
most likely sites for ponding and infiltration of fluids.

The other form of silicification that deserved further 
examination is the replacement of evaporites by spherulitic 
length-slow chalcedony. The spherulites of chalcedony in the 
carbonates of the Lykins Formation are very distinct and 
easily recognized in thin-section. They exhibit a radiating 
fibrous texture with a pseudo-uniaxial extinction cross under 
cross polarization. They also exhibit relict fibrous tex
tures from the gypsum and inclusions arranged in concentric 
bands. These are features common to all occurrences of 
spherulitic length-slow chalcedony (Wilson, 1966; Folk and 
Pittman, 1971; Siedlecka, 1972). This variety of chert 
occurs in Harriman carbonate Unit 3 and Glennon carbonate
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Units 1 and 4. The recognition of previous evaporites asso
ciated with the carbonate sediments is important to recognize 
when relating these units to a depositional setting.

Pressure solution is common within the Glennon Member of 
the Golden-Morrison area. pressure solution refers to the 
dissolution of carbonate material along stylolites. Due to 
the burial depths necessary to initiate carbonate dissolu
tion, stylolitization is interpreted as an intermediate to 
late diagenetic process. The shallowest burial depth esti
mates necessary to cause pressure solution range from a few 
tens of meters to 90 m (Schlanger, 1964; Meyers and Lohmann, 
1980). Porosity reduction is the major impact on the car
bonates resulting from pressure solution. The ultimate 
filling of voids probably occurs through the dissolution, 
transfer and reprecipitation of carbonate material.

Carbonate Units
Based on the lithologies, sedimentary structures, 

stromatolite morphologies and fabrics, original grain types 
and textures, overall lack of fossils, and major diagenetic 
features, the Glennon Member as a whole is interpreted as 
representing two or more shallowing -upward sequences from 
the shallow subtidal to intertidal stromatoll tic carbonates 
and upper intertidal to supratidal evaporites (evaporite 
solution breccias). prior to deposition of the Glennon 
Member, the Permian sea transgressed over the supratidal and 
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terrestrial red beds on the gently inclined, low relief 
shelf. Reworking of the red beds by the transgressing waters 
produced the thin sequence of small-scale trough (ripple) 
cross-stratified si 1iciclastics, just below Unit 1 of the 
Glennon. At Section 1, a pebbly transgressive lag is present 
in the reworked si l iciclastics. At the type section, north 
of Boulder, Colorado, a pronounced pebbly, transgressive lag 
deposit occurs in the siliciclastics just below the car
bonates of the Glennon Member (Plate 2).

Unit 1 of the Glennon represents the initial 
colonization of blue-green algal mats over the reworked 
si 1 iciclastic sequence. Both Unit 1 and Unit 2 are 
interpreted as accumulating from the very shallow subtidal to 
intertidal zones (Figure 57). Important elements of this 
interpretation include: (1) the stratiform to laterally 
linked domed stromatolite morphologies; (2) smooth algal-mat 
fabrics of both units; (3) moderately to well developed 
fenestral fabrics; (4) localized presence of ripple marks; 
(5) pervasive dolomitization of Unit 2; and (6) presence of 
evaporites replaced by length-slow chalcedony in Unit 1.

The distinctive columnar stromatolites, in conjunction 
with other sedimentary structures, indicate that Unit 3 
accumulated in the shallow subtidal to lower intertidal zones 
(Figure 57). Evidence to support this interpretation
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include: (1) unlinked, columnar stromatolite morphologies; 
(2) smooth algal-mat fabrics? (3) the overall vertical 
progression of stromatolite morphologies from Unit 3 into 
Unit 4? (4) ripple marks on the upper surfaces of columnar 
stromatolites? (5) absent to poorly developed fenestral 
fabric? (6) pervasive dolomitization? (7) evidence of early 
cementation? and (8) subtle scours in interstromatolite 
trough sediments.

According to Logan (I960), columnar stromatolites form 
due to the inhibition of algal growth in topographic lows. 
Topographic lows are characterized by wave and tidal scour 
and higher rates of sedimentation. Both these factors pro
mote the development of columns on pre-existing topographic 
highs. In most instances, columnar stromatolites of Unit 3 
develop on pre-existing highs within the underlying unit. 
The inheritence of domed to columnar stromatolites is 
common from one unit of the Glennon to the next. This fact, 
combined with higher rates of sedimentation and wave and 
tidal scour in topographic lows (troughs), contributes to the 
preferential growth and binding of sediment on subtle topo
graphic highs in Unit 3 of the Glennon. The elongate colum
nar stromatolite morphologies, which dominate Unit 3, also 
indicate higher energy conditions. Discrete (unlinked) 
columnar morphologies tend to occur where wave and tidal 
scour are strong? stratiform morphologies occur where wave 
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and tidal scour are weak. The plan view elongation of 
columnar morphologies is due to and parallel to wave and 
tidal scour generally perpendicular to the shoreline (Hoff
man, 1967, 1976). The scarcity of bedding plane exposures in 
the study area limits the number of stromatolite elongation 
directions that can be measured. A plot of the limited 
number of directional readings is shown in Figure 58. The 
map indicates a general southwest wave and tidal incidence on 
the paleoshoreline. Some subtle protrusions of the shoreline 
may have been present south of the town of Morrison.

Unit 4 represents the continued shal lowing-upward of the 
carbonate sequence from the shallow subtidal to lower 
intertidal columnar stromatolites of Unit 3 into the mid- to 
upper-intertidal domed to stratiform stromatolites of Unit 4 
(Figure 57). Important elements of this interpretation 
include; (1) changing stromatolite morphologies described 
above; (2) the smooth algal-mat fabrics; (3) the development 
of a fenestral fabric in the stratiform portion of the unit; 
(4) the abundance of ripple marks (predominantly of 
interference type) in the mid- to lower-portions of the unit; 
(5) pervasive dolomitization of the unit; (6) evidence of 
early cementation, such as syndepositional, angular, 
intraclastic carbonate breccias in trough areas; (7) the 
capping relationship of the evaporite solution breccias and
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evaporitic mud flats; and (8) areas of disrupted algal 
laminae in the mid- to upper-portions of the unit.

Areas of disrupted algal laminations are interpreted as 
sites where ephemeral evaporites precipitated in waters which 
became ponded in topographic lows of the intertidal to shal
low subtidal zone. precipitation of evaporites disrupted and 
inhibited the growth of wel 1-laminated algal mats. Subse
quent dissolution and remobilization of the evaporites caused 
further disruption of the algal laminae.

The quartz silt laminae and flakes of mica present in 
most of the carbonates of the Lykins Formation are inter
preted as having an eolian origin. Derived from the supra- 
tidal and terrestrial environments, these grains were 
transported to the intertidal and shallow subtidal zones by 
wind activity. After deposition, they were reworked by waves 
and tides and trapped and bound by the algal mats.

Unit 5 is similar to Unit 4. It represents a single 
sha1lowing-upward cycle, from the shallow subtidal to inter
tidal algal mats to the upper intertidal and supratidal 
evaporites and evaporitic mud flats (evaporite solution 
breccias) (Figure 57). Evidence to support this interpreta
tion includes : (1) the changing morphology of the stromato
lites from laterally linked domed morphologies vertically 
upwards into stratiform morphologies; (2) a smooth algal-mat 
fabric; (3) desiccation cracks in the upper stratiform 
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portion of the unit; (4) presence of once living bivalves and 
high-spired gastropods among the domed stromatolites; (5) 
pervasive dolomitization of the carbonates; and (6) the rela
tionship of capping evaporite solution breccias.

Within the thin fossi1iferous bed of Unit 5 (Figure 54), 
the predominance of paired bivalve shells indicates that the 
bivalves and gastropods lived within this unit. The cross
cutting relationship of some of the paired valves indicates 
that some bivalves may be nestled in borings. The 
fossi1iferous bed may represent a hardground into which 
bivalves repeatedly bored and lived. Despite the cross
cutting relationships, there is no other direct evidence that 
the bed represents a true, bored hardground. Early 
cementation may be indicated by the whole and unbroken 
bivalve and gastropod shells. If the bed underwent 
compaction, the shells in contact with one another would be 
broken. A clear identification of the bivalves is not 
possible because of their poor preservation. No shell 
microstructure is visible. The original (aragonite) shells 
have been recrystallized or dissolved and replaced by blocky 
calcite spar.

Alternative Interpretation
The above interpretations of the carbonate-evaporite 

cycles as shallowing-upward shallow subtidal to supratidal 
sequences are based on the presumption of a tidal influence 
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on the paleoshore line the majority of the time. However, 
based on the paleotopography just prior to deposition of the 
Lykins Formation (Figure 12), the absence of a normal marine 
fauna and flora, and the presence of thick, basinal 
evaporites (eastward in the subsurface) in the same 
stratigraphic position as the exposed carbonate units in the 
study area (Broin, 1957), the Permian sea of eastern Colorado 
may have been too isolated from open marine conditions to 
permit marine circulation and tidal influence. With this 
assumption, the following changes are interpreted. The 
landward portions of the shoreline would be flooded only by 
higher-than-normal wind-driven waters (wind tidal flats) and 
storm surges. The so-called intertidal zone would be flooded 
only a few times per month instead of daily. The shallowing- 
upward carbonate evaporite cycles would result mainly from 
vertical aggradation.of the carbonates (with some component 
of progradation). The stromatolitic carbonates would be 
confined mainly to very shallow subaqueous environments.
Columnar and domed stromatolites would indicate initial 
higher energy (slightly deeper water) conditions. As the 
water depth in the shallow shelf decreased due to vertical 
aggradation, energy levels would decrease and stratiform 
algal mat morphologies would dominate. The evaporite 
solution breccias that cap the stromatolitic carbonates would 
precipitate in very shallow subaqueous (evaporite pans) to 
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subaerial (si 1iciclastic) environments. Similar 
distributions of stromatolitic carbonates and evaporites, as 
those described above, are known from the margins of large 
salinas in southern Australia (von der Borch, et al., 1977; 
Warren and Kendall, 1985).

The two interpretations, involving varying degrees of 
tidal influence, are end members. In reality, a combination 
of the processes described in both interpretations are most 
likely over the history of carbonate deposition in the Lykins 
Formation.

Siliciclastic Units 
Description

The relationships of the Harriman, Bergen and Strain 
si 1iciclastic members are shown in the general stratigraphic 
section in Figure 6. Due to their nonresistant nature and 
high susceptibility to weathering, most of the si 1iciclastics 
in the study area are poorly exposed. While Plate 1 indi
cates complete exposure of each siliciclastic member, in 
reality, the siliciclastic members are variably exposed. 
Instead of showing a multitude of covered sections within the 
si 1iciclastics, Plate 1 shows an estimate of actual si 1ici
clastic lithologies based on excavations and offset 
exposures.
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Typical ly, the three si 1iciclastic members are composed 
of red, calcareous to non-calcareous, siltstones, silty clay
stones and claystones. Bedding is usually poorly developed, 
and most outcrop exposures are characterized by an absence of 
sedimentary structures. Many of the si 1iciclastics 
exhibit calcite-filled secondary fractures at various orien
tations. These secondary fractures obscure many of the bed
ding structures.

Despite the absence of diagnostic bed forms from most 
outcrop exposures, stratigraphic sections 2 and 10 exhibit 
relatively well-defined sedimentary structures. In Section 
10, the Harriman and Bergen Members exhibit thinly bedded to 
lenticular channel-1 ike bodies (Figure 59) of medium-scale 
planar to low-angle tough cross-stratified siltstones to 
silty claystones (Figure 60). The lenticular bodies are less 
than 0.3 m (1 ft) thick and grade both laterally and ver
tically into slightly different lithologies. Siliciclastic 
intervals just above and below each carbonate member are 
characterized by an absence of sedimentary structures. Under 
close examination, the Harriman Member of stratigraphic sec
tion 3 also exhibits similar sedimentary structures as those 
observed in Section 10.

In stratigraphic section 2, the Strain Member contains 
several thin beds of tan, micaceous, very fine-grained, well 
sorted sandstones. Sedimentary structures consist of planar
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Figure 59. Thinly bedded, lenticular bodies of cross
stratified siltstones and silty claystones 
within the Harriman Member, stratigraphic 
section 10. Stratigraphical ly up is to the 
left. Hammer is 28 cm (11.1 in) long.



T-3331 129

Figure 60. Close up of planar cross-stratification 
within one of the lenticular beds of the 
Harriman Member, stratigraphic section 10. 
Pencil is 14 cm (5.6 in) long.
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(ripple) cross-stratification with reactivation surfaces, 
climbing ripples and small-scale desiccation cracks (Plate 
1). The red siltstones adjacent to the thin sand beds exhi
bit small-scale trough (ripple) cross-stratification. Local
ly, the lower Strain Member also exhibits thin bimodal grain
size layers of subrounded to well-rounded, subspherical, 
medium-grained quartz sandstone within a red siltstone ma
trix, and small angular si 1iciclastic intraclasts within a 
structureless si 1iciclastic matrix. The remainder (or 
majority) of the Strain Member is characterized by an absence 
of obvious sedimentary structures (plate 1).

According to Campbell (1963), who conducted a detailed 
petrographic study of the red beds from Boulder to the Fort 
Collins area, there is very little regional variation in the 
lithologies and textures of the red beds. As in the Golden- 
Morrison area, the red beds of northern Colorado are charac
terized by an absence of diagnostic bed forms. Cross-bedding 
is absent except for small-scale sets. The upper Strain 
Member contains lenticular sandstones less than 0.3 m (1 ft) 
thick. Associated with the sandstones and siltstones are 
asymmetric ripple marks, infrequent rain-drop impressions and 
a few desiccation cracks. Through petrographic studies, the 
most common detrital constituents of the red beds are quartz 
and feldspar. Low percentages (1 to 9%) of carbonate grains 
are also present. The binding agent in most samples is a
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matrix of clay, hematite and carbonate. Hematite, ranging 
from 1 to 7 percent, is the coloring agent.

Interpretation
Although the carbonates only comprise a small portion of 

the stratigraphic interval of the Lykins Formation, a 
detailed study of the carbonates narrows the number of 
possible interpretations for the much thicker siliciclastic 
sequences. In a vertical sequence containing no breaks in 
sedimentation, environmental interpretations of a single unit 
must be compatible with interpretations of strata immediately 
above and below it (Pearson and Hanley, 1974).

The red beds of the Lykins Formation are interpreted as 
prograding, evaporitic supratidal mud flats and terrestrial 
fluviatile deposits that accumulated on the landward edge of 
a broad shallow shelf under arid to semi-arid conditions. 
This interpretation is based on the following genetically 
significant features: (1) a close association with bedded 
evaporites and stromatolitic carbonates; (2) an absence of 
fossils; (3) a notable absence of diagnostic sedimentary 
structures (with exceptions); (4) small-scale migrating rip
ple bedforms; (5) thin, lenticular, trough to planar cross
stratified channel-like bodies; (6) desiccation cracks; and 
(7) thin, bimodal grain-size layers. Similar features are 
exhibited by other modern and ancient arid tidal-flat 
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sequences (Kerr and Thomson, 1963; Bosel1 ini and Hardie, 
1973; Arake1, 1980; Warren and Kendall, 1985).

The overall absence of prominent sedimentary structures 
within the si 1iclastics is interpreted as being caused by the 
precipitation and growth of ephemeral evaporites within the 
upper few centimeters of the supratidal mud flats during 
deposition. Growth and subsequent remobilization of evap
orites within the sediments disrupted and destroyed bedding 
planes and laminations (Kerr and Thomson, 1963; Arakel, 
1980). The supratidal mud flat may have also been charac
terized by desiccation, which is not preserved for the same 
reason. Similar processes occur in the upper intertidal and 
supratidal zones of the arid tidal flats in the Gulf of 
California. Laminations and bedding planes are disrupted and 
destroyed due to desiccation and the precipitation of evap
orites in the upper few centimeters of the sediments 
(Thompson, 1975; Hardie and Shinn, 1986). Figure 61 shows 
the distribution of evaporitic sediments on the tidal flats 
in the Gulf of California.

Thin unidirectional cross-bedded units within the struc
tureless si 1iciclastics (Strain Member, stratigraphic section 
2) are interpreted as migrating ripple bed forms that 
resulted from periodic influxes of higher-than-normal, wind- 
driven tidal water across the mud flats. The advancing



T-3331 133

î A \

Hh

Figure 61. Aerial distribution of facies on the arid 
tidal flat of the Gulf of California. A = 
disrupted sediments [clay-evaporite mix
tures and evaporite (halite and gypsum) 
pans]; B = laminated silt; C = mottled 
silty clay; D = burrowed silty clay;
E = laminated silt and clay; A = supra- 
tidal; B, C, D = intertidal; E = subtidal. 
Areas marked salt in the supratidal zone 
are depressions [ephemeral evaporite pans), 
in which flood waters collect and evapo
rate. The pans are characterized by 
layered gypsum and ephemeral halite.
Halite is dissolved during flooding of the 
supratidal zone (Thompson, 1975). 
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waters reworked the upper few centimeters of the silici- 
clastics. Continued wind activity is suggested by the thin 
bimodal grain-size layers. The origin of this type of bi
modal sediment is attributed to the lag material left on 
deflationary flats. Similar sediments are described from the 
Permian State Bridge Formation of the Central Colorado trough 
(Freeman and Bryant, 1977). Eventually, the evaporitic mud 
flats of the supratidal environments graded into more terres
trial environments to the west. The lack of ephemeral evap
orite precipitation in the terrestrial environments helped 
preserve the sedimentary structures. Sediments from the mid 
portions of the Harriman and Bergen members of stratigraphic 
section 10 exhibit sedimentary structures more common to the 
terrestrial environments. The medium-scale planar to low- 
angle trough cross-stratified lenticular beds of siltstone 
represent extremely shallow channels flowing over a gently- 
inclined topographic slope. The sediments are interpreted as 
fluviatile deposits that accumulated on a low relief alluvial 
plain. Overall, the red beds of the Lykins Formation are 
viewed as a natural progression of the supratidal and terres
trial environments over the underlying intertidal to shallow 
subtidal stromatolitic carbonates.

The red coloration of the si 1iclastic sediments of the 
Lykins Formation is interpreted as an authigenic product of 
the in situ alteration of iron-bearing detrital grains in the 



T-3331 135

sediments. This process of reddening occurs in arid 
depositional regions where detrital iron-bearing silicate 
minerals are slowly altered by waters migrating through the 
sediments. Subsequent to the alteration (hydrolysis), 
intrastratal iron-oxide pigment is precipitated. The pigment 
is initially precipitated as amorphous ferric oxide, but upon 
aging it converts to hematite and the sediments involved are 
reddened (Walker, 1967, 1975).

Evaporites 
Description

The distribution of evaporites in the field area appears 
to be relatively restricted. However, due to post- 
depositional solution and the simple problem of inadequate 
exposures, the volume of original evaporites is cited with 
caution.

Gypsum occurs in primary bedded form, nodular form, 
pseudonodular form and as a secondary filling in fractures 
within the siliciclastics. Bedded gypsum, the most common, 
is exposed at stratigraphic sections 3 and 6. Section 6 
contains a laterally restricted bedded gypsum sequence a 
maximum of 3.1 m (7 ft) thick (Plate 1). The base of this 
sequence rests directly on top of the third carbonate bed 
(unit 3) approximately 5.2 m (17 ft) from the base of the 
formation. Rehydration of the gypsum as it is exposed at the 
surface obscures the bedding features. Internally, primary 
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gypsum beds within the sequence range in thickness from 
laminated to medium bedded. Laminated gypsum is locally 
interlaminated with carbonate (dolomite) laminae (Figure 62). 
At the base of the sequence, small nodular forms of gypsum 
are associated with the third carbonate bed. Spherical to 
lenticular nodules 2 to 8 mm in diameter occur within an 
algally laminated carbonate (dolomite) matrix. The nodular 
forms are closely spaced near the top of the carbonate bed 
and decrease in abundance downward. Some nodular forms re
present true interstitial growth of evaporites in the car
bonate sediment, other nodular forms represent gypsum-filled 
fenestrae.

Interpretation
Bedded evaporites are known from both modern and ancient 

arid tidal-flat sequences. primary layered evaporite 
sequences are thought to precipitate directly from ponded 
waters (evaporite pans) in the upper intertidal to supratidal 
environments. Deposition from such a body of water results 
in a sequence of fine laminae to thin beds due to periodic 
supply and evaporation of saline waters. Similar deposits 
are known from the tidal flats in the Gulf of California 
(Figure 61) (Thompson, 1975; Hardie and Shinn, 1986). Algal 
mats and carbonate sediments, which become interbedded with
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Figure 62. Interlaminated gypsum (G) and carbonate (C) 
(dolomite) from the base of the thick- 
bedded gypsum sequence in the lower 
Harriman Member, stratigraphic section 6, 
sample 5-3. The doming of laminae may have 
an algal stromatolitic origin.
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the e vapor Ites, can also create bedding in the deposits (Kerr 
and Thomson, 1963; Thompson, 1975; Arakal, 1980).

True interstitial growth of nodular forms of evaporites, 
so characteristic of other modern and ancient arid tidal-flat 
sequences, are not readily apparent in the field area. The 
lack of obvious nodular evaporites does not mean that they 
were never present. The evaporite solution breccias which 
cap the carbonates may occupy the former position of nodular 
forms of evaporites; however, this relationship cannot be 
determined directly. On the other hand, the absence of 
nodular evaporites can also be explained. Bosellini and 
Hardie (1973) showed that a direct relationship exists 
between the abundance of sand and the abundance of gypsum 
nodules. In an open sand pore system, upward capillary draw 
and evaporative concentration of marine waters proceeds with 
a much greater efficiency than in finer-grained sediments. 
The sandier and better sorted the sediment, the greater the 
abundance of evaporite nodules (Bosellini and Hardie, 1973). 
The claystone and siltstone mud flats of the Lykins Formation 
may have been too fine grained to permit the intrastratal 
growth of nodular forms of evaporites.

Regional Variations in the Lykins Formation
On a regional basis, the large-scale general features of 

both the carbonate and si 1iciclastic members of the Lykins 
Formation do not vary dramatically. The si 1iciclastic 
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members, observed at Garden of the Gods National park near 
Colorado Springs and at Lykins Gulch north of Boulder, are 
similar to the same si 1iciclastic members within the study 
area. The major differences observed include subtle 
variations in grain size and variations in the total 
thicknesses of each member.

The carbonate members of the Lykins Formation near 
Colorado Springs and Lykins Gulch are also similar to the 
same carbonate members of the Golden-Morrison area. Overall, 
the different locations exhibit similar lithologies, 
textures, stromatolite morphologies and intraformational 
(evaporite solution) breccias. However, the succession of 
easily recognizable units within each carbonate member of the 
study area are not recognizable outside of the study area. 
In detail, the Glennon Member at the type locality (plate 2) 
varies considerably from the Glennon of the study area in 
terms of the succession of units and stromatolite morpholo
gies. Intraformational breccias are also much more common at 
the type locality. The breccias are similar in terms of 
lithology and stratigraphic position; however, they are much 
thicker and contain larger carbonate intraclasts than those 
of the study area. The Falcon Member displays the most 
consistent regional distribution of individual units. In 
general, all three units are recognizable both north and 
south of the study area. The type locality also contains an 
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additional carbonate member, the Park Creek, which pinches 
out before reaching the Golden-Morrison area. The park Creek 
Member exhibits the same lithologies and textures as the 
other carbonate members of the Lykins Formation.

The Glennon and Falcon members of the Golden-Morrison 
area are persistent on a regional basis. These members are 
correlatable from the study area into southeastern Wyoming 
(Campbell, 1963). The carbonates are distributed as narrow 
north-south linear zones that were deposited along the 
eastern margin of the Ancestral Front Range (west of the 
shallow Permian sea). The width of these zones is a few tens 
of miles (Broin, 1951). The regional extent of the 
carbonates (exposed along the present Front Range) implies 
that the present structural strike of the carbonates is close 
to the original depositional strike of the carbonates during 
the Permian.

Causes of Thickness and Facies Changes 
The facies and thickness changes described for the 

Lykins Formation and shown in Plate 1 are interpreted as 
resulting from subtle variations in paleotopography of the 
depositional surface. Thin carbonates in tidal-flat environ
ments are known to be good indicators of paleotopography 
(Pearson and Hanley, 1963). Subtle variations in the top
ography of the carbonate tidal flat environments of the
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Lykins Formation may have resulted from: (1) differential 
compaction of the Lykins and underlying formations; (2) 
residual topography (erosional and/or depositional) on top of 
the Lyons Formation; and/or (3) reactivation of basement 
fault blocks prior to and/or during deposition. All of these 
situations may have contributed to paleotopographic varia
tions; however, based on the excellent correlation of the 
facies and thickness changes in the Lykins Formation with 
those of the underlying Fountain and Lyons formations, a 
structural control on the distribution of facies and thick
ness changes in the lower Lykins Formation is highly 
probable.

Based on this hypothesis, Figure 63 summarizes the major 
thickness and facies changes that might occur in a tidal-flat 
environment due to basement controlled changes in paleotop
ography. Paleotopographic lows, equivalent to structural 
lows, are characterized by more frequent incursions or embay
ments of shallow, restricted bodies of water that encourage 
the growth of blue-green algal mats (Figure 63). Embayments 
are also characterized by higher salinities (more restricted 
conditions) that result in the precipitation of thicker se
quences of evaporites. In contrast, paleotopographic highs 
are characterized by dryer conditions, which inhibit the 
growth of algal mats and the accumulation of evaporites. 
Regression of the shoreline, accompanied by progradation of
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the evaporitic mud flats over the carbonates, produces a 
single sha1lowing-upward cycle.

Similar features are observed in the carbonates, 
evaporites and si 1iciclastics of the Lykins Formation in the 
Golden-Morrison area (Figure 64). Areas interpreted as 
topographic lows during deposition in the Lykins 
Formation exhibit more numerous carbonates and evaporites, 
thicker carbonates, evaporites and si 1iciclastics, the 
presence of tidal-channel deposits, and domed (to columnar) 
stromatolite morphologies. Areas interpreted as 
paleotopographic highs exhibit an absence or thinning of 
carbonates and evaporites, thinner si 1iciclastics, and 
stratiform stromatolite morphologies.

Assuming that recurrent movement of basement fault 
blocks did influence the topography during Lykins deposition, 
Figure 65 shows a map view of the possible locations of 
basement faults (shown in the cross-section in Figure 64) 
under the sedimentary rocks in the study area. The locations 
of the (inferred) faults are based on: (1) the known posi
tion and trend of the faults exposed in the Precambrian 
basement of the Front Range; (2) previous interpretations on 
the basement controlled changes in the Fountain and Lyons 
formations (Weimer and Land, 1972; Weimer and Erickson, 
1976); and (3) my own observations on the distribution of 
thickness and facies changes in the Lykins Formation.
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Causes of Cyclicity
The major carbonate-evaporite cycles of the Lykins 

Formation are interpreted as shallowing-upward sequences 
deposited in arid to semi-arid, marine to marginal marine 
environments. The two most plausible mechanisms responsible 
for producing these cycles are: (1) sporadic subsidence with 
periods of still stand of sea level, such as might be asso
ciated with block faulting, and (2) eustatic sea-level 
changes. Overall, eustatic sea-level rises are interpreted 
as the major controlling factor on deposition of all the 
carbonates of the Lykins Formation. Generalized published 
sea-level curves for the Permian (Figure 66) exhibit rises 
and falls that could account for the carbonate members of the 
Lykins Formation. Wolfcampian to earliest Leonardian and 
Middle Guadalupian are times of sea-level highstands (vail, 
et al., 1977) (Figure 66). The Falcon and Glennon members 
(and possibly the Harriman carbonate units) are believed to 
be Guadalupian in age. Whereas the deposition of the car
bonates is controlled by sea-level changes, the distribution 
of the laterally discontinuous carbonates and evaporites near 
the base of the Harriman Member is apparently influenced by 
paleotopographic variations (possibly induced by the reacti
vation of basement block-faulting). Localized, lateral 
facies changes within the Falcon and Glennon members may also 
be controlled by the local structural framework.
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SUMMARY AND CONCLUSIONS

This study set out to analyze the lower portion of the 
Permo-Triassic Lykins Formation in the Golden-Morrison area, 
Jefferson County, Colorado. Subdivided into five members, 
the Lykins Formation consists of thick si 1iciclastic red beds 
separated by thin stromatolitic carbonates (Figure 6). The 
carbonates were emphasized in this study because of their 
importance as environmental indicators. The main objectives 
of this study were: (1) to determine the depositional en
vironment of the Lykins Formation, with emphasis bn the thin 
carbonates; (2) to evaluate the major diagenetic features 
that obscure the original depositional textures of the car
bonate; and (3) to test for the presence of structural con
trol on the lower Lykins Formation. In the remaining text, 
the major conclusions on each one of these objectives are 
summarized, followed by a synthesis of these conclusions into 
a diagrammatic depositional model for the carbonates of the 
Lykins Formation in the Golden-Morrison area.

Depositional Environment 
During carbonate deposition in the Lykins Formation, 

eastern Colorado was the site of a shallow evaporitic sea. 
Periodic transgressions of the sea allowed marine circulation 
in the basin. During these times, the seas transgressed over 
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broad, low relief, alluvial plains creating broad, shallow 
shelves on the western margin of the basin. During times of 
isolation from marine circulation, there may have been little 
to no tidal influence on the paleoshorelines.

The thin stromatolitic carbonates of the Lykins Forma
tion accumulated near the landward edge of these gently 
inclined, low-relief shelves under arid to semi-arid, 
evaporitic, marine to marginal-marine conditions. Hyper
saline waters inhibited the development of a diverse fauna 
and flora, but encouraged the proliferation of extensive 
blue-green algal flats in the intertidal (during times of 
tidal influence) to very shallow subtidal zones.

Deposition of carbonate sediments occurred when the 
influx of clastic sediments was minimal. Carbonate sedi
ments, derived from the shallow subtidal (and intertidal) en
vironments, were precipitated directly within the algal 
mucilage and/or transported and trapped and bound by the 
algal mats. The original carbonate sediments consisted 
mainly of micritic carbonate muds and peloids, but also 
included superficial oolitic grains and grapestones.

Landward of the algal mats in the (upper) intertidal 
and supratida1 zones, evaporites were precipitated within the 
si 1iciclastic mud flats and evaporite pans. Some of the 
evaporites were ephemeral, destined to be destroyed and re
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mobilized. Further inland, the red beds graded into fluvia
tile, terrestrial environments.

Seaward progradation and/or vertical accretion of the 
carbonate tidal flats, subsequent to a rapid transgression 
over the gently inclined shelf, produced a series of thin 
shallowing-upward carbonate-evaporite cycles within the 
Lykins Formation. Transgressions of the Permian sea over the 
red beds were caused by: (1) subsidence, and/or (2) rises in 
sea level, and/or (3) reactivation of basement block
faulting .

Diagenesis
The major diagenetic alterations of the carbonates of 

the Lykins Formation responsible for obscuring the original 
depositional textures are: (1) dolomitization; (2) neomorphic 
recrystallization; and (3) cementation. Silicification and 
pressure solution are also important, but these features do 
not obscure the original textures (Figure 67).

Most dolomites of the Lykins Formation are interpreted 
as early diagenetic in origin; however, dolomitization also 
continued long after deposition due to organic and seepage 
reflux mechanisms. Overall, the dolomites of the Lykins 
Formation are a product of a variety of processes that acted 
over a long period of time.
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aneous to very shallow burial; intermediate 
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deep burial (modified from Schmidt, 1965).
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Neomorphic recrystallization is responsible for 
converting the original unstable mineralogies of aragonite 
and Mg calcite to mineralogically stable blocky calcite 
mosaics (neomorphic spar). This process can operate under 
surface pressures and temperatures and continue long after 
deposition.

Early cementation is interpreted as a variable process 
in the carbonates of the Lykins Formation. Although there is 
no direct petrographic evidence for early marine cements, 
outcrop exposures exhibit evidences of early cementation. 
The major type of cement observed in the carbonates is blocky 
void-filling calcite spar. This cement is precipitated from 
Mg-deficient waters in both early and late diagenetic 
environments.

Sea Level and the Lykins Formation
Overall, regional or eustatic sea-level changes are 

interpreted as the major controlling factor on deposition of 
the carbonates in the Lykins Formation. Numerous sea-level 
fluctuations are known from the Pennsylvanian and Permian 
times (Momper, 1963). The carbonates of the Lykins Formation 
represent the most distal landward portions of marine 
transgressions over the continent. Only the most extensive 
transgressions reached the study area. Individual sea-level 
highstands represented by each carbonate cannot be correlated 
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with known global sea-level changes because of the lack of 
biostratigraphic control in the Lykins Formation.

Whereas the deposition of the carbonates is controlled 
by eustatic rises in sea level, local changes in the origin, 
distribution and thickness of the carbonates (Plate 1) are 
controlled by variations in paleotopography. Subtle 
variations in paleotopography are believed to have been 
controlled by reactivation of basement fault blocks prior to 
and/or during deposition. This idea is discussed in more 
detail below.

Causes of Facies and Thickness Changes
Facies and thickness changes within the Lykins Formation 

of the Golden-Morrison area are interpreted as being control
led by variations in paleotopography. The major possible 
controls on paleotopography include: (1) differential com
paction; (2) residual topography (depositional and/or 
erosional) on top of the Lyons Formation; and (3) reactiva
tion of basement fault blocks prior to and/or during deposi
tion. Reactivation of basement fault-blocks prior to and/or 
during deposition of the Lykins Formation is interpreted as 
having the major control on creating subtle variations in 
paleotopography. These paleotopographic variations in
fluenced the origin, distribution and thickness of the 
si 1iciclastic and thin carbonate members of the Lykins Forma
tion in the Golden-Morrison area (Figure 64).
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During deposition topographic lows (grabens) were 
characterized by: (1) an overall thickening of the silici- 
clastics; (2) an increase in the thickness and number of 
carbonates; (3) embayments along the paleoshoreline; (4) 
higher salinities; (5) deposition of thicker sequences of 
evaporites; (6) possible tidal-channel deposits; (7) changing 
morphology of the stromatolites as shown in Figure 22; and 
(8) a lower preservation potential of the sedimentary struc
tures due to the greater abundance of ephemeral evaporites.

In contrast, paleotopographic highs (horsts) were char
acterized by: (1) thinning and pinching out of the thin 
carbonates; (2) thinning of the si 1iciclastics; (3) lower 
salinities; (4) thinning and/or absence of evaporite 
sequences; (5) enhanced preservation of sedimentary struc
tures in the si 1iciclastics due to the relative absences of 
ephemeral evaporites; (6) more frequent desiccation; and (7) 
changing stromatolite morphologies as shown in Figure 22.

These relationships could apply to other similar struc
tural and environmental settings to: (1) delineate struc
tural trends within the basement; (2) predict the locations 
for productive oil and gas accumulations (more porous and 
permeable sediments) both in the tidal-flat sediments and in 
the overlying and underlying formations; and (3) predict the 
locations for possible structural and stratigraphic hydro
carbon traps.
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Depositional Model
From all the above information, a diagrammatic deposi

tional model was developed for the carbonates of the Lykins 
Formation in the Golden-Morrison area. This model includes 
interpretations of the depositional environments and the 
possible positions and timing of basement-fault reactivation 
in the study area. The sequence of events from deposition of 
the Harriman carbonate units (Figures 68 and 69) through 
deposition of the Falcon (Figure 70) and Glennon (Figure 71) 
members are diagrammed. Intervening periods of si 1iciclastic 
deposition are not shown, but are characterized by the sea
ward progradation of the supratidal and terrestrial environ
ments over the stromatolitic carbonates.

The close correlation of the changes observed within 
the Lykins Formation, with those observed in the Fountain and 
Lyons formations, strongly supports the concept of basement
fault control on the lower Lykins Formation in the Golden- 
Morrison area.

Prior to deposition of Harriman Carbonate Unit 1, the 
Permian sea transgressed over eastern Colorado. During depo
sition of Harriman Carbonate Unit 1, the topography along the 
shoreline was apparently flat. Unit 1 was continuously depo
sited over the entire study area (plate 1 and Figure 68). 
Subsequently, possible reactivation along the Cherry Gulcn 
and Windy Saddle fault zones created topographic lows north
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of Morrison and the Windy Saddle Fault zone (plate 1 and 
Figure 69). The lows were characterized by more frequent 
incursions or embayments of hypersaline marine waters and 
deposition of thin carbonates and evaporites. The other 
characteristics indicative of topographic highs and lows, 
described earlier, are diagrammed in the figures.

Following the seaward progradation of the Harriman 
si 1iciclastics over the thin carbonates, a transgression of 
the sea inundated the Harriman Member, and deposition of the 
Falcon Member began (Plate 1 and Figure 70). Prior to and/or 
during deposition of the Falcon, a topographic high developed 
south of Morrison, possibly due to reactivation of basement 
faults. This topographic high caused facies changes within 
the Falcon Member and an overall thinning of the member. A 
tidal channel developed in the topographic low just north of 
Morrison.

Following seaward progradation of the Bergen silici- 
clastics, the sea transgressed over the Bergen Member, and 
deposition of the Glennon Member began (Plate 1 and Figure 
71). During deposition of the Glennon Member, the topography 
along the shoreline was relatively flat. The Glennon Member 
was uniformly deposited over the entire study area.
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