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ABSTRACT

The Atokan through Desmoinesian Minturn Formation consists of approximately 

6000 feet of terrigenous and marine siliciclastic and interbedded marine carbonate rocks. 

These strata were deposited along the east side of the Central Colorado Trough during uplift 

and erosion of the adjacent Ancestral Front Range.

Minturn rocks occur in a stacked succession of genetic units, representing successive 

episodes of sedimentation due to repeated cyclic rise and fall of relative sea-level over 

time. Local tectonic movements influenced influx of siliciclastic detritus and spatial 

distribution of carbonate facies.

Genetic units comprised exclusively of siliciclastic sediments represent fan-delta 

systems, which consist of coeval fluvial-mouth, delta-front, inter-delta bay, and prodelta 

component environments. Local tectonic factors independent of cyclic eustatic sea level 

variations possibly controlled timing and rates of siliciclastic influx. Autocyclic 

distributary and delta-lobe switching, and depositional topography controlled stacking 

patterns of fan-delta complexes.

Genetic units consisting exclusively of carbonate rocks represent episodes of 

carbonate deposition in shallow marine environments during low rates of siliciclastic 

detrital influx. Coeval ooid beach, ooid subtidal, saline embayment, restricted coastal, 

algal mound, and open marine environments comprise carbonate shelf systems.

Genetic units containing mixed carbonate/siliciclastic rocks represent coeval 

deposition of both carbonate and siliciclastic sediments. Cross-cutting relationships 

between fan-delta and carbonate shelf facies indicate temporary supression of carbonate 

production by locally high rates of siliciclastic sedimentation. Offshore
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carbonate/siliciclastic facies and (nearshore) sandy ooid facies occur laterally betweeen 

purely carbonate and siliciclastic rocks and represent approximately equal rates of 

carbonate and siliciclastic deposition. Siliciclastic detrital influx did not affect or 

perhaps slightly enhanced nearshore inorganic carbonate production and inhibited 

offshore biologic carbonate production.

Thickness and spatial distribution of facies within all types of genetic units indicate 

deposition on a west-facing shelf with a north-trending paleoshoreline and a north

trending, shallow offshore trough. Facies relationships in southern portions of the study 

area indicate a shallow embayment existed in this north-trending paleoshoreline. Local 

syn-sedimentary tectonic movements across rhombic fault bounded basement blocks are 

partly responsible for these paleogeographic trends.

Genetic unit stacking patterns suggest that several scales of cyclic eustatic sea level 

variation, superimposed on relatively constant regional subsidence rates, constant 

carbonate depositional rates, and widely variable siliciclastic depositional rates were 

responsible for cyclic variation in relative sea level. Minturn rocks exposed in the study 

area represent an overall transgressive / regressive shoreline history which roughly 

correlates with trends in time équivalant rocks on the east and west flanks of the Ancestral 

Uncompahgre uplift.
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INTRODUCTION

Objective

The objective of this thesis is to reconstruct the depositional system(s), in time and 

space, in which strata between the carbonate Resolution and Elk Ridge Members and 

interbedded siliciclastic rocks of the middle Minturn Formation were deposited, in an 

area three miles north-east of Vail, Colorado. If possible, relationships between factors 

controlling relative sea-level (i.e., variations in rates of eustatic sea-level, basin 

subsidence, and sedimentation rates) were to be interpreted.

Methods of Research

A detailed reconstruction, in time and space, of depositional system(s) in which part 

of the Minturn Formation was deposited was accomplished by obtaining and interpreting 

field data from canyon exposures at the confluence of Booth Creek and Gore Creek 

watersheds, three miles northeast of Vail, Colorado (Fig. 1). This study area was selected 

because of good three-dimensional exposure of Minturn rocks in a relatively small area.

Lateral and vertical characteristics of exposed rocks were observed during seven 

weeks of field work during the summers of 1985 and 1986. Vertical characteristics were 

observed by measuring five stratigraphic sections (Fig. 1, Plate 1). Observations of 

lateral extent were obtained by tracing selected cliff and canyon exposures. Photomosaics 

of canyon walls were also examined to determine lateral sedimentary relationships.

Sedimentary rocks were observed, described, and interpreted on several scales (Fig. 

2). The smallest level of observation was associated with individual lithologic 

units, or individual beds: these are termed "descriptive microfacies." Units were
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the study area. Light black lines are contours. Heavy black lines within the study area 
boundries are cliff forming carbonate members of the Robinson Member of the Minturn 
Formation.
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STRATIGRAPHIC NOMENCLATURE

Interpretive Microfacies
Processes related to deposition 
of descriptive microfacies.

Descriptive Microfacies
Individual lithologic units (beds & 
laminasets of Campbell, 1967) with 
recognizable bedform, primary 
depositional,textural, skeletal, 
mineralogical, and color characteristics 
(modified from Anderton, 1985).

Descriptive Facies
Consist of unique proportions of 
microfacies (bedsets of Campbell, 1967) 
and have unique geometric 
characteristics.

Interpretive Facies
Represent a unique combination of 
depositional processes which 
collectively represent a depositional 
environment.

environments.

Genetic Units

Final Interpretation

Figure 2. Flow diagram illustrating nomenclature associated with the description and 
interpretation of Minturn rocks in the study area.
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described with respect to lateral and vertical geometric, physical, and biologic lithologic 

characteristics (Plate 1). Rocks within these measured sections were sampled as 

necessary for later laboratory work. In the laboratory, polished slab and thin sections of 

samples were prepared and examined to more accurately describe these sedimentary units 

(App. 2). Descriptive microfacies were then interpreted with respect to the processes related 

to their deposition, based on basic sedimentologic concepts (App. 1).

The next scale of observation and description involved characterizing descriptive 

microfacies within larger sedimentary rock packages. These sediment packages consist 

of unique proportions of descriptive microfacies, exhibit unique internal and overall 

geometric characteristics, and are defined as descriptive facies. Descriptive facies were 

then interpreted with respect to depositional environments, based on the collective 

assemblage of individual processes associated with component descriptive microfacies.

The largest scale of description and interpretation of study area sediments involved 

the definition, examination, and interpretation of genetic units (Plate 1, App. 3). A genetic 

unit is defined as a conformable package of sediments bounded by time correlative 

depositional haituses (Vail et al., 1977; App. 1). Stratigraphic cross-sections in which time 

correlative packages of sediments are delineated provide an accurate representation of 

spatial relationships of coeval sedimentary facies through time. Genetic packages of 

sediments in the study area were defined and examined by constructing stratigraphic 

cross-sections, using event correlation techniques (Dixon, et al., 1981). Measured sections 

from the study area were correlated by progressively matching relative sea level 

deepening events, and culminations of shallowing-upward bedsets above and below a well 

established time marker in the study area. Tillman (1967) demonstrated that fusilinid 

biozones in carbonate members parallel carbonate lithologic boundries. Therefore, major 
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carbonate bedsets are interpreted to be time-stratigraphic units. The time marker used to 

construct stratigraphic sections in the study area, was the middle Robinson Member.

A final interpretation of each descriptive facies was then formulated using the entire 

previously described and interpreted data base. These interpreted, unique sedimentary 

facies are termed "interpretive facies." Anderton's (1985) definition of an interpretive 

facies is "a label summarizing the interpretation of the processes and environments of 

deposition of a certain assemblage of rock units." "Interpretive facies" terminology will 

be used in the following text to delineate the physical assemblages of rocks described and 

interpreted in this study.

Factors controlling relative sea level, the distribution of rocks within genetic 

sequences, and overall relative sea level trends were determined by examining both 

individual and successions of genetic units. These interpretations are based on concepts 

related to the origin of genetic units (App. 1).

Regional Stratigraphic and Environmental Setting 

General

The late Atokan to Desmoinesian Minturn Formation, originally named and 

described by Tweto and Lovering (1944), consists of arkosic arenites and conglomeratic 

units interbedded with eight carbonate members (Fig. 3). This Formation occurs on the 

east flank of the Eagle Basin and on the west flank of the Ancestral Front Range (Fig. 4). 

Earlier workers believe that the Minturn Formation accumulated in anorth-west trending 

asymmetric basin called the Vail-McCoy-Trough immediately west of the Ancestral 

Front Range (Figs. 5 & 6; Murray, 1958; Lovering & Mallory, 1971; Boggs, 1966; 

Tillman, 1971; and Walker, 1972). Overall Minturn Formation thickness throughout 

much of the Vail- McCoy-Trough area is not known, so actual shape of the east
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Figure 4. Occurrence of the Minturn Formation in the Ancestral Rocky Mountain tectonic 
system (Desmoinesian) (modified after Lovering and Mallory, 1971).
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Figure 6. Summary of carbonate facies and interpreted depositional environments 
associated with the Minturn Formation, based on previous work (Boggs, 1966; Tillman, 
1971; Taranik, 1974).
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flank of the Eagle basin is conjectural. The Eagle Basin itself has 12,000 feet of 

Desmoinesian rocks (DeVoto, personal communication). Minturn rocks presumably 

interfinger with and grade westward into the Eagle Valley evaporite (Murry 1958, 

Lovering & Mallory, 1971). The Minturn Formation conformably overlies the Belden 

Shale (Atokan), and is conformably overlain by the upper Pennsylvanian and Permian 

Maroon Formation (Fig. 5).

Sedimentologic Trends

Significant plan-view lithologic trends occur in the Minturn Formation, indicating 

significant lateral variation in depositional environments (fig. 6). Coarse arkosic 

sandstone and conglomeratic siliciclastic rocks and ooid-dominated carbonate 

lithofacies occur in eastern portions of the Minturn Formation, and represent deposition 

in terrestrial to marginal marine environments. Carbonate sediments in central 

portions of this system represent marginal marine to offshore marine environments. 

Previous workers believe that sediments in western portions of the Minturn Formation 

represent shallow marine grading to shallow evaporitic depositional environments 

(Boggs, 1966; Tillman, 1971; Taranik, 1974). Therefore, previous workers portray 

deposition within an asymmetrical trough which was deepest proximal to the Ancestral 

Front Range, and shallowest on the east and west flanks. These interpretations are based 

solely on regional carbonate (and non-detailed siliciclastic) and evaporite sediment 

observations.

Detailed studies of siliciclastic and evaporitic lithologies in the Minturn Formation 

are currently underway by additional workers (Schenk, 1986; Devoto, 1986; Rarchewski, 
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1988; personal communication based on preliminary work). Preliminary conclusions of 

their studies indicate that silicilastic and evaporitic lithologies in western portions of the 

Minturn Formation were deposited in a wide variety of environments ranging from deep 

offshore marine to subaerial environments. This suggests that marine depositional 

environments progressively become deeper to the west. Significant relative sea level 

fluctuations resulted in vertical stacking of sediments representing this large variety of 

environments, in relatively thin sediment packages. The use of rock-stratigraphic 

correlation techniques in previous work, as opposed to time-stratigraphic correlation 

techniques, may have resulted in the incorrect time correlation of non-correlative 

carbonate facies, and therefore invalid paleogeographic interpretations (Dodge and 

Bartleson 1986; Schenk, 1986). Therefore, correlation techniques need to be re-evaluated to 

correctly characterize overall paleoenvironmental trends and the shape of the Vail McCoy 

Trough.

Cross-sectional lithologic trends throughout the Minturn Formation indicate 

significant variation in depositional environments over time. Tillman (and others) 

suggest that sediments in the lower 2/3 of the Minturn Formation are more marine in 

nature, compared to those in the upper 1/3, which have more non-marine characteristics. 

Research performed by Taranik (1974) suggests that basal Minturn sediments are of 

terrestrial (alluvial fan) origin; the majority of the lower 2/3 of the Minturn sediments are 

marine or transitional terrestrial/marine in origin, due to a series of relative shoreline 

transgressions from the west; and the upper 1/3 of the Minturn Formation is terrestrial 

(alluvial fan) in origin, owing to an abrupt relative shoreline progradation. These 

interpretations imply that the Minturn Formation represents a single overall rise and 

subsequent fall in relative sea-level (Fig. 7). Taranik (1974) has demonstrated
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Figure 7. Schematic cross section and inferred relative sea level variation throughout the 
deposition of the Minturn Formation (modified from Boggs, 1966: Tillman, 1971; & 
Taranik,1974).
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relationships between thickness variations and geographic location of faults in the 

Brekenridge area that suggest syn-sedimentary structural activity and control on 

depositional environments. Dodge and Bartleson (1986) have also noted plan view and 

cross-sectional thickness and lithologic variations suggesting control of sedimentation 

by coeval movement on basement structural blocks. These cross-sectional relationships 

support hypothesized variations in relative sea level, controlled in part by local variations 

in basin subsidence.

In summary, major carbonate depositional environments and their general spatial 

distribution during the deposition of the Minturn Formation have been identified. 

Previous work also suggests influence of relative sea level variations and differential 

rates of basin subsidence during deposition of Minturn sediments. The present study 

examines rocks and their interpreted depositional environments in a time stratigraphic 

framework, which illustrates detailed relationships between carbonate and siliciclastic 

sedimentary rocks throughout time, at one specific locality.
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DEPOSITIONAL SYSTEMS

Rocks of the Pennsylvanian Minturn Formation at the confluence of Booth Creek and 

Gore Creek watersheds, Eagle County, Colorado, were deposited in fan-delta and carbonate 

shelf systems, in a series of stacked, time correlative, cyclic genetic units (Fig. 8). 

Repetitive stacking of genetic units is due to cyclic variations in relative sea level, which 

is the sum effect of interaction between rates of eustatic sea level changes, basin 

subsidence, and sediment deposition. The overall stacked succession of cycles indicates 

deposition during an overall shoreline transgression followed by regression. Coeval 

differential basement subsidence, episodes of siliciclastic influx, and marine salinity 

gradients controlled or localized depositional processes and trends within these systems.

Fan-delta Systems

Descriptive Microfacies

In the study area, four siliciclastic facies consisting of 15 microfacies, collectively 

represent fan-delta systems (Table 1). Siliciclastic microfacies observed in the study are 

grouped into the following categories: arenites, conglomerates, wackes, and siliciclastic 

mudrocks.

Arenites

Massive arenite and cross-laminated arenite microfacies both consist of lithic, 

arkosic arenites. Framework clasts comprise more than 90% of this lithology, and consist 

of the following proportions of grains: 19% lithics (dominantly biotite, 

muscovite, metamorphic fragments, and heavy opaque minerals); 37% feldspars 

(microcline and/or microcline perthite and andesine/oligoclase); and 42% quartz.
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SILICICLASTIC 
FACIES

CARBONATE 
FACIES RELATIVE WATER DEPTH

FLUVIAL- MOUTH OOID BEACH NSH. MARINE - FLUV. (Within normal wave base)

DE LT A-FRONT SUBTIDAL OOID FLAT SHALLOW OFFSHORE (At & below normal wave

PRODELTA REST. CSTL. TROUGH OFFSHORE (Within and below storm wave base)

INTER-DELTA OPEN MARINE OFFSHORE (Within storm wave base)

SUBTIDAL SALINE 
EMBAYMENT SHALLOW OFFSHORE (At & below normal 

wave base within storm wave base)

ALGAL MOUND OFFSHORE - SUBAERIAL

Figure 8. Carbonate shelf and fan-delta systems (and component environments) 
interpreted by spatial distribution of rocks in genetic units at Booth Creek, Colorado.
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FACIES COMPONENT MICROFACIES RELATIVE WATER DEPTH

FLUVIAL-MOUTH Thin, continuous, massive 
arenite NEARSHORE MARINE - FLUVIAL 

. (WITHIN NORMAL WAVE BASE)

Thick, discontinuous, massive 
arenite

Thick, continuous, massive 
arenite

Medium- scale cross-laminated 
arenite

Matrix supported laterally 
discontinuous conglomerate

Red-brown mudrock

DELTA-FRONT Large-scale cross-laminated 
arenite

SUBTIDAL ( WITHIN NORMAL WAVE 
BASE)

Red-brown mudrock

PRODELTA Red-brown mud rock OFFSHORE "
Massive Wacke

Matrix supported laterally 
continuous conglomerate

INTER-DELTA . Dark-brown mud rock OFFSHORE "
Cross-Laminated wacke

Massive Wacke

Matrix supported laterally 
continuous conglomerate

Table I. Facies, component microfacies, and interpreted relative water depths of 
deposition associated with siliciclastic facies.
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Matrix material consists of detrital phyllosilicate, and silt grains and comprise 10% or 

less of arenites. Sub- to well rounded, pebble- and gravel- sized, metamorphic and igneous 

clasts occur disseminated throughout arenites. This combination of mineralogies and 

proportions of framework and matrix leads to the classification of these sediments as 

lithic, arkosic arenites (Fig. 9).

Thick, Discontinuous, Massive Arenite Microfacies

Description

Thick, laterally discontinuous, massive arenites occur in relatively thick, 

discontinuous, irregular, tabular and lens-shaped beds with moderately to highly 

irregular, sharp, occasionally channelform-shaped lower contacts (Fig. 10). Bed 

thickness ranges from two to five feet, and lateral continuity ranges from ten to thirty feet. 

Relief along erosional lower contacts rarely exceeds one foot, but may be as great as three 

feet. Conglomeratic, cross-laminated, and massive fabrics occur in sporadic, poorly 

defined zones within beds of this microfacies. Skeletal material or burrowing is not 

present.

Massive, framework-supported congomerates generally occur in thin, poorly defined 

packets which exhibit thickness and lateral dimensions less than six inches, and 1 1/2 feet, 

respectively. These conglomerates immediately overlie irregular contacts at the base of 

massive arenite beds (Fig. 11), or occur in poorly defined packets in middle and upper 

portions of beds (Fig. 12 ). Framework clasts are generally randomly oriented in both of 

these occurrences. However, long dimensions of clasts associated with basal contacts 

occassionally "line" or "mimic" the configuration of these lower contacts, and clasts that 

occur in middle and upper portions of beds exhibit east-dipping imbrication (Fig. 12).
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QUARTZ

QUARTZARENITE

SUBLITHARENITESUBARKOSE

LITHIC

SUBARKOSE

LITHIC ARKOSE FELDSPATHIC 
LITHARENITE

FSP = 37 % 
QUARTZ = 42% 
LITHICS = 19%

FELDSPAR UNSTABLE 
LITHIC 
FRAGMENTS

Figure 9. Classification of coarse grained siliciclastic rocks of the study area (using 
McBride 1963) classification scheme). Average lithologic constituent values were 
obtained by averaging data from thin section analysis tabulated in Appendix 2.
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W

Massive Structure

Small Scale Trough Cross-laminae

Lower Irregular Contact

Scale 2.5 Feet

Framework Supported Conglomerate

cast-dipping Imbricate 
Clasts

Lb Feet

Figure 10. Field sketch of thick, discontinuous, massive arenite microfacies, illustrating 
variety, scale, and spatial relationships of internal structures. Locality of outcrop is below 
base of Measured Section #1.
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IRREGULAR CONTACT

FRAMEWORK-SUPPORTED 
CONGLOMERATES

t

vs

Figure 11. Photograph of frame-work-supported conglomerates overlying an irregular 
contact at the base of thick, discontinuous, massive arenite microfacies. Exposed on cliff 
in cycle # 7 (Plate 1), midway between measured sections #3 and #2.
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XXXSNX

Orientation of Imbricate Clasts

◄------------------
Interpreted Paleocurrent direction (due West)

Figure 12. Photograph of thin conglomeratic packets within massive zones of thick, 
discontinuous, massive arenite microfacies. Note weak imbrication of elongate clasts. 
Exposed on cliff in cycle # 7 (Plate 1), midway between measured sections #3 and #2.
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Poorly defined laminasets of wispy, small-scale, trough cross laminae exhibit broad 

trough shapes and occur in middle and upper portions of beds. Individual laminasets are 

generally less than six inches thick, and less than five feet wide. Axes of trough laminae 

are generally unidirectionally oriented, at any one locality.

Massive structure occurs most commonly in these arenite beds and surrounds or 

"hosts" packets of sediments exhibiting clast imbrication, horizontal lamination, and 

small-scale cross lamination. Massive arenites contain poorly to moderately sorted 

assemblages of medium sand to granule-sized detrital grains.

Interpretation

The occurrence of this complex microfacies in relatively thick, discontinuous, 

irregular, tabular and lense-shaped beds suggests deposition in fairly laterally restricted 

regions at any one period of time. Irregular lower contacts, which commonly truncate 

portions of underlying beds, represent scour surfaces. Framework-supported 

conglomerates occurring directly above irregular lower contacts represent lag deposits 

along the scour surface.

Isolated packets of imbricated clasts, laminasets of small-scale trough cross

laminae, and horizontal planar laminae indicate sporadic, upper and lower flow-regime, 

traction-current depositional processes (Selly, 1976). The intimate association of massive 

arenites with arenites exhibiting a large variety of structures and the large variety of 

grain sizes associated with these sediments suggest that variable clast size, rates of 

sediment influx, and traction current flow velocities, are responsible for the deposition of 

this sedimentary microfacies.

The coincidence of interpreted unidirectional erosive traction currents of variable 

velocities and variable quantities and sizes of sediments in a relatively small, sometimes 
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channelform-shaped area suggests that these rocks are fluvial channel deposits (Ethridge 

and Wescott,1984). Upsection decrease in average grain size and in interpreted traction 

current flow regimes are associated with this microfacies. These interpretive upsection 

variations are also well documented fluvial channel deposit characteristics, which 

suggest gradual infilling and ultimate abandonment of fluvial channels following 

initial channel incisement (Rust, 1987; Weimer, 1984).

Thick, Continuous, Massive Arenite Microfacies

Description

Massive arenites also occur in relatively thick, laterally continuous, tabular or large- 

scale, lens-shaped beds (Fig. 13). Bed thicknesses range from 2 to 3 feet, and lateral 

continuities do not exceed thirty feet. Sharp, horizontal-planar or broad, concave-shaped 

lower contacts may or may not partially truncate underlying lithologies. These beds are 

entirely massive, and exhibit no primary depositional or textural features. Detrital 

grains are moderately sorted and coarse sand to granule sized. Randomly oriented pebble 

and gravel-sized grains occur disseminated throughout these rocks. Occasional 

subhorizontally oriented, discoid or platy-shaped, pebble and gravel-sized grains occur in 

this microfacies. Skeletal material or burrowing are not present.

Interpretation

The presence of a sharp, relatively planar, laterally extensive, horizontal lower 

contacts, along with moderate to low amounts of truncation of underlying rocks, suggest 

uniform amounts of erosion over large areas, prior to and during early phases of 

deposition. The massive, structureless character of this microfacies suggests that clast 

size and/or influx rates in excess of the ability of traction currents to transport these clasts 

in organized bedforms (App. 1). The presence of sub-horizontally oriented discoid and
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(A)

3 Feet

10 Feet

Occassional Discoid, sub-horizontal-oriented, 
pebble and gravel-sized clasts

Figure 13. a. Field sketch of thick, continuous, massive arenite microfacies. Note 
massive and laterally continuous nature of these beds. Measured section #1, cycle #2 
(Plate 1). b. Photograph of thick, continuous, massive arenite microfacies. Measured 
section #3, cycle #5, (Plate 1).
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platy pebble- and gravel-sized clasts and moderate grain sorting indicates that oscillatory 

traction currents partially winnowed sediments before burial beneath the sediment-water 

interface. Although evidence based on individual beds of this microfacies does not lead to 

a definitive environmental interpretation, it is suggested that oscillatory traction 

currents, and influx of high quantities of coarse sediment influenced deposition of this 

microfacies over laterally extensive regions. Perhaps this microfacies represents 

nearshore marine environments associated with very rapid rates of siliciclastic detrital 

influx.

Thin, Continuous, Massive Arenite Microfacies

Description

Laterally continuous arenite microfacies occur in thin, horizontal or sub-horizontally 

oriented, tabular, lens and wedge-shaped beds (Fig. 14). These beds occur in 

anastomosing bedsets. Individual beds lap out and/or slightly truncate underlying and 

laterally adjacent beds. Lower contacts exhibit slightly irregular concave shapes. Upper 

contacts are planar or wavy shaped. Bed thicknesses are less than six inches, and lateral 

continuities are greater than ten feet. Individual beds are massive, and occasionally 

show slight westward depositional dip. Moderately well sorted, coarse sand-sized grains 

occur in these beds. Bioturbation is not present in this microfacies.

Interpretation

The thin, moderately laterally continuous nature of individual beds and bedsets 

suggests deposition in environments with little vertical-accomodation potential and 

moderate lateral room for sediment accumulation. Slightly irregular, concave lower 

contacts, which truncate portions of underlying beds, indicate scour during deposition of 

these beds. Wavy contact configurations indicates influence of (synchronous or post-
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SCALE

1

1 1/2 Feet

3 Feet

Figure 14. Bedset of thin, laterally continuous, massive arenite microfacies. Note 
relatively large lateral continuity, variably wavy bed contacts, and sub-horizontal, 
slightly inclined bed orientations. Exposure is in canyon bottom below base of measured 
section #3.
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depositional) oscillatory traction currents. Massive textures within distinct beds suggest 

either rapid decrease in flow velocity (and competance) of traction currents or pervasive 

bioturbation of these sediments. The absence of significant quantities of mud and 

bioturbation in this micro-facies argues against the hypothesis of pervasive bioturbation. 

The moderately well sorted nature of these sediments does suggest some degree of 

winnowing by traction currents during deposition of most of these sediments.

Inferred high energy conditions and resulting scour during initial phases of 

deposition, rapid decrease in traction current velocity, resultant dumping of massive 

sediments, and subsequent reworking by high to moderate-frequency oscillation currents 

are the depositional conditions of this microfacies. An environment in which these 

conditions and where significant space for lateral, but minimal room for vertical 

sediment accumulation exists is in nearshore marine settings, where storm wave currents 

rapidly deposit sediment and normal wave energies subsequently re-work sediments.

Cross-laminated Arenite Microfacies

Large, moderate, and small-scale, cross-laminated arenites are observed in the study 

area. Large and moderate-scale varieties have many characteristics in common, but 

small-scale varieties are very different. Small-scale, cross-laminated arenites occur 

only within discontinuous, massive arenite microfacies and were already described and 

interpreted.

Description

Large and medium-scale, cross-laminated arenites occur in thick to moderately 

thick, moderately continuous, wedge and lens-shaped beds (Fig. 15). In plan view, these 

beds exhibit fan shape geometries. These beds possess sharp, broad concave lower contacts. 

Lower contacts of large and moderate-scale beds do not truncate underlying strata.
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Thickness and lateral continuity of large-scale beds are 2.5 to thirty feet, and greater than 

thirty feet, respectively. Medium-scale microfacies occur in beds that are less than 2.5 feet 

thick and have lateral dimensions less than thirty feet.

Large and moderate-scale cross laminae demonstrate bottomset, foreset, and topset

clinoform geometries. Individual laminae in large-scale beds are greater than two 

inches thick, and laminae in moderate-scale beds are less than two inches thick. 

Laminae thickness is usually greatest in foreset portions of overall clinoform geometry. 

Other than slight thickness variations, individual laminae have tabular shaped upper and 

lower contacts. Wavy laminae are sometimes observed in moderate-scale beds. Lateral 

continuity of laminae is related to the length of the bed in which it occurs, and the degree of 

preservation of clinoform geometries. Large-scale beds usually consist of laminae with 

complete clinoform geometries. In plan view, lines drawn perpendicular to depositional 

dip on one completely preserved clinoform shaped laminae merge up section in bed apex 

regions (Fig. 16a).

Moderate-scale beds demonstrate various proportions of clinoform laminae 

preservation (Fig. 16 a, b, & c). Some moderate-scale bed laminae are trough shaped. One 

particular form of moderate scale cross-lamination exhibits slightly inclined, parallel, 

planar cross-lamination.

Laminae within individual beds of both large and medium-scale microfacies exhibit 

very constant orientations and generally face in west or southwest directions.

Laminae are internally massive and exhibit no dominant grain size trends. Very sparse 

bioturbation is observed in thin (less than 1/4" thick) muddy lamina which separate 

arenite laminae.
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Figure 15. Photograph of large-scale, cross-laminated microfacies. Note thick individual 
laminae exhibiting complete topset, foreset, and bottomset geometries. Scale equals 4 1/2 
feet. Exposed in measured section #4, cycle 4 (Plate 1).



T-3462 30

CROSS-SECTIONAL 
VIEW

PLAN VIEW ISOMETRIC
VIEW

Sediment supplied form 
distinct point source

Sediment supplied or 
accreted to a linear front

(C) OR

Sediment supplied to 
sinuous-crested duneforms

Figure 16. Geometric characteristics of individual laminae in large and medium-scale, 
cross-laminated arenite microfacies. Arrows in plan view represent depositional dip on 
the face of laminae.

a) Bottomset/forset/topset laminae geometries observed in large and some 
medium-scale, cross-laminated microfacies.

b) Bottomset/forset laminae geometries associated with medium-scale, cross
laminated microfacies.

c) Planar, slightly inclined, laminae geometries associated with medium-scale, 
cross-laminated microfacies.
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Interpretation: Large-Scale, Cross-Laminated Arenite Microfacies

Large thickness and lateral continuity of beds suggest significant vertical and 

lateral accommodation of sediments during deposition of sediments. The sharp, but non

truncating, nature of lower contacts indicates relatively sudden, but conformable, contrast 

in depositional processes during deposition of these beds. Completely preserved clinoform 

bottomset, forset, and topset laminae geometries indicate deposition on the lee side of 

subaqueous duneforms in environments below normal wave energies, where scouring 

traction currents are absent. The radial fan geometry, in plan view, of individual 

laminae and the upslope culmination of laminae at the apex of the bed, indicates radial 

sediment dispersal from one unique sediment influx site. Constant laminae thickness 

and orientation suggest unidirectional transport of constant quantities of detritus to bed 

apex or topset regions of dune forms, and subsequent accretion of sediment on lee slopes, in 

regularly timed pulses.

Moderate to moderately well sorted nature of these sediments indicates sediment 

winnowing and supports hypothesized traction current influence during transport of 

sediments to bed apex regions. Constant orientation and thickness of accretion laminae 

indicate that constant quantities of sediment were supplied to bed apex regions by 

unidirectional traction currents. Tabular (non-wavy) laminae shape indicates the 

absence of post-accretion reworking by traction currents.

In summary, large-scale, cross-laminated microfacies represent relatively rapid 

deposition of constant quantities of sediments on the lee side of a fan-shaped submarine 

duneform, by transport of sediments to fan apex regions and subsequent accretion 

deposition (Fig. 16a). The rare presence of bioturbation indicates deposition in marine 
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environments with very rapid depositional rates (i.e., depositional rates were much 

greater than rates of biologic reworking).

Moderate lateral and vertical dimensions of individual beds indicate only moderate 

amounts of lateral and vertical room for accomodation of sediments during deposition of 

these units. The presence of sharp, broad concave lower contacts, which truncate portions 

of underlying lithologies, suggests moderate amounts of scour during bed deposition and 

supports hypothesized spatial constraints for accommodation of sediment. As with large- 

scale microfacies, the presence of clinoform geometries, which culminate upslope at 

distinct apex zones, suggests deposition on lee sides of fan shaped dune forms by regularly 

timed accretion events, the sediment for which originates from the apex zone. However, 

the presence of incompletely preserved clinoform geometries, where only bottom set and 

portions of forset geometries are preserved, has two possible depositional implications. In 

one case, these partially preserved clinoform geometries may represent processes similar 

to those depositing fully preserved clinoform geometries, followed by subsequent erosional 

truncation. The other possibility is that these laminae geometries, which are trough 

shaped, are the product of accretion deposition on the lee side of sinuous crested dune forms, 

in unidirectional, transitional lower and upper traction current flow regimes. Erosional 

truncation of topset portions of laminae geometry occurs in either case.

Interpretation: Medium-Scale, Cross-Laminated Arenite Microfacies

Moderate-scale beds exhibiting slightly inclined, parallel, planar cross lamination 

indicates accretion deposition along a linear crested duneform or front. In all cases, 

constant laminae orientation and thickness indicate constant quantities and rates of 

sediment transport to dune or depositional front crest regions, and regular frequency of 

sediment accretion.
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In summary, moderately thick cross-laminated beds represent deposition in 

moderately erosional environments within or slightly below the effects of normal wave 

energies. Deposition of sediments occurred on the lee side of duneforms or depositional 

fronts having distinct apices, sinuous crests, and/or linear crests.

Wackes

Two forms of lithic, arkosic wackes occur in the study area: massive wackes and 

cross-laminated wackes. Both types of wackes consist of less than 90% framework clasts 

and greater than 10% matrix. Framework clasts are medium to very coarse, angular to 

sub-angular, poorly to moderately sorted sand and possess mineralogical compositions 

identical to arenite microfacies. Matrix is composed of mud (silt and clay sized) and 

phyllosilicate minerals (mainly muscovite and biotite).

Massive wacke Microfacies

Description

Massive wacke microfacies occur in thin, laterally continuous tabular-shaped beds. 

Individual beds are less than six inches thick and greater than ten feet long. Upper and 

lower contacts of beds exhibit planar and/or wavy geometries. Underlying lithologies are 

generally not or slightly truncated by lower bed contacts. These beds exhibit no primary 

internal depositional structure. Horizontal feeding traces are occasionally observed 

along upper contacts of beds. This microfacies is commonly overlain and underlain by 

bioturbated, skeletal mudrock microfacies.

Interpretation

The laterally continuous nature of beds indicates large lateral room for accomodation 

of sediments during deposition. Sharp, planar or slightly undulatory lower contact 

configurations of these beds suggest sudden, but relatively non-erosional, deposition of 
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sediments. The massive nature of these beds suggests deposition by incompetent traction 

currents (incapable of transporting detrital grains in organized bedforms) or pervasive 

bioturbation. Occurrence of this microfacies with bioturbated skeletal (marine) mudrocks 

suggests that significant traction currents were required to transport sand-sized detritus 

into marine environments typically associated with suspension deposition. Perhaps this 

microfacies was deposited due to abrupt decrease in originally intense traction current 

energy (and competancy). Lack of distinct bioturbation or swirled textures suggests that 

pervasive bioturbation is not responsible for observed massive textures. The presence of 

occasional wavy upper bed geometries indicates influence by post-depositional oscillatory 

traction currents. Bioturbation in upper portions of beds also indicates bioturbation of 

upper, oxygenated portions of sediments following rapid deposition of these beds.

In summary, massive, laterally continuous wackes represent sudden, but relatively 

non-erosional deposition of sediments by rapid decrease in flow velocity of traction 

currents and subsequent reworking by oscillatory currents and bioturbation. Ethridge 

and Wescott, 1984, define sheetflood deposits as sedimentary units resulting from intense 

traction currents of limited duration. Conformable association with bioturbated mudrocks 

suggest these are marine "sheetflood" deposits.

Cross-laminated Wacke Microfacies

Description

Cross-laminated wacke microfacies occur in moderately thick, wedge and lens

shaped beds (Fig. 17). Lower contacts exhibit broad arcuate shapes and do not truncate 

underlying strata. Bed thickness rarely exceeds three feet, and lateral dimensions are 

less than ten feet. Cross-lamination identical to that observed in large-scale, cross

laminated arenite microfacies occurs in this microfacies. Various proportions of laminae
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CROSS-LAMINATED
WACKE MICROFACIES
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Figure 17. Photograph of cross-laminated wacke microfacies. Note overall lens or pod
shape and clinoform laminae geometries. Exposed strata is located below base of 
measured section #4 and is correlative to cycle #1 (in Plate 1).
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geometries are preserved, but in general, entire bottomset, forset, and topset geometries are 

present. Constant laminae thickness and orientation is also observed. Thin, sandy 

siltstone laminae occur between wacke laminae. Wacke laminae are less than 1 1/2 

inches thick. Siltstone laminae are less than 3/8 inches thick. Bioturbation is not present 

within this microfacies.

Interpretation

The general laterally discontinuous nature of these beds suggests depositional 

processes limited to local area of beds. Non-truncating nature of lower contacts suggests 

non-erosional, and therefore, below base level (sea level) deposition of these beds. 

Completely preserved cross-lamination patterns identical to those in large-scale arenite 

microfacies suggests accretion of constant quantities of sediments of the lee side of dune 

forms possessing distinct apices (sites of sediment influx). Complete preservation of 

topset, forset, and bottomset laminae geometries suggests deposition of these facies in 

subaqueous environments, below scouring of normal wave energies. Absence of 

bioturbation indicates deposition in non-marine environments, marine environments 

unfavorable for biologic activity, or rates of sediment deposition in excess of bioturbation 

rates.

Conglomerates

Two conglomerate microfacies occur in the study area. These are defined by 

matrix/framework clast relationships, and lateral bed continuity.

Matrix-supported, Discontinuous Conglomerate Microfacies

Description

One type of conglomerate observed in the study area occurs in moderately thick, 
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discontinuous, irregular lens-shaped beds. Bed thickness ranges from six inches to one 

foot, and lateral continuities are less than five feet. Irregular lower contacts partially 

truncate and mantle underlying lithologies. Framework clasts exhibit pebble to cobble 

sizes, random orientations, and are supported by finer sand and mud-sized matrix. 

Framework clasts are sub to well rounded, metamorphic (feldspar-quartz-phyllosilicate 

gniesses), igneous plutonic, and rare second-generation sedimentary clasts. Matrix 

exhibits deep red colors, roughly equal proportions of mud and sand-sized grains, and 

significant quantities of micaceous material.

Interpretation

Irregular lower contacts of these beds, which partially truncate and mantle 

underlying beds are interpreted to represent moderate amounts of scour, during initial 

stages of deposition. Small lateral extent of beds and lower contact characteristics suggest 

localization of depositional processes, perhaps by depositional topography. The presence of 

pebble-through mud-size grains, and the chaotic, unorganized nature of these sediments 

rule out the possiblity of deposition by traction current, or suspension processes (which tend 

to produce grain size specific, semi-organized sedimentary deposits).

Poor grading, random orientation of framework clasts, and matrix-supported nature 

of these conglomerate suggests viscous flow of intermixed cohesive muddy matrix and 

pebble and gravel-sized framework clasts, in the form of debris flows (Gloppen and Steel, 

1981). Discontinuous, matrix-supported conglomerates are the product of gravity-driven 

debris flows. Gloppen and Steel (1981) suggest that discontinuous, moderately thick, 

matrix-supported conglomerates represent viscous flow of debris in subaerial or shallow 

subaqueous environments. Flow of debris in subaqueous environments reduces matrix 

cohesion and produces laterally continuous conglomerates. Deposition of laterally 
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discontinuous conglomerates must be essentially instantaneous to avoid interaction with 

subaqueous fluids.

In summary, discontinuous, matrix-supported conglomerate microfacies represents 

debris flow in subaerial or shallow subaqueous environments. In both cases, interaction 

with aqueous fluids is minimal.

Matrix-Supported, Continuous Conglomerate Microfacies

Description

Thin, continuous, matrix-supported conglomerates also occur in study area rocks 

assemblages. Bed thickness and lateral continuity of this microfacies are less than six 

inches and greater than ten feet, respectively. Lower bed contacts are horizontal planar, or 

slightly irregular. As in discontinuous, matrix-supported conglomerate microfacies, 

randomly oriented framework clasts are supported by sand and mud-sized matrix. 

However, framework clast size (ranging from pebble to gravel size) is less variable than 

in discontinuous conglomerate facies. Other framework and matrix characteristics are 

identical to those in discontinuous conglomerate facies.

Interpretation

The laterally continuous nature of beds and planar to slightly irregular nature of 

lower bed contacts indicate significant lateral sediment accommodation without scour or 

erosion. As with discontinuous conglomerate microfacies, the matrix-supported nature of 

these conglomerates suggests high matrix shear strengths (or cohesiveness), and transport 

of framework clasts by gravity-driven viscous flow. However, small bed thickness and 

large lateral continuity suggest relatively lower flow viscosities than interpreted for 

discontinuous conglomerates. As stated earlier, Gloppen and Steel (1981) suggest that 

viscosity of cohesive matrix in debris flows decreases during flow in subaqueous 
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environments. Therefore, thin, laterally continuous conglomerates represent gravity- 

driven, semi-viscous subaqueous debris flows.

Mudrocks

Three types of mudrock microfacies, which exhibit unique color, and trace constituent 

characteristics occur in the study area. Rocks in these microfacies occur in a variety of 

bed and laminae types unique to specific facies. The following text will characterize 

significant color and trace characteristics of red-brown, dark-brown, and calcareous 

mudrock microfacies.

Red-Brown Mudrock Microfacies

Description

Mudrocks in this microfacies are commonly red brown in color and massive. Minor 

symmetrical and asymmetrical ripple laminae are also observed (Fig. 18). Crest to crest 

spacing of ripple laminae range from one to two inches. Amplitude of ripple 

laminae are less than or equal to one-half inch. Sandy micaceous siltstones and 

siltshales are most common lithologies. High quantities of fine to coarse, quartz, feldspar, 

and phyllosilicate grains (dominantly biotite and muscovite) are disseminated throughout 

mudrocks. Small to moderate amounts of burrow traces occur parallel and inclined to bed 

surfaces.

Interpretation

Presence of burrows indicates oxygenated conditions at the sediment/water interface.

The dominance of generally massive silt and clay-sized particles in rocks indicates 

suspension deposition in essentially motionless water. The occurrence of size grains also
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Figure 18. Photograph of red-brown mudrock microfacies. Note sandy, micaceous 
textures; variable primary sedimentary structures (massive, & laminated), and 
abundant bioturbation in these mudrocks. Note vertically oriented burrow in isolated 
sandstone lens. Exposed in canyon bottom midway between measured sections #1 and #4. 
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indicates significant interaction of traction currents with suspension depositional 

processes. Rare ripple laminae also indicate occasional influence of oscillatory traction 

currents during suspension deposition. The presence of minor to moderate amounts of 

bioturbation parallel and inclined to bed contacts constrains marine depositional 

environments to inter-tidal and sub-tidal zones. The moderately sparse nature of 

bioturbation may be due to hypo- or hyper-marine salinities, influx of high proportions of 

coarse siliciclastic detritus (devoid of organic feeding material), and/or depositional rates 

in excess of bioturbation rates.

Dark-Brown Mudrock Microfacies

Description

Dark-colored mudrocks in this microfacies are generally massive, but exhibit 

parallel lamination and rare symmetrical or bi-modal ripple cross-lamination (Fig. 19). 

Micaceous siltstones and siltshales, containing minor quantities of disseminated 

carbonaceous, pyritic, and iron oxide material, make up lithologies in this microfacies. 

Sparse skeletal assemblages, consisting of ostracods, brachiopods, and gastropods, 

sometimes occur in this microfacies. Sparse, horizontally oriented burrow traces also 

occur.

Interpretation

Dark brown and black colors and the presence of disseminated carbonaceous, pyritic, 

and iron oxide materials suggest deposition in reducing, semi-anoxic. Common 

occurrence of massive and parallel laminae depositional structure indicates purely 

suspension depositional processes in these environments. However, occurrence of rare 

symmetric, and bimodal laminasets of trough cross laminae suggest occasional influence
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Figure 19. Cross-sectional photo of dark-brown colored mudrock facies sample. Note 
dark color, parallel laminae, and sparse carbonate skeletal population. Collected from 
exposure below base of measured section #4.
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of oscillatory traction currents. The presence of sparse skeletal and trace fossils indicates 

that these depositional processes occurred in a marine setting. The sparse nature of 

skeletal and trace fossils suggests stressed biologic marine conditions. Horizontal 

orientation of burrows indicates deposition in subtidal environments. In summary, this 

microfacies is the result of dominantly suspension depositional processes in slightly 

anoxic marine settings below the influence of normal oscillatory wave energies, but 

within the effects of storm wave energies.

Calcareous Mudrock Microfacies

Description

Mudrocks in this microfacies exhibit medium grey to dark grey colors and are 

generally massive or parallel laminated. Hummocky to bimodal laminasets of ripple 

cross laminae also occur in this microfacies. These more complex primary structures 

generally exhibit laminaset spacing of 2 1/2 inches and amplitudes less than one inch. 

Siltstone and siltshale lithologies occur within this microfacies, and contain significant 

quantities of calcareous mud, minor amounts of biologic skeletal and trace fossils, and 

fine grained siliciclastic sand. Sparse skeletal assemblages consisting of tubular 

forams, ostracods, gastropods, and brachiopods are also present.

Interpretation

Dark colors and significant quantities of (unoxidized) carbonaceous material 

suggest deposition in moderately to slightly low oxygen levels or slow influx of 

siliciclastic detritus. Equal proportions of mud-sized siliciclastic and carbonate detritus, 

in massive and parallel laminated primary depositional textures, indicate deposition by 

equal rates of suspension deposition and in-place carbonate generation. Presence of 

hummocky and bimodal laminasets of ripple cross laminae suggests superposition of long 
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frequency oscillatory traction currents on the sediment water interface (i.e., storm wave 

currents). Occurrence of sparse tubular foraminifera, ostracod, gastropod, and brachiopod 

skeletal populations in combination with dark-colored, carbonaceous, and mud-sized 

siliciclastic detritus suggest control of biotic activity by marine turbidity and possibly 

marine oxygenation levels . The sparsely bioturbated nature of these sediments indicates 

rapid depositional rates relative to rates of biologic reworking.

Therefore, detrital suspension and generation of carbonate mud and occasional 

exposure to long-frequency oscillatory traction currents were responsible for deposition of 

this microfacies. Marine conditions were turbid and partly oxygen-depleted. Interpreted 

hydromechanical conditions indicate deposition below normal wave (short frequency) 

base, but within effects of storm wave (long frequency) base.

Siliciclastic Facies

As defined earlier, facies are recognizable assemblages of four sediments consisting 

of unique proportions of microfacies which exhibit unique overall geometric 

characteristics. The following is a description and interpretation of four siliciclastic 

sedimentary facies which represent environments of fan-delta systems.

Fluvial-Mouth Facies

Description

Fluvial-mouth facies consists of a complex mixture of 30% thick, laterally continuous, 

massive arenite, 25% laterally discontinuous massive arenite, 20% medium- scale, cross

laminated arenite, 10% discontinuous, matrix-supported conglomerate, 10% thin, 

laterally continuous, massive arenite, and 5% red-brown-colored mudrock microfacies. 

Bedsets of this assemblage of sediments exhibit elongate lens or tabular shapes.
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Thicknesses are less than 30 feet, and lateral continuities are in excess of two hundred feet 

(Fig. 20).

Thick, laterally continuous, massive arenite microfacies occurs within basal and 

mid- portions of this facies and sometimes "hosts" other microfacies, such as 

discontinuous, massive arenites and moderate-scale, cross-laminated arenite 

microfacies.

Thick, laterally discontinuous, massive arenite microfacies commonly occur in 

basal portions of this facies within or adjacent to thick, laterally continuous, massive 

arenite microfacies. Matrix-supported, discontinuous conglomerate microfacies occur 

exclusively within laterally discontinuous, massive arenite microfacies and appear to 

mantle underlying beds in this facies. Medium-scale, cross-laminated arenite 

microfacies occur in amalgamated beds sometimes in middle portions of this facies. 

Thin, laterally continuous, massive arenite microfacies occur in groups of anastomosing 

beds which overlie continuous and discontinuous, massive arenite microfacies.

Red-brown-colored mudrock microfacies occur in thin laminae between coarse 

siliciclastic beds and also in thin beds which cap this facies. Thickness of beds is 

generally less than two feet and lateral continuity exceeds twenty feet. Beds are massive 

and contain sandy micaceous siltstone lithologies. Sparse vertical to horizontal oriented 

bioturbation traces occur in these sediments.

Interpretation

In summary, fluvial-mouth facies represents the complex interaction of fluvial and 

nearshore marine processes. Listed in order from terrestrial to marine environments, 

component microfacies of this facies represent fluvial channel, fluvial-channel-bar 

and/or fluvial-mouth-bar, and nearshore marine deposits.
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Medium Scale, Cross-Laminated Arenite Microfacies
SCALE

30 Feet

30 Feet

Thick, Continuous, Massive Arenite Microfacies

Thick, Discontinuous, Massive Arenite Microfacies

Thin, Continuous, Massive Arenite Microfacies

Red-brown Mudrock Microfacies

Figure 20. a. Schematic illustration of fluvial-mouth facies. Note general up section 
stacking of microfacies.

b. Exposure of fluvial-mouth facies in northeast portion of study area.
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Significant quantities of thick, laterally discontinuous arenite microfacies, which 

represent fluvial channel deposits, indicate a major influence of fluvial processes in the 

environment of deposition of this facies. The occasional occurrence of these discontinuous 

beds within laterally continuous, massive arenite microfacies and with bioturbated 

mudrocks suggests that braided fluvial systems interacted intimately with nearshore 

marine processes.

As previously interpreted, discontinuous, matrix-supported conglomerates represent 

debris flows in subaerial, fluvial or shallow submarine environments. The intimate 

association of this microfacies with discontinuous, massive arenite microfacies suggests 

that these debris flows are a result of sediment instability and downslope flow in and at the 

mouth of coarse fluvial channels. Nemic and Steel (1984) document the intimate 

association of debris flows with alluvial fan (and less commonly fluvial systems within 

fluvial fans) and alluvial fan/nearshore marine environments.

The presence of medium-scale, cross-laminated arenite microfacies suggests 

deposition in moderately erosional environments, on the lee side of sinuous-crested 

duneforms. Trough cross-laminae within these beds exhibit very constant thicknesses 

and orientations, suggesting unidirectional transport and deposition of constant 

quantities of sediments. Orientation of cross-laminae indicate sediment transport in 

south to west directions. Topset and upper portions of forset cross-laminae geometries are 

generally not preserved due to scouring of lower contacts of overlying similar beds. 

Coincidence of interpreted sediment-transport directions of this microfacies with other 

microfacies representing fluvial environments, association with microfacies 

representing nearshore marine environments, and moderate amounts of scour suggests 

that this microfacies represents fluvial-channel-bar and/or fluvial-mouth-bar deposits.
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Thick, laterally continuous, massive arenites represent high rates of coarse clastic 

deposition by incompetant traction currents in the presence of minor oscillatory traction 

currents. Large lateral continuity, presence of oscillatory traction current influence, and 

association of braided fluvial and bioturbated marine mudrocks indicates that this facies 

represents dumping, reworking, and redistribution of fluvial bedload in nearshore 

marine settings.

Thin, laterally continuous, massive arenites represent initially high energy 

(erosional) traction current transport of sediment, followed by rapid decrease of traction 

current competency and subsequent dumping of sediments. Oscillatory traction currents 

subsequently reworked the upper surfaces of these beds. This series of depositional 

processes, in association with significant lateral continuity of beds and bioturbated 

mudrocks, suggests a nearshore marine origin of this microfacies. Marine storm surge 

currents are capable of transporting and depositing coarse siliciclastic sediments into 

foreshore environments where they are later reworked by oscillatory, normal wave 

energies.

Lithologic characteristics of red-brown-colored mudrock microfacies indicate 

deposition by suspension and periodic oscillatory traction processes in oxygenated marine 

environments. The relatively thin nature of these beds indicate short-lived deposition 

and/or little potential for vertical sediment accumulation in this marine environment. 

The conformable association of this microfacies with interpreted nearshore marine 

microfacies, indicates origin of light-colored mudrock microfacies in shallow, 

significantly agitated, oxygentated nearshore or shallow offshore marine zones.

In most cases, component microfacies of fluvial-mouth facies occur in very complex, 

non-ordered sediment assemblages. Ocassionally, however, a recognizable succession of 



T-3462 49

these microfacies occurs. Discontinuous, massive arenite and moderate- scale, cross

laminated arenite microfacies occur within continuous, massive arenite microfacies in 

basal portions of this descriptive microfacies. Thin, continuous, massive arenite and red- 

brown-colored mudrock facies occur in upper portions of this facies. This succession of 

microfacies represents gradual deepening of relative water depth, in which fluvial 

sediments are progressively overlain by nearshore marine sediments.

Delta-front Facies

Description

Delta-front facies consists of 90% large-scale, cross-laminated arenite microfacies, 

and 10% of light-colored mudrock microfacies (Fig. 21). Individual beds occur in broad 

lens-shaped bedsets which are up to thirty feet thick and are over two hundred feet long.

Large-scale, cross-laminated arenite facies occur in wedge and lens-shaped (cross

sectional), and fan-shaped (plan view) beds. These beds exhibit very large lateral and 

vertical bed dimensions. Individual beds may reach thicknesses as great as 15 feet and 

display lateral continuities as great as 75 feet. Cross-laminae in these beds face south to 

west directions (Plate 1).

Light-colored mudrock microfacies occur as thin laminae between arenite laminae. 

High proportions of mud occur disseminated in distal (bottomset) portions of cross

laminae. These rocks contain sparse quantités of horizontal and vertical burrow trace 

fossils (Fig. 22).

Interpretation

The occurrence of large-scale, cross-laminated beds exhibiting complete bottomset, 

forset, and top set cross-sectional laminae geometries and fan-shaped plan view 

geometries indicates repeated accretion deposition of sediments on the lee side of fan-
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Figure 21. Photo and sketch of delta-front facies exposed in Booth Creek canyon bottom, 
midway between measured sections 2 & 3.
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Oriented Burrows

Figure 22. Bioturbation in red-brown microfacies associated with delta-front facies 
(exposed on east side of canyon bottom between measured sections #1 and #4). 
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shaped subaqueous duneforms. The lack of scour or wavy laminae geometries indicates 

deposition of these duneforms below the effects of normal oscillatory wave base. The fan

shaped (map view) configuration of these subaqueous duneforms indicates radial 

distribution of sediments from a point source, at the apex of these beds. Occurrence of 

bioturbated, light-colored mudrock microfacies in interlaminae portions of arenite beds 

indicates short-lived episodes of submarine suspension deposition between pulses of 

arenite accretion deposition on proximal portions of duneforms. Occurrence of bioturbated 

mudrocks in distal portions of duneforms indicates intermixing of accretion and 

suspension deposition in distal regions of these duneforms. Complete preservation of 

clinoform laminae geometries indicates deposition of this facies below normal oscillatory 

wave and tidal effects.

Prodelta Facies

Description

Prodelta facies consists of 50% light-colored mudrock microfacies, 40% massive 

wacke microfacies, and 10% continuous, matrix-supported conglomerate microfacies 

(Figs. 23 & 24). Bedsets of this facies envelope other coarse-grained siliciclastic 

descriptive facies and are very laterally extensive (Plate 1). Bedset thicknesses are less 

than thirty feet and bedset lateral dimensions exceed 1/4 mile.

Interpretation

Red-brown-colored mudrock microfacies indicates suspension depositional processes 

in subtidal oxygenated marine environments within the influence of storm wave base. 

Significant presence of coarse siliciclastic detrital grains indicates that depositional sites 

are laterally adjacent to or in line with avenues of coarse siliciclastic transport.
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Red-Brown Mudrock Microfacies

P a O b ff

Massive Wacke Microfacies

Matrix-Supported, Laterally Continuous 
Conglomerate Microfacies

Figure 23. Schematic diagram illustrating relationships among microfacies in prodelta 
facies.
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Red-Brown Mudrock Microfacies

1%
■

(Amalgamated) Massive 
Wacke Microfacies

Cross Laminated Wacke Microfacies

Figure 24. Photo of prodelta facies in Booth Creek canyon bottom, midway between 
measured sections 2 & 3.
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The occurence of thin laterally continuous beds of massive wacke microfacies 

indicates subaqueous sheetflood deposition of laterally extensive "blankets" of coarse 

siliciclastic detritus by intense traction currents of limited duration. Wavy bed contacts 

and horizontally oriented trace fossils in upper portions of these beds indicate post- 

depositional reworking of these beds in subtidal but above storm wave base water depths.

Continuous, matrix-supported conglomerates represent subaqueous debris flows. The 

presence of these mass flow deposits indicates unstable, possibly oversteepend slopes 

within or up depositional slope from this environment.

The association of light-colored mudrock, massive wacke, and continuous, matrix- 

supported, conglomerate microfacies in this facies indicates deposition in turbid, oxygen

rich, sub-tidal marine environments within storm wave base. The presence of subaqueous 

sheetflood and debris flow microfacies indicates episodes of intense storm current activity 

and existance of unstable slopes within or short distances upslope from this environment. 

Inter-delta Facies

Description

Inter-delta facies consists of 50% dark-colored mudrock microfacies, 30% cross

laminated wacke microfacies, 15% massive wacke microfacies, and 5% continuous, 

matrix-supported conglomerate microfacies (Fig. 25). These microfacies occur in thick, 

laterally continuous, tabular-shaped bedsets. Thickness of bedsets do not exceed thirty 

feet. Lateral continuities of bedsets are typically less than 1/4 mile.

Cross-laminated wacke microfacies are very similar to large-scale, cross-laminated 

arenites except for bed size and orientation of laminae. Cross-laminated wackes occur in 

isolated pod or fan-shaped beds and are totally surrounded by mudrocks. Cross strata face 

northwest and southeast directions (which are perpendicular to orientations of large-scale
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Figure 25. Photograph illustrating relationships between dark-brown mudrock, cross
laminated wacke, massive wacke, and matrix-supported, continuous conglomerate 
microfacies in inter-delta facies. Scale equals four feet. Location of outcrop is at the base 
of Measured Section #4.
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cross laminae in delta-front facies; Plate 1).

Interpretation

Large relative quantities of dark-colored mudrock microfacies indicate deposition 

primarily by suspension processes in slightly anoxic marine settings. The more 

frequent occurrence of parallel laminae, relative to ripple laminae (in inter-delta facies), 

indicates a lesser degree of influence by storm wave currents, compared to environments 

in which prodelta facies was deposited.

The occurrence of moderate-scale, cross-laminated wackes, exhibiting complete 

bottomset, forset, and topset laminae geometries, in isolated fan and lens-shaped beds 

indicates accretion deposition of sediments on the lee side of a subaqueous duneform, 

explained earlier. The isolated occurrence of beds of this microfacies indicates a 

relatively short life of these migrating duneforms in an environment where suspension 

deposition of clay and silt- sized material is the usual sedimentary process. Cross

laminae orientations indicate subaqueous dune migration in southeast and northwest 

directions.

As previously interpreted, massive wacke microfacies represent subaqueous 

sheetflood deposits resulting from intense traction currents of limited duration in marine 

environments. Storm surge currents are a hypothesized mechanism for the generation of 

these intense currents. The occurrence of wavy upper contacts and horizontal bioturbation 

traces indicate that these beds were deposited within or just below the effects of normal wave 

energies and within the effects of storm wave energies.

The association of all three coarse siliciclastic microfacies in isolated beds, 

surrounded by dark-colored mudrock microfacies indicates constant, high levels of 

suspension deposition of mud-sized particles, interrupted by periodic shortlived 
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subaqueous sheetflood, and fan-shaped duneform progradation events. Bed contact 

configurations, physical and biologic depositional structures associated with these 

microfacies indicate deposition of all microfacies within the influence of storm wave base 

and at, or just below the influence of normal wave energies. Transport directions of 

detrital grains in fan shaped duneforms were perpendicular to transport directions in 

other coarse siliciclastic facies.
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Spatial Organization of Siliciclastic Facies in Genetic Units

Definition of Siliciclastic Genetic Units

In cross-sectional dimensions, several scales of tabular, laterally correlative 

packages of siliciclastic rocks occur in stacked successions (Plate 1). These stacked piles 

of packages display repeated "cyclic" upsection lithologic trends and have distinct 

boundries. Cyclic trends are defined by vertical successions of facies or by bed thickness 

and primary depositional texture variations within single lithologies. Facies within these 

cycles also exhibit systematic lateral (plan view) distributions. Small-scale cycles, which 

are considered in this section, are an average of 13 feet thick. Subtle thickness variations 

exist, but are more significant when stacked groups of cycles are considered collectively. 

Therefore, a discussion of thickness variations is presented in later text, during later 

discussion of larger scales of cycles. Cycles are correlative throughout the entire study 

area (Plate 1), and cycle boundries coincide with or parallel time biostratigraphic horizons 

established by Tillman (1970). Two major types of siliciclastic cycles are present in the 

study area: texture-coarsening-upsection and texture-fining-upsection cycles.

Coincidence and/or parallelism of cycle boundries with stratigraphic time horizons 

indicates that cycles are genetic units (App. 1). Relative water depth is the main 

controlling factor which determines the map view (or geographic) locality of deposition of 

one particular siliciclastic facies (or coeval suite of facies). Vertical variations in type of 

facies within genetic units indicate relative water depth variation at one locality over 

time. Lateral variation of type of facies in genetic units indicates lateral change in 

relative water depth over a large area during one instant in time. The cross-sectional 

distribution of facies in coarsening- and fining-upsection cycles in the study area indicate 

gradual relative water depth shallowing and deepening (respectively). Marked changes 
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in relative lateral positioning of facies across genetic unit boundries indicate rapid 

relative sea level fall or rise at the beginning and end of cycle deposition.

Coarsemng-Upsection Cycles

Description

Coarsening-upsection cycles consist of basal zones of prodelta or inter-delta facies, 

middle zones of delta-front facies, and upper zones of fluvial-mouth facies (Fig. 26). 

Marked lateral displacement of facies occurs across cycle boundries.

Basal zones of cycles (usually consisting of prodelta or inter-delta facies) are thin in 

eastern and central portions of of the study area, but increase in thickness to the west (Fig. 

27). In western regions of the study area, entire cycles may consist of prodelta facies. 

Thin beds of massive wacke microfacies and disseminated sand grains occur in prodelta 

facies in western and central regions of the study area. The occurrence of these coarse

grained lithologies decreases to the west but increases upsection when overlain by delta

front facies. Contacts between facies in basal and middle portions of cycles are sharp but 

do not truncate underlying rocks within basal zones of cycles (Fig. 28).

Delta-front facies occur in middle portions of cycles in eastern and central portions of 

the study area. This facies thins slightly and abruptly pinches out to the west, where 

prodelta facies occur (Fig. 29). Bed size and scale of cross-lamination within middle 

portions of cycles gradually decrease upsection. Lower contacts of individual beds within 

delta-front facies truncate progressively more of topset and foreset geometries upsection. 

Contacts between middle and upper zones of cycles are difficult to distinguish. These 

boundries are defined based on transition from large-scale, cross-laminated arenite 

microfacies to medium-scale, cross-laminated microfacies, or slight scour surfaces
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Figure 26. Photograph and schematic diagram illustrating characteristics of coarsening- 
upsection siliciclastic cycles.
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Figure 27. Schematic diagram illustrating lateral and vertical cross-sectional geometric 
characteristics of facies within a coarsening-upsection cycle.
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Figure 28. Photograph of sharp but conformable contact between middle (delta-front 
facies) and lower (prodelta facies) zones of a siliciclastic cycle. Location of photo is cycle 
#4, measured section #3.
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Figure 29. Photomosaic illustrating cross-sectional relationships between delta-front and 
prodelta facies. Exposure is located in bottom of Booth Creek canyon midway between 
measured sections 2 & 3.
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overlain by continuous or discontinuous, massive arenite microfacies. Sharp planar 

horizontal or slightly irregular contacts sometimes separate upper and middle portions of 

cycles. These contacts generally do not truncate underlying strata in middle portions of 

cycles.

Fluvial-mouth facies in upper zones of cycles thin to the west and pinch out in the same 

vicinity as underlying delta-front facies (in middle zones of cycles). Lower boundary 

configurations of this facies are identical to underlying delta-front facies. Coarse 

siliciclastics in upper portions of cycles are abruptly overlain by prodelta or inter-delta bay 

facies which comprise the basal zone of the overlying cycle.

Interpretation

The cross-sectional vertical and lateral distribution of facies in coarsening-upsection 

cycles indicate relative water depth shallowing and westward shoreline regression over 

time. Marked lateral displacement of facies across cycle boundaries indicate initiation 

and termination of cycle deposition by rapid relative sea-level deepening events. These 

complete genetic units are called asymmetric shallowing- upsection cycles.

In basal zones of cycles, prodelta facies represent deposition in relative water depths 

below normal wave base, but within storm wave base (i.e., offshore marine 

environments). The presence of this facies in basal, middle, and upper zones of cycles in 

western portions of the study area indicates that offshore marine depositional conditions 

persisted throughout most of cycle deposition in this region. Occurrence of coarse 

siliciclastic material in thin beds and in individual disseminated grains in central and 

eastern regions of the study area and westward decrease in these occurrences suggest 

westward transport of coarse detrital grains into offshore environments from a nearby 

eastern zone of coarse clastic grain deposition. Upsection increase in thin continuous 
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massive wacke microfacies within prodelta facies and the non-truncating nature of 

overlying delta-front facies indicates westward migration and eventual conformable 

deposition of delta-front facies in middle zones of cycles over prodelta facies in basal zones 

of cycles.

Delta-front facies, which generally occur in middle zones of cycles, represent 

deposition in relative water depths immediately below normal wave base(i.e., shallow 

offshore environments). Sub-parallel orientation of lower facies boundaries to cycle 

boundaries indicate relatively rapid progradation of delta-front facies over prodelta 

facies. Near vertical orientation of this facies boundary along western extentions of delta

front facies indicates very little lateral migration of this facies during late phases of its 

deposition. In other words, coarse clastic sediments prograded rapidly over mudrocks 

during early to middle phases of cycle deposition, but eventually became aggradational in 

nature, towards the end of cycle deposition. Upsection-decreasing bed thickness and 

increasing degrees of truncation of clinoform laminae geometries in upper portions of 

beds indicate progressive infilling of submarine bathymmetry and transition from 

shallow offshore delta-front environments, to nearshore (erosional) fluvial-mouth 

environments. Gradual upsection transition from lithologies in middle to upper zones of 

cycles indicates conformable relationships between delta-front facies and overlying 

fluvial-mouth facies. Rarely observed slight truncation of delta-front facies by planar or 

slightly irregular lower contacts of fluvial-mouth facies indicates only small, uniform 

amounts of scour prior to or during deposition of fluvial-mouth facies.

Fluvial-mouth facies, which occur in the upper zones of cycles, represents deposition 

in water depths within the effects of normal wave base (i.e., nearshore environments). 

Identical overall lateral extent of fluvial-mouth facies and delta-front facies indicates 
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initially rapid progradation, followed by aggradation during final phases of cycle 

deposition. Vertical successions of microfacies within this facies in which continuous, 

massive arenite microfacies are progressively overlain by medium-scale, low-angle, 

planar, cross-laminated arenite microfacies, and thin, continuous, massive arenite 

microfacies, indicate slow rates of relative water-deepening after the culmination of 

shallowing in individual cycles. Occurrence of prodelta or inter-delta (offshore marine) 

facies over fluvial-mouth (transitional fluvial/nearshore marine) facies across nearly 

horizontal cycle boundries indicate rapid rise in relative sea-level and shoreline 

transgression. This rapid relative sea level rise is a continuation of the intially slow, 

"incipient" rise in relative water depth during deposition of uppermost fluvial-mouth 

facies. This rapid rise in relative sea level terminated cycle deposition and initiated 

deposition of the next overlying cycle.

In summary, sediments within coarsening-upsection cycles in central and eastern 

portions of the study area represent the following chronological events: initial rapid 

relative sea-level rise, resulting in displacement of fluvial-mouth facies (representing 

nearshore/fluvial environments) from central to eastern portions of the study area; 

deposition of basal offshore prodelta facies throughout most of the study area; gradual 

shallowing of relative sea level, accompanied by westward progradation of shallow 

offshore and nearshore coarse-grained siliciclastic sediments into central and western 

portions of the study area; constant relative sea-level and stillstand of depositional zones 

resulting in a brief period of aggradation of delta front and fluvial-mouth facies; slow rise 

in relative sea-level, resulting in deposition of transgressive fluvial/nearshore marine 

facies; and very rapid relative sea level rise event, marking the beginning of deposition of 
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the immediately overlying cycle. Deposition of offshore prodelta or inter-delta facies 

persisted throughout cycle deposition in western portions of the study area.

Fining-Upsection Cycles

Description

Fining-upsection siliciclastic cycles consist of less recognizable versions of 

siliciclastic facies arranged in the exact opposite order as in coarsening-upsection cycles. 

Only two distinct zones are recognized in these cycles. Basal zones consist of fluvial- 

mouth facies, and upper zones consist of prodelta and inter-delta facies (Fig. 30). As with 

coarsening-upsection cycles, marked lateral displacement of facies occur accross cycle 

boundri es (Fig. 31).

Fluvial-mouth facies in basal zones of fining-upsection cycles unconformably 

overlie rocks in the upper zone of the immediately underlying cycle. Configurations of 

this contact ranges from planar to unpredictably undulatory. Fluvial-mouth facies in 

fining-upsection cycles contain a high proportion of discontinuous, massive arenite 

microfacies, which "host" small-scale, cross-laminated microfacies, and matrix and 

framework-supported conglomerate microfacies. Previously noted up section trends, 

where basal discontinuous, massive arenites are progressively overlain by continuous, 

massive arenites; medium-scale, low-angle, cross-laminated arenites; and thin, 

continuous, massive arenites; are very distinct in these cycles. Medium-scale, cross

laminated arenite microfacies and thick, continuous, massive arenite microfacies mark 

gradational boundries between fluvial-mouth (in basal zones) and prodelta or inter-delta 

facies (in upper zones of cycles).
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Figure 30. Schematic diagram illustrating characteristics of fining-upsection 
siliciclastic cycles, and interpreted relative sea level variations.
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Figure 31. Schematic diagram illustrating lateral and vertical cross-sectional geometric 
characteristics of facies within a fining-upsection cycle. Note incomplete (reverse) or 
non-conformable nature of rocks, and distinct upsection microfacies trend in fluvial- 
mouth facies.
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Interpretation

Fining-upsection successions of microfacies in fluvial-mouth facies (in basal zones 

of cycles) is overlain by prodelta or inter-delta facies in upper zones of cycles, representing 

deepening of water from nearshore/fluvial to offshore relative water depths in depositional 

environments. Upper zones of cycles are are truncated by an unconformity, which marks 

the lower contact of the immediately overlying cycle.

Abrupt occurrence of fluvial-mouth facies unconformably over prodelta or inter-delta 

facies in the upper zone of the immediately underlying cycle indicates rapid relative water 

depth shallowing from offshore marine to transitional nearshore marine/fluvial 

environments. Undualtory configuration and cross-cutting relationships of contacts 

between massive arenite and mudrock facies, and non-gradational facies successions 

(i.e., absence of large-scale, cross-laminated arenite facies) indicate erosional scour 

prior to and during early phases of deposition of fluvial-mouth facies. The occurrence of 

high proportions of discontinuous, massive arenite facies in basal portions of fluvial- 

mouth facies suggests erosional scour by nearshore marine and fluvial processes. 

Parallel orientation of contacts between basal and upper zones of cycles with cycle 

boundaries and constant thickness of facies within incomplete cycles indicate widespread 

synchronous erosion and/or non-deposition along this contact.

Microfacies trends in fluvial-mouth facies, where basal discontinuous, massive 

arenites are progressively overlain by thick, continuous, massive arenite microfacies; 

moderate-scale, low-angle, cross-laminated arenites; and thin, continuous, massive 

arenites, indicate increasing relative water depth, from coastal fluvial channel 

environments to foreshore submarine environments. The high occurrence of medium

scale, cross-laminated arenite and thick, continuous, massive arenite microfacies in 
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boundary areas between basal and upper zones of cycles indicates deposition of nearshore 

marine fluvial-mouth bars or perhaps shallow offshore delta-front facies just prior to 

deposition of offshore marine lithologies.

Occurrence of prodelta and inter-delta facies in upper zones of fining-upsection cycles 

indicates continued progressive deepening of relative water depths during deposition of 

these zones. However occasional increase in frequency of interbedded massive wacke 

microfacies, in upper portions of upper cycle zones, indicate possible lateral approach of a 

coarse siliciclastic sedimentary complex, and therefore, possible subtle relative sea-level 

shallowing.

Therefore, in chronological order, sediments within incomplete cycles represent: an 

initial rapid relative sea-level fall and resultant regional erosion; slow rise in relative 

sea-level, resulting eastward migration and deposition of transgressive 

fluvial/nearshore marine facies succession; and deposition of offshore marine mudrock 

facies in upper zones of cycles, during continued relative sea-level rise, stillstand, and 

initial relative sea-level lowering. Marked westward displacement of fluvial-mouth 

facies, overlying the unconformity marking the top of each cycle, indicates marked 

erosion and migration of nearshore marine sediments basinward, prior to deposition of 

sediments in the immediately overlying cycle.

Plan (Map) View Relationships

Description

In plan view, laterally correlative facies occur in a north-trending series of belts with 

elongate fan-shaped features protruding in westward directions (Fig. 32). From east to 

west, these facies distributions are: fluvial-mouth facies; delta-front facies, and prodelta 
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or inter-delta facies. Inter-delta facies occur between and immediately west of fan-shaped 

features, and prodelta facies occur in far west portions of the study area.

Elongate fan-shaped protrusions within north-oriented facies belts consist of sheets of 

fluvial-mouth facies surrounded by "shoestrings" of delta-front facies, on western flanks 

of fans. Dimensions of fan-shaped features are less than 200 feet wide, and less than 1/2 

mile long (Fig. 33). Fan-shaped lobes extend due west, in the northern 3/5 of the study 

area, due south in lower 1/5 of the study area, and southwest in the lower 2/5 of the study 

area. Net sediment transport directions in fluvial mouth and delta-front facies 

comprising these fans are also in these directions (Fig 33, Plate 1). Inter-delta facies occur 

adjacent to fan lobes in embayments between fan- shaped coarse siliciclastic complexes 

(Fig. 32). Medium-scale, cross-laminated wacke microfacies, with paleocurrent 

directions perpendicular to net sediment transport directions on fan shaped coarse 

siliciclastic complexes, occur in this facies (Fig. 34). Massive wacke microfacies also 

occur in this facies. Crests of rare symmetrical and asymmetrical ripple laminae are 

north trending.

Prodelta facies occurs immediately west of fan-delta lobe and interlobe bay facies. 

Noteable characteristics of prodelta facies are high proportions of massive wacke 

microfacies; high proportions of red-brown mudrock microfacies (relative to dark-brown 

mudrock microfacies); high quantities of equant and platy detrital grains; and 

significant presence of horizontally oriented trace fossils. Crests of symmetrical and 

asymmetrical ripple laminae are north trending.

Interpretation

Complexes of fan-shaped fluvial-mouth and delta-front facies collectively represent 

fan delta lobes. Delta-front facies represent radial deposition of coarse clastic detritus on
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Figure 32. Plan-view relationships between (coeval) siliciclastic facies in genetic units. 
Note relationships between relative geographic position, relative sea level, and normal 
wave base (nwb).
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Figure 33. Dimensions, stacking patterns and sediment transport directions associated 
with fan shaped lobes consisting of delta-front and fluvial-mouth facies. Numbers within 
individual fan lobes indicate cycles in which fan-lobes occur (as indicated by Plate 1). 
Fan-delta lobe locations through time were derived from data in Plate 1. Net sediment 
transport directions in delta-front facies is the sum of a complex array of radial 
paleocurrent solutions derived from offlapping pod-shaped or lens-shaped dimeforms. 
Unidirectional sediment transport solutions in fluvial-mouth facies are oriented in the 
same direction as net transport of sediments in lense shaped pods and in the same 
direction of net fan elongation (Plate 1).
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Relatively abundant hummocky and ripple-cross 
lamination indicates comparatively high wave
energies (focused on fan delta
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PRODELTA FACIES
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| indicates comparatively dissipated wave 
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Figure 34. Lateral relationships and interpretations associated with inter-delta lobe 
facies. Note relationships between medium-scale, cross-laminated wacke microfacies in 
inter-delta facies and delta-front/fluvial-mouth facies. Also note comparative mudrock 
laminae characteristics and paleogeographic interpretations. These relationships were 
derived from correlative strata exposed in the Booth Creek Canyon bottom (below cycle #2, 
Plate 1).
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the lee side of fan-shaped bedforms, due to avalanching of sediments from apex regions of 

these bedforms, in shallow offshore marine environments below the effects of normal 

wave energies. Fluvial-mouth facies represent transitional nearshore marine/fluvial 

depositional environments, within the effects of normal wave energies. The close lateral 

proximity of fluvial-mouth facies to delta-front facies and unidirectional sediment 

transport directions from fluvial-mouth facies towards delta-front facies suggests 

transport and deposition of sediments into delta-front environments by fluvial 

distributary channels. Radial, complex offlapping arrangement of fan-shaped beds in 

fan delta facies indicates progradation of a sheet of coarse siliciclastic sediments by 

continued deposition and abandonment of fan-shaped bedforms (by distributary channel 

switching), along a radial front. Fluvial channel/delta lobe abandonment and relocation 

is common in deltaic systems, due to the eventual inability of distributary channels to 

efficiently transport their bedload basinward through reduced stream gradients (Galloway 

and Hobday, 1983, p. 84). "Delta front" and "fluvial mouth" interpretive facies 

terminology summerizes the paleographic significance of this physical group of rocks.

Since clastic sedimentary grains tend to be deposited where they have lowest possible 

potential energy, lateral migration of detrital sedimentary complexes should generally 

occur down maximum depositional slopes. Progradation directions of fan delta lobes 

indicate that maximum depositional slopes in the northern 3/5 of the study area are in 

western directions. In the southern 2/5 and 1/5 of the study area, progradation directions 

indicate maximum depositional slope in southwest and due south directions. Therefore, 

paleoshoreline configurations may have varied from north trending, in central and 

northern portions of the study area, to southeast and east trending, in southern portions of 

the study area.
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Vertical stacking of lobes in successive cycles on the flanks of and in-between 

underlying and overlying lobes indicates influence of fan delta lobe progradation paths by 

local bathymmetry or depositional topography, created by earlier fan lobe progradation 

and deposition (Weimer, 1984).

Presence of dark-brown mudrock microfacies in embayments between fan-lobe 

complexes indicates dominantly suspension deposition of mud-sized particles, in slightly 

anoxic, offshore marine conditions (within storm wave base), adjacent to shallow offshore 

nearshore fan lobes. Occurrence of cross-laminated wacke microfacies having 

paleocurrent directions perpendicular to fluvial distributary channels in fluvial-mouth 

facies suggests that these units represent crevass-splay deposits which migrated into fan

lobe embayments (Fig. 34). Presence of massive wacke microfacies indicates deposition 

of coarse siliciclastic sediments by storm surge currents. The interpreted slight anoxic 

nature of inter-delta facies, presence of parallel laminae, low relative occurrence of ripple 

laminae, and relative low proportions of storm surge deposits, compared to prodelta facies, 

suggest that normal and storm wave energies were less significant in inter-delta regions 

of paleoshoreline areas. In modern environments, wave energy is commonly 

concentrated on headlands and dissipated in embayments. North-trending orientation of 

ripple laminae crests represent marine east-west oscillatory motion from storm waves 

impinging on this north-trending coastal system (Fig. 34). The lateral position and 

interpreted environmental characteristics of inter-delta facies is the basis for its "inter

delta bay" interpretive label.

Prodelta facies represent deposition in turbid, oxygen-rich, periodically agitated, 

sub tidal marine environments within storm wave base and below normal wave base. 

Occurrence of high proportions of massive wacke microfacies and disseminated sand 
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grains, compared to dark-brown mudrock microfacies, indicates more frequent exposure 

to storm wave energies, compared to inter-delta facies (Fig. 34). Occurrence of high 

quantities of coarse-grained siliciclastic sediments and close lateral proximity to coarse 

grained siliciclastic depositional zones indicate that this zone is the distal fringe of 

coarse-grained siliciclastic deposition, down dip from the leading edge of fan delta lobes. 

Horizontally oriented trace fossils indicate offshore (subtidal) marine relative water 

depths. North-trending orientation of symmetrical and asymmetrical ripple laminae 

crests indicate impingement of oscillatory storm wave energies on this north-trending 

paleo-coastal system, from the west. Lateral occurrence and environmental 

characteristics of this facies is the basis for its "prodelta" interpretive facies label.
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£arbonate..Sheif Systems

In the study area, six carbonate facies, composed of various proportions of carbonate 

microfacies, represent component environments of carbonate shelf systems (Table II). 

Component facies are: Ooid beach, subtidal ooid, saline embayment facies, restricted 

coastal facies, open marine facies, and algal mound facies. The following describes and 

interprets microfacies within facies, and then facies themselves. 

Descriptive Microfacies

Carbonate facies consist of various proportions of three carbonate microfacies. These 

microfacies are defined by three allochem assemblages which occur in three unique 

geographic regions in the study area. These assemblages consist primarily of: 1) ooids , 2) 

tubular foraminifera, and 3) brachiopod, echinoderm, and phylloid algae grains. 

Discussion of microfacies will focus on allochem abundance, allochem diversity, 

characteristics of individual types of allochems, and presence of other lithologic 

constituents (such as siliciclastic mud and carbonaceous material) within these 

microfacies. Specific bed geometries, primary depositional structures, textures, and other 

lithologic characteristics of these microfacies are unique only to particular facies. 

Therefore, only a general description of ranges of these characteristics is discussed at the 

microfacies level.

Ooid Microfacies

Description

Ooid microfacies contains allochem assemblages consisting primarily of ooids, 

which occur in light-grey colored, packstone and grainstone textures, and in tabular, 

wavy- and wedge-shaped beds. Complex primary depositional structures (e.g., cross-
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FACIES COMPONENT MICROFACIES RELATIVE WATER DEPTH

OOID BEACH_________ OOID MICROFACIES NEARSHORE MARINE - SUBAERIAL

SANDY CALC. MDRK
(Within and above normal wave base)

SUBTIDAL OOID - OOID MICROFACIES SHALLOW OFFSHORE (At & below

SANDY CALC. MDRK normal wave base)

REST. CSTL. TROUGH TUBULAR FORAMINIFERA OFFSHORE (Within and below
CALCAREOUS MUDROCK storm wave base)

OPEN MARINE ECH. BRACH. ALGAL OFFSHORE (Within storm wave base)

CALCAREOUS MUDROCK

SUBTIDAL SALINE TUBULAR FORAMINIFERA SHALLOW OFFSHORE (At &
EMBAYMENT

CALCAREOUS MUDROCK below normal wave base)

ALGAL MOUND ECH. BRACH. ALGAL OFFSHORE - SUBAERIAL

TUBULAR FORAMINIFERA

OOID MICROFACIES

CALCAREOUS MUDROCK

Table II. Facies, component microfacies, and interpreted relative water depths of 
deposition associated with carbonate facies.
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stratification) sometimes occur within these beds as explained later. Allochems comprise 

50 to 80% of this microfacies. Allochem assemblages are generally non-diverse, and 

consist of 90 -100% ooids and less than 10% of uncoated dasyclad algae, tubular 

foraminifera, echinoderms, and phylloid algal grains (Fig. 35). Ooids consist of 

alternating concentric laminae of tangentially oriented acicular and blocky crystalline 

calcite (after radial fibrous aragonite), which surrounds a nucleus grain (Fig. 36). Ooid 

nuclei are generally dasyclad algae, tubular foraminifera, siliciclastic sand grains, 

echinoderms, and rare phylloid algal grains . Significant quantities of uncoated 

siliciclastic detrital sand and mud-sized grains occur with these carbonate sediments (10

35% and 5-15%, respectively). Allochems other than ooids are usually fragmented and/or 

abraded.

Interpretation

The large abundance of allochems in this microfacies, occurring in packstone and 

grainstone textures, indicates rapid carbonate generation rates relative to bio-degradation 

rates (App. 1). Occurrence of wavy and lens-shaped bed geometries and complex primary 

depositional structures indicate significant influence by hydromechanical processes.

High proportions of ooids in this microfacies suggests carbonate production mainly by 

chemical, as opposed to biologic mechanisms. Concentrically laminated ooids form by 

direct (or biologically enhanced) chemical precipitation of aragonite around a nucleus 

grain (Milliman, 1974, Bathurst, 1975, and Gerhard, 1984). Warm, carbon-dioxide 

deficient, calcium ion-rich marine conditions favor precipitation of inorganic carbonate. 

Concentric laminae containing tangential fiborous microstructure represents 

precipitation in normal marine salinities. Radial fibrous microstructure
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Figure 35. Relative proportions of allochems (by percent) in ooid microfacies
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Figure 36. Photomicrograph of ooid microfacies. Note dasyclad algae (DA) and tubular 
foraminifera (TF) nuclei; alternating micrite and radial-blocky micro structure within 
ooid concentric laminae; and presence of mud and sand-size detritus. This particular 
photomicrograph is of ooid microfacies associated with ooid subtidal facies. (Sample IV- 
16.4, collected from measured section #4, cycle 7c).



T-3462 85

represents precipitation in hyper-marine salinities (Gerhard, 1984). Concentric laminae 

demonstrating alternating tangential and radial fiberous micro structure represent 

precipitation of carbonate in alternately normal and hyper-saline marine conditions.

Presence of significant quantities of siliciclastic detritus indicates significant rates 

of siliciclastic influx. This influx of detritus apparently did not inhibit chemical 

carbonate production. Comparatively higher proportions of sand-size detritus (compared to 

detrital mud) indicates winnowing and dispersal of mud-sized detritus.

Occurrence of small proportions of fragmented, abraded skeletal grains suggests that 

these grains were not generated in place, but were perhaps mechanically transported into 

environments where this microfacies was deposited, from nearby biologically productive 

zones. Common occurrence of dasyclad algae and tubular foraminifera grains as ooid 

nuclei indicate close proximity to and/or preferential mechanical transport to these 

depositional sites. Lack of unabraded in-situ skeletal grains indicates slow rates of 

biologic carbonate production during deposition of this microfacies.

In summary, ooid microfacies represents high rates of chemical carbonate 

generation, low rates of bio-degradation, and significant, but as yet, un quantified rates of 

hydromechanical influence. Alternately normal- and hyper-saline, sub-aqueous 

conditions were present during deposition of this microfacies.

Tubular Foraminifera Microfacies

Description

Tubular foraminifera microfacies consists primarily of tubular foraminifera 

skeletal grains in mudstone to wackestone textures and occurs in massive, tabular to 

wavy-shaped beds. These lithologies are medium to dark-grey colored. Allochems in this 

microfacies are sparse to moderately abundant (comprising 0 - 30% of sediments).
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Allochem assemblages are moderately diverse and consist of 40 - 45% tubular 

foraminifera, 0-20% ostracods, 0 -10% ooids and/or pellets, 0-10% fusilinids, 0-10 % 

brachiopods, 0 - 5% dasyclad algae, and 0 - 5% gastropods (Fig. 37). In this assemblage, 

allochems are generally non-fragmented. Small quantities of fragmented phylloid 

algae, echinoderms (crinoids), bryozoa, and Komia grains sometimes occur in this facies 

(Fig. 38). Fragmented allochems commonly contain micrite outer rims, as well as 

encrusting tubular foraminifera on one side of these grains. Peloids, ranging in size 

from 1/16 to 1/8 inch in diameter, are another allochem type which occurs rarely in this 

microfacies. Significant amounts of mud-sized detrital material occurs disseminated 

throughout these rocks. Disseminated, pitch-black-colored flecks, and black-colored, 

opaque residue occassionally lines skeletal grains. Individual horizontally oriented 

feeding traces occur in this microfacies.

Interpretation

Sparse to moderate biotic allochem abundance in this microfacies indicates small to 

moderate mega-biologic carbonate production rates, relative to biodegradation rates. 

However, micritized, encrusted characteristics of skeletal constituents, bioturbation, and 

primary depositional structures indicate that rates of biodegradation and overall burial 

rates were also slow, even though they exceeded biologic carbonate production rates. Mud

rich textures suggest hydromechanical dispersal rates were not significant.

Occurrence of sparse, unfragmented tubular foraminifera, brachiopod, gastropod, 

and ostracod grains represents relatively slow in-situ biologic carbonate generation in 

slightly stressed, marine environments (e.g., where abnormal salinities, photic levels,
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Figure 37. Allochem types and relative abundances in tubular foraminifera microfacies.
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Figure 38. Photomicrograph of tubular foraminifera microfacies. Note non-abraded 
foraminifera (F) and abraded algal and echinoderm skeletal grains (A & E), and 
diseminated opaque carbonaceous material (C). Encrusting foraminifera also commonly 
occur on fragmented skeletal grains (not pictured). Sample III-25, collected from 
measured section # 3, cycle 7 (c).
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and nutrient levels exist). Occurrence of significant quantities of detrital mud 

disseminated throughout this microfacies indicates coeval suspension deposition of mud

sized detritus and therefore high turbidity levels during deposition of this microfacies. 

Perhaps high turbidity levels limited biologic carbonate production during deposition of 

this facies.

Absence of primary sedimentary structures, other than rare wavy bedding and faint 

parallel whispy laminae, suggests that hydromechanical energy had relatively minor 

influence in deposition of this microfacies. Phylloid algal, echinoderm, bryozoa, and 

Komia grains, which are fragmented and occur in minor quantities throughout this 

microfacies, are documented skeletal constituents in rocks representing well circulated, 

non-turbid, marine environments having normal salinities (Wray,1983; Wilson and 

Jordan, 1983). This environmental interpretation contrasts with those inferred by skeletal 

assemblages rich in tubular foraminifera. The occurrence of fragmented phylloid algal, 

echinoderm, bryozoa, and Komia grains in this microfacies and their contrasting 

environmental origin suggest that these grains are allochthonous. Perhaps these 

fragmented grains were incorporated into tubular foraminifera microfacies by 

hydromechanical transport over short distances from nearby constrasting environments. 

Therefore, hydromechanical processes may have played a minor yet significant role in 

the deposition of this microfacies.

Micritized and encrusted grains indicate exposure to biologic degradation at the 

sediment/water interface over long periods of time. Slow burial rates are one situation in 

which allochems are subjected to biodegradation processes over long periods of time.

Occassional occurrence of continuous black wisps (carbonaceous and other residue) 

and only occasional individual burrows indicate that bioturbation rates were not rapid 
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enough to completely homogenize sediments and oxidize carbonaceous material. Dark 

color and presence of unoxidized continuous carbonaceous wisps and non-pervasive 

bioturation indicate deposition of this microfacies in slightly oxygen- deficient or 

hypersaline environments.

Rare occurrence of peloids in this microfacies further supports the hypothesis of slow 

burial rates and also constrains marine conditions limiting biotic carbonate production. 

Chafetz (1986) believes that peloids result from biologically induced aragonite mud 

precipitation, due to the activity of nitrogen-reducing bacteria at the sediment/water 

interface, in environments where decomposing plant and animal matter is present. 

Environments where depleted oxygen levels or elevated salinities reduce the number of 

organisms grazing on organic matter at the sediment/water interface are ideal settings 

for developement of large nitrogen-reducing bacteria populations. These environments 

contain considerably fewer organic scavanging organisms (such as gastropods, trilobites, 

brachiopods, echinoids, etc. and oxygen- reducing bacteria, Gerhard, personal commo), 

but support large or significant populations of blue-green algae. It is suggested that peloids 

in this microfacies are a result of nitrogen-reducing bacterial activity (related to 

decomposition of blue-green algal or other material) in oxygen deficient or slightly 

hypersaline marine environments.

Other workers suggest several origins for peloids, in carbonate and evaporitic strata. 

Milliman (1974) and Bathurst (1975) suggest a fecal origin, from burrowing and other 

organisms, for peloids. Lack of extensive bioturbation in this microfacies suggests that 

another mechanism may be responsible for the occurrence of peloids.

Illing (1954), Gerhard (1978), Macintyre (1985), and Eighty (1985), suggest an early 

diagenetic (pre-and syn-burial) or tele-diagenetic (karstification) origin of peloids 
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through inorganic precipitation of carbonate. Occurrence of peloids in carbonate mud, and 

lack of any syn-or post- burial diagenetic cements of fabrics suggests that diagenetic 

origins are not applicable to peloids in tubular foraminifera facies.

Others believe some peloids are mechanically rounded and abraded skeletal grains 

(James, et al., 1976), or biologically degraded skeletal grains (e.g., through boring and 

ingestion by other organisms, Gerhard, 1984). Lack of significant hydromechanical 

influence and occurrence of peloids in less fossiliferous zones in tubular foraminifera 

microfacies suggests that another mechanism may be responsible for this occurrence of 

peloids.

In summary, tubular foraminifera microfacies represent slow rates of biologic 

carbonate production (and slow burial rates), slow to moderate rates of bioturbation and 

little to moderate hydromechanical influence. Turbid, depleted oxygen levels, and/or 

slightly elevated salinities are responsible for these depressed sedimentary conditions. 

Allochthonous skeletal grains and rare wavy bed configurations are a result of periodic 

small to moderate pulses of hydromechanical energy.

Echinoderm, Brachiopod, Algal Microfacies

Description

Echinoderm, brachiopod, algal microfacies contains allochem assemblages which 

consist primarily of echinoderm (5 -15%), brachiopod (10 - 40%), and phylloid algae (25 - 

50%) grains (Fig. 39). Significant quantities of Komia , gastropods, dasyclad algae and 

foraminifera also occur in this microfacies. These diverse skeletal assemblages are 

moderately to very abundant, comprising 30 - 70% of this microfacies, and exhibit 

wackestone through packstone textures. Beds are medium to light-grey colored, tabular to 

wavy-shaped, and are massive.
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Allochems are randomly oriented and are generally non-fragmented. Komia grains 

exhibit vertically oriented, digitate morphologies. Very small quantities of these grains 

are encrusted by tubular foraminifera, and micrite rims are not present on allochems. 

Four types of phylloid algae occur in the field area (Tillman, 1971), but diagenetic effects 

have obscured all but major morphological characteristics of these skeletal grains. 

Examination of a small number of unaltered phylloid algae specimens suggests that 

Eugonophyllum is the most common recognized genus of the morphologic group possessing 

medula and cortex components of cell wall structure. Archeolithopyllum, which contains 

a different cell wall structure, is the other commonly recognized phylloid algae type. 

Volumetrically, Eugonolithophyllum represents over 90% of phylloid algae occurring in 

the study area. Tillman (1971) made similar observations and conclusions with respect to 

occurrence of phylloid algae in the study area. Low to moderate quantities of sili ci clastic 

silt and clay-size detritus occurs disseminated throughout these rocks.

Interpretation

Occurrence of non-micritized, non-encrusted skeletal grains in this microfacies 

indicates rapid biologic carbonate production rates and burial rates, relative to 

bioprocessing rates and hydromechanical dispersal rates (App. 1). Absence of primary 

depositional structures, except wavy bed geometries, suggests high rates of bioturbation 

relative to hydromechanical influence.

Diverse, abundant skeletal assemblages indicates deposition of this microfacies in 

non-turbid, normal photic and normal salinity marine conditions. Eugonophyllum, and 

ArcheolithophyHum , are interpreted by other workers as upright, leafy, semi-rigid, 

photosynthesizing calcareous organisms which grew at the sediment/water interface 

(Wray, 1964; Tillman, 1969). Komia (ancestral red algal) skeletal grains, contains a
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Figure 39, (a). Allochem types and relative abundances in echinoderm, brachiopod,
algal facies.

(b). Photomicrograph of echinoderm(E), brachiopod (B), algal (PA- phylloid, DA 
Dasyclad algal) microfacies. Note diverse skeltal population, and random allochem 
orientations. Sample III-27, collected from measured section #3, cycle 8 (a).
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dense microstructure, occurs in digitate morphology and is interpreted by other workers as 

upright rigid forms which grew in relatively agitated marine environments (Tillman, 

1971; Johnson, 1966). As morphology of organisms commonly correspond to the function 

(or conditions) in modem marine environments (Gerhard, 1986, personal 

communication), it is possible that the origin of these semi-rigid to rigid skeletal 

organisms was in hydromechanically active environments. However, low 

fragmentation of carbonate grains indicates that hydromechanical energies were for the 

most part non-destructive. The occurrence of randomly orientated, moderately 

fragmented, platy skeletal grains within and surrounding relatively intact Komia algal 

grains, suggests entrapment of carbonate grains by baffling effects of algae, in 

moderately agitated environments. Analogous entrapment of clastic and in-situ 

carbonate grains by baffling effects of organisms occur today in submarine grass beds 

adjacent to the U.S. Virgin Islands (Gerhard, 1986). Paucity of micrite rims and 

encrusting organisms on skeletal grains suggests only short exposure time of allochems to 

biodegradation processes at the sediment/water interface, and therefore high burial rates.

Presence of low to moderate quantities of disseminated siliciclastic mud-size detritus, 

in combination with inferred high biotic carbonate generation rates, indicate minimal 

rates of coeval detrital suspension deposition processes. Therefore, marine tubidity levels 

were likewise minimal.

In summary, this microfacies is a result of high carbonate generation rates, moderate 

biodegradation rates, and moderate hydromechanical processes. Normal salinities, and 

minimal turbidity conditions characterize marine conditions associated with this 

microfacies.
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Easks

Carbonate facies consist of characteristic proportions of microfacies, which exhibit 

unique bedset and bed geometries, primary depositional structure, textures, and other 

lithologic characteristics unique to each facies.

Ooid Beach Facies

Description

Ooid beach facies consists almost exclusively of ooid microfacies in which allochems 

exhibit grainstone textures, and minor proportions of calcareous mudrock microfacies.

These microfacies occur in thin to moderately thick, laterally continuous bedsets 

composed of a complex mixture of wavy-tabular, hummocky, and wedge-shaped beds 

(Figs. 40 & 41). Bedset thickness ranges from five to fifteen feet, and lateral continuities 

exceed 1/4 mile (plate 1).

Wavy-tabular shaped beds are generally less than two inches thick, have lateral 

dimensions less than three feet, and exhibit massive internal structure. Crests of wavy 

bed geometries strike north-northwest. Mudcracks filled with siliciclastic sand and mud 

grains, and thin zones of intraclastic breccias are rarely observed (Fig. 42). Lower 

contacts are sharp planar or irregular shaped and do not significantly truncate 

underlying lithologies. Thin sandy siltstone laminae (calcareous siltstone laminae) 

regularly separate these beds.

Hummocky shaped beds are less than five inches thick, less than two feet long, and 

contain very complex laminasets of trough cross-lamination (Figs. 40 & 41). Lower 

contacts are broad concave shaped and truncate underlying strata.

Wedge-shaped beds are less than six inches thick, less than three feet long, and 

contain west and southwest-facing low angle parallel planar cross-laminae. Lower
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Figure 40. Field photograph of ooid beach facies exposed at measured section #4,cycle 7 
(c). Note complex bed geometries and internal structures.
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Figure 41. Summary of individual bed configurations, internal depositional structures, 
and relative orientation of cross laminae in ooid beach facies exposed in measured section 
#4, cycle 7 (c), pictured in figure 42.
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Figure 42. Photograph of mudcracks (MC) and intraclastic breccias (IB) in ooid beach 
facies exposed in measured section #4, cycle 7(c). Relief on mudcracks is approximately 
1/2 inch.
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contacts are planar and truncate underlying strata. Wedge-shaped, small-scale trough 

cross-laminated beds are less than four inches thick and are less than 1 1/2 feet long. 

Lower contacts are concave shaped, and significantly truncate underlying strata. Axes of 

trough shaped laminae are oriented in south directions.

Ooid and siliciclastic grains in ooid microfacies are fine to medium sand sized, 

moderately well to well sorted, and display grain stone textures. Isopachous cements line 

grain boundries and microspar occurs in interparticle regions (Fig. 43). Significant 

proportions of sand size (10-30%) and mud size (5-15%) detrital siliciclastic grains occur 

disseminated throughout ooid microfacies in ooid beach facies (Appendix 2).

Calcareous mudrock microfacies in ooid beach facies are deep-red colored, massive, 

and contain significant proportions (13-30%) of sand-size platy micaceous grains, equant 

feldspar and quartz grains, and ooids (as described earlier). Beds are less than one inch 

thick and are tabular to wavy tabular shaped. This variety of calcareous mudrock 

microfacies occurs interbedded with ooid grainstone beds.

Interpretation

The occurrence of this facies in laterally continuous bedsets indicates large lateral 

extent of depositional environments associated with this facies. The exclusive association 

of ooid microfacies with this facies indicates sedimentation due to high chemical 

carbonate generation rates (via ooid precipitation), low (or insignificant) bio-degradation 

rates, and significant hydromechanical activity, in alternately normal/hypersaline 

marine conditions. The presence of complex bed and internal depositional structural 

characteristics and grain stone textures indicate that hydromechanical processes were 

indeed a major factor controlling the deposition of this facies.
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Figure 43. Photomicrograph of ooid microfacies occurring within ooid beach facies. Note 
microspar (MS) and isopachous cement (IC) lining ooids. Also note original dasyclad 
algae nucei (DA) replaced by calcite.



T-3462 101

The occurrence of laterally continuous wavy-tabular shaped beds indicates 

significant lateral room for sediment accommodation. Absence of sedimentary structure 

(i.e., massive texture) suggests deposition of grains by sudden decrease in competency of 

traction currents. In this case, bioturbation is an unlikely mechanism to create massive 

textures, as elevated or fluctuating salinity conditions are prohibitive to burrowing (and 

many other) organisms. In addition, contacts of these relatively thin beds are not 

truncated by burrows. The sharp planer nature of lower contacts, along which slight 

truncatation of underlying lithologies occurs, suggests small, even amounts of scour 

during deposition of beds. Wavy upper contact configurations represent reworking of 

upper portions of beds by moderate to high frequency oscillatory traction currents. 

Interbedded sandy siltstones represent intervening periods of siliciclastic suspension 

deposition, between major pulses of ooid grainstone deposition. Oscillatory traction 

current directions were to the southwest and northwest.

Wedge-shaped, slightly-inclined, parallel cross-laminated grainstones represent 

accretion of sediments on a linear crested, inclined depositional front. Massive nature of 

individual wavy tabular beds indicate rapid deposition by decrease in traction current 

competence. The regularity of laminae thickness and spacing suggests that accretion 

events occurred regularly through time. Sediment transport, or "depositional front" 

migration directions were to the southwest.

Hummocky-shaped and cross-laminated beds represent deposition of sediments on 

the lee side of variably oriented dune and hummock features, due to variably oriented low 

frequency oscillatory traction currents. Analysis of field data does not reveal any obvious 

dominant sediment-transport directions. Hummocky cross-stratification represents 

multidirectional oscillatory current motion (Harms, 1979). Components of 
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southeast/northwest, northeast/southwest current motion, among others were derived from 

orientation of hummocky cross-laminae.

Small-scale, trough cross-laminated beds indicate presence of unidirectional upper- 

low flow regime traction currents, resulting in the formation, migration, and partial 

preservation of sinuous crested dune forms (Harms, 1979). Sediment transport directions, 

derived from orientations of trough cross-laminae, were to the southeast.

The pervasive presence of lower bed contacts which truncate underlying lithologies, 

suggests significant amounts of scour associated with depositional processes, and 

therefore, relatively shallow depositional settings. The occasional presence of mudcracks 

and breccias indicates periodic exposure of these relatively shallow water sediments to 

sub-aerial dessication and brecciation processes (Shinn, 1983). However, the ubiquitous 

presence of isopachous and microspar cement in intergrain regions illustrates that 

deposition of these shallow marine sediments occurred below tidal influences (within 

phreatic zones, Inden and Moore, 1983).

The coincidence of oscillatory and unidirectional traction current indicators, 

interpreted sub tidal to sub-areal depositional conditions, and large lateral extent of this 

facies, suggests that these sediments were deposited in nearshore marine environments 

(Fig. 44). Wedge-shaped, low-angle, cross-stratified beds indicating southwest sediment

transport directions, are interpreted as foreshore accretion deposits. Southwest-northeast- 

oriented hummocky cross-strata, and southeast oriented small-scale, trough cross

laminae are interpreted as shoreface deposits effected by oscillatory tide and wave 

currents oriented perpendicular to the paleo-coast, and by southeasterly longshore 

currents. High photosynthetic activity is usually associated with shallow marine waters 

adjacent to coastlines, resulting in decrease of marine carbon-dioxide content. Calcium
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relationships of marine currents and depositional environments associated with ooid 
beach facies and ooid subtidal facies.
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concentrations of marine water may be locally higher due to influx of calcium rich fresh 

water. Direct precipitation of aragonite and therefore ooid generation is favored in these 

nearshore sub-aqueous environments - where high water temperature, low carbon-dioxide 

concentration, and high calcium ion concentrations are present (App. 1).

In summary, as originally hypothesized from observations of ooid microfacies, 

chemical carbonate generation, and hydromechanical processes were most significant 

processes controlling sediment production and deposition in this environment. Analysis 

of carbonate grain and textural characteristics, primary depositional structures, and early 

diagenetic products indicates deposition of this facies in nearshore beachface and 

shoreface environments (Fig. 44).

Ooid Sub tidal Facies

Description

Ooid subtidal facies is very similar to ooid beach facies and consists almost 

exclusively of ooid microfacies and lesser proportions of calcareous mudrock facies. 

These microfacies occur in laterally extensive, moderately thick bedsets, composed of thin 

tabular shaped beds. Geometric attributes of bedsets are identical to ooid beach facies. 

Thin, tabular shaped, massive individual bed characteristics is unique to this facies. Bed 

thickness ranges from one to three inches, and lateral continuity exceeds 20 feet (Fig. 45).

Allochems in ooid microfacies exhibit massive, wackestone and packstone textures. 

These assemblages are identical to those in ooid beach facies, but are only moderately 

sorted, and comprise only 30 to 40% of ooid microfacies lithologies (Fig. 36).

Calcareous mudrock microfacies also exhibits nearly identical characteristics to this 

microfacies in ooid beach facies. Beds one to three inches thick are massive, and contain 

significant proportions of ooid carbonate, and platy and equant shaped detrital silicate
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Figure 45. Photograph of ooid subtidal facies in the Booth Creek study area (measured 
section #1, cycle 7 b. Note wavy-tabular bed configuration and sandy (detrital) red-brown 
colored laminae (RBL).
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grains. Isolated, randomly oriented linear burrows are rarely observed in both 

microfacies in ooid sub tidal facies.

Interpretation

Large lateral continuity of bedsets and individual beds within this facies indicates 

large lateral extent of depositional environments in which ooid subtidal facies were 

deposited. Nearly exclusive association of ooid microfacies with this facies again 

indicates high chemical carbonate generation retes, low biodegradation rates, and 

significant hydromechanical influence during deposition.

Tabular bed shapes, and massive wackestone and packstone textures associated with 

ooid microfacies indicates deposition below the effects of normal wave energy. Massive 

textures indicates deposition of this microfacies by sudden decrease in hydraulic flow 

velocity. Perhaps periodic storm surge currents are responsible for deposition of these 

marine sediments. The occurrence of isolated burrows indicates low rates of bioturbation, 

relative to rates of deposition. Elevated or fluctuating salinities prevented complete 

homogenization of sediments by bioturbation (as in ooid beach facies), and massive 

textures are a primary depositional feature.

Occurrence of calcareous mudrock beds between ooid wackestone and packstone beds 

indicates alternate periods of mud-size carbonate and siliciclastic detrital accumulation. 

Occurrence of lesser proportions of carbonate and siliciclastic sand size grains 

disseminated throught this microfacies indicates proximity to, or periodic exposure to 

significant hydrologic transportational currents.

In summary, ooid subtidal facies represents high rates of chemical carbonate 

generation and relatively low but significant rates of biodegradation and 

hydromechanical activities. Deposition of sandy calcareous mudrocks, below or just 
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within the effects of normal wave energies, were regularly interrupted by deposition of thin 

beds of ooid wackestones and packstones (Fig. 44).

Restricted Coastal Facies

Description

Restricted coastal facies consists of equal proportions of tubular foraminifera 

microfacies, which exhibit mudstone and wackestone textures, and minor amouunts of 

calcareous mudrock microfacies (Fig. 46a). These two microfacies occur in tabular to 

wavy-tabular shaped beds in thick, laterally continuous, tabular bedsets.

Bedset thickness is generally less than thirty feet, and lateral continuity is greater than 

1/4 mile (Plate 1).

Thickness of tabular and wavy-tabular shaped, tubular foraminifera microfacies 

beds is less than four inches, and lateral continuity exceeds twenty feet. Individual 

calcareous mudrock microfacies beds are less than 1 1/2 inch thick and occur in between 

tubular foraminifera microfacies beds. Both types of beds are massive. Rare parallel 

laminae are present in carbonate beds. Calcareous mudrock beds are weakly fissile. 

Distinct, large horizontally oriented burrows are also occasionally observed within both 

types of beds (Fig. 46b).

Interpretation

The occurence of restricted coastal facies in thick, laterally continuous bedsets, with 

laterally continuous component beds, indicates constant depositional rates and 

accommodation of sediments over very large lateral areas. Primary association of 

tubular foraminifera microfacies with this facies indicates slow to moderate rates of 

biologic carbonate production, slow to moderate rates of bioturbation, and little to moderate 

hydromechanical influence. Turbid, oxygen-depleted, marine conditions are responsible
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Figure 46 a. Photograph of beds of calcareous mudrock and tubular foraminifera 
microfacies comprising restricted coastal facies (exposed in measured section #2, cycle 12 
a). Note tabular and wavy geometry, lateral continuity, and relatively thin thickness of 
beds.
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Figure 46 b. Note rare, distinct, large burrow within restricted coastal facies.
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for these depressed sedimentary rates. Allochthonous (fragmented, micritized, and 

encrusted) skeletal grains and rare wavy bed configurations are a result of periodic small 

to moderate pulses of hydromechanical energy. Presence of calcareous mudrock beds 

between tubular foraminifera microfacies beds indicates that carbonate generation was 

periodically overwhelmed by siliciclastic mud suspension deposition.

Occurrence of tabular bed geometries and rare parallel laminae, and wavy-tabular 

bed geometries indicate the effects of both quiescent and osscillatory traction currents 

during or subsequent to the deposition of these beds. The absence and presence of 

oscillation traction currents indicates desposition of these sediments below the effects of 

normal wave energies, and within the influence of storm wave energies. Partial 

preservation of primary depositional structure (i.e., parallel laminae) in some beds 

indicate that burrowing organisms did not significantly re-work these sediments, even 

with slow depositional rates associated with this environment of deposition. Low levels of 

bioturbation activity in addition to carbonaceous and pyritic content of these sediments 

also suggest oxygen depleted marine conditions during deposition of this facies. Absence 

of fabrics produced by hypersaline conditions suggests that low oxygen levels were the 

primary factor contributing to stressed marine conditions.

In summary, restricted coastal facies represent relatively constant but slow carbonate 

generation rates, interrupted by regular episodes of suspension deposition of significant 

quantities of siliciclastic mud. Carbonate deposition and burial rates were limited by 

turbid, oxygen-depleted marine conditions. These depositional environments were below 

the effects of normal wave energies and were within the effects of oscillatory storm wave 

energies.
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Saline Embayment Facies

Description

Saline embayment facies is very similar to restricted coastal facies, but differs 

slightly with respect to primary depositional textural, structural, and allochem 

constituents. Saline embayment facies consists of interbedded tubular foraminifera 

microfacies and minor calcareous mudrock microfacies. Individual beds exhibit tabular 

to wavy-tabular shapes, and bedsets are less than thirty feet thick, and less than 1/4 mile 

long (plate 1). Beds consisting of tubular foraminifera microfacies are less than three 

inches thick, are greater than twenty feet long, and exhibit mudstone textures. Beds 

consisting of calcareous mudrocks are less than 1 1/2 inches thick, are over twenty feet 

long, and exhibit siltstone and siltshale textures. Both types of beds are usually massive, 

but asymmetric, symmetric, and parallel laminae are commonly present. Although 

consistant quantitative geometric characteristics of these laminae were not determinable, 

relatively high abundance of ripple laminae, relative to parallel laminae, was observed.

Allochem assemblages in tubular foraminifera microfacies exhibit the following 

unique characteristics: veiy sparse (comprising less than 10% of carbonate beds), non- 

diverse tubular foraminifera and fusilinid (40%), and ostracod(20%) skeletal 

assemblages; significant quantities of peloids (10%); significant quantities of angular 

massive and finely laminated micrite intraclasts (10%), and fragmented phylloid algal, 

brachiopod, echinodum, and Komia grains(10%, Fig. 47). Diffusely mottled light and 

dark-grey zones and significant quantités of disseminated argillaceous material also 

occur in this variety of tubular foraminifera microfacies.

Calcareous mudrock microfacies contain the same relative proportions of allochem 

types as just described in tubular foraminifera microfacies, but are volumetrically less
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Figure 47 a&b. Photomicrographs of tubular foraminifera microfacies in saline 
embayment facies. Note variety of intraclasts (i.e., echinoderm, brachiopod, algal - EBA; 
tubular foraminifera - TF; and micrite - M). Both samples are from cycle 12(c) level of 
measured section #5.
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abundant (comprising less than 5% of beds consisting of this microfacies). This 

microfacies is light-red and brownish-cream-colored. Very sparse horizontally oriented 

burrows occur in both microfacies in this facies.

Interpretation

Occurrence of interbedded tubular foraminifera and calcareous mudrock 

microfacies in relatively thick, but laterally limited regions suggests that processes 

resulting in the deposition of these bedsets were limited to relatively small areal regions. 

Primary occurrence of tubular foraminifera microfacies in saline embayment facies 

indicates slow rates of biologic carbonate production (and slow burial rates), slow to 

moderate rates of bioturbation and little to moderate hydromechanical influence. 

Presence of calcareous mudrock beds between tubular foraminifera beds indicates that 

carbonate generation was periodically overwhelmed by siliciclastic mud suspension 

deposition.

Wavy-tabular-shaped beds containing significant quantities of symmetric and 

asymmetric laminae indicate that oscillatory traction currents were periodically present 

in this environment. Tabular shaped beds containing parallel laminae indicate 

deposition of sediments in quiescent waters. The comparatively high occurrence of 

asymmetric and symmetric laminae, relative to parallel laminae suggests that these 

sediments were effected quite frequently by oscillatory traction currents, and that 

quiescent depositional conditons were less frequent. Asymmetric ripple laminae are 

formed by oscillatory currents in which one component of oscillatory motion is greater 

than the opposite component of motion, across a gradually shoaling sea floor bottom 

(Harms, 1979). Therefore, this facies represents deposition in environments just within 

and below the effects of normal wave energies, and well within the effects of storm waves



T-3462 114

on a laterally shoaling marine bottom. The occurrence of very sparse, non-diverse 

skeletal assemblages indicates severe marine water chemical and/or physical controls on 

biologic carbonate generation. Occurrence of significant quantities of peloids and 

relative lack of bioturbation indicates aragonite mud precipitation, due to the activity of 

nitrogen-reducing bacteria, in hypersaline or oxygen-deficient marine settings at the 

sediment/water interface (Chafetz, 1986). The presence of diffuse, light and dark-grey 

mottled zones is interpreted as incipient patterned evaporitic textures. Brown-cream and 

deep-red colors in calcareous mudrocks may represent crypto-crystalline windblown or 

marine dolomitic or aragonitic mud. Shinn (1983) sites modern and ancient evidence 

linking these color patterns to proposed mineralogies and (hyper-saline) subtidal marine 

environments. Absence of carbonaceous, pyritic material in this variety of tubular 

foramifera microfacies suggests that hypersaline marine conditions, rather than depleted 

oxygen levels was the major cause of stressed marine conditions.

The presence of angular carbonate mud intraclasts indicates periodic subaerial 

exposure, rip-up, transport, and deposition, of partially lithified carbonate sediments. 

Perhaps rare wide tidal fluctuation (e.g., storm tides, etc.) periodically exposed submarine 

sediments (normally deposited within the lower reaches of normal wave energies) to 

subaerial or shallow nearshore rip-up and transportational processes. Intraclasts 

exhibiting similar textural, skeletal, and structural characteristics in comparison to 

lithologies hosting intraclasts are interpreted as "in situ" clasts. Intraclasts exhibiting 

anomolous lithologic characteristics are interpreted as allochthonous clasts (transported 

from nearby environments during regional low stands in relative sea level).

In summary, saline embayment facies represents very depressed carbonate 

generation rates and biodegradation rates due mainly to high marine salinities and 
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alternating episodes of siliciclastic suspension deposition. Occurrence of calcareous 

mudrock facies indicates periodic turbid marine conditions. Both microfacies within this 

facies indicate deposition within the effects of normal wave energies and unusually low 

tidal ranges. The limited geographic extent of this facies and interpreted hypersaline 

marine conditions suggest that this facies was deposited in a bathymetrically and/or 

structurally controlled region.

Open Marine Facies

Description

Open marine facies consists primarily of echinoderm, brachiopod, phylloid algae 

microfacies, and minor amounts of calcareous mudrock microfacies. This combination 

of microfacies occurs in thin to moderately thick tabular-shaped beds, interbedded in 

bedsets which are less than thirty feet thick and over 1/4 mile long (Fig. 48, Plate 1).

Individual beds in bedsets display tabular and wavy-tabular bed geometries. Beds 

consisting of echinoderm, brachiopod, and phylloid algae microfacies are less than six 

inches thick, over twenty feet long, and display wackestone and rare packstone textures. 

Beds consisting of calcareous mudrock facies are relatively rare, but where present occur 

between carbonate beds and display thicknesses less than one inch and lengths greater 

than twenty feet. Both types of beds exhibit massive structure.

Noteworthy lithologic characteristics of carbonate lithologies are moderate to low 

quantities of argillaceous material and abundant, diverse allochem assemblages.

Interpretation

The tabular, laterally continuous nature of bedsets of open marine facies indicates 

constant depositional rates over laterally extensive areas during deposition. The 

volumetric abundance of echinoderm, brachiopod, phylloid algae microfacies suggests
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Figure 48. Photograph of open marine facies (exposed in measured section #3, cycle 8b). 
Note large bed thickness, tabular shape and large lateral continuity of bedsets of this 
facies.
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high carbonate generation rates, moderate biodegradation rates, and moderate 

hydromechanical influence during deposition of this facies. Normal salinities, and 

minimal turbidity conditions characterize marine physical and chemical characteristics 

during deposition of this microfacies. Rare presence of calcareous mudrock microfacies 

between carbonate beds suggests rare interruption of carbonate deposition due to high 

marine turbidity and suspension deposition of siliciclastic mud sized sediments.

The presence of wavy-tabular and tabular bed configurations suggests both influence 

of oscillatory traction currents, and quiescent water conditions. Absence of primary 

depositional structure and presence of abundant feeding traces indicates complete 

homogenization of sediments by burrowing organisms. The presence of carbonate mud- 

supported textures also indicates absence of persistent winnowing hydromechanical 

currents, or protection from these currents by baffling function of rigid calcareous algae 

present in this microfacies.

Noted lithologic characteristics of echinoderm, brachiopod, algal microfacies, such as 

low quantities of argillaceous material, and abundant allochem assemblages emphasizes 

hypothesized high photic levels, low turbidity, and normal salinities of marine water 

associated with deposition of open marine facies.

Inferred high carbonate generation rates, moderate to low influence of oscillatory 

traction currents and well oxygenated marine settings indicates normal marine 

depositional conditions within the effects of storm wave energies to perhaps within the 

lower effects of normal wave energies. The minor presence of calcareous mudrock beds 

indicate rare interruption of high carbonate generation and deposition by high rates of 

siliciclastic detrital suspension deposition from a distal siliciclastic source.
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Algal mound Facies

Algal mound facies consists of an assemblage of carbonate microfacies which exhibit 

unique geometric relationships. Bedsets of this facies are tabular shaped, are correlative 

over very large lateral areas, and occur in only two stratigraphic horizons throughout the 

study area (Plate 1). Bedset thickness generally is less than 15 feet, and lateral continuity 

is greater than 1/4 mile. Beds within these bedsets exhibit unique large-scale, pinch and 

swale, or mound geometries (Fig. 49). These bedsets occur in two laterally continuous 

horizons throughout most of the study area, and are called algal mound facies.

Individual mounds have horizontal, planar lower contacts and convex-shaped upper 

contacts (Fig. 50). They are isolated hemispherically shaped bodies, as observed in 

perpendicularly oriented outcrop exposures. Thickness of apex to base portions of mounds 

ranges from four feet to thirty feet. Maximum apex to apex spacing of mounds is 

approximately 150 feet. Scale and spacing of mounds is generally constant in local areas, 

but regional trends throughout the study area are observed. Size and spacing of mounds 

generally decreases in northeast and east directions.

Beds within mounds are laterally continuous in basal regions, but exhibit thickening 

in mound core regions (Fig. 50). Beds in middle and upper portions of mounds are 

laterally discontinuous, and exhibit convex lens shapes that pinch out on lateral mound 

boundries. Beds between and overlying these mounds lap out or significantly thin over the 

sides and top of mounds. Bed thicknesses within mound regions do not exceed five feet. 

These beds surrounding mounds have thicknesses which generally do not exceed four 

inches. Microfacies associated with these mounds transgress bed contacts. Unique 

geometric positions in which microfacies occur are termed mound base, mound core, 

mound apex, and inter-mound zones (Fig 50).
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Figure 49 Photograph and sketch of pinch and swell geometries of algal mound facies in 
cycle 8 b (exposed on the west side of the Booth Creek watershed).
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Figure 50. Field sketch illustrating bed geometries, facies, and overall thickness 
variations in algal mound facies. Data for this sketch was collected 200 yds north of 
measured section #3 within cycle 8 (b) on west Booth Creek canyon wall.
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Mound Base Zones

Description

Mound base zones, which immediately underly the basal contact of mounds, consist of 

a unique variety of echinoderm, brachiopod, algal microfacies. This microfacies occurs 

in thin, laterally continuous nodular- to tabular-shaped beds. Bed thicknesses are usually 

less than three inches. These carbonates are dark-grey colored, argillaceous, sparsely 

fossiliferous (containing 10 - 20% allochems), and contain moderately diverse, intact or 

locally fragmented skeletal grains. Tubular foraminifera, non-tubular foraminifera, 

Komia, and phylloid algae skeletal grains are most common in this microfacies. These 

allochem assemblages exhibit sparse wacke stone textures. Sub-rounded, rhomboid 

shaped, ductily deformed intraclasts, comprised of identical constituents and textures, are 

sometimes observed in this zone.

Interpretation

The laterally continuous, thin, tabular-shaped, argillaceous, sparsely fossiliferous 

character of this zone suggests relatively slow carbonate generation rates over large 

lateral areas, in relatively deep, photosynthetically deprived settings. However, the 

presence of moderately diverse, photosynthesizing organisms, such as Komia and 

phylloid algae, indicates that at least marginal amounts of photic energy, and normal 

salinities, must have been associated with this environment of deposition (Wilson & 

Jordan, 1983).

Relatively few signs of biodegradation, such as micritized or encrusted outer portions 

of allochems, occur in this microfacies, suggesting rapid carbonate generation/burial 

rates relative to biodegradation rates. Massive nature of beds, however, and presence of 

abundant burrows, indicate thorough bioturbation of mound base sediments.
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The non- to locally-fragmented nature of Komia and phylloid algae indicates 

deposition of these grains at or very near their growth locality. The presence of ductily- 

deformed intraclasts suggests hydromechanical transport of clasts from nearby shallow 

relative water depths or in-situ formation of clasts during rare subaerial or nearshore 

tidal or storm exposure periods. Presence of mud-rich textures and absence of vadose early 

diagenetic textures suggests that these depositional sites were not constantly agitated or 

frequently subaerially exposed and most likely represent deposition within storm wave 

energies and below normal wave energies. Perhaps rare wide tidal fluctuations placed 

these sites in lower nearshore relative water depths, facilitating transport of intraclasts 

from other (shallower sites) to their present depositional site. The hypothesized rigid to 

semi-rigid, upright morphologies of Komia and phylloid algae (Wray, 1964; Johnson, 1966, 

Tillman, 1971), in periodically agitated waters may have provided a mechanism for 

clastic carbonate grain entrapment and stabilization, and hence, mound nucleation. 

However, the constant thickness of mound base zones indicates neglegible amounts of 

mounding prior to large mound development.

In summary, characteristics of mound base sediments indicate uniform, moderate 

biogenic carbonate generation rates, relatively low biodegradation proccessing rates, and 

relatively low to moderate hydromechanic sediment transport and dispersal processes, 

during its deposition. These sediments were deposited in relatively deep, photic energy 

limited, normal salinity, periodically agitated marine conditions within the effects of 

storm wave energies, but generally below the effects of normal wave energies.
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Core Zones

Description

Core zones of mounds consist of echinoderm, brachiopod, phylloid algal microfacies. 

These sediments occur in laterally continuous beds that thicken in central portions of 

mounds, and in thickest, most central portions of discontinuous convex lense shaped beds 

which pinch out along the upper contact and sides of mounds (Fig. 50). Medium to light

grey colored, abundant (up to 40% allochems), relatively diverse, non-moderately 

fragmented allochem assemblages occur in this zone. Intraclasts, Komia, echinoderm, 

and phylloid algal grains are most abundant allochems observed (Fig. 51). Gastropods, 

foraminifera, and brachiopods occur in smaller quantities. Wackestone textures grade 

upsection to packstone textures, from lower to upper portions of mound core zones. 

Interclasts display non-fossiliferous mudstone or wackestone textures, and contain 

echinoderm, brachiopod, algal skeletal assemblages. Intraclasts also exhibit variable 

degrees of ductile deformation.

Intraclasts and allochems are randomly oriented and are associated with 

interparticle drusy isopachous grading to blocky spar cements. Increasing amounts of of 

measured section #3 within cycle 8 (b) on west Booth Creek canyon wall, 

these interparticle cements, cements located in voids stratigraphically beneath skeletal 

grains, and geopetal features occur in upper portions of mound core regions (Fig 52).

Interpretation

Non to moderately-fragmented Komia and phylloid algal grains, randomly oriented 

allochems, and sub-anglular intraclasts in significantly thickened portions of mound 

core beds suggest that these allochems and clasts were preferentially trapped and protected 

due to the baffling effects of Komia and phylloid algae. This entrapment and stabilization
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Figure 51. Slabs and thin setion photographs illustrating overall intraclastic (I) texture of 
mound core zones. Note random orientation of allochems, and cement filling 
interparticle voids in slabs (IC). Microscopic examination of thin sections of these slabs 
indicates that interparticle cements are drusy isopachous grading to microspar and 
therefore are submarine (phreatic) cements. These samples were collected 200 yards north 
measured section #3 within cycle 8 (b) on west Booth Creek canyon wall.
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Figure 52. Photomicrograph of early diagenetic cements in mound core zones and their 
interpretation. Note shelter drusy isopachous cement on stratigrahically down side of 
allochems. Thin section is from sample collected from cycle 8 (b), 200 yards north of 
measured section #3.
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of sediments allowed bathymmetric growth of mounds. The position of mound crest zones 

in progressively shallower, more agitated portions of the water column increased the 

likelihood of transport of skeletal and intraclast fragments across and entrapment on 

these sites. Also, progressive growth into shallower portions of the water column exposed 

mounds to higher photic energy levels, which resulted in progressively higher 

photosynthetic carbonate generation rates. Therefore, the growth of these mounds were 

self-perpetuating, as long as agitated conditions, high photic energies, and normal marine 

chemical conditions were present. Interparticle voids are filled with drusy isopachous, 

grading to blocky spar cement, which represents primary porosity filled by early phreatic 

(sub-marine) cement. The ubiquitous presence of this cement indicates that growth of 

mounds occurred in sub-tidal to lower nearshore relative water depths. Increasing 

amounts of interparticle primary porosity filled with cement, cements located in voids 

stratigraphically beneath grains in upper mound core zones (interpreted as primary 

shelter porosity filled with phreatic cement) and increasing abundance of allochems 

up section, are consistant with hypothesized progressively shoaling, building-up nature of 

these mounds into nearshore relative water depths.

In summary, mound core zones are a result of preferentially high biogenic carbonate 

generation rates (i.e., the growth of skeletal organisms, which were dominantly baffling 

organisms), and moderate hydromechanic conditions, which transported intraclasts and 

clastic skeletal grains to their site of entrapment. Intraclasts were transported from 

nearby subaerially exposed sites and were ultimately formed in-situ by frequent episodes 

of exposure.
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Apex Zones

Description

Apex zones of mounds consist of skeletal and intraclastic echinoderm, brachiopod, 

algal microfacies, and exhibit packstone, grainstone, and brecciated textures (Fig. 53). 

These sediments occur in moderately thick to thin, discontinuous convex lens-shaped beds 

that cap mounds. Mudcracks filled with siliciclastic detrital grains occur along the upper 

contact of this zone.

Abundant, diverse, and fragmented allochem assemblages consisting of ooid, 

intraclast, algal, foraminifera, brachiopod, Komia, and ostracod grains are observed in 

echinoderm, brachiopod, algal microfacies (Fig. 54). Chaetetes blue-green algal heads 

also occur throughout this zone. Sand-size siliciclastic grains also occur in variable 

quantities. Intraclasts are sub-angular to sub-rounded, variably plastically deformed, 

and contain open marine allochem assemblages. Drusy isopachous grading to blocky 

spar cement fill interparticle voids and occur stratigraphically beneath skeletal grains.

Interpretation

The occurrence of skeletal packstone, grainstone, and brecciated textures suggest 

agitated depositional conditions. Rare mudcracks and breccias containing angular 

clasts, suggests that this zone was periodically sub-aerially exposed. The presence of 

Komia , Chaetetes, ooids, and fragmented allochems and intraclasts, in discontinuous 

convex lens-shaped beds suggests that carbonate grains were retained in mound apex 

regions due to localized high energy conditions and baffling effects of Komia and 

Chaetetes sponges. Continued persistance and increase of stressed shallow marine and 

subaerial conditions as relative water depths decreased however, may have eventually
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Figure 53.
a. Photographs of brecciated textures which occur in mound apex zones in the Booth 

Creek study area. Mottled colors in field photo are due to intraclasts.
b. Photo of slab from mound apex zone in which a mudcrack filled with detrital 

material occurs. Microscopic examination reveals Chaetetes nucleation sites, brecciated 
textures, and pendular and shelter early diagenetic cements. Slab and exposure are from 
measured section #4, cycle 8 (b).
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Figure 54. Skeletal packstonedeposited over mound apex zone. Collected from measured 
section #3, cycle 8 (a). Note echinoderm (E), ooid (0), fusilinind (F), foraminifera (FO), 
and other skeletal fragments.
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halted biogenic carbonate generation, and therefore ended baffling or sediment 

entrapment capabilities.

In summary, sediments in mound apex zones are a product of initially high carbonate 

generation and entrapment rates (due to presence of baffling organisms in agitated 

marine settings) relative to hydromechanic degradation and dispersal rates. Eventual 

higher hydromechanic degradation and dispersal rates, due to the absence of baffling 

organisms, and sub-aerial exposure resulted in re-working and slight erosion of mound 

apex sediments. These depositional sites were probably responsible for production of most 

intraclasts found in other algal mound and open marine facies in the study area.

Inter-mound Zones

Description

Inter-mound zones consist of tubular foraminifera and ooid microfacies, which 

exhibit wackestone and packstone textures. These sediments occur in thin lateral portions 

of continuous and discontinuous beds comprising overall mound geometries (Fig. 50). 

These lithologies also occur in beds that lap out on mounds or that thin over mounds. 

Tubular foraminifera microfacies exhibit wackestone textures. Peloids, ooids, 

intraclasts, and fragmented echinoderm, Komia, and algal skeletal hashes occur in thin, 

horizontal or inclined laminae within these wackestones. Interparticle voids are filled 

with drusy isopachous and coarse spar cements (Fig. 55). Abundance of fossil hash 

decreases away from mounds.

Tubular foraminifera microfacies grade upsection into light-colored ooid 

microfacies, which exhibit packstone textures. These packstones contain minor amounts 

of fragmented Komia, echinoderm, and significant quantities of tubular foraminifera 

grains. Packstones directly overly mound apex zones.
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Figure 55. Photomicrograph and slab photos illustrating characteristics of inter-mound 
zones. Note horizontal orientation of laminae and allochems. Skeletal hashes also occur 
in inter-mound zones. Geopetal structures and shelter porosity is filled with drusy 
isopachous grading to blocky spar. Slabs and thin-section are from measured section #4, 
cycle 8 (b).
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Interpretation

Thin portions of continuous and discontinuous beds, which are below or pinch out 

against the convex upper contact of mounds, represent inter-mound sedimentary deposits 

coeval with mound growth. Beds which lap out against, and thin over the upper contact of 

mounds, represent inter-mound sedimentary deposits coeval with and post-dating mound 

exposure. The presence of dark colors, unfragmented, sparse, brachiopod, gastropod, and 

foraminifera allochem assemblages, indicate low carbonate generation rates in slightly 

stressed, low photic energy (and unoxygenated ?) marine conditions. Horizontal and 

inclined skeletal hashes located in inter-mound and mound flank regions, represent 

periodic transport of mound apex sediments off of mound crest regions, and deposition on 

mound flanks, due to dispersive hydromechanical processes. Drusy isopachous grading to 

blocky spar cement in interparticle voids of skeletal hashes are interpreted as early 

phreatic marine cements within primary porosity. The progressive upsection transition 

from wackestone to packstone texture, and from tubular foraminifera to ooid microfacies 

indicates progressive shoaling, and increase in polyhaline conditions.

In summary, low biogenic carbonate generation rates (in comparison to mound 

regions), and even lower hydromechanical carbonate dispersal rates, resulted in infilling 

of inter-mound bathymmetry. Poor circulation and low photic energy levels seem to be 

major controls on carbonate production. Increase in chemical carbonate generation rates 

and hydromechanical energies (the former exceeding the latter), resulted in eventual 

capping of inter-mound and mound rocks with ooid and skeletal packstones.

Mound Size and Spacing Implications

Mounds that occur in the study area exhibit locally constant size and spacing 

intervals within overall regional trends. Locally constant mound size and spacing 
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patterns are a result of competition for available nutrients and carbon dioxide (Walker, 

1972) or are due to hydromechanical processes controlling the transport of clastic 

carbonates through the shelf system, and/or shaping of sea-floor sediments (Gerhard, 1986, 

personal communication). No direct evidence for control of mound nucleation by these 

mechanisms occur in basal intraclast/algal mound zones in the field. It is possible that 

mounds nucleated on very small tufts of Komia and phylloid algal colonies in fairly 

random sea-floor localities and progressively coalesced as mounds grew to larger sizes. 

Size and spacing characteristics of coalescing mounds in shallower portions of the water 

column may have then been constrained by nutrient availability and/or hydromechanic 

transport patterns of clastic carbonate sediments through shelf areas by storm or longshore 

currents. Regional trends in mound size and spacing intervals are most likely a result of 

lateral marine water chemistry changes (e.g., changes in salinity from shoreward to 

basinward areas), and changes in photic levels (by either turbitity levels or actual relative 

water depth). Regional mound size and spacing implications are discussed in more detail 

later.

In summary, intraclast/algal mounds developed due to preferential entrapment and 

generation of carbonate sediments in agitated open marine environments. Mounds 

eventually built up to intertidal regions, where they were periodically exposed and re

worked. More restricted, mud-rich sediments and skeletal hashes (shed off of mound apex 

regions) were deposited in deeper mound-flanking and inter-mound regions. Following 

exposure and re-working of mound apex regions, relative sea level rose and resulted in 

filling and blanketing of inter-mound as well as mound crest regions with tubular 

foraminifera wackestones and packstones, respectively. Regional mound size and 

spacing characteristics were controlled either by lateral marine physio-chemical 

variations, and/or by variations in relative water depths.



T-3462 134

Spatial Organization of Carbonate Facies in Genetic Units

Definition of Carbonate Genetic Units

Description

As in siliciclastic sedimentary packages, thick carbonate packages consist of a series 

of units which display several scales of repeated cyclic sedimentologic characteristics 

(Plate 1). Carbonate cycles are defined by vertical facies sucessions and/or upsection 

lithologic trends. Carbonate facies within cycles exhibit characteristic lateral (plan-view) 

spatial distributions (Fig. 56). Carbonate cycles are generally 10 tol5 feet thick, are 

laterally correlative and maintain constant thicknesses throughout the study area. Later 

sections of this paper discuss subtle thickness variations which are significant when 

groups of cycles are considered.

Laterally extensive carbonate beds in the lower middle, and upper Robinson 

Carbonate members roughly parallel poorly defined fusilinid time-stratigraphic horizons 

(Tillman, 1971). Cycle boundries defined in this study coincide with or parallel laterally 

extensive carbonate bed and bedset boundries.

Throughout five geographic regions of the study area, five predictable vertical facies 

successions occur in basal, middle, and upper portions of correlative carbonate cycles. 

These distinct facies successions occur in far western, western, central, eastern, and 

southeastern portions of the study area (Fig. 57).

General Interpretations

Coincidence and/or parallelism of cycle boundaries with paléontologie time and 

carbonate bed and bedset horizons indicates that cycles are genetic units (App 1). Bed 

thickness, bed form, depositional structure, texture, mineralogic characteristics, and color 

are a function of carbonate generation rates, biodegradation rates, and hydromechanical
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Figure 56. Plan-view distribution of laterally correlative carbonate facies within 
carbonate cycles in the Booth Creek study area.
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TIME-CORRELATIVE CARBONATE FACIES SUCCESSIONS 
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Figure 57. Schematic sketch of five laterally correlative carbonate vertical facies 
successions, which occur in western, central, eastern, and southeastern regions of the 
study area. This diagram is based on carbonate facies correlations in cycles 6, 7, 8,11,12, 
and 15, in plate 1. Vertical and lateral dimensions are not to scale.
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processes (Gerhard and Burke, 1986). These controlling factors are many times directly or 

indirectly related to relative water depth (App. 1). Vertical variations of type of descriptive 

facies and internal lithologic variations within genetic units indicate relative water depth 

variation at one geographic locality over time (Fig. 58). Lateral variation of facies and 

internal lithologic characteristics within genetic units indicate lateral change in relative 

water depth within a sedimentary system during one instant in time. Cross-sectional 

distribution of facies in carbonate cycles in the study area indicate gradual relative water 

depth shallowing or deepening. Marked changes in relative lateral positioning of facies 

across genetic unit boundaries indicate rapid relative sea level rise or fall at the 

beginning and end of cycle deposition.

Carbonate Cycle Morphology

Basal zones of cycles in central, eastern, and southeastern regions of the study area 

consist of restricted coastal facies (Fig. 57, & Plate 1). In extreme western portions of the 

study area, restricted coastal facies grades laterally into open marine facies. Thickness 

of restricted coastal facies gradually increases toward central portions of the study area, 

where boundaries of this facies transgress middle and upper zones of cycles. Facies 

boundaries in basal portions of cycles are nearly parallel to cycle boundries. In 

comparison to middle and upper zones of cycles, microfacies in basal portions of cycles 

throughout the study area are thinly bedded (less than 1 1/2 inches thick), relatively 

sparsely fossiliferous (less than 15%), argillaceous, and occur in relatively thin bedsets 

(Fig. 59, App. 1 & 2).

Middle zones of cycles in western and sometimes central portions of the study area 

consist of open marine facies (Fig. 57, & Plate 1). Middle zones in central and east 

regions of the study area consist of restricted coastal facies. Saline embayment facies
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Figure 58. Diagram of hypothetical genetic unit illustrating relationships between lateral 
and vertical facies variations, relative water depths in which these facies were deposited, 
and cycle boundaries. Vertical successions of sediments (indicated by the vertical arrow) 
represent progressive change in relative water depth (shallowing in this case), at one 
geograhpic location, over time. Horizontal (lateral) succession of sediments represent 
lateral relative water depth variations, over a large area, at one instant in time.
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middle, and upper zones of cycles.
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occurs in southeastern portions of the study area. Ooid beach and subtidal ooid facies occur 

in eastern regions of the study area. Restricted coastal facies is less laterally extensive in 

middle zones of cycles and is confined to more central portions of the study area, compared 

to basal zones of cycles. Open marine, subtidal ooid flat, and ooid beach facies are more 

laterally extensive and extend toward central portions of the study area, in middle zones of 

cycles. Slight thickening of cycles occurs in central portions of the study area.

Compared to basal zones, lithologies in middle zones are characterized by relatively 

thick bedsets (greater than five feet), large individual bed thicknesses (three to eight 

inches thick), relatively abundant and diverse fossil populations, minor to moderate 

quantities of argillaceous material, and medium to light colors (Fig. 59, Plate 1, App. 2).

Upper zones of cycles in eastern, southeastern, and central regions of the study area 

consist of ooid subtidal and ooid beach facies. Open marine facies exhibiting packstone 

textures occur in western regions of the study area. Restricted coastal facies does not occur 

in upper zones of cycles.

Lithologies in upper zones of cycles occur in thin beds (less than three inches thick), 

which have wavy contacts and/or contain primary sedimentary structures formed by 

hydro-mechanical processes (Fig. 59, Plate 1 , App. 2). Abundant, non to moderately 

diverse, fragmented allochem assemblages occur in microfacies in upper zones of cycles. 

Occassionally, facies in cycles occur in exact opposite vertical successions than observed 

in the five previously described successions most commonly recognized in the study area 

(e.g., Meas. Sect. #1, cycle 7b).

Carbonate Cycle Interpretation

Vertical successions of carbonate facies, and lithologic variations within microfacies 

in these successions represent progradations in gradually shallowing relative water 
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depths, following a rapid relative sea-level rise event. Cycles in which the exact opposite 

succession of facies occurs, represents deposition in gradually deepening relative water 

depths, following shallowing events.

Occurrence of restricted coastal facies in basal portions of cycles throughout most of 

the study area indicates study area wide deposition below the effects of normal wave 

energies but within the effects of storm wave energies, and depressed carbonate generation 

and burial rates. Turbidity and possibly low oxygenation levels may be responsible for 

stressed marine conditions limiting carbonate production rates. Occurrence of open 

marine facies in extreme west portions of the study area indicates comparatively normal 

turbidity and oxygenation depositional conditions, in shallow offshore - lower nearshore 

reltive water depths laterally adjacent to restricted coastal facies. Occurrence of ooid 

beach and subtidal facies in extreme east portions of the study area indicates shallow 

offshore and nearshore, polysaline environments adjacent to restricted coastal facies.

Near horizontal orientation of facies boundaries at the base of cycles (Fig. 57 & Plate 

1) indicates a geologically instantaneous shoreline transgression at the onset of cycle 

deposition. Relatively thin, sparsely fossiliferous, argillaceous lithologies in all facies 

within basal zones of cycles indicate slow carbonate generation rates compared to middle 

and upper zones of cycles. Perhaps deep relative water depths throughout the study area are 

responsible for these regional, relatively depressed carbonate generation rates.

Progressively increased lateral occurrence of open marine and ooid lithologies in 

middle portions of cycles indicate progressive shallowing over the entire study area, 

throughout the deposition of each cycle. Increasing thickness and persistence of restricted 

coastal facies towards the center of study area and progradation of eastern and western 

carbonate facies over central regions of the study area, suggest that bathymmetry 
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controlled the facies deposition during study area wide relative sea-level shallowing. 

Perhaps low photic energy levels (due to deep relative water depths) and depleated nutrient 

levels (due to bathymmetric restriction to circulation) were contributing factors (in 

conjunction with turbidity and low oxygenation levels) causing depressed carbonate 

generation rates during deposition of restricted coastal facies. The presence of saline 

embayment facies in middle zones of cycles in southeast portions of the study area indicate 

unique hypersaline shallow offhsore - lower nearshore depositional conditions in this 

portion of the study area during intermediate relative sea-level shallowing.

Facies boundary orientations that grade from nearly vertical to increasingly 

inclined from vertical in middle zones of cycles indicate a transition from aggradational 

(relative sea-level still-stand) to progradational (regressive) carbonate systems.

Relatively thick beds, abundant and diverse skeletal assemblages, and minor amounts of 

argillaceous material associated with all facies in middle zones of cycles, compared to 

those in lower zones of cycles, indicate rapid carbonate generation and accumulation 

rates, and therefore comparatively high photic-energy and oxygenated marine conditions. 

Progressively shallower relative sea-level conditions were associated with deposition of 

middle zones of cycles.

Presence of ooid subtidal and ooid beach facies in eastern, southeastern, and central 

regions of the study area, in upper zones of cycles, indicates widespread shallow offshore 

and nearshore environmental conditions in these regions of the study area, during late 

stages of cycle deposition. Occurrence of open marine facies exhibiting packstone textures 

in extreme western portions of the study area indicate coeval nearshore, normal salinity 

depositional conditions in western portions of the study area, during closing phases of 

cycle deposition.
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Near horizontal orientation of facies boundaries indicate rapid progradation of these 

facies during deposition of upper portions of cycles. Very abundant, moderately to non- 

diverse skeletal assemblages and light colors associated with all facies in upper zones of 

cycles indicate high carbonate generation and accumulation rates, in high photic energy 

environments. Relatively thin bedding in upper zones of cycles indicates low sediment 

accommodation potential of shallow offshore environments. Comparatively shallow 

relative water depths are associated with facies in upper zones of cycles, compared to 

relative water depths associated with middle and basal zones of cycles.

In summary, cross-sectional facies distributions within carbonate cycles represent 

the following chronological events. Initial rapid relative sea-level deepening resulted in 

a geologically instantaneous transgression of shallow offshore, nearshore ooid beach, and 

sub tidal ooid facies to far eastern regions of the study area. Subsequent to this 

transgressive event, deposition of offshore restricted coastal facies occurred throughout 

most of the study area. Relative sea-level stillstand and gradual shallowing, 

accompanied by aggradation and slight progradation of open marine and ooid carbonate 

facies over restricted coastal facies, occurred during deposition of middle zones of cycles. 

The culmination of relative sea-level shallowing trends occurred during deposition of 

upper zones of cycles when ooid beach and sub tidal ooid facies rapidly prograded eastward 

over all offshore facies.

Abrupt deposition of restricted coastal facies over shallow offshore and nearshore 

facies in upper zones of cycles indicates a rapid realtive sea-level deepening, marking the 

initiation of deposition of the immediately overlying cycle. Deposition of exactly opposite 

facies successions over successions representing gradual relative water depth shallowing 

indicates gradual relative deepening, following the culmination of shallowing.
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Plan-view Facies Relationships

Description

In plan view, laterally correlative facies occur in a series of parallel, north-trending 

belts throughout the study area (Fig. 56). The arrangement of these facies, from east to west 

regions of the study area, are: ooid beach, ooid subtidal flat, restricted coastal trough, and 

open marine facies (Fig. 60). An important exception to this trend occurs in the southeast 

portion of the study area, where ooid beach and ooid subtidal facies are displaced to the east 

around an isolated region in which saline embayment facies occurs. Algal mounds occur 

in an east - west trending band in central portions of the study area and decrease in size to 

the north.

Interpretation

Plan-view spatial distribution of carbonate facies in carbonate genetic units indicate 

carbonate sedimentation upon a west-facing carbonate shelf system consisting of five 

depositional zones (Fig. 59). East to west organization of facies indicate general 

increasing relative water depths, from nearshore ooid beach facies to shallow offshore to 

lower-nearshore open marine facies. Linear orientation of most facies belts indicates 

general westward increase of relative water depth.

Ooid beach facies, deposited in alternately normal/hypersaline nearshore 

environments represents the paleoshoreline associated with this carbonate shelf system 

(Fig. 60). Southwest-facing, low-angle, planar cross laminae represent beach-face 

accretion in shoreface zones. Southeast-facing, small-scale trough cross stratification 

represents sediment transport parallel to paleoshoreline trends by longshore currents in 

foreshore zones. Southwest-northeast-facing hummocky, symmetrical and 

assymmetrical ripple laminae represent bi-modal oscillatory water motion from
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Figure 60. Relationships between primary depositional structure, quantity of mixed 
siliciclastic material, relative water depth, and lateral position of carbonate facies.
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encroachment of normal and storm waves on foreshore and shallow offshore zones, from 

southwest directions. Occurrence of significant quantities of siliciclastic detritus 

indicates significant influx of this material into carbonate systems. Siliciclastic influx 

apparently did not inhibit chemical carbonate production in this environment. The 

relative lateral position and interpreted environmental characteristics of this facies is the 

basis for its ooid beach interpretive label.

Ooid sub tidal facies represents deposition of sandy calcareous mudrocks in shallow 

offshore to lower-nearshore environments interrupted by periodic influx of ooid 

packstones and wackestones. The relative location of this facies immediately west of and 

down dip of ooid beach facies suggests that deposition of ooid laminae occurred due to storm 

surge wave energy, and high chemical carbonate generation rates up-dip from this 

depositional site. Tabular and wavy shaped massive beds suggest occassional re-working 

by moderate to high frequency oscillatory traction currents. These characteristics and 

interpretations are the basis for the ooid subtidal interpretive label for this facies.

Saline embayment facies represents occassionally turbid, hypersaline, shallow 

offshore to lower-nearshore marine depositional conditions. The isolated occurrence of 

this facies within an anomalous paleoshoreline embayment configuration, intraclastic 

textures, sparse in-situ skeletal populations, interpreted hypersaline marine, and shallow 

offshore relative water depths (within the effects of storm and just within normal wave 

energies) suggest deposition of this facies in a shallow offshore coastal embayment. 

Perhaps high evaporation rates, poor circulation, and isolation from normal marine water 

chemistry resulted in hypersaline conditions in this facies. Periodic low tides 

temporarily exposed this depositional site, or up-dip depositional sites, to subaerial 

processes resulting in formation, transport, and/or deposition of intraclasts.
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Restricted coastal facies represents deposition in turbid, relatively deep marine 

offshore zones within and below storm wave energies. This facies represents deposition in 

slightly deeper relative water depths than adjacent open marine and sub tidal ooid facies. 

Linear occurrence of restricted coastal facies and adjacent open marine and subtidal ooid 

facies indicates deposition of restricted coastal facies in a bathymmetric trough. Linear 

open marine depositional zones were a barrier to normal and storm wave energy, 

resulting in reduced circulation, oxygenation, and nutrient levels in the slightly deeper, 

bathymmetric where restricted coastal facies were deposited.

Widespread occurrence of algal mound facies in cycles 8 and 12 (of plate 1), indicates 

anomalously widespread normal or open marine environmental conditions. Regional 

decrease in mound size and spacing in east and north portions of the study area are 

probably a result of lateral marine water chemistry changes (e.g., changes in salinity 

from shoreward to basinward areas), and/or changes in photic levels (by either lateral 

variation in turbidity levels or relative water depth). Absence of algal mound facies in 

southeastern regions of the study area and occurrence of coeval saline embayment facies 

in this region suggest that relative water depths and/or salinities changed very abruptly 

over an east-west boundary between central and southern portions of the study area. Abrupt 

genetic unit thickening associated with saline embayment facies indicates an abrupt 

syndepositional increase in relative water depth over this east-west boundary (Plate 1). 

Interpreted shoreward increase in salinity (based on occurrence of subtidal ooid and ooid 

beach facies) suggests that the eastward decrease in mound size is a result of marine 

salinity variations. Progressive decrease in mound size and spacing in north directions 

does not conform to any previously recognized salinity or turbidity trends. Perhaps 
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progressively increasing relative water depths are responsible for northward size and 

spacing trends.

Inferred progressive relative water deepening in northern directions, away from the 

linear southern boundary of algal mound facies (in cycles 8 & 12), and abrupt deepening 

over the southern boundry of this facies, suggests that algal mound facies may have 

developed preferentially on bathymmetrically high portions of a tilted structural block. A 

tilted polygonal structural block with roughly east-west, north-south boundries, is 

envisioned to have controlled the size and spacing of intraclast/algal mounds (Fig. 61).

General trends in quantities and size of siliciclastic detritus disseminated in and 

interlaminated with carbonate facies indicate a lateral turbidity gradient during 

deposition of study area carbonates (Fig. 60). Occurrence of highest quantities of 

siliciclastic detritus in ooid beach and ooid subtidal facies indicates highest turbidity 

levels existed in eastern portions of the study area. High proportions of sand- sized detritus 

in ooid beach and subtidal ooid facies indicate winnowing of mud-sized and deposition of 

largest (sand size) fractions of siliciclastic sediment load in nearshore environments. 

Concentration of largest grain fractions in eastern portions of the study area, and gradual 

decrease in grain size indicates eastern provenance of siliciclastic detritus (in carbonate 

and siliciclastic genetic units).

Lateral zonation of carbonate facies indicates that salinity gradients controlled 

carbonate deposition (Fig. 60). Occurrence of ooid assemblages in eastern portions of the 

study area indicates alternately normal/hypersaline marine salinities in eastern 

portions of the study area. Occurrence of sparse faunas and micritized/encrusted 

allochems in central portions of the study area indicate slow biologic carbonate generation 

rates. Diverse, abundant allochem assemblages in open marine facies, in western
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Figure 61. Plan and cross-sectional illustration of size and spacing trends of algal 
mounds and hypothesized structural relationships. Arrows indicate direction of 
decreasing mound size and spacing.
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portions of the study area, indicates normal marine salinities.

In summary, linear orientation of four of five carbonate facies in the study area 

indicates overall westward deepening of relative water depths over an irregular 

bathymmetric slope. Occurrence of restricted coastal facies immediately east of offshore to 

lower-nearshore open marine facies and immediately west of subtidal ooid facies 

indicates the presence of a subtle bathymmetric trough, parallel to depositional strike 

occurred in this system. Eastward displacement of ooid subtidal and ooid beach facies, 

and truncation of north trending facies belts by saline embayment facies suggest a 

shallow offshore - lower nearshore embayment occurred in the southern portion of the 

study area. Regional size and spacing variations of algal mounds indicate control of 

deposition by (structurally enhanced) bathymmetric, turbidity, and salinity variations.
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Mixed Carbonate/Siliciclastic Systems

Packages of mixed carbonate and siliciclastic sediments occur in the Booth Creek 

locality of the Minturn Formation. These packages consist of various combinations of 

previously described and interpreted carbonate and siliciclastic facies (and component 

microfacies). Offshore, transitional carbonate/silicielastic facies is one new facies 

unique to mixed carbonate/siliciclastic sediment assemblages. A litho-structural facies 

(i.e., chaotic facies) consists of carbonate and/or siliciclastic sediments and is also 

described and interpreted in this chapter.

Descriptive Microfacies

All previously described and interpreted carbonate and siliciclastic microfacies 

occur in mixed carbonate/siliciclastic packages. Calcareous mudrock microfacies is the 

most significant microfacies in the context of this chapter, because it consists of nearly 

equal proportions of carbonate and siliciclastic sediments.

Facies

All previously described and interpreted carbonate and siliciclastic facies occur in 

transitional carbonate/siliciclastic facies. Offshore, transitional carbonate/siliciclastic 

facies is a unique component of mixed carbonate/siliciclastic sedimentary assemblages. 

Offshore, transitional carbonate/siliciclastic facies

Description

Rocks consisting of equal proportions of calcareous mudrock and either tubular 

foraminifera or echinoderm, brachiopod, algal microfacies are defined as offshore, 

transitional carbonate/siliciclastic facies. Either carbonate microfacies exhibit mudstone 

to wackestone textures and are interbedded with calcareous mudrock microfacies in thick 

(< 15 feet) bedsets having variable lateral continuities. Individual beds are tabular and 
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wavy shaped, are greater than one inch and less than four inches thick, and have lateral 

continuities in excess of twenty feet. In north-south directions, lateral continuity of bedsets 

varies from 40 feet to 1 mile. In east-west directions, bedset lateral continuity varies from 

40 feet to 1/2 mile (Plate 1).

Internal depositional structure and texture of carbonate and calcareous mudrock beds 

is the same as in restricted coastal and open marine facies. Carbonate beds in this facies, 

reguardless of microfacies, contain anomalously high proportions of foraminifera, 

ostracod, brachiopod, and gastropod skeletal grains, and significant quantities of mud

sized siliciclastic material (comprising 10-20% of these beds).

Interpretation

Occurrence of interlaminated calcareous mudrock microfacies and tubular 

foraminifera or echinoderm, brachiopod, algal microfacies indicates deposition in 

alternately turbid and non-turbid offshore marine settings. Rare parallel and 

hummocky-cross laminae and tabular to wavy-bed geometries in both carbonate and 

calcareous mudrock microfacies indicates occasional influence by storm currents and 

perhaps by the lower limit of normal wave energies.

Association of echinoderm, brachiopod, algal microfacies with calcareous mudrock 

microfacies indicates alternately non-turbid depositional conditions with normal 

salinities, between episodes of detrital suspension deposition. Occurrence of tubular 

foraminifera microfacies with calcareous mudrock microfacies indicates alternating 

moderately turbid, slightly hypersaline marine depositional conditions, and major 

siliciclastic suspension depositional episodes.
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Description

In several isolated localities of the study area, two types of irregularly shaped bodies 

occur within thick bedsets of carbonate and siliciclastic sediments (Fig. 62). These bodies 

or zones occur in any type of lithology, and in any stratigraphic horizon of the Minturn 

Formation, at the Booth Creek study area. Descriptive terms for these units are chaotic 

blocks and chaotic lenses.

Chaotic lenses are generally irregularly tabular or ellipsoid shaped zones within 

thick bedsets of a single lithology, such as lithic arkosic arenites (Fig. 63) or carbonates 

(Fig. 64), and are characterized by severe internal contortion and disruption of primary 

depositional structures. Convoluted primary depositional structures and bed geometries 

occur in coarse siliciclastic chaotic lenses. Dimensions of these chaotic zones rarely 

exceed ten feet in thickness, and 60 feet in length and width. Although many beds are 

truncated over lens boundaries, some individual beds can actually be traced into chaotic 

lenses. Inside the lens, individual beds pinch, swell, and exhibit very contorted 

geometries. Crude southwest-verging recumbant fold geometries occur in one chaotic 

carbonate lens (Fig. 64). Contorted remnants of primaiy depositional features (e.g., thin 

beds) are not fractured or fragmented, and float in a swirling mass of sediment from 

within this host bedset.

Chaotic blocks are single or multiple rhombic or tabular shaped lithologic blocks 

encased or floating in a different host lithology. A common block/host lithology 

association is lithic arkosic arenites floating in argillaceous carbonate facies. Blocks of 

one type of carbonate facies floating in another carbonate facies also occurs in the study 

area. Individual blocks range in size from two inches on a side, to in excess of
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Figure 62. Distribution of chaotic facies throughout the study area. Hashured symbols 
delineate chaotic lens and blank symbols delineate choatic blocks.
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Figure 63. Photograph of severely contorted primary depositional textures in a chaotic lens 
within lithic arkosic arenites (100 yards north of measured section #4 traverse, at 150 foot 
level, east wall of Booth Creek Canyon).
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Figure 64. Photograph of carbonate chaotic lens. Note crude recumbant fold geometries. 
Location is approximately 200 yards east of 150 ft level of measured section #4 traverse, on 
north-east wall of Gore Creek Canyon.
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ten feet on a side. Small multiple blocks occur randomly oriented in host lithologies. 

Long dimensions of very large blocks (in excess of boulder size) are oriented parallel to 

undisturbed host bed geometries. Boundaries between blocks and host lithologies are sharp 

and truncate primary depositional features in both block and host lithologies. Mildly 

wrinkled and warped primary sedimentary structures occur within blocks, but major 

contortion or fragmentation within blocks does not occur. The largest single block in the 

study area, reported by Karchewski (personal communication), consists of lithic arkosic 

arenite, and occurs above measured section #5. It's dimensions are approximately 20 feet 

thick and 100 feet long.

Interpretation

Similarity of lithologies and continuity of some beds inside and outside chaotic lenses 

indicate in-place deformation of sediments. Severe contortion of primary depositional bed 

geometries, but absence of angular fragmented geometries indicates soft sediment 

deformation prior to lithification. Convoluted geometries within siliciclastic chaotic 

lenses suggest de-watering of uncompacted sediments (Selly, 1976). Occurrence of crude 

recumbant south-west verging folds indicates southwest lateral shearing of sediments in 

carbonate chaotic lenses. Plastic, lateral shearing in discontinuous packets of shallow 

shelf and slope sediments may represent submarine slumping down unstable slopes 

(Selly, 1976). De-watering, slumping, and related disruption of sediments is documented 

in modern sediments and ancient rocks where very rapid depositional rates, occassional 

deposition of impermeable lithologies, and inclined slopes create high intergranular pore 

fluid pressures due to impeded fluid migration and high overburden pressures (Selly, 

1976). Deformation of sediments occur when pore fluid pressures exceed shear strengths 

of the sediments. Earthquakes or simple gravity and overburden on a slope may result in 
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deformation (Barratt, 1966 and Terzahgi, 1967, respectively). Therefore, chaotic lenses are 

interpreted to represent de watering and/or slumping processes on non-compacted, 

oversteepened southwest facing submarine slopes, exposed to very rapid sedimentation 

rates.

Association of markedly different lithologies and contacts which truncate primary 

depositional textures and structures in chaotic blocks, suggests original deposition of both 

lithologies in different sedimentary environments and later mechanical introduction of 

blocks into host lithologies. Mild warping and wrinkling of primary depositional textures 

and structures in both associated lithologies indicates plastic deformation during 

introduction of blocks into host lithologies. Mclloreath and James (1979), interpret 

intermixed lithologies, where numerous tabular, bent or fractured clasts, varying in size 

from cobble to greater than boulder sizes, exhibit random or sub-parallel orientation to 

depositional bedding, and occur in mud rich host lithologies, as downslope breccia and 

submarine glide mass deposits. Blocks and host lithologies in the Booth Creek study area 

exhibit these characteristics, and therefore represent downslope breccia and/or submarine 

glide mass deposits.

Spatial Organization of Facies in Genetic Units

Assemblages of mixed carbonate/siliciclastic sediments occur in stacked tabular, 

laterally correlative packages throughout the study area and are defined by recurring 

"cyclic" upsection lithologic trends, similar to those in carbonate and siliciclastic genetic 

units (plate 1). Correlation of these cycles indicate similar thickness and relative water 

depth trends as in pure carbonate and pure siliciclastic genetic units. Therefore, these 

assemblages of mixed carbonate/siliciclastic sediments are chronostratigraphic units 

consisting of facies representing coeval component environments within a sedimentary 
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system. To facilitate the description and interpretation of mixed carbonate/siliciclastic 

genetic units, conclusions associated with earlier discussed facies are incorporated into 

the description of mixed carbonate/siliciclastic genetic units and immediately 

interpreted.

Cross-sectional Relationships

Cross-sectional geometries of facies within mixed carbonate/ siliciclastic 

sedimentary assemblages indicate deposition during recurring gradual sea-level 

shallowing and deepening episodes, punctuated by dramatic sea-level deepening or 

shallowing events. Arrangement of facies in mixed carbonate/siliciclastic genetic units 

is the same as in purely carbonate or siliciclastic systems, except a larger variety of facies 

successions occur. A large variety of facies successions is possible because some 

siliciclastic and carbonate facies represent deposition in analogous relative water depths 

(Fig. 65). The actual succession of facies depends on the timing of greatest carbonate and 

siliciclastic depositional rates with (cyclic) relative water depth variation.

Plan-View Relationships

As in purely carbonate and siliciclastic genetic units, facies in mixed carbonate and 

siliciclastic genetic units occur in a series of generally north-trending belts representing 

coeval fluvial/nearshore marine to offshore marine environments on a west facing 

marine shelf system (Fig. 66). Laterally correlative siliciclastic and carbonate facies 

deposited in the same relative water depths (e.g., fluvial-mouth and ooid beach facies), 

indicates coeval deposition of carbonate and siliciclastic sediments along depositional 

strike. Occurrence of correlative siliciclastic and carbonate facies representing 

deposition in progressively deeper relative water depths represents coeval deposition down 

depositional dip.
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Figure 65. A) Three of many possible facies successions in mixed carbonate / 
siliciclastic genetic units and interpreted relative water depth variations (drived from 
Plate 1).

B) Table illustrating carbonate and siliciclastic facies deposited in similar 
water depths. This "interchangeability" of siliciclastic and carbonate facies in similar 
relative water depths gives rise to the large variety of facies sucessions comprising genetic 
units in the Booth Creek stratigraphic section.
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Figure 66. Mixed carbonate shelf and fan-delta system (and component environments).
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Lateral facies relationships similar to those in purely carbonate and siliciclastic 

sediment assemblages also occur in mixed carbonate/siliciclastic systems. For example, 

facies representing fan-delta complexes exhibit elongate lobe geometries and extend 

generally in west directions. Prodelta and inter-lobe facies occur westward and in

between fan-lobes (respectively). Regional lateral carbonate facies zonations (discussed 

earlier) also occur in various degrees of completeness in mixed carbonate/siliciclastic 

genetic units.

Crosscutting relationships between coeval siliciclastic and carbonate facies in 

limited regions of the study area indicate local variation (and dominanace) in rates of 

siliciclastic and carbonate deposition. Truncation of carbonate depositional trends by 

siliciclastic trends indicates that rates of siliciclastic detrital influx locally exceeded and 

limited in-situ carbonate production rates. Offshore, transitional carbonate/siliciclastic 

facies, and nearshore sandy ooid facies occur in a belt between purely carbonate and 

siliciclastic (fan-delta) facies (Fig. 66) and represent equal rates of carbonate and 

siliciclastic deposition. Influx of mud and sand-size siliciclastic detritus limits 

carbonate production rates by reducing photic energy levels and by inhibiting carbonate 

organism feeding methods.



T-3462 163

Overall Trends

Stacked Genetic Units

Rocks exposed in the study area occur in a stacked succession of three scales of genetic 

units. At the smallest scale, approximately 25 cycles, which average 13 feet in thickness, 

occur throughout the studied stratigraphic interval (Fig. 67, and Plate 1). These cycles are 

most easily recognized in carbonate and mixed carbonate/siliciclastic sedimentary 

assemblages. Small-scale cycle boundaries are very difficult to recognize in portions of 

the stratigraphic section where siliciclastic sediments are volumetrically most abundant, 

and many times cannot be recognized. However, subtle lithologic variations, such as high 

concentrations of mudrock interlaminae, bed thickness variations, or unconformities, 

within thick bedsets of fluvial-mouth or delta-front facies, correlate laterally to small

scale genetic unit boundaries (plate 1).

Exposed lithologies overlying and underlying genetic unit boundries generally 

exhibit conformable relationships throughout the study area. Disconformities interpreted 

as sub-aerial exposure surfaces or fluvial channel scour surfaces occassionally define 

genetic unit boundaries over areas of limited lateral extent (i.e., within the boundries of 

the study area). Therefore, periods of sub-aerial exposure or erosion before or after genetic 

unit deposition were apparently relatively rare and were limited to areas of small lateral 

extent (i.e., less than three square miles). Full quantification of all genetic unit boundries 

throughout the study area was not possible due to covered intervals. These covered genetic 

unit boundries may reveal additional evidence for more frequent depositional hiatuses.

Medium-scale cycles display cyclic patterns in overall variation in relative sea-level 

(and facies migration), and/or posses very distinct laterally correlative lithologic 

variations which correlate to boundaries of cycles displaying cyclic stacking patterns
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Figure 67. Summary of small and medium-scale, shallowing and deepening-upsection
cycles present in Plate 1. Small-scale cycles are delineated by letters, and medium-scale
cycles are delineated by numerals. Thickness and relative water depth variation of small w
and medium-scale cycles are tabulated in Appendix 3.
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(plate 1). Medium-scale genetic units are approximately 51 feet thick and commonly 

consist of four small-scale genetic units (Fig. 67, Plate 1). Basal small-scale cycles 

(delineated by the subscript "A") generally represent non-definitive or deepening- 

up section relative sea-level trends. Small-scale cycles in middle and upper portions of 

medium-scale cycles (delineated by subscripts "B, C, & D) generally represent individual 

shallowing-upsection trends and collectively indicate overall relative sea-level 

shallowing (and westward migration of facies suites). Therefore, medium-scale cycles 

generally indicate initial relative sea-level deepening (in basal "A" zones) and 

subsequent relative sea-level shallowing in the upper three ("B ,C, &D") zones of medium

scale cycles. Again, significant variations in thickness of medium-scale cycles, and in 

numbers of component small-scale cycles occur throughout the studied stratigraphic 

interval where high volumes of siliciclastic sediments occur (e.g., cycles 1-4, 5, & 6, plate 

1). However, average values of thickness and stacking patterns, obtained by 

consideration of all medium-scale cycles, including both siliciclastic and carbonate 

cycles, correspond with most common trends in medium scale carbonate and mixed 

carbonate/siliciclastic genetic units (Appendix 3).

Progressive upsection comparison of lateral facies positions across medium-scale 

cycle boundaries reveals the largest genetic unit in the studied stratigraphic interval. 

This large-scale trend is associated with approximately 850 feet of vertical stratigraphic 

section and consists of 15 medium-scale cycles (Fig. 67). Progressive upsection 

comparison of lateral facies positions across medium scale cycle boundaries indicates 

overall eastward facies migration in the lower 1/2 of the stratigraphic section in the study 

area (cycles 1-5 to 8, Figs. 67 & 68, plate 1). This eastward displacement trend culminates 

in the lower to middle Robinson member (cycles 5 - 8). This eastward overall trend
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indicates overall relative sea-level deepening and eastward shoreline transgression 

during deposition of the lower half of the studied Booth Creek stratigraphic section. Facies 

suites overlying the middle Robinson member, in the upper 1/2 of the stratigraphic section 

are progressively displaced to the west (cycles 9-15). This westward overall displacement 

trend indicates gradual relative sea-level shallowing (and shoreline regression) during 

deposition of the upper half of the stratigraphic section.

Stacked medium-scale cycles consisting primarily of siliciclastic sediments 

generally do not conform with trends exhibited by carbonate and mixed 

carbonate/siliciclastic genetic units (Fig. 67, plate 1). Poor exposure of siliciclastic 

sediments immediately above and below the middle Robinson Member (i.e., cycles 6, 9, & 

10) did not allow a detailed examination of overall siliciclastic trends in these intervals. 

Nonconformity of purely siliciclastic relative sea-level and lateral facies migration 

trends indicates unique (timing and influx) controls on siliciclastic sedimentation 

independent of those associated with carbonate sedimentation. Local fluvial and 

structural processes are examples of controls on siliciclastic sedimentation that may be 

independent of controls on carbonate deposition. However, correspondence of average 

values of siliciclastic cycle thickness and distinct lithologic variations with most 

carbonate and mixed carbonate/siliciclastic cycles indicates that factors which controlled 

medium-scale cyclicity in carbonate cycles also strongly influenced siliciclastic 

sedimentation (Plate 1 & Appendix 3).

Regional Correlation and Affe Relationships

Previous Work

Pennsylvanian strata are effectively subdivided into subordinate time correlative 

units by fusilinid species occurring in recognizable stratigraphic horizons. Absolute age 
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ranges of Pennsylvanian fusilinid species are not established, and serve as a general 

correlation guide only. The following biostratigraphic and genetic correlations are based 

on work by Ross and Ross (1985), and a summary of past work compiled Mark Levorsen 

(1987). Leverson summarized work by Thompson (1945), Wengerd and Strickland (1954), 

Welsh (1958), Chronic (1958, &1965), Verville (1964), Baars (1967), Bartleson (1968), 

Tillman (1971), Sutherland and Harlow (1973).

Fusilinid assemblages in the Robinson Formation are correlative with globally 

correlative genetic units. Fusilined assemblages in the Robinson carbonate member 

correlate with those in the Cherokee, lower Cabaniss, and upper Krebbs 

transgressive/regressive depositional sequences, located in middle and southwest North 

American continental regions. These depositional sequences correlate with the upper 

half of the Kashirian depositional sequence pair in Europe and Asia (Ross and Ross, 1985).

Within the Ancestral Rocky Mountain tectonic system, rocks on the south-west flank 

of the Eagle Basin and the north-east flank of the Paradox Basin correlate to the 

stratigraphic horizon of the Minturn Formation in this study (Fig. 68). The Gothic 

Formation, located on the east flank of the Eagle Basin correlate to the lower, middle, and 

upper Robinson and Elk Ridge Members, based on common occurrence of fusilinids 

(Levorsen, 1986). Tillman (1967) correlated fusilinids in the upper Robinson and Elk 

Ridge Members of the Minturn Formation to fusilinids in the Jacks Cabin Limestone 

Member of the Gothic Formation (Cycle 9 of Levorsen's onlap curve). The Akah and lower 

Desert Creek production intervals of the Paradox Member of the Hermosa Formation 

(located in the Paradox Basin) correlates with the lower, middle, and upper Robinson 

Member of the Minturn Formation, based on occurrence of fusilinid genera (Levorsen, 

1986).



T-3462 169

Correlation of Minturn, Hermosa, and Gothic Formations

Comparison of stacked successions of biostratigraphically equivalent genetic- units 

reveal regionally similar characteristics as well as unique local characteristics (Fig. 68). 

Overall transgressive and regressive trends interpreted from Minturn rocks at the Booth 

Creek locality may directly correlate to trends in the Hermosa Formation and regressive 

trends in the upper Gothic and Maroon Formations.

Minturn cycles 1-15 represent transgression and subsequent regression which 

directly corresponds to a similar transgressive / regressive trend in cycles 8 - 4 of the 

Paradox Member of the Hermosa Formation (Fig. 68). Maximum transgression (and 

greatest interpreted relative water depths) occur in cycle 5 of the studied Minturn interval 

and correlates with Paradox Member cycle 6. This interpretation is consistant with 

biostratigraphic correlations. Individual Minturn cycles are less thick than Hermosa 

cycles and do not correlate on a one to one basis. The Minturn Formation at the Booth 

Creek locality is significantly thicker than the correlative portion of the Hermosa 

Formation.

Comparison of Minturn and Gothic genetic-unit stacking patterns reveals some 

similarity in overall relative sea-level trends. Shoreline regression indicated by 

Minturn cycles 5-15 roughly correlates with regression indicated by cycles 9 and 10 of the 

Gothic Formation and the overlying Maroon Formation. However, Gothic trends 

indicated by strata below cycle 9 are not similar to Minturn and Paradox trends. Gothic 

rocks within this interval consist of large proportions of siliciclastic detritus. Individual 

Gothic cycles are less thick than and do not correlate to individual Minturn cycles on a one 

to one basis.
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Minturn cycles 12-15 correlate with Gothic cycle 9 based on correlation of fusilinid 

assemblages (Levorsen, 1986). Hermosa cycle 4 (the upper Desert Creek productive 

interval) is correlated with Minturn cycles 12-15 and Gothic cycle 9 by matching 

proportional thicknesses of biostratigraphically equivalent strata. Levorsen (1986) 

correlates cycle 9 of the Gothic Formation with Paradox cycle 6, based on coincidence of 

greatest relative water depth (or shoreline transgression) in this biostratigraphic interval. 

This author (Leven) argues that greatest relative water depth (maximum transgression) is 

not necessarily synchronous throughout a region with varying rates of subsidence.

Levorsen (1986) states that inconsistencies exist with fusilinid data used for high 

resolution correlation of Minturn, Paradox, and Gothic rocks. Both this author's and 

Levorsen's correlations are viable interpretations, given the relatively inprecise 

biostratigraphic constraints. Regardless of specific correlation interpretations, Minturn, 

Hermosa, and Gothic stratigraphic sections share several common characteristics. All 

sections (at least in part) represent an overall shoreline trangression and subsequent 

regression and consist of variable quantities of detrital siliciclastic sediments which 

generally do not correspond with overall trends. Minturn, Hermosa, and Gothic 

Formations consist of individual genetic units (cycles) which are not individually 

correlative throughout the Ancestral Rocky Mountain region, and overall thickness of 

biostratigraphically correlative sediments are not equal.

Overall relative sea level trends indicated by Minturn, Hermosa, and Gothic onlap 

curves correspond to global changes in rate of relative sea level rise. The greatest rate of 

relative sea-level rise indicated by the middle Pennsylvanian portion of the Vail et al. 

(1977) second-order global relative sea level curve, corresponds roughly with the timing
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(mid-Desmoinesian) of maximum shoreline transgression indicated by Minturn, 

Hermosa, and Gothic rocks.

Implications of Regional Correlations

Correlation of Minturn, Hermosa, and Gothic strata indicate several important 

characteristics of Ancestral Rocky Mountain sedimentation. General correlation of 

large-scale transgressive - regressive patterns suggest control by long - frequency eustatic 

(global) sea-level variations (Appendix 1). Correlation of these overall trends with 

changes in rates of 2nd order eustatic sea-level further supports control by eustatic sea

level variations. Global sea-floor spreading and other long-term regional tectonic trends 

are mechanisms possibly responsible for long-frequency relative sea-level variations 

(Groztinger, 1986).

Overall thickness variation of biostrati graphically equivalent Minturn, Hermosa, 

and Gothic strata suggests local variations in rates of subsidence throughout the Ancestral 

Rocky Mountain system. Correlation of Minturn cycles 12-15 with Hermosa cycle 4 and 

Gothic cycle 9 indicates local variations transgressive - regressive trends at widely 

separated depositional sites throughout the Ancestral Rocky Mountain system. Perhaps 

local differences in rates of tectonic subsidence associated with evolution of the Ancestral 

Rocky Mountain system (previouly documented by DeVoto, 1980) caused local variations 

in long-term eustatic trends. This hypothesis also offers an explanation for variable rates 

and timing of siliciclastic detrital influx indicated by Minturn, Hermosa, and Gothic 

stratigraphic intervals.

Occurrence of stacked successions of small-scale genetic units within Minturn, 

Paradox, and Gothic Formations suggests a smaller scale of eustatic control on 

sedimentation, in addition to large-scale eustacy. Workers suggest that many scales of 
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cyclic eustatic sea-level variation controlled deposition of sedimentary packages 

consisting of regionally correlative genetic units (Appendix 1). Mechanisms causing 

small-scale eustatic variations include short-term cyclic growth and abatement of polar 

ice caps (due to the influence of precession and eccentricity of the earth's axis on world 

climatic systems, Grotzinger, 1986). Minturn, Hermosa, and Gothic Formations consist 

of stacked successions of individual cycles that do not correlate on a cycle by cycle basis. 

Perhaps workers used inconsistant methods to delineate cycles, or recognized different 

scales of genetic units. The studied interval of the Minturn Formation appears to consist of 

at least three different scales of genetic units (i.e., small, medium, and large cycles). 

Alternatively, perhaps different frequencies of cyclic eustatic sea level variation (e.g., 

100,000 and 225,000 year hypothetical cycles) constructively combined with unique tectonic 

subsidence and sedimentation rates at different localities in the Ancestral Rocky 

Mountain system to produce cyclic relative sea level rise and fall of different 

periodicities. Finite age constraints are not available to allow calculation of exact cycle 

periodicities, so this hypothesis cannot be tested.

Thickness Trends

Description

On a first order approximation, thickness of small and medium-scale cycles are 

relatively constant throughout the study area. However, slight thickness variations in 

small-scale cycles sum to create noticable medium-scale cycle thickness variations in 

several locations in the study area (Plate 1). Slight thinning of small-scale cycles 

sometimes correspond with erosional unconformities of limited lateral extent.

Recurring stratigraphic thickening and thinning occurs in three localities in the 

study area (Figs. 67, 69, and 70, & Plate 1). In west portions of the study area (measured
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Figure 69. Summary of thickness variations in cycles 3 - 6, and 7 -15. Circled "Thin" 
and and "Thick" symbols are associated with cycles 3-6, and non-circled symbols are 
associated with cycles 7 -15.
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section #3) slight recurring thickening of genetic units occur in cycles #3 - #5 and 

significant thinning occurs in cycles #8 -15 (especially in cycles #11 -14). In central and 

east portions of the study area (measured sections #1, 2, & 4) relative thinning occurs in 

cycles #3 - 5, and thickening occurs in #8-15. Marked thickening occurs in southeast 

regions of the study area in cycles #7 -15 (in the vicinity of measured section #5). Strata 

below cycle 7 in southeast portions of the study area are not exposed.

Although stratigraphic thickness in central and east portions of the study area are 

relatively constant, slight anomalous thinning occurs in central portions of the study area 

(measured section #4) in cycle #4 - 8, and anomalous facies representing comparatively 

shallow water depths occur.

Interpretation

Stratigraphic thickness characteristics of genetic units throughout the study area 

indicate local variations in rates of subsidence, superimposed on relatively constant 

regional rates of shelf subsidence (Fig. 69). Generally constant thickness of cycles 

throughout the study area indicates relatively constant regional subsidence rates. 

Recurring coincidence of small-scale cycle thins with erosional unconformities may 

represent erosional trucation of sediments on structurally enhanced topographic highs. 

Incomplete lateral exposure of unconformities did not allow full evaluation of lateral 

extent of subaerial exposure. Recurring major stratigraphic thickness variations in east 

and central, west, and south portions of the study area indicate local differences in 

subsidence rates during deposition of sediments.

Thickening of cycles #3 - 5 in west portions of the study area indicate locally rapid 

syndepositional subsidence rates, relative to central and east portions of the study area 

(where thinning occurs). Stratigraphic intervals beneath cycle #7 are not exposed in south 
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portions of the study area (in the vicinity of cycle #5), so thickness comparisons and 

relative local subsidence interpretations were not determined.

Thinning of cycles #8 -15 (particularly cycles 11 -14) in west portions of the study 

area, compared to east and central regions (where thickening occurs) indicates rapid 

subsidence in east and central regions of the study area during deposition of this interval. 

These relationships indicate that exact opposite differential subidence rates occurred 

during deposition of cycles #3-5, and cycles # 8 -15 . Very rapid syndepositional 

subsidence rates occurred in southern regions of the study area (measured section #5), 

where anomalously thick genetic units occur, compared to west and central - east regions 

of the study area (Fig. 69). Thickness trends correspond with syndepositional 

bathymmetric topography interpreted from spatial occurrence of carbonate facies in these 

cycles (Fig. 70).

The recurring nature of thickness and carbonate facies trends suggests differential 

subsidence on three major subsurface structural blocks located in west, central - east, and 

south regions of the study area. Slight thickening of genetic unit #8 over north and 

northeast portions of the hypothesized central - east structural block 

suggest slight northward tilting of this block. Preferential occurrence of restricted coastal 

facies, and decrease in size, spacing, and occurrence of algal mound facies in north 

portions of this block support the idea of northward tilting.

Spatial occurrence of chaotic sedimentary facies and drape features observed at 

several sites throughout the study area suggest that the east - central block may have 

actually consisted of two minor structural blocks having very similar subsidence 

histories.
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In summary, recurring stratigraphic thickness variations and spatial occurrence of 

carbonate facies, chaotic sedimentary facies, and drape features suggest syndepositional 

structural control of sedimentation by differential subsidence across 4 subsurface 

polygonal basement blocks (Fig. 70). A structurally enhanced bathymmetric high and low 

alternately occurred during deposition of cycles 3-5 and 8 -15 (respectively), in central - 

east portions of the study area. The central - east block was tilted to the north during 

deposition of cycle #8. A marked bathymmetric low persisted in southeast portions of the 

study area during deposition of cycles 7-15.
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SUMMARY AND CONCLUSIONS

Siliciclastic. Carbonate, and Transitional Siliciclastic Sedimentary Systems

Siliciclastic and carbonate rocks of the Minturn Formation in the Booth Creek study 

area occur in a stacked succession of genetic units representing successive episodes of 

sedimentation (in nearshore to offshore environments) on a west-facing siliciclastic and 

carbonate marine shelf. The "cyclic" nature of this stacked succession of rocks is due to 

repeated cyclic rise and fall of relative sea-level over time. Local tectonic movements 

influenced spatial distribution of carbonate facies and influx of siliciclastic detritus in the 

Booth Creek study area.

Genetic units consisting exclusively of siliciclastic sediments represent fan-delta 

systems, which consist of coeval fluvial-mouth, delta-front, inter-delta bay, and prodelta 

component environments. Fluvial-mouth and delta-front environments collectively 

represent fan-delta lobes, and stacked fan-delta lobes represent fan-delta complexes. 

Timing of rates and quantities of siliciclastic influx appear to be controlled by local 

tectonic factors independent of cyclic eustatic sea level variations. Autocyclic delta lobe 

switching and depositional topography controlled stacking patterns of fan-delta 

complexes.

Genetic units consisting exclusively of carbonate sediments represent episodes of 

extensive carbonate deposition in shallow marine environments due to low rates of 

siliciclastic detrital influx. Coeval ooid beach, ooid subi dal, saline embayment, restricted 

coastal, algal mound, and open marine component environments comprise carbonate 

shelf systems. Algal mound facies occur in two carbonate genetic units. Bioherms 

developed during widespread open marine conditions and very low rates of detrital influx.
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Genetic units containing mixed carbonate/siliciclastic rocks represent coeval 

deposition of both carbonate and siliciclastic sediments. Offshore carbonate/siliciclastic 

facies and (nearshore) sandy ooid lithologies occur laterally betweeen purely carbonate 

and siliciclastic rocks. These facies represent a transition zone between high rates of 

carbonate and siliciclastic sediment accumulation.

Thickness and spatial distribution of facies within all types of genetic units indicate 

deposition on a west-facing shelf, with a north-trending paleoshoreline, and a north

trending shallow offshore trough in north and central portions of the study area. Facies in 

southern portions of the study area represent a shallow embayment, which displaced 

paleoshoreline depositional zones eastward (landward).

Controls on Siliciclastic and Carbonate Deposition

Cross-sectional and plan-view spatial occurrence of facies indicate allogenic and 

autogenic controls on depositional trends within the Minturn Formation at Booth Creek. 

Allogenic factors influence sedimentation over very large regions (i.e., over interbasinal 

or perhaps world-wide areas). Autogenic factors influence sedimentation over laterally 

limited regions (i.e., usually within an individual basin). Eustatic sea-level variations 

are allogenic mechanisms which may have controlled cyclic deposition of Minturn 

sediments. Autogenic factors which effected deposition of Minturn sediments are 

siliciclastic influx and coeval structural activity.

Allogenic Controlls

Several frequencies of cyclic eustatic sea-level rise and fall are responsible for 

deposition of the Minturn Formation in a stacked "cyclic" succession of genetic units at 

the Booth Creek locality. Correlation of large-scale relative sea-level



T-3462 180

transgressive/regressive trends in the study area to time-equivalent strata in other 

Ancestral Rocky Mountain regions (having slightly different subsidence histories) 

suggests control by long-frequency (allogenic) eustatic sea-level changes. Small and 

medium-scale genetic units in the Minturn Formation demonstrate constant thicknesses 

and cyclic relative sea level variations over relatively short geologic time periods. Small 

and medium scales of eustatic sea-level variation are the most likely mechanism to 

produce these cyclic relative sea-level variations.

Long frequency eustatic variations may be a result of larger scales of 

climatic/glacial cycles, or of long period tectonic events (such as change in rates of sea

floor spreading; Grotzinger, 1986). Medium and short -frequency cycles may be due to the 

influence of precession and eccentricity of the earth's axis on world climatic and polar 

glacial systems (Grotzinger, 1986). Glacial-eustatic variations were especially 

pronounced during late Paleozoic time (Crowell, 1978). Finite periods of cycles (in years) 

are necessary to confirm and constrain eustatic sea-level change mechanisms. 

Eustatic control of relative sea level history during deposition of study area sediments 

indicates that rates of worldwide sea-level variation generally outpaced local 

sedimentation rates and changes in rates of subsidence. The occurrence of some 

siliciclastic cycles which do not conform to overall thickness and relative sea-level trends 

indicate that high rates of siliciclastic influx sometimes exeeded eustatic sea-level rates of 

change and therefore periodically controlled relative sea-level variation. However, in 

most cases, three scales of eustatic sea-level variation, superimposed on relatively 

constant subsidence and sedimentation rates (except during periods of rapid siliciclastic 

influx) deposited genetic units representing cyclic variation in relative sea-level.
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Autogenic Controlls

Coeval Structural Activity

Subsidence rates were relatively constant during deposition of Minturn strata exposed 

in the study area. However, local differential subsidence and tilting of subsurface 

basement blocks controlled lateral thickness and facies variations.

Variations in thickness between large packages of time-correlative sediments on the 

west flank of the Eagle Basin (Gothic Fm.) and on the east flank of the Paradox Basin 

(Paradox Fm.) indicate that overall rates of subsidence are unique to each of these regions. 

Overall constant thickness of all types of small and medium-scale genetic units in the 

study area indicate relatively constant rates of subsidence through time.

On a smaller scale, recurrent subtle variations in thickness of genetic units, 

persistent lateral occurrence of carbonate and chaotic facies, and drape features indicate 

control of sedimentary trends by local variation in rates of subsidence and tilting on three 

to four subsurface basement blocks in the study area. Differential subsidence of two or 

three narrow north-trending basement blocks in north-central regions of the study area 

resulted in a bathymmetric offshore barrier to marine circulation and reduced carbonate 

production in a narrow marine trough (landward of this barrier). Marine salinity 

increased landward in this trough and ultimately resulted in deposition of ooid beach and 

subtidal ooid facies on the landward flank of this trough.

Lateral occurrence of algal mound and saline embayment facies, and significant 

thickening of strata in the south portion of the study area indicates control of sedimentation 

across a structural lineament separating basement blocks in north central and south 

regions of the study area. Rapid subsidence rates in south regions of the study area 

displaced the north-trending paleoshoreline landward, resulting in a coastal embayment.
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High evaporation rates and reduced marine circulation levels characterized depositional 

conditions in this embayment. Ooid beach and ooid subtidal facies were deposited on the 

landward flank of this embayment, due to high marine salinity levels.

Siliciclastic Influx

Stratigraphic occurrence and relationships between coeval carbonate and siliciclastic 

facies indicates timing and rates of siliciclastic influx controlled carbonate depositional 

trends. Timing and rates of siliciclastic influx did not directly correspond to eustatic sea

level variations.

Siliciclastic depositional trends overprint or truncate carbonate trends, indicating 

siliciclastic influx rates were locally greater than carbonate depositional rates. Influx of 

siliciclastic detritus outpaced biologic carbonate production rates in part by reducing photic 

levels and inhibiting feeding capabilities of carbonate organisms. Resulting reduced 

carbonate production capabilities in combination with high rates of siliciclastic detritus 

influx overwhelmed biologic carbonate accumulation. Influx of siliciclastic detrital 

grains into marine environments did not inhibit chemical (inorganic) carbonate 

production.

Common occurrence of carbonate facies in relatively close proximity and in the 

absence of siliciclastic facies indicates highly favorable marine conditions for carbonate 

generation and deposition during absence of high rates of siliciclastic influx. Equatoral 

paleogeographic location of the Eagle Basin during deposition of Minturn sediments 

(Crowell, 1978) may be partially responsible for interpreted high carbonate productivity.

Lateral variations in size and quantities of siliciclastic detritus in all types of genetic 

units indicate that marine turbidity gradients controlled carbonate depositional trends. 

Overall quantity of siliciclatic detritus is greatest in facies representing nearshore 
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environments, in eastern portions of the study area, and smallest in facies representing 

offshore environments, in far west portions of the study area.

Skeletal assemblages in facies occurring in central and east portions of the study area 

are sparse, heavily encrusted, non-diverse, and contain anomalously high proportions of 

brachiopod, tubular foram, pelecypod, and gastropod skeletal assemblages. These 

assemblages represent slow biologic carbonate production and burial rates, in turbid 

marine environments. Carbonate facies in far west portions of the study area contain 

abundant, diverse skeltal assemblages, which represent high rates of biologic carbonate 

production and deposition, in non-turbid marine conditions. Therefore, a turbidity 

gradient, ranging from high turbidity in eastern portions of the study area, to low turbidity 

in western portions of the study area, controlled biologic carbonate production.

Depositional History of the Minturn Formation at the Booth Creek Study Area

The stacked succession of genetic units at the Booth Creek study area indicates that 

Minturn sediments represent a series of distinct depositional events during an overall 

rise and fall of eustatic sea-level. This package of sediments generally correlates with 

part of the Lower to Mid-Desmoinesian Cherokee transgressive/regressive genetic 

sequence in the North American midcontinent region.

Presence of siliciclastic genetic units throughout the lower 1/3 of the Booth Creek 

stratigraphic interval (cycles 1-5) indicates high rates of siliciclastic detrital influx 

during deposition of these cycles. Lipsection decrease of unconformable fluvial-mouth 

facies and increase in delta-front and mudrock lithologies indicates gradual 

transgression throughout deposition of this interval.

Strata immediately above the lower 1/3 of the studied interval (cycles 5 &6) consists of 

an anomalously thick covered interval consisting of dark colored, sparsely fossiliferous 
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and biotrubated, carbonaceous, offshore marine mudrocks. These rocks represent 

deposition in a large inter-delta bay associated with a fan-delta complex north and/or 

south of the present day study area. Perhaps evidence for large, coeval fan-delta complexes 

exists in unexposed sediments beneath measured section #5, or north of the study area 

along depositional strike. Vertical relief of forsets in delta-front facies in an isolated fan

delta lobe (at measured section #3 locality) indicates deposition in water depths greater 

than 25 feet. The anomalously thick nature of this cycle throughout the study area suggests 

that strata in this cycle represent deepest relative water depths of all cycles exposed in the 

study area. Therefore, cycle #5 represents the culmination of overall relative sea-level 

deepening, in the studied transgressive/regressive package.

Widespread ocurrence of thick carbonate genetic units associated with small 

quantities of siliciclastic material (in cycles 7 and 8) indicates by-passing of detrital 

siliciclastic sediments around the study area, during this time. Perhaps fan-delta 

complexes along depositional strike, but far removed from the study area transported 

detrital sediments basin ward. Gradual decrease in cycle thickness in cycles 6-8 indicate 

gradual overall relative water depth shallowing. Widespread occurrence of algal mound 

facies (having maximum vertical dimensions of 20 feet and erosional upper surfaces) 

represents deposition in water depths ranging from 20 feet to subaerial exposure.

Size and spacing trends of algal mound facies in cycle #8 suggests that mounds 

preferentially developed on a bathymmetric high, located on an upthrown and tilted 

basement block. Carbonate facies distributions and thickness variations in cycles 7 and 8 

indicate that a bathymmetric low persisted in southern portions of the study area, adjacent 

to the hypothesized upthrown structural high in north-central portions of the study area.
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The upper 1/3 of the Booth Creek stratigraphic section (cycles 9-15) represents renewed 

high rates of siliciclastic detrital influx, and gradual overall shoreline regression of both 

carbonate and siliciclastic facies. In cycle 9, presence of anomalously thick, coarse

grained siliciclastic facies in south portions of the study area and presence of thick 

mudrock horizons in north portions of the study area represents fan-delta and inter-delta 

sedimentation, respectively. Upsection increase in quantities and grain size of 

siliciclastic detritus, and western increase in progradation of fan-delta complexes 

represents gradual overall decrease in relative water depths through time. Comparison of 

carbonate facies in cycles 8, 11, 12, and 15 indicate overall shallowing of relative sea level 

(and shoreline regression) over time.

Marked thickening of cycles 9-15 and occurrence of anomalous siliciclastic and 

carbonate facies trends in southern portions of the study area indicates faster rates of 

subsidence this region of the study area, during deposition of this interval.

Relationships between the Booth Greek Minturn System and Adjacent Eagle Basin / 

Ancestral Front Range Systems

Interpretive characteristics of the Minturn Formation derived from this study and 

from recent studies of the Eagle Evaporite provide alternative interpretations of the 

Desmoinesian Eagle Basin / Ancestral Front Range tectonic - sedimentary system. 

Spatial occurrence of facies and thickness trends throughout the Eagle Basin indicate 

control of sedimentation by differential subsidence and tilting within a mosaic of 

polygonal structural blocks in an overall west-deepening system (Leven, this paper; 

Devoto, 1986; Dodge & Bartleson, 1986; Taranick, 1974).

Vertical facies successions within genetic units of the Minturn Formation (at the 

Booth Creek locality) and within coeval portions of the Eagle Evaporite represent cyclic 
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sedimentation on marginal and axial regions of the Eagle Basin (respectively). The 

comparatively wide range of interpreted relative water depths (ranging from deep offshore 

marine to subaerial environments) within individual genetic units in the Eagle 

Evaporite, large overall thickness, and distant geographic location from the Ancestral 

Front Range suggests that the Eagle Evaporite was deposited in the Eagle Basin's axis 

(Schenk, 1986). Comparatively thin overall Minturn Formation thickness (at the Booth 

Creek locality), close geographic location to the Ancestral Front Range, and 

comparatively shallow interpreted relative water depths suggest deposition of the Minturn 

Formation on the margin of the Eagle Basin.

Thickness of Desmoinesian sediments increases from zero thickness, close to the 

Booth Creek study area, to thousands of feet in the axis of the Eagle Basin. Approximately 

two miles south-east of the Booth Creek study area, the Minturn Formation pinches-out on 

Pre-Cambrian crystalline basement (Tweto, 1953). Therefore, the coeval facies and 

thickness trends suggest the Eagle Basin was an overall westward-deepening 

sedimentary system.

A north-trending marine trough occurred immediately adjacent to the Ancestral 

Front Range (corresponding to the "Vail-McCoy trough" of Walker) suggesting locally 

high rates of subsidence along a series of north trending graben structures. Restricted 

coastal facies was deposited in graben structures, and open marine as well as algal mound 

facies were deposited on horst structures. Ooid facies were deposited on horst structures 

immediately adjacent to and along the flank of the Ancestral Front Range. Other 

evidence for control of carbonate and evaporite depositional trends by uneven east to west 

basement structure occurs in other portions of the overall westward-deepening 

Minturn/Eagle Evaporite sedimentary system (Dodge and Bartleson, 1986; Schenk, 1986) .
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Coincidence of (Desmoinesian) depositional Minturn contacts on Pre-Cambrian 

crystalline basement with the present-day locality of the Gore Fault suggests that the east 

boundary of the Ancestral Front Range uplift mimics the location and configuration of the 

Gore Fault (DeVoto, 1986; et al.). The Gore Fault is an overall north-northwest oriented 

feature and therefore the interpreted eastern boundary of the central Ancestral Front 

Range may have also been oriented in a north-northwest direction.

Local east-west orientation of the Gore Fault in the northern portion of the Booth Creek 

area and interpreted east-west / north-south paleostructural control of carbonate 

sedimentation and thickness trends in the study area, suggests local east-west 

displacement of overall north-south Ancestral Front Range margin trends. In central 

portions of the study area, paleoshoreline trends were displaced to the west. Evidence for 

displacement of paleoshoreline trends coincident with the present-day Gore Fault in the 

north-portion of the study area is limited, and only suggests that east qt west displacement 

occurred. Further examination of carbonate thickness and siliciclastic sediment 

dispersal patterns parallel and perpendicular to the Gore Fault out of the Booth Creek study 

area is required to fully characterize east-west paleoshoreline displacements coincident 

with the Gore Fault.

Lack of recurring evidence for sub-aerial depositional environments or exposure 

surfaces within Minturn genetic units, compared to those in the Eagle Evaporite, is 

noteworthy as depositional haituses and subaerial deposition are generally expected to 

increase in magnitude and frequency towards basin margins. Perhaps laterally 

extensive disconformities representing depositional hiatuses occur but were not 

recognized in the study area due to covered intervals and poorly developed exposure 

surfaces.



T-3462 188

An alternative explanation for lack of non-depositional or hiatal surfaces is that 

locally high subsidence rates in the (ancestral) Booth Creek study area (compared to other 

portions of the Eagle Basin margin) resulted in essentially continuous deposition through 

time. This hypothesis would explain the paucity of large volumes of cobble and larger 

sized detritus presumably transported through the study area (from the nearby Ancestral 

Front Range) to axial portions of the Eagle Basin. These coarse sediments may have been 

"ponded" immediately adjacent to the Ancestral Front Range margin by rapid subsidence 

rates, and/or transported around the study area via fan-delta systems established on 

adjacent structural blocks with slower subsidence rates north and south of the Booth Creek 

locality. These adjacent blocks may have occurred north or south of the study area. 

Examination of accurately correlated Minturn and Eagle Evaporite genetic units with 

respect to thickness, frequency of cyclic deposition, and characteristics cycle boundaries 

are necessary to test these hypotheses.

In summary, Desmoinesian rocks on the east-flank of the Eagle Basin represent 

deposition on a series of structurally active polygonal horst and graben basement blocks 

which unevenly stepped downward in a west direction to the axis of the Eagle Basin. The 

margin of the east-adjoining Desmoinesian Ancestral Front Range (in the vicinity of the 

Booth Creek study area) is most likely characterized as a north-northwest trending feature 

which contained local axial trough and/or east-west sidestepping geometries (Fig. 71). 

The "Vail/McCoy trough," postulated by earlier workers, may have been formed by 

comparatively rapid subsidence rates on a narrow, generally linear belt of graben blocks 

immediately adjacent to the Ancestral Front Range. Additional regional study of genetic
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MODIFIED AFTER TWETO & LOVERING, (1977)

Approximate location 
of measured sections

Exposed Desmoinesian / 
Pre-Cambrian Basement 
depositional contact

PRESENT-DAY GORE 
FAULT x

PREDICTED DESMOINESIAN 
PALEOSHORELINE 
CONFIGURATION \

Lineaments bounding interpreted 
basement structural blocks

Figure 71. Predicted structurally enhanced Desmoinesian paleoshoreline configuration 
along the west margin of the Ancestral Front Range. Note relationships between present
day location of the Gore Fault, exposed Desmoinesian / Pre-Cambrian-basement 
depositional contact, and interpreted Desmoinesian structural-lineaments / basement 
blocks.
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units is required to document recurring periods of deposition and non-deposition, and 

facies distribution over time.
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APPENDIX L SEDIMENTOLOGIC AND STRATIGRAPHIC CONCEPTS

Interpretations of rocks in the Booth Creek study area are based on basic 

sedimentologic processes (Fig. 72). The following outlines basic carbonate and 

siliciclastic depositional processes and genetic stratigraphic principles on which 

interpretations in this thesis are based.

Siliciclastic Depositional Processes

Siliciclastic detrital sediments are allochthonous in origin. Interplay between rates 

of hydromechanical processes, grain size, sediment influx rates and bioprocessing rates 

are major factors which control primary depositional characteristics of detrital sediments 

(Selly, 1976). Hydromechanical (transportational) processes include traction currents, 

suspension deposition, and gravity-driven deposition (Selly,1976 and Harms,1979).

Deposition of clastic grains by traction currents is the most complex siliciclastic 

depositional process, due to the large variety of possible hydraulic flow conditions. 

Basically, this process involves transport of a "carpet" of grains by hydraulically induced 

rolling and saltation. Unidirectional flow conditions produce a variety of bedforms and 

sedimentary structures, depending on flow velocity and clast sizes (Fig. 73). Oscillatory 

or bi-modal flow produces more complex primary depositional structures. In subaqueous 

settings, high-frequency oscillation currents produce ripple-shaped bed forms and 

associated ripple cross-laminasets. Swash laminae are produced in intertidal settings. 

Low-frequency oscillation currents produce dune forms which migrate in opposing 

directions, which deposit bi-modal cross-stratified beds. Polydirectional currents produce 

hummocky and other complex bed forms which deposit very complex bedsets of 

amalgamated cross-laminated beds.
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Figure 72. Flow diagram illustrating interaction of rates of depositional processes to 
produce individual beds, bedsets, and genetic units (modified from Gerhard and Burke, 
1986). Characteristics of beds and bedsets (i.e., a group of beds) are dictated by the rate a 
particular type of grain is introduced into the sedimentary system, the hydromechanical 
setting at its depositional site, and rate of bioprocessing organisms. Thickness and 
spatial distribution of bedsets within genetic units depend on interaction of rates of 
deposition, subsidence, and eustatic sea-level variation.



T-3462 201

A

STREAM 
POWER

REGIME
UPPER FLOW

Plane Beds

Parallel Lamination

Antidunes

Ripples

Dunes

Massive

LOWER FLOW 
REGIME

---------------- SIZE OR VOLUME
(After Simms et al., 1965)

Figure 73. Relationships between unidirectional flow velocity, clast size, and 
sedimentary bedforms (modified after Simons et al., 1965). Note that transport of 
increasingly dense and/or high volumes of detrital grains in organized bedforms 
requires higher flow velocities.
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Traction currents of limited duration are a special type of traction current process. 

These currents are characterized as intense, unidirectional or low-frequency oscillatory 

traction currents, driven by storm, flood, or subaqueous density contrast mechanisms. 

These currents abruptly transport and deposit sediments with variable degrees of internal 

organization, depending on flow velocities and size of sediments being transported. In all 

cases, bedforms and associated internal depositional structures depends on grain size, 

rate of sediment supply, water column depth, velocity, and direction of flow (Harms, 1979).

Grain size and shape, or density, associated with different types of detrital grains are 

inversely related to competency of traction currents. The volume of detrital grains 

introduced to a depositional system is also inversely related to competency of traction 

currents. That is, transport of increasingly dense and/or high volumes of detrital grains 

in organized bedforms requires higher flow velocities (Fig. 73).

Deposition of sediments by suspension processes simply involves transport and 

settling of mud-sized particles suspended in the water column. In subaqueous 

environments, deposition of mud-sized sediments occurs in only relatively quiescent 

conditions, although weak traction currents may be present. Therefore, the nature of these 

sediments is controlled by variations in rates of particle settling, type of traction currents 

present, if any, and bioturbation rates.

Gravity-driven depositional processes involve the transport, re-deposition or 

reorganization of mechanically unstable sediment accumulations. Non-compacted, 

water-saturated mudrocks, and oversteepened, water-saturated slope sediments, are 

examples of mechanically unstable sedimentary accumulations. Depositional events are 

commonly initiated by sudden hydraulic currents, seismic energy, or are self- actuated 

(due purely to mechanical instability).
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Biological processing of siliciclastic sediments generally involves the destruction of 

primary depositional textures and structures, and homogenization of sediments within 

several inches of the sediment/water interface, due to activity of burrowing organisms. 

Processing rates are limited by oxygenation and nutrient availability within and above 

deposited sediments (Gerhard, 1984).

In summary, the interplay between hydromechanical (or transportational) processes, 

density of detrital grains, sediment influx rates, and bioturbation rates control primaiy 

depositional texture of clastic sediments. These primary textures will remain preserved 

until subsequent diagenesis.

.Carbonate depositional processes

Carbonate sediments are generally autochthonous in nature, and in part, are the 

product of interaction between rates of three major processes: carbonate generation, 

biodegradation, and hydromechanic agitation or transport (Gerhard and Burke, 1986). 

The following text is based on summaries by Milliman (1974), Bathurst (1975), and 

Gerhard (1984).

Carbonate generation occurs by both chemical and biological mechanisms.

Hydrogen ion concentration, calcium ion concentration, carbon-dioxide concentration, 

temperature, pressure, salinity, photic energy levels, marine turbidity, and nutrient 

availability are major factors which control carbonate generation.

Animal and plant organisms secrete calcium carbonate skeletal materials. The 

most significant factors controlling biologic carbonate production are: marine photic 

energy levels, availability of CO2 and other nutrients, marine tubidity, and salinity. 

Photic energy level, carbon-dioxide concentration, and availability of other nutrients, are 

directly related to the production of photosynthesizing planktonic organisms, which are the 
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base of the food chain. Skeleton-producing animals, which are the most significant 

biological carbonate sediment producers, feed directly on these planktonic organisms. 

Also, planktonic organisms, as well as larger photosynthesizing plant organisms, 

produce carbonate skeletons. Collectively, these photosynthesizing plants produce the 

second largest proportion of carbonate sediments. Turbidity levels (i.e., the quantity of 

siliciclastic mud sized sediments suspended in the water column) limit filter feeding 

capabilities of skeletal producing animals. Turbidity also limits photosynthetic 

capabilities of plant organisms. Salinity characteristics strongly influence local 

assemblages of biota, since organisms are sensitive to high or low extremes, or fluctuating 

conditions. The stability of generated skeletal material depends on thermochemical 

considerations also.

Chemical carbonate generation occurs via biologically enhanced, and/or purely 

inorganic precipitation processes. Hydrogen ion concentration, calcium ion 

concentration, carbon-dioxide concentration, temperature, pressure, and salinity, are the 

most significant factors controlling direct chemical precipitation of calcium carbonate. 

Marine hydrogen ion concentration, temperature, and pressure are related to the solubility 

of calcium carbonate. Carbon-dioxide and calcium ion concentration effects the 

equilibrium position of the chemical reaction responsible for the direct precipitation of 

Calcium carbonate: CaCO3 + CO2 + H2O = Ca 2+ = 2HCO3-. Marine salinity, especially 

with respect to Mg, and Sr, Pb, and Fe ions, inhibits the precipitation of calcium carbonate, 

or enhances the precipitation of aragonite (respectively). Biologic processes may also 

enhance direct calcium carbonate precipitation. Photosynthesis decreases carbon-dioxide 

concentration and forces carbonate precipitation. Nitrogen- reducing bacteria produce 

locally high concentrations of ammonia, which decreases solubility of calcium carbonate, 
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and therefore promotes precipitation. In summary, direct precipitation of calcium 

carbonate is enhanced when the following conditions are met: 1. Solubilities are low as in 

the case of shallow, high temperature water, 2. Concentrations of Ca or CO3 or both are 

high, and 3. Biologic metabolic processes, such as photosynthesis and nirogen reduction, 

are operative (Gerhard, 1984).

Biologic degradation of carbonate material involves boring, burrowing, and 

ingestion of primary carbonate material, resulting in the production of carbonate debris, 

and ultimately, carbonate mud (Gerhard, 1984). Boring and burrowing organisms are the 

most significant sediment (i.e., debris and mud) producers. Bio-processing occurs at, or 

several inches below the sediment water interface. Therefore, the degree of biodegredation 

of primary carbonate material is largely a function of the time this material is exposed to 

the sediment/water interface region.

Hydromechanical processes involve the effects of hydraulic energy on carbonate 

grains. Carbonate sedimentary grains may be exposed to many of the same hydraulic 

conditions which result in the transport and deposition of siliciclastic detrital grains. The 

only difference between hydromechanically influenced carbonate grains and siliciclastic 

grains is that carbonate grains have unique original grain shapes and densities.

The most important effects of hydromechanical processes on carbonate grains are: 

mechanical degradation, dispersal, or concentration of grains. Mechanical degradation 

results in the fragmentation and abraison of grains. Dispersal of high concentrations of 

sediments occurs by transport away from these areas, given proper current conditions and 

absence of trapping or binding organisms. Hydromechanical concentration or 

accummulation of carbonate detritus may occur two different ways. Transport and 

entrapment of carbonate grains in patches of organisms which baffle (or reduce) 
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hydromechanical energies, is one mechanism which produces accumulations of carbonate 

detrital grains. This is one mechanism which has been proposed to explain the origin of 

late Paleozoic phylloid algal mounds (Pray & Wray, 1963; Wray, 1983; Gerhard 1984). 

Significant accumulations may also be formed directly by hydromechanical energy, 

where large quantities of sediment are transported through a small area, or high energy 

conditions are localized. Examples of purely hydromechanical accumulations are beach, 

shoal, or barrier bar systems.

In summary, the character of carbonate sediments are controlled by interaction of 

rates of carbonate generation, biologic processing, and hydromechanical processes. 

Gerhard and Burke (1986), believe that carbonate reefs and perhaps carbonate lithologies 

in general can be classified based on proportions of rates of primary depositional 

processes.

Origin of Genetic Units

Over the past twenty years, many workers have noted that thick accumulations of 

sedimentary rocks consist of successions of several scales of discrete, laterally correlative 

units (Wheeler, H. L., 1958; Sloss, L. L., 1963; Wheeler, H. E., 1963; Vail, et al., 1977). 

Recently, authors have cited stratigraphic evidence (in both siliciclastic and carbonate 

rocks) suggesting that rocks of marine origin were deposited during several scales of 

discrete episodes, punctuated by distinct breaks in deposition (Frazier, 1974; Vail, et al., 

1977; Goodwin, P. W., and Anderson E. J., 1985, Grotzinger, 1986).

The smallest of these units range from 3 to 20 feet thick and contain vertical lithologic 

variations indicating deposition in progressively shallowing or deepening relative water 

depths. Upper and lower boundries of these units represent non-deposition, erosion, or very 

slow depositional rates at the very end of and beginning of shallowing or deepening 
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relative sea-level trends. Shallowing-upsection units record initial rapid (geologically 

intstantaneous) relative water deepening, gradual shallowing, and eventual rapid 

shallowing of relative water depths (which sometimes culminated in sub-aerial exposure). 

Deepening-upsection units indicate initial erosional conditions followed by increasing 

rates of relative sea level rise. These units are termed shallowing or deepening up section 

asymmetric "cycles" due to their repetitive cyclic nature in stacked succesion.

Stacked groups of these relatively thin cyclic units collectively represent several 

larger scales of laterally correlative sedimentary packages (Fig. 74, Busch and Rollins, 

1984). Each scale consists of stacked successions of smaller-scale of cycles of individual 

component cycles. Each larger scale represents increasingly long-term relative sea level 

trends and more marked non-depositional or erosional boundaries. Boundaries of all 

scales of cycles are parallel to paleontological and geochemical time-stratigraphic 

horizons. Therefore, cycles are time stratigraphic sedimentary packages. Vail (et al, 

1977) defines genetic sedimentary units as chronostratigraphic packages of sediment 

bounded by non-depositional or erosional boundaries. Definition and correlation of 

chronostratigraphic units in any sedimentary package allows detailed analysis of 

depositional history through time (Fig. 75).

Allogenic (extrabasinal) and/or autogenic (intrabasinal) mechanisms caused 

deposition of carbonate and siliciclastic sediments in genitic units (Ginsburg, 1971; 

Wilkinson, 1982; Mathews, 1984; James, 1984; Goodwin and Anderson, 1985; Grotzinger, 

J. P., 1986). These mechanisms resulted in asymmetric cyclic rise and fall of relative sea 

level, which is the sum effect of eustatic sea level, basin subsidence, and sediment 

accumulation rates (Fig. 72).
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Figure 74. Idealized diagram illustrating stacking intervals of small (SS), medium 
(MS), and large scale (LS) genetic units produced by interaction of small- and medium
scales of cyclic eustatic variation and large-scale tectonic variation. Characteristic 
lithologic morphology of (all scales) of cycles are occur as a result of rising, falling, or 
constant relative sea level conditions.
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Figure 75. Time-stratigraphic correlation techniques used to define and interpret genetic 
units.
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Autogenic mechanisms are related to individual sedimentary systems within one 

particular basin. Examples of autogenic mechanisms are delta lobe switching (in 

siliciclastic systems, and differences in sediment production/accumulation rates (in 

carbonate systems; Grotzinger, 1986).

Allogenic mechanisms synchronously effect all sedimentary systems within and 

outside individual basin boundries. Episodic subsidence patterns, tectono-eustacy, glacio- 

eustacy, and geoidal-eustacy are possible allogenic mechanisms (Jackson and lanelli, 

1981; Pitman, 1978; Fischer, 1964; and Mom er, 1976).

Small-scale (thin) asymmetric cycles (4th, 5th, 6th and 7th order cycles defined by 

Vail, et al., 1977) may be related to short term (allogenic) glacio-eustatic sea level 

variations (Grotzinger, 1985; Goodwin, P. W., and Anderson, E. J., 1985). Variable 

depositional rates within one particular sedimentary system (Ginsburg, 1971; Wilkinson, 

1982), superimposed on relatively constant subsidence, may be an autogenic mechanism 

which also caused deposition of small-scale genetic units. Large- scale genetic units (1st 

through 3rd order cycles defined by Vail, et al., 1977) represent changes in sea level due to 

long-term mechanisms such as tectono- and geoidal-eustacy (Vail, P. R., Hardenbol, J., 

and Todd, R.G., 1984).

Glacio-eustatic sea level variations may be a result of climatological patterns forced 

by cyclic orbital variations of the earth's axis (Milankovitch, 1941; Mesolella, et al., 1969; 

Schwarzacher, 1975; Hays et al., 1976; Schwarzacher and Fischer, 1976; Imbrie and 

Imbrie, 1980; Fischer, 1982; Grotzinger, 1984; Matthews, 1984; Read et al., 1984). Cyclic 

orbital variations appear to have frequencies of 20,000,40,000,100,000, and 400,000 years. 

When major continental masses drifted over polar regions, major glacial events occurred 

in these frequencies, affecting eustatic sea levels (Crowell, 1978). Many workers using 
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paléontologie and radiometric age dating techniques have identified genetic units 

deposited within these time constraints, suggesting that the glacial eustatic theory is valid 

(Fischer, 1964; Bova, 1982; Koerschner, 1983; Grotzinger, 1985; Goodwin P. W. and 

Anderson, E. J., 1985).

Examples of long-term mechanisms which may have caused deposition of large scale 

genetic units are changes in volume of the world ocean due to changes in spreading rates at 

mid-oceanic ridges, and changes in subsidence or uplift rates of crustal blocks (Hallam, 

1963; Pitman, 1978). Frequencies of these mechanisms range from millions to hundreds 

of millions of years and actual trends may or may not be cyclic.

Models of cyclic glacio-eustatic variations superimposed on large-scale tectonic 

subsidence or uplift patterns predict stratigraphic characteristics that closely match field 

observations ( Cross, 1985; Goodwin, P. W. and Anderson, E. J., 1985; and Grotzinger, 

1986; Fig. 76). Sediments deposited by rapid eustatic deepening events, during initial 

phases of deposition in shallowing upward cycles , are associated with thin-bed 

thicknesses, very slow depositional rates, and deep relative water depths. Vail, et al., 1977 

defines these lower zones of cycles as "condensed sections." Early phases of cycle 

deposition usually represent rapid shoreline transgressions. During deposition of middle 

portions of cycles, the rate of eustatic sea level rise decreases, allowing sediment 

accumulation rates to gradually surpass eustatic rates of change, resulting in shoreline 

progradation, and deposition of relatively thick-bedded lithologies in moderate relative 

water depths. As eustatic sea level begins to fall (at increasing rates), relative water depths 

decrease rapidly, resulting in deposition of thinly bedded, shallow water lithologies, and 

possible sub-aerial exposure (Cross, 1985).

Although eustatic sea-level variations appear to have controlled cyclic deposition,
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Figure 76. Relationships between eustacy, regional subsidence and sedimentary 
depositional rates in "shallowing upsection cycles.” Note asymmetric distribution of 
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depth, rate of eustatic sea level change, and bed thickness.
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lateral variation of depositional rates between coeval environments within a larger 

system can result in autogenic cyclic deposition which may not be related to eustatic sea

level variations (Grotzinger, 1986). For example, depositional rates in littoral zones of 

siliciclastic coastal marine systems may be significantly greater than those in offshore 

regions. Lateral variations in carbonate production and accumulation rates may also 

occur due to lateral bathymmetric or ocean water variations (e.g., salinity or turbidity). 

These lateral differences in depositional rates can cause shoreline progradation when 

depositional rates exceed rates of eustatic sea level rise. In systems in which very little 

lateral variation in sediment accumulation rates exists, aggradational cycles will be 

deposited. Progradation or aggradation may be eventually halted if unfavorable biologic 

conditions are encountered (e.g., when aggradational carbonate systems shoal to the point 

that widespread evaporitic conditions develop, or when siliciclastic delta lobes prograde 

over such large distances that a crevasse splay occurs to maintain distributary gradient 

requirements). Sedimentation will not resume until the region subsides into relative 

water depths which favor renewed sediment accumulation. It is in this manner that 

autogenetic cyclic units may result from variable sedimentary depositional rates.
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APPENDIX 2: SLAB AND THIN SECTION DATA

CARBONATE LITHOLOGIES
SECTION #1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

8 ap 65 5 15 15 80 0 0 0 5 0 15 0 0 0 0

10.8 tmw 8 0 77 15 0 0 60 0 40 0 0 0 0 0 20

11 op 80 0 15 5 3 0 0 0 15 70 0 0 0 0 15

11.5 op 5 0 90 5 0 20 0 0 40 0 0 0 40 0 0

11.8 op 80 3 17 0 0 0 0 0 0 100 0 0 0 0 0

12 op 87 3 10 0 3 15 10 7 20 35 0 2 0 0 8

12.5 op 85 0 15 0 0 0 0 0 0 100 0 0 0 0 0

12.8 op 80 3 15 2 0 0 0 5 0 90 0 3 0 0 5

18 tmw 35 0 50 15 10 20 15 5 25 0 0 5 10 0 10

19 aw 20 0 65 15 10 10 40 15 10 0 0 0 10 0 5

20 tmw 15 15 70 0 0 0 80 0 20 0 0 0 0 0 0

20.1 tmw 10 0 92 5 0 0 40 0 50 0 0 0 10 0 0

20.2 tmw 15 0 85 0 10 5 25 0 30 0 0 25 0 0 5

20.3 tmw 20 0 80 5 0 10 30 0 40 0 0 10 0 0 10

20.4 op 70 10 10 10 0 0 0 10 5 80 0 0 0 0 5

22 aw 25 5 65 5 40 25 0 3 7 0 0 7 10 0 8

23 aw 20 5 60 15 35 25 0 15 5 0 0 13 0 0 10

26 aw 3 15 80 3 0 0 0 0 0 0 0 0 0 0 0

26.1 tmw 30 50 10 10 0 0 0 0 100 0 0 0 0 0 0

30 aw 20 10 55 15 20 10 30 15 5 0 0 3 3 3 20
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SECTION #1 (Cont.)

35 aw 40 0 40 20 60 20 0 10 5 0 0 3 0 5 0

35.1 tmw 5 3 65 30 0 50 0 0 0 0 0 50 5 0 0

39 op 80 0 10 10 0 0 0 0 0 0 0 0 0 0 100

39.1 tmw 10 0 75 15 0 5 40 15 7 0 0 30 3 0 0

40 OP 80 0 15 5 0 0 0 5 0 90 0 0 0 0 5

40.1 op 60 25 10 5 0 0 0 10 5 75 0 0 0 0 10

41 op 50 20 20 10 10 20 0 0 5 60 0 0 0 0 5

41.1 op 45 30 20 5 0 0 0 0 0 100 0 0 0 0 0

41.2 op 65 10 20 10 0 0 0 0 20 40 0 0 0 0 40

41.3 op 75 10 10 5 0 0 0 0 15 0 0 5 0 0 80

42a tmw 40 0 40 20 10 25 05 25 20 0 0 10 5 0 0

42b tmw 10 1 74 15 0 10 0 45 45 0 0 0 0 0 0

44 ap 45 0 45 10 60 20 0 0 10 0 5 0 0 0 10

44.5 tmw 8 0 0 15 0 10 0 0 60 0 0 0 30 0 0

45 aw 30 3 82 5 20 20 0 5 15 0 0 10 15 0 15

45.5 tmw 15 0 85 0 0 15 0 20 40 0 0 0 20 0 5

46 tmw 10 0 85 5 5 20 20 0 20 0 0 10 25 0 0

47 tmw 8 0 82 10 0 0 20 10 70 0 0 0 0 0 0

47.1 tmw 30 0 70 0 0 3 35 10 35 0 0 0 20 0 0

SECTION #2

1 2 3 4 5 6 7 8 9 10 11 12 _13_ _XL

1.9 op 85 3 10 2 0 0 0 0 5 80 0 0 0 0 15

2.1 op 80 0 20 0 0 0 0 0 0 100 0 0 0 0 0
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SECTION #2 (Cont.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

2.15 aw 20 0 70 10 60 20 0 0 5 0 0 5 0 0 10

2.21 tmw 5 0 55 40 30 30 0 0 25 0 0 0 30 0 5

2.2u op 60 0 25 15 70 5 0 0 5 0 0 5 10 0 5

8.9 tmw 60 0 40 0 0 10 10 0 35 0 0 20 10 0 5

9 tmw 35 5 40 20 0 3 50 30 20 0 0 0 0 0 0

11 op 75 0 20 5 0 0 20 0 5 70 0 0 0 0 5

11.1 op 90 0 10 0 0 0 0 0 0 100 0 0 0 0 0

12 tmw 3 5 85 10 0 0 0 0 100 0 0 0 0 0 0

12.5 op 70 5 30 0 0 0 30 0 20 0 0 3 2 0 45

13 tmw 20 0 70 10 10 0 25 15 30 0 0 0 15 0 5

13.1 tmw 3 10 0 10 0 0 40 0 30 0 0 0 3 0 0

14 op 60 5 65 20 0 5 30 0 5 10 0 10 5 0 35

15 aw 30 0 70 0 45 10 15 5 8 0 12 0 0 0 7

16 aw 35 0 65 0 45 25 5 0 10 0 0 0 10 0 10

19 tmw 8 0 82 0 0 15 30 25 20 0 0 0 10 0 0

21 ap 60 0 85 0 0 5 5 10 10 0 0 5 10 0 15

22 tmw 20 0 70 0 15 20 0 25 20 0 0 0 8 0 0

22.05 aw 5 0 75 20 50 40 0 0 0 0 0 0 0 0 10

22.1 op 50 0 50 0 0 0 30 0 10 0 0 20 10 0 30

22.05xaw 35 0 65 0 50 30 0 0 10 0 0 0 0 0 10

24 op 15 0 90 0 0 0 0 0 80 0 0 0 0 0 0

25 op 40 0 60 10
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SECTION #2 (Cont.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

28 tmw 30 0 45 25 0 40 10 40 10 0 0 0 0 0 0

27 op 70 10 15 5 0 10 10 0 15 0 0 20 10 0 35

SECTION #3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

7 op 65 0 20 10 0 0 50 40 5 0 0 0 3 5 8

8 aw 35 0 55 10 60 20 3 10 7 0 0 0 3 3 10

9 ap 80 10 10 0 10 20 0 15 20 0 0 10 10 5 10

Ila tmw 0 0 90 10 0 0 0 0 0 0 0 0 0 0 0

14 aw 25 0 70 5 40 20 0 10 10 0 0 0 10 0 10

15 aw 35 5 50 10 0 30 3 20 7 0 0 0 3 30 5

16 aw 20 5 80 10 25 35 7 7 3 0 0 7 7 7 5

17 ap 50 10 35 5 30 15 3 10 5 0 0 25 3 0 5

18.5 aw 35 5 60 20 0 10 0 30 20 0 0 10 10 10 20

21 tmw 5 35 30 30 0 10 80 10 10 0 0 0 0 0 0

22 op 75 15 10 0 0 0 0 20 0 50 0 0 0 0 30

23 op 70 10 20 0 0 5 0 0 0 85 0 0 0 0 10

24 tmw 25 3 60 12 5 35 50 0 3 0 0 0 0 0 0

25 aw 35 3 55 7 30 40 20 5 5 0 0 0 3 0 0

26 aw 30 0 60 10 50 30 3 3 5 0 0 0 4 0 5

27 aw 25 0 75 10 45 40 3 5 5 0 0 0 0 0 5

28 ap 80 5 15 0 5 5 3 20 34 0 0 3 0 0 30
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SECTION #3 (Cont.)

12 3 4 &__ L
29 tmw 15 5 25 25 0 0 30 5 25 0 30 0 0 0 5

30 aw 25 0 75 0 40 30 3 20 2 0 0 0 0 0 5

34 aw 35 0 55 10 20 25 5 15 10 0 0 3 5 0 20

35 op 50 0 40 10 5 5 0 5 65 10 0 0 0 0 10

36 op 35 40 20 10 0 0 0 10 80 0 0 0 0 0 10

37 op 25 45 30 0 0 0 0 0 100 0 0 0 0 0 0

38 tmw 10 0 70 20 5 5 30 0 50 0 10 0 0 0 0

41 op 90 5 15 5 0 3 0 5 3 80 0 0 10 0 5

43 op 85 0 10 5 0 0 0 0 100 0 0 0 0 0 0

44 tmw 40 0 45 15 0 0 10 5 70 0 5 0 0 0 10

SECTION #4

1__ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

2a tmw 5 0 85 10 10 30 0 0 20 0 0 0 40 0 0

2c tmw 25 0 55 20 50 20 0 0 0 0 0 0 30 0 0

2.3 op 50 0 35 15 0 0 0 0 10 70 0 0 0 0 20

3.1 op 65 10 15 10 0 0 0 0 5 80 0 0 0 0 15

4 tmw 5 0 65 35 0 0 0 0 0 0 0 0 0 0 0

5.1 tmw 5 5 60 30 0 40 0 0 0 0 0 0 60 0 0

5.8 tmw 10 0 90 5 0 0 0 0 40 0 0 0 30 0 30

5.8 op 75 0 20 5 0 0 0 0 30 0 0 0 30 0 40

5.9 op 65 0 10 15 0 0 0 0 20 0 0 0 0 0 80
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SECTION #4 (Cont.)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

6.1 op 50 10 20 10 0 0 0 0 20 0 0 0 0 0 80

6.9 tmw 5 7 50 38 0 0 0 0 40 0 0 0 40 0 20

7.1 tmw 40 20 10 30 0 20 0 0 80 0 0 0 0 0 0

8.1 op 45 35 10 10 0 0 0 0 20 60 0 0 0 0 20

10 op 65 10 15 10 2 5 0 8 50 0 0 10 5 0 20

10.1 tmw 0 25 0 0 30 30 0 15 0 0 10

12 ap 60 0 25 15 85 5 0 2.5 1 0 0 5 2.5 0 2

12.5 tmw 5 0 65 30 40 10 0 0 20 0 0 0 30 0 0

13.1 tmw 3 0 97 0 0 0 0 0 0 0 0 0 100 0 0

13.2b tmw 15 0 80 5 3 10 25 20 25 0 0 0 15 0 5

16.2 op 70 10 15 5 0 0 0 0 20 60 0 0 0 0 20

16.3 op 10 75 10 5 0 0 0 0 20 0 0 0 0 0 80

16.8 tmw 25 0 75 0 50 30 0 0 15 0 0 0 0 0 5

16.9 tmw 15 0 80 5 25 5 0 0 35 0 0 0 30 0 5

17.9 aw 20 0 80 0 30 20 0 7 10 20 0 0 0 0 13

18.1 aw 35 0 65 0 40 30 0 0 5 0 0 5 10 0 10

SECTION #5

1 2 3 4 5 Ç 7 8 9 10 11 12 13 14 15 16 17

1.1 tmw 2 0 98 0 0 0 0 80 0 0 0 0 0 0 20

1.2 tmw 5 0 85 10 0 0 40 0 55 0 0 0 0 0 55

1.3 op 70 20 5 5 0 0 0 0 20 60 0 0 10 0 10



T-3462 220

SECTION #5 (Cont.)

1__ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1.4 tmw 3 2 75 20 0 3 35 0 35 0 0 0 30 0 0

1.45 tmw 35 0 50 15 0 0 30 0 40 0 0 0 30 0 0

1.5 tmw 1 0 94 5 0 0 0 0 100 0 0 0 0 0 0

2 OP 75 10 10 5 0 0 0 0 10 80 0 0 0 0 10

3.2 tmw 60 10 15 15 0 10 1 0 0 70 0 0 1 10 10

3.4 op 90 3 5 2 0 0 0 0 0 100 0 0 0 0 0

3.5 op 70 10 15 5 0 0 0 0 10 70 0 0 0 0 20

20 tmw 25 0 75 0 30 20 0 15 10 0 0 5 10 0 5

21 tmw 40 0 50 5 30 20 0 10 10 0 0 10 15 0 5

21.2 tmw 35 0 55 10 0 0 30 0 35 0 0 0 30 0 5

24 op 80 3 12 5 0 0 0 0 20 60 0 0 0 0 20

24.5 tmw 10 0 85 5 0 0 0 0 20 50 0 0 10 0 20

27 tmw 30 0 60 10 0 0 15 10 20 0 0 0 10 0 0

27.5 tmw 20 0 80 0 20 0 0 5 15 0 0 0 10 0 5

27.8 tmw 60 3 27 10 0 0 0 0 0 20 80 0 0 0 0

31 tmw 25 0 45 15 3 10 35 20 15 0 0 5 5 0 10

31.1 tmw 15 0 70 15 0 0 60 0 40 0 0 0 0 0 0

31.3 tmw 35 10 40 15 0 0 20 0 35 30 0 3 15 0 0

31.4 tmw 50 0 40 10 0 0 25 0 35 15 0 15 10 0 0

32.2 tmw 2 0 88 10 0 0 0 0 40 0 0 25 35 0 0

32.5 tmw 5 0 90 5 0 0 30 0 40 20 0 10 0 0 0

32.6 op 70 0 13 10 0 0 0 0 10 80 0 0 0 0 10
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SECTION #5 (Cont.)

1____ 2___ 3 4 5__ 6___ 7__ 8___9__ 10 11 12 13 14 15 16 17

32.7 cp 70 10 10 10 0 0 0 0 15 50 0 0 20 0 15

32.8 op 70 3 17 10 0 0 10 5 15 25 0 15 15 0 15

34 op 40 20 25 5 5 10 10 10 10 45 0 10 0 0 0

33.6 op 80 12 8000000 100 00000

33cp 75 3 17 5000009703000

SILICICLASTIC (LITHIC ARKOSIC ARENITE) SAMPLES

Sample Lithics Feldspar Quartz

2-1 (below 12
base of section #2)

48 40

2-3 (") 15 15 40

2-26 15 40 55

1-17 (below 20
base of section #1)

40 40

1-28 (") 30 40 30

1 (") 20 40 30

1-3 (”) 20 35 45

1-4 (") 20 35 45

1-5 (") 20 50 30

3-42 15 25 60

3-3 (below base 20 
of section #3)

45 35

3-4 (") 8 40 50

3-12 20 30 50

3-13 30 30 40

3-19 20 35 45
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SILICICLASTIC (LITHIC ARKOSIC ARENITE) SAMPLES (Cont.)

4 18 40 40

AVERAGES
CARBONATE LITHOLOGIES:
1___ 2___ 3 4 $___g___Z___8__ 9 10 11 12 13 14 15 16 17

Ooid Packstone / Grain stone (op)

All op 64 13 9 9 0 0 0 2 17 36 0 0 4 0 23

Tubular Foraminifera Wackestone / Mudstone

All tmw 21 5 60 10 .5 3 10 9 30 4 .6 2 13 0 3

Algal Wackestone / Mudstone

All aw 27 1 67 7 31 21 8 7 8 0 1 2 8 5 9

Lithic Arkosic Arenites Lithics Feldspar Quartz

19% 37% 42%
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APPENDIX 3. THICKNESS OF GENETIC UNITS

MEASURED SECTION #1

MEDIUM-SCALE SMALL-SCALE THICKNESS
CYCLE # CYCLE # (FT)

2 53
A 11
B 15
C 9
D 17

3 58
A 10
B 18
C 16
D 17

4 75
A 19
B 14

5 94

6 55

7 52
A 16
B 15
C 15
D 16

8 50
A 10
B 15
C 11

Average Medium-Scale Cycle Thickness 430.4/8 53.8 ft

Average Small-Scale Cycle Thickness 246/17 14.4 ft
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MEASURED SECTION #2

MEDIUM-SCALE 
CYCLE #

SMALL-SCALE 
CYCLE #

THICKNESS 
(FT)

2 53
A 8
B 16
C 14
D 15

3 57
A 6
B 16
C 15
D 20

4 75
A 16
B 30
C 15
D 13

5 95

6 45
A 10
B 14
C 21

7 59
A 17
B 15
C 13
D 13

8 35
A 6
B 16
C 13

9 38

10 53

11 26
A 12
B 14

12 35
A 12
B 13
C 10

13 48
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MEASURED SECTION #2 (Cont.)

MEDIUM-SCALE SMALL-SCALE THICKNESS
CYCLE # CYCLE # (FT)

14 50

15 40

16 23
A 12
B 11

Average Medium-Scale Cycle Thickness = 795/16 = 49.7ft

Average Small-Scale Cycle Thickness = 386/30 = 12.9 ft

MEASURED SECTION #3

MEDIUM-SCALE 
CYCLE #

SMALL-SCALE 
CYCLE #

THICKNESS 
(FT)

1 64

2 68
A 12
B 11
7 44

3 57
A 13
B 10
?

4 72
C 17
D 17

5 99
A 5
D

6 61

7 52
B 14
C/D 17
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MEASURED SECTION #3 (Cont.)

MEDIUM-SCALE SMALL-SCALE
CYCLE # CYCLE #

THICKNESS 
(FT)

8 39
A 4
B 10
C 44
D 10

9 47

10 58

11 26
A 12
B 13

12 32
A 8
B 12
C 12

13 40

14 45

15 28
B 13
A 15

Average Medium-Scale Cycle Thickness = 743/15 = 49.5 ft

Average Small-Scale Cycle Thickness = 222/19 = 11.7 ft

MEASURED SECTION #4

MEDIUM-SCALE 
CYCLE #

SMALL-SCALE 
CYCLE #

THICKNESS 
(FT)

3 47
A 5
B 6
C 14
D 20
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MEASURED SECTION #4 (Cont.)

MEDIUM-SCALE SMALL-SCALE THICKNESS
CYCLE # CYCLE # (FT)

4 78
A 14
B 16
C 11
D 16
E 12

5 98
A 11

6 56

7 46
A 13
B 12
C 10
D 10

8 44
A 16
B 9
C 18

9 45

10 43

11 45

12 47

13 46

14 45

15

Average Medium-Scale Cycle Thickness = 369/6 = 61.5 ft

Average Small-Scale Cycle Thickness = 247/20 = 12 ft
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MEASURED SECTION #5

MEDIUM-SCALE 
CYCLE #

SMALL-SCALE 
CYCLE #

THICKNESS 
(FT)

7 56
A 14
B 18
C 11
D 11

8 45
A 8
B 10
C 14

9 53
A 29
B 13
C 10
D 5

10 52
A 6
B 6
C 9
D 9
E 22

11 43

12 46
A 8
B 15
C 24

13 39
A 12
B 6
C 10
D 11

14 53

15 37
A 23
B 12

Average Medium-Scale Cycle Thickness = 424/9 = 47.1

Average Small-Sclae Cycle Thickness = 316/25 = 12.6 ft



STRATIGRAPHIC CROSS-SECTION OF THE MIDDLE MINTURN FORMATION BOOTH CREEK WATERSHED.

EAGLE COUNTY, COLORADO

DATUM

UTHOLOGIC SYMBOLS AND RELATIONSHIPS TO MICROFACIES
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