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ABSTRACT 

Late Devonian through Early Mississippian thrust loading by the 

Roberts Mountains allochthon (Antler orogeny) in eastern Nevada flexurally 

warped the ilthosphere into a foreland basin, forebulge, and back-bulge basin. 

Depositional facies patterns in the Antler" foreland were controlled 

predominantly by migration of the flexural features and modified by the 

effects of eustasy. Flexural downwarping controlled the geometry and location 

of depositional basins. In relatively shallow water, eustasy controlled the 

overall nature of local depositional systems. Carbonate depositional systems 

were generally associated with major sea level highstands (Joana Limestone) 

whereas siliciclastic depositional systems were associated with lowstands (Pilot 

Shale). 

Lithologic, stratigraphic and paleontologic studies of the Joana 

Limestone allowed delineation of two distinct facies assemblages, the lower 

Joana Limestone and the upper Joana Limestone. The lower Joana limestone 

represents a regionally extensive, transgressive-regressive, middle shelf 

sequence. The overlying upper Joana Limestone represents a rapid facies 

shift to shelf margin deposition on the east and to slope and basin margin 

deposition in the western portion of the study area. The depositional facies of 

the Joana Limestone document a progressive eastward shift of the shelf 

margin during Early Mississippian (late Kinderhook to early Osage) time as 

part of a larger-scale retrogradational sequence that developed since Late 

Devonian time. Retreat of the shelf margin was associated with eastward 

migration of the flexural forebulge. 
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Migration of flexural features across the Antler foreland was recorded 

by strata deposited during the transition from a passive to a collisional margin 

regime. Relatively deep-water siliciclastic strata of the Pilot Shale were 

deposited in the downwarped back-bulge basin. The deepening back-bulge 

basin substrate was subsequently uplifted differentially and partially eroded 

as the forebulge migrated through the region during Early Mississippian time. 

Eustatic sea level rise during this time allowed carbonate deposition over the 

uplifted forebulge area (lower Joana Limestone). Continued eastward 

migration of the forebulge resulted in down warping of the western portion of 

the study area as it was incorporated into the foreland basin and upwarping 

over the forebulge in the easternmost portion of the study area. Forebulge 

upwarping resulted in shoaling of the substrate and corresponded to the 

position of the shelf margin (eastern facies belt of upper Joana Limestone). 

Downwarping resulted in deepening of the substrate and corresponded to 

westward deepening slope and basinal sedimentation (central. western. 

southern. and far western facies belts of the upper Joana Limestone) followed 

by turbidite fan deposition· (Chainman Shale) derived from the roberts 

Mountains allochthon. 

Depositional facies patterns in the Antler foreland suggest that the 

forebulge migrated approximately 250 km southeastward from Late Devonian 

to Early Mississippian time (a 17.5 to 20 m.y. timespan). from which a thrust 

rate of 1.25 to 1.4 cm/yr is inferred. 
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CHAPTER 1 

INTRODUCTION 

Lithospheric Flexure Associated with the Antler Orogenic System 

The Antler orogenic belt is a thrust system extending over 2300 km from 

southern California (terminating at the ~an Andreas fault system) northward 

through Nevada and Idaho into British Columbia, Canada (Figure 1). Passive­

margin sedimentation dominated this area throughout early Paleozoic time 

until initiation of Antler thrusting in Late Devonian time (Stewart and Poole, 

1974). The Antler orogeny progressed from Late Devonian through mid­

Mississippian time (Smith and Ketner, 1968; Johnson and Pendergast, 1981; 

Speed and Sleep, 1982). The exact tectonic cause of the orogeny is as yet 

unclear and many different models for its origin have been proposed (Nilsen 

and Stewart, 1980; Dickinson and others, 1983; Burchfiel and Royden, 1991). 

Most of the models invoke some sort of arc-continent interaction, either arc­

continent collision or back-arc thrusting (Fig. 2). These models fail to explain 

fully the apparent lack of subduction-associated arc magmatism and coeval 

regional metamorphism in the Antler system (Burchfiel and Davis, 1975; Speed 

and Sleep, 1982). 

Whatever the tectonic cause of the Antler orogeny, in eastern Nevada it 

resulted in eastward thrust emplacement of the Roberts Mountains allochthon 

over the margin of the North American craton (Merriam and Anderson, 1942; 

Roberts and others, 1958) and subsequent formation of the Antler foreland 

basin (Fig. 1). The Roberts Mountains allochthon consists of a structurally 

complex succession of early to middle Paleozoic deep-water siliciclastic, 
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Figure 1 Map of the western United States showing the Antler orogenic trend 

(hachured pattern) and associated foreland area (stippled pattern). The study 

area is outlined in eastern Nevada and western Utah. 



TWO PROPOSED TECTONIC MODELS 
FOR THE ANTLER OROGENY 

A ARC-CONTINENT COLLISION 

.Arc 
Peripheral 

AccretlODUy foreland 
prism basin 

B BACK-ARC THRUSTING 

Arc Retro-arc: 
foreland basin 

Figure 2 Alternate plate tectonic models for the Antler orogeny. A) Arc-
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continent collision, where westward subduction results in eastward thrusting 

of an accretionary prism resulting in a peripheral foreland basin. B) Back-

arc thrusting, where eastward subduction of oceanic crust beneath the North 

American continent resulted in eastward thrusting behind the arc and 

formation of a retro-arc foreland basin. 
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pelagic, and volcanic rocks that were thrust imbricated during Late Devonian 

through Early Mississippian time (Roberts 1949. 1951; Roberts et. al.. 1958; 

Madrid 1987; Jansma. 1988). 

The stratigraphic sequence in the foreland east of the Roberts 

Mountains allochthon (Fig. 3) begins with thick (approximately 10,000 m). 

uppermost Precambrian through Upper Devonian miogeoclinal strata. This 

succession is conformably overlain by 400 m of uppermost Devonian to Lower 

Mississippian strata deposited during the transition from a passive to a 

collisional margin regime. The two units which form the transitional deposits 

in eastern Nevada and western Utah are the Pilot Shale and the Joana 

Limestone. The transitional facies are overlain by more than 2000 m of 

Mississippian Antler foreland basin strata (Chainman Shale and Diamond Peak 

Formation). 

Speed and Sleep (1982) demonstrated the applicability of flexural 

modeling to explain subsidence of the Antler foreland basin. Loading by the 

Roberts Mountains allochthon resulted in flexural down warping of the 

lithosphere to form an asymmetric foreland basin (Fig. 4). As an isostatic 

response to the emplaced thrust loads and downwarping, a craton ward 

upwarping or forebulge developed (Walcott, 1970). Even further cratonward. 

(eastward) another broader and shallower downwarp formed (Turcotte and 

Schubert, 1982; Quinlan and Beaumont, 1984), here termed a "back-bulge 

basin". The dimensions of the flexural features (i.e., foreland basin. forebulge, 

and back-bulge basin) depend on the geometry and density of the load, 

rheology of the lithosphere, density of the sediment infill. and amount of 
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allochthon and forebulge erosion (Caldwell and others, 1976; Beaumont, 1981; 

Jordan, 1981). 

Flexural features migrated across the foreland in response to migration 

of the thrust load (Allen and others, 1986). Migration of the flexural features 

resulted in large scale inversion of topography. For example, as the foreland 

basin migrated it down warped the area previously upwarped over the 

forebulge. Conversely, as the forebulge migrated, it uplifted areas previously 

down warped in the back-bulge basin (Fig. 5). Sedimentation associated with 

the migration of flexural features on a regional scale should display 

differential relative sea level trends. Sedimentary deposits in the 

downwarping foreland basin and back-bulge basin should reflect the 

deepening substrate (deepening-upward sequences or very thick deposits 

filling the newly formed accommodation space) and conversely, deposits 

associated with upwarping over the forebulge should reflect a shoaling 

substrate (shoaling-upward sequence or erosional unconformity surface). 

Thus, relative sea level trends during a particular time interval should vary 

systematically within the foreland in relation to the position of flexural 

features. 

The resultant stratigraphy at a particular locality within the foreland 

records changes in relative sea level resulting from the passage of the 

flexural features. The relative sea level changes will be out-of-phase with 

adjacent areas along a transect perpendicular to the thrust front. It is the out­

of-phase nature of flexurally-induced, relative sea level trends that allows 

distinction from eustatic sea level trends in foreland systems. Eustatic sea 



22 

MIGRATION OF FLEXURAL FEATURES 

A B 

TIME 2 

Forebulge 

TIME 1 Forebulge 

Back-b~ge bas~ 

I 

Figure 5 Schematic diagram of eastward migration of flexural features from 

time 1 to time 2 in response to eastward thrust propagation of the allochthon. 

Arrows indicate direction of flexure. Arrows pointing down depict a 

deepening substrate. Arrows pointing up depict a shoaling substrate. 



level trends at a particular locality would act synchronously with adjacent 

areas and in-pha!;e throughout the region. 
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The elastic lithospheric response to thrust loading is geologically 

instantaneous, therefore migration of flexural features occurs at the same rate 

as thrust migration. It has been estimated that the Roberts Mountains 

allochthon was thrust eastward a minimum of 140 km from Late Devonian time 

until thrusting culminated in Early Mississippian time (Roberts and others, 

1958; Nilsen and Stewart, 1980; Murphy and others, 1984). The associated 

flexural features should therefore have migrated at least 140 km eastward 

during this time period. The transitional deposits (Pilot Shale and Joana 

Limestone) were deposited within the foreland in front of the advancing 

Roberts Mountains aIIochthon and were geographicaIIy in 

position to be depositionaIIy influenced by migration of the flexural features 

across eastern Nevada and western Utah. 

Previous Work 

Migratjon of flexural features in foreland sYstems 

Previous studies of foreland sedimentation patterns associated with the 

migration of flexural features have concentrated on foreland basin 

sedimentary trends. Many studies have documented the craton ward migration 

of sedimentary f:lcies <md the foreland basin axis in front of the advancing 

thrust front (eg. Van Houten, 1974; Cisne and others, 1982; Lyon-Caen and 

Molnar, 1985; Houseknecht, 1986; Wuellner and others, 1986). Rates of 

migration of sedimentary facies patterns in foreland systems have been used 
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as a proxy for rates of thrust migration and even rates of plate convergence 

(eg. Dubois, 1975, 1977; Veevers and others, 1978; Bradley and Kusky, 1986). 

The migration of other flexural features besides foreland basins is less 

well documented. Most studies documenting the migration of the forebulge 

generally track a diachronous, erosional unconformity across the foreland 

(eg. Dubois and others, 1975; 1977; Quinlan and Beaumont, 1984; Bradley and 

Kusky, 1986; Armin, 1987). Back-bulge basin deposits are generally thought to 

have low preservation potential because of later uplift and erosion during 

passage of the forebulge. I found no other documented examples of back­

bulge basin strata. 

Antler foreland system 

Poole (1974) provided the first regional overview of the Antler .foreland 

depositional system. He interpreted the Chainman Shale and Diamond Peak 

formations as deep-water turbidites and coined the term "Antler flysch" for 

these deposits. Wilson and Laule (1979) interpreted the same units as shallow­

marine to fluvial molasse.. Harbaugh and Dickinson (1981) reinterpreted the 

sequence as retrogradational basin-slope and submarine-fan sediment 

(Chainman Shale) to progradational delta slope and delta-platform sediment 

(Diamond Peak Formation). In general, the "Antler flysch" sequence shoals 

upward from basin and slope deposits (Chainman Shale) to shallow-water 

deltaic and fluvial deposits (Diamond Peak Formation). 

Poole and Sandberg (1977) noted the relationship between depositional 

patterns in the foreland and Antler orogenic activity. Trexler and Nitchman 

(1990) and Trexler and Cashman (1990) describe an unconformity within the 
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lower part of the Diamond Peak Formation in the central Diamond Range; and 

suggest that it is a regional unconformity representing a second phase of 

thrusting during the Antler orogeny (Diamond Mountain phase). 

Most regional depositional studies of Antler foreland sedimentation 

have concentrated on the Chainman Shale and Diamond Peak formations 

(poole. 1974; Harbaugh and Dickinson, 1981; Dickinson and others, 1983). The 

transitional deposits have not been studied in any detail and have been 

variously interpreted as representing deposition on the eastern flank of the 

initially formed Antler foreland basin or as influenced by some sort of 

compressional epeirogenic event related to the Antler orogeny (poole and 

others, 1977, Sandberg and Poole, 1977, Gutschick and Rodriguez, 1979; 

Sandberg and Gutschick, 1984). 

Joana Limestone 

Originally the Joana Limestone was described by Hague (1870, 1882) as a 

"siliceous limestone" in the White Pine mining district, White Pine County, 

Nevada. Hague did not differentiate the Joana Limestone but grouped it 

together with the underlying Pilot Shale and the overlying Chainman Shale, 

and named the combined sequence the "White Pine Shale". Spencer (1917) 

divided the White Pine Shale into the three mappable units that are commonly 

used today: the Pilot Shale, Joana Limestone, and Chainman Shale. Spencer 

named the Joana Limestone for the characteristic carbonate benches cropping 

out near the Joana Mine, 2 kID west of Ely, Nevada. 

The Pilot Shale, Joana Limestone, and Chainman Shale units are either 

given formational status in the literature, or equally as often are grouped as 



members of the White Pine Shale Formation. These three units are given 

formational status in this study. because of their regional extent and 

distinctive lithologic character. 
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General lithologic descriptions of the Joana Limestone for specific areas 

include: Westgate and Knopf (1932) at Dutch John Mountain, Nevada; Nolan and 

others (1956) in the Eureka and Ely mining districts and the Pancake Range, 

Nevada; Chilingar and Bissell (1957) in the area around Ely, Nevada; 

Langenheim (1960) in the Ely area; Reso (1963) in the Pahranagat Range, 

Nevada; and Brew (1971) in the Diamond Range near Eureka, Nevada 

The relationship of the Joana Limestone to the underlying Pilot Shale 

has been interpreted as both conformable (Nolan and others, 1956; Gilmore, 

1987) and disconformable (Langenheim, 1960, 1961). The Joana 

Limestone/Chainman Shale contact has also been interpreted as both 

conformable (Rose, 1976) and disconformable (Brew, 1971). 

Paleontological studies of the Joana Limes~one are limited. Spencer 

(1917) assigned a Mississippian age to the Joana Limestone based on crinoid 

and coral identification. Stensaas (1957) described the general paleontology at 

Ward Mountain, southwest of Ely, and Stensaas and Langenheim (1960) 

described in detail the rugose coral fauna at this same locality. Conodont 

studies incorporating the Joana Limestone into its regional biostratigraphic 

framework include those of Sandberg (1979), Newman (1979), and Harmala 

(1982), and establish the Joana Limestone as Lower Mississippian (upper 

Kinderhook to lower Osage) in age. The Joana Limestone is the time equivalent 

of the Lodgepole Limestone in Idaho, the upper Fitchville and Gardison 



Limestones in Utah, the Dawn and Anchor limestones of the Monte Cristo 

Group in southern Nevada, and the Redwail Limestone in Arizona. 
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Rose (1976) addressed the regional depositional framework of the Joana 

Limestone; and interpreted Lower Mississippian depositional facies patterns 

and thickness trends as indicating a regional linear carbonate shelf margin 

paralleling the Wasatch Hingeline from Montana to southern Nevada. The 

shelf was flanked by deeper-water, slope environments in western Utah and 

eastern Nevada. He proposed two successive (lower and upper), 

transgressive/regressive depositional complexes for the Mississippian. The 

Joana Limestone and its equivalents lie in the transgressive phase of the lower 

depositional complex and the Joana Limestone according to Rose (1976) 

represents deep-water, slope deposition. Conversely, Sandberg and others 

(1982) interpret the Joana Limestone as representing shoal-water deposition 

on a low, offshore "Bahama-like" bank separating the carbonate platform in 

eastern Utah from the flysch trough in east-central Nevada. 

Gilmore (1987) made the first detailed petrographic study of depositional 

facies in the Joana Limestone. He examined lithofacies in the area around Ely, 

Nevada and as far south as the southern Egan Range and Dutch John Mountain, 

Nevada and interpreted the Joana Limestone as a shoaling-upward sequence 

deposited in a subbasin formed along a gently dipping ramp. In contrast, 

Sandberg and Gutschick (1980) interpreted the Joana Limestone as a 

deepening-upward sequence formed on the foundering "Bahama-like" bank 

mentioned earlier. 
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Objectives of Study 

The emphasis of this study was to understand the nature of the 

transitional deposits and their relationship, if any, to the migration of flexural 

features across the Antler foreland. A detailed depositional study of all the 

transitional deposits was beyond the scope of a single doctoral dissertation. To 

narrow the focus, I chose to look in detail at depositional facies patterns 

during one particular time slice (Lower Mississippian), and to concentrate on 

the Joana Limestone. 

I chose the Joana Limestone for several reasons. First, the Joana 

Limestone is a shoal-water carbonate unit situated stratigraphically between 

two thick, relatively deep-water, siliciclastic sequences associated with Antler 

orogenesis (Poole, 1974). It was speculated by the author that interruption of 

deep-water siliciclastic sedimentation may reflect migration of the flexural 

forebulge across the foreland, providing a suitable shoal-water substratum for 

carbonate sedimentation isolated from detrital influx. Second, the shoal-water 

Joana Limestone is potentially a more sensitive indicator of changes in 

relative sea level than its .siliciclastic counterparts. Third, detailed 

documentation of timing of events is crucial to inferences about depositional 

facies patterns and relative sea level trends. I used conodont biostratigraphy 

to constrain timing of Late Devonian and Early Mississippian events, and 

conodonts are abundant and more easily extracted from carbonates than 

siliciclastics. 

The primary objectives of this study were to: 

1) Describe the depositional facies of the Joana Limestone. 



2) Tie depositional facies along approximate bio-chronostratigraphic 

timelines using detailed conodont biostratigraphy. 

3) Establish a depositional framework for the Joana Limestone to determine 

controls on facies patterns and relative sea level trends. 

4) Relate these controls to local or regional events. 

5) Outline the paleogeographic evolution of the Antler foreland during the 

transition from a passive to a collisional margin regime. 

Significance of Study 
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Our current understanding of the relationship between migration of 

flexural features and associated stratigraphy is limited to foreland basin 

sequences. Looking at foreland sedimentation patterns adjacent to the 

foreland basin. and at strata deposited prior to formation of the finally formed 

foreland basin seems promising for gaining insight into the characteristics 

and geometries of flexural features. Determining the spatial and temporal 

distribution of the syntectonic foreland sediments should provide a basis to 

place constraints on the migration of flexural features. magnitude of flexural 

downwarping and upwarping. and onset and rate of thrusting. 

This study may also serve as a model for constraining foreland basin 

evolution elsewhere in the Antler orogenic belt where later tectonic events 

have overprinted the Antler episode and obscured depositional relationships. 

Ultimately. quantitative constraints can be placed on parameters used in 

flexural modeling of foreland basins (eg. flexural rigidity of the lithosphere) 

by placing values on variables such as amount of downflexure. width of the 

foreland basin. and height and width of the forebulge (Beaumont. 1981. 
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Jordan. 1981. Speed and Sleep. 1982). In this broader context. the inferred 

sensitivity of the Joana Limestone lithofacies to changes in paleotopography 

offers an apparently unique opponunity to document the evolution of a 

forebulge in time and space. 

Study Area 

The portion of the Antler foreland system chosen for this study was 

eastern Nevada and westernmost Utah (Figures 1 and 6). This area was chosen 

for several reasons. First. it shows relatively minimal effects of later orogenic 

events which disrupted other ponions of the Antler trend. These events 

include the Sonoma orogeny (Early Triassic arc/continent collision), 

Cordilleran folding and thrusting in the Jurassic and Cretaceous. and Basin 

and Range extension in the Cenozoic. Second, this area contains a very welI 

preserved and exposed foreland sequence and corresponds to the extent of 

outcrop exposure of the Joana Limestone and Pilot Shale. 

In the folIowing chapters all base maps showing the locations of 

stratigraphic sections used ·in this study have been corrected for Teniary 

extension (Bogen and Schweikert. 1985: Gans. 1987) and eastward thrusting 

(Madrid. 1987; Coles. 1988; Jansma. 1988). 

Biostratigraphic Framework 

Detailed conodont biostratigraphy was used to correlate the depositional 

facies of the Joana Limestone along approximate bio-chronostratigraphic 

isochrons. The conodont biostratigraphic framework used in this study is 

shown in Figure 7. The Late Devonian zonations for western North America 
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Figure 6 Index map showing the locations (black dots) and reference numbers 

of stratigraphic sections measured in this study and major structural features 

of eastern Nevada and western Utah. Positions of localities not corrected for 

Tertiary extension or Mesozoic thrusting. Other localities referred to are 

shown by lettering. TQ=Toquima Range, RM=Roberts Mountains, CP=Carlin-

Pinon Range, and OQ=Oquirrh Mountains. 
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Poole and Sandberg (1991). 
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are based on the recently revised global zonation by Ziegler and Sandberg 

(1990). The Early Mississippian conodont zonation based on the Great Basin 

and Rocky Mountain section was first proposed by Sandberg and others (1978) 

and subsequently refined and revised (Sandberg. 1979; Sandberg and 

Gutschick. 1980; Lane and others. 1980); the most recently published version 

from Poole and Sandberg (1991) is shown in Figure 7. 

Methods 

FjeJd 

A total of 46 stratigraphic sections were measured over a three year 

period from May. 1988 to August. 1990 using a Jacob's Staff and Brunton 

compass. The sections were measured from the uppermost beds of the 

Guilmette Limestone, through the Pilot Shale and Joana Limestone. and 

approximately 30 m into the overlying Chainman Shale. The sections were 

chosen based on completeness of section and quality of outcrop exposure. The 

location of 36 of the stratigraphic sections are shown in Figure 6 and 

descriptions of the exact localities are given in Appendix A. The other 10 

localities where stratigraphic sections were measured are not shown because 

they were either too close to other sections to be shown separately on the map, 

or did not provide sections as complete as other localities nearby. 

Initially, a series of seven stratigraphic sections were measured as a 

control transect, starting on the west in the Diamond Range. Nevada (locality 

24. Fig. 6) and working eastward through successive ranges (approximately 15 

to 25 km apart) as far as the Needle Ran~e, Utah (locality 15, Fig. 6). This 

transect approximates the predicted direction of progressive migration of 
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flexural features. Lithofacies and biofacies were used to defme depositional 

facies in the Joana Limestone along this transect. In successive field trips, 

stratigraphic sections to the north and south of the original east-west transect 

were measured to determine the 3-dimensional geometry of the depositional 

facies. 

Conodont samples weighing 2 kg were collected at approximately 10m 

intervals, and above and below lithologic contacts. Lithologic samples were 

collected in conjunction with conodont samples. Wherever possible, 

megafossils were collected for later identification. 

Laboratory 

Laboratory investigations were completed over a three-year period 

from August, 1988 to May, 1991. Three hundred and fifty polished slabs and 250 

thin sections were prepared from samples collected in the field. 

All thin sections were stained on one half with alizarin red-S and 

potassium ferricyanide to distinguish between calcite and dolomite and 

ferroan versus non-ferroan. carbonate. Compositional and textural data were 

determined by thin-section analysis based on 200 point counts. 

Over 200 carbonate samples weighing 1 kg each were dissolved in a 10% 

solution of Formic acid. The residues were analysed for conodonts and other 

non-calcareous microfossils. Identifiable conodont faunas were recovered 

from 91 samples. Shale samples weighing 1 kg each were placed in Stoddard 

Solvent, but this method was unsuccessful in breaking the samples down, due 

either to presence of calcareous cements or a high ratio of silt to clay. 
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Plan of Dissertation 

The body of this dissertation includes three topical chapters: Chapter 2 

on lithofacies and depositional environments of the Joana Limestone; Chapter 

3 on flexural modeling of the Antler foreland basin and forebulge; and 

Chapter 4 on the paleogeographic evolution of the Antler foreland during 

deposition of the Pilot Shale and Joana Limestone. 



CHAPTER 2 

JOANA LIMESTONE PETROGRAPHY AND DEPOSITIONAL 

INTERPRETATION 

Overview 
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The Joana Limestone is informally subdivided here into lower and upper 

members based on a distinctive, regionally extensive, vertical change in 

lithologic character. The lower Joana Limestone forms thick, resistant cliffs 

on outcrop (Fig. 8), and is composed predominantly of one depositional facies. 

In contrast, the upper Joana Limestone weathers on outcrop into a series of 

more recessive ledges (Fig. 8), and is composed of a diverse assemblage of 

depositional facies. 

The distinctive vertical change in lithologic character can be 

recognized throughout the study area, and at no localities can the two 

members be shown to be lateral equivalents. I interpret the change as 

representing a major shift in depositional regime between the lower and 

upper Joana Limestone. 

Lower Joana Limestone Depositional Facies 

The lower Joana Limestone is middle - to late Kinderhook in age based 

on the conodont fauna. All conodonts identified in this study from the basal 

contact to the top of the lower Joana Limestone lie within the Siphonodella 

crenulata - Siphonodella isosticha zone (Appendix B). Conodonts from the 

ulder Siphonodella sandbergi zone. (Fig. 7) have been identified by others 
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Figure 8 Outcrop photograph of Joana Limestone in the Pahranagat Range, 
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Nevada (locality 2, Fig. 9) showing distinctive change in lithologic character 

from lower to upper Joana Limestone. 



from the base of the lower Joana Limestone in the southern Ruby and 

Confusion ranges (Sandberg. 1979. Poole and Sandberg. 1991). 
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The greatest stratigraphic thickness of lower Joana Limestone (Fig. 9) 

occurs in southeastern Nevada (locality 2. fig. 9). where it reaches 78 m. The 

sequence thins gradually to the northwest and northeast. In general. the 

lower Joana Limestone thickens into a north-south trending trough with its 

axis running approximately through Ely. Nevada (Fig. 9). This trough in 

subsequent sections is shown to have been a persistent feature since at least 

Late Devonian (Frasnian) time and may extend back even further in time. The 

trough is here termed the "eastern Nevada trough". 

The lower Joana Limestone throughout the study area consists of three 

vertically stacked lithofacies that reflect different depositional environments 

(Fig. 10). In ascending stratigraphic order they are: 1) basal quartz arenite 

(BQA). 2) wavy-bedded. argillaceous. fossiliferous wackestone (W AFW). and 3) 

crinoidal-peloidal wackestone to packstone (CPWP). The basal quartz arenite 

and the fossiliferous wackestone facies are relatively thin. and together form 

less than 10% of the stratigraphic thickness of the lower Joana Limestone. 

Basal Quartz Arenite facies 

Facies description 

The basal quartz arenite facies (BQA) ranges from 1 to 6 m in thickness. 

and consists of pink- to buff- weathering. medium- to thick-bedded. calcite­

cemented sandstone. This facies is confined to two areas in east-central 

Nevada and west-central Utah (Fig. 9). although thin sandstone is present 

locally at the base of the Joana Limestone elsewhere in the study area. 
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Figure 9 Isopach map of lower Joana Limestone. Contour interval is 10 m. The 

stipled areas represent localities containing the basal quartz arenite facies 

(BQA). Dashed lines show approximate margins of eastern Nevada trough. 
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Figure 10 Generalized stratigraphic column of lower Joana Limestone showing 

depositional facies discernible on outcrop 
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The BQA is generally fine- to medium-grained. but ranges locally from 

very fine- to coarse-grained. with essentially no clay fraction. The grains are 

predominantly moderately to well sorted. sub rounded to rounded (Fig. 11), 

monocrystalline quartz (97-100%). Most of the quartz grains display straight 

extinction, but locally as much as 28% display undulous extinction. Minor 

constituents are feldspar, mostly microcline (1-2%); rare, blackened, 

phosphatized and iron-stained, lithic fragments (Fig. 12); and abraded crinoid 

and brachiopod debris (including rare inarticulate brachiopods). 

Interstitial material is 70 - 94% micritic matrix, and 6 - 30% sparry, non­

ferro an calcite cement. Grain contacts are overly compacted (grains form as 

much as 80% of the rock), and commonly have sutured grain boundaries. 

Fossil grains are commonly broken and offset. Pelmatozoan debris displays 

syntaxial overgrowths, but also commonly has been selectively silicified. 

The basal contact of the BQA facies atop underlying fine siliclastics of 

the Pilot Shale is everywhere sharp and locally forms erosional scour surfaces 

that truncate underlying Pilot bedding (Fig. 13). Abundant U-shaped, vertical 

burrows locally extend from the basal contact into the underlying Pilot Shale. 

The contact with the overlying carbonate unit (W AFW facies) is gradational, 

and marked by a steady decline in quartz sand upwards. 

On outcrop. the basal quartz arenite typically forms continous flat sand 

sheets that tend to be bounded on top and bottom by parallel bedding surfaces. 

Sedimentary structures are not common, but small-scale, low-angle, planar 

and trough cross-sets « 30 cm. thick), and thin cross-laminated horizons with 

scour surfaces, were observed locally (Fig. 14). Foreset dips show a bimodal 
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Figure 11 Photomicrograph under cross-polarized light showing well rounded 

and moderate to well sorted quartz grains within the BQA facies in the 

Confusion Range, Utah 28, Fig. 9; 0.5 m above base of Joana 

Limestone). 
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(westward and eastward) distribution. Rounded phosphatic lithoclasts occur as 

lags on some scour surfaces. 

Depositional interpretation 

The BQA facies is interpreted as shallow marine in origin based on the 

presence of marine skeletal debris. shallow-marine burrow types (Bromley, 

1990), and the upward gradation of the facies into nonnal marine limestone. 

Well rounded and well sorted sandstone lacking a clay size fraction, together 

with low-angle trough and planar cross-bedding, reflects deposition in a 

high-energy, shoal-water environment. 

The basal Joana quartz arenite is distinctly coarser than the directly 

underlying Pilot Shale, suggesting that it was not derived from local erosion of 

underlying Pilot Shale. It is a thin, isolated unit of texturally and 

compositionally mature sandstone probably recycled from older mature 

sandstone. At one locality in the Dugway Range, Utah (locality 30 on Fig. 9) 

the BQA facies directly overlies the Upper Devonian (Frasnian) Guilmette 

Limestone, which contains a thick (10 m) cross-bedded quartz arenite in its 

uppennost beds. The Guilmette quartz arenite is compositionally and texturally 

mature, medium- to coarse-grained quartz arenite identical to the BQA facies. 

Figure 15 is a map of the study area showing the areas of local uplift and 

complete erosion of the Pilot Shale (blocky limestone pattern) prior to 

deposition of the lower Joana Limestone. The stippled pattern on Figure 15 

shows the location of the BQA facies, which occurs along depositional strike 

from uplifted areas. Although no definitive paleocurrent measurements were 

found to give an indication of transport direction, consideration of the 
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Figure 15 Map showing location of areas of local uplift and complete erosion 

of the Pilot Shale (shown as areas of uplifted Guilmette Limestone) prior to 

deposition of the lower Joana Limestone and location of BQA facies of lower 

Joana Limestone. Stippled areas show the position of localities containing the 

BQA facies; other symbols denote lithology at top of Pilot Shale where BQA 

facies is absent at base of Joana Limestone. 
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petrographic similarity of the BQA facies to the Guilmette quartz arenite and 

proximity to uplifted areas suggests that the BQA may have been derived from 

local uplift and erosion of Guilmette Limestone. The north-south elongate 

distribution of the sands (Fig. 15) and sedimentary structures are suggestive of 

barrier sand bar development (Moslow. 1984; Donselaar, 1989). 

In the central portion of the study area. where the BQA facies is not 

present, the Pilot Shale grades upward from siltstone containing isolated, 

fossiliferous, wackestone nodules, which coalesce upward into continuous beds 

of the W AFW facies. At localities where the contact between the Pilot Shale 

and the lower Joana Limestone is gradational, the base of the Joana Limestone 

was placed at the horizon where limestone beds become continuous and can be 

traced laterally for distances of tens of meters. 

In the Pahranagat Range (locality 2 on fig. 9) and in the Golden Gate 

Range (locality 5 on fig. 9). uppermost Pilot Shale fossiliferous wackestone 

nodules are encased in black shale, which display differential compaction 

over the nodules (Fig. 16). The faunal diversity within the fossiliferous 

wackestone nodules increases moving up-section into the W AFW facies. The 

lowermost nodules are dominated by fenestrate bryozoans, and more 

brachiopods, corals and echinoderms appear upward. The calcareous siltstone 

and nodular shale at the top of the Pilot Shale may represent lagoonal deposits 

associated with barrier bar complex of the BQA facies. 
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Wavy-bedded, argillaceous, fOSSil jferous wackestone facjes 

Facies description 

The BQA facies and the silty carbonates of the uppermost Pilot Shale 

grade rapidly upward (over a few centimeters) into the wavy-bedded, 

argillaceous, fossiliferous wackestone facies (W AFW), The W AFW is a thin, 

laterally extensive unit ranging from 0.5 to 3 m in thickness; and consists of 

dark gray, thin to medium, wavy beds separated by clay-rich shale partings. 

Locally the wavy beds become more nodular in appearance. As its name 

suggests, the facies contains a relatively abundant and diverse, normal marine 

fauna dominated by echinoderms and brachiopods (Fig, 17). Present in lesser 

amounts are syringoporid and rugose corals, fenestrate bryozoans, molluscs, 

foraminifera and ostracodes. The W AFW is moderately bioturbated, but 

bedding is still well preserved. Skeletal grains commonly have micritized 

grain boundaries that show evidence of boring by endolithic algae and many 

have been completely micritized. 

Bioclastic packstone and grainstone lenses with scoured bases occur 

sparingly within this facies. The bioclastic lenses show signs of 

overcompaction, such as stylolitized grain boundaries and broken, off-set 

fossil grains. Syntaxial overgrowths on crinoid grains are common, along 

with selective silicification of the crinoid grains. 

Depositional interpreta tion 

The diversity and abundance of typically normal marine benthic and 

pelagic fauna in the W AFW facies indicates deposition under nonnal marine 

conditions. The abundance of carbonate mud and shale partings suggest 
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quieter water conditions below effective daily wave base. Partial and complete 

micritization of skeletal grains by endolithic algae indicate deposition within 

the photic zone and may also indicate slower depositional rates allowing 

skeletal grains to remain at the sediment/water interface where they are 

subject to micritization for longer periods of time (Bathurst, 1975). Periodic 

influx of suspended detrital material is represented by the clay-rich shale 

partings. Local scoured accumulations of echinoderm packstones and 

grainstones may reflect winnowing of finer material, perhaps near storm 

wave base. 

The WAFW represents quieter, deeper water conditions than the 

underlying quartz arenite or the restricted, nodular, black shale and siltstone 

of the Pilot Shale. This indicates a regionally extensive, relative rise in sea 

level, resulting in distal stranding of detrital influx allowing only fine­

grained, siliceous material to enter the system. 

Crjnojdal-pe'ojdal wackestone to packstone facies 

Facies Description 

The fossiliferous wackestone (W AFW) grades abruptly upward into 6 to 

55 m of very thick-bedded to massive, light gray, crinoid- and peloid-rich, 

wackestones and packstones (CPWP). This facies on outcrop is a prominent 

cliff former (Fig. 8). Where bedding is present, it is very thick and undulous 

to wavy. The CPWP facies is dominated by disarticulated crinoid debris and 

peloids (Fig. 18). Other locally abundant biota are brachiopods, foraminifers, 

bryozoans, molluscs, and ostracodes. 
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The peloids are composed of homogenous micrite and are of variable size 

and shape ranging from pellet-like ovoids to irregular shapes that are 

probably completely micritized skeletal material. The micrite peloids 

generally form approximately 50% of the carbonate grains. but range from as 

low as 30% to as much as 85%. The micrite mud matrix commonly has a 

"clotted" appearance or grumose fabric. which grades into a peloidal fabric 

laterally. Superficial coatings on peloidal grains occur. but are commonly 

completely micritized. 

The echinoderm fragments have thick. micritized grain boundaries and 

show evidence of endolithic algae borings. The echinoderm debris is 

completely disarticulated. but not particularly abraded. Echinoderm packstone 

and grainstone horizons occur as scoured lenses. The echinoderm material 

commonly has calcite overgrowths and is partially silicified in the center of 

grains. 

One of the most characteristic features of the CPWP facies is its massive 

nature. Distinct burrows are not common. but bioturbation has disrupted 

bedding. contorted fabric into random patches. and completely homogenized 

the majority of the facies. The bedding is more clearly seen in areas where it 

is defined by chert horizons (Fig. 19). Dark brown chert is relatively common 

in this facies and ranges from elongate nodules (6 - 30 em long) parallel to 

bedding. to relatively continuous beds. 

Within the uppermost bed of the CPWP facies (except in the easternmost 

stratigraphic sections. Fig. 9. localities 15. 16. 28. 29. and 30) a striking increase 
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in conodont abundance occurs. The conodont abundances increase from 4 to 

as much as 20 times that found in other samples of the Joana Limestone from 

the same stratigraphic sections (Appendix B, samples with asterick). The 

conodont-rich horizon generally consists of highly overcompacted, crinoidal 

packstone. The horizon is dominated by crinoidal debris and rarely has any 

peloidal fabric. Skeletal grain boundaries are sutured and microstylolitization 

is pervasive (Fig. 20, compare to Fig. 18). Along the microstylotized grain 

boundaries a dense, dark brown residue occurs, and the micrite matrix in this 

horizon is formed of similarly dense and dark micrite. The CPWP facies is 

generally micrite-cemented and does not show signs of overcompaction or 

stylotization, except for the uppermost beds where the conodont-rich horizon 

occurs. 

Depositional interpretation 

The CPWP facies displays characteristics common in shoal water, semi­

restricted, subtidal carbonates in a middle shelf environment (Wilson, 1974; 

Enos, 1983; Wilson and Jordon, 1983): laterally extensive facies tracts, highly 

bioturbated peloidal wackestones, pervasive micritization of skeletal grains, 

and minimal hydrodynamic structures. The abundant and moderately diverse 

assemblage of normal marine biota and the high proportion of carbonate mud 

in the crinoidal-peloidal wackestone indicate subtidal deposition under normal 

marine conditions. The presence of micrite envelopes on echinoderm grains 

and the complete micritization of skeletal material by endolithic algae indicate 

shoal-water deposition within the photic zone at depths less than 40 m 

(Swinchatt, 1969; Bathurst, 1975). The decrease in faunal diversity as 
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compared to the underlying W AFW facies and the abundance of peloidal 

material suggests slightly more restricted conditions. The lack of well defined 

bedding. sorting or winnowing features. complete disarticulation of non­

abraded crinoids. and irregular. patchy fabric suggest complete overturning 

by bioturbating organisms (Tadesco and Wanless. 1988; 1989). Local 

accumulations of echinoderm packstones and grainstones above scour 

surfaces may reflect occasional winnowing of finer material at storm wave 

base. 

The formation of the conodont-rich horizon is not well understood. 

Dramatic increases in faunal abundance in strata have been attributed to: 1) 

decrease in sediment accumulation rates resulting in a condensed fauna 

(Heckel. 1977; Kidwell. 1989). 2) increase in faunal input related to some son of 

favorable environmental change such as upwelling (Johnson. 1960). 3) 

physical concentration of fossils by selective winnowing or reworking 

(Kidwell. 1986). 4) a unique depositional or diagenetic environment of 

enhanced preservation of fossil material (Seilacher and others. 1985; Allison. 

1988). or 5) diagenetic concentration of fauna by carbonate dissolution. 

In the first model. the decrease in sedimentation rate forms in response 

to rapid relative rise in sea level where carbonate deposition cannot keep 

pace. As will be shown in detail further in this chapter, the transition 

between lower and upper Joana Limestone is one of abrupt deepening (except 

in the easternmost localities), resulting in slower depositional rates producing 

a condensed fauna. In the easternmost localities the transition from lower to 

upper Joana Limestone is a shoaling sequence. If stratigraphic condensation 

is the controlling factor in producing the conodont-rich horizon, then a 



condensed fauna would not be expected in the easternmost localities, and in 

fact this is the case. Models two and three imply that the conodont-rich 
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horizon was associated with a distinct change in depositional facies from the 

surrounding strata above and below. Within the CPWP however there is no 

apparent upward change in depositional lithofacies into the conodont-rich 

horizon. Crinoidal packstone is a common lithology in the CPWP facies, but 

does not show an increase in conodont abundance except at this horizon. The 

fourth model is usually associated with a marked increase in diversity of 

organisms and an associated dramatic change in depositional facies or 

diagenetic facies such as concretion horizons. The conodont-rich horizon is 

not related to a diversity increase, only abundance, and it is not associated with 

concretions or a marked change in depositional facies. The fifth model 

involves concentration of fauna by dissolution of the surrounding carbonate 

material, leaving an insoluble residue. Phosphatic grains (conodonts and fish 

teeth) are insoluble and commonly preserved. The conodont-rich horizon in 

the lower Joana Limestone consistently shows signs of overcompaction and 

intense pressure solution, .whereas surrounding crinoidal packstone facies do 

not show these characteristics to the same degree. Stylolitization is often 

concentrated at breaks in lithologic character (Bathurst. 1975), and this 

relationship is consistent with the occurrence of the conodont-rich horizon at 

the top of the lower Joana Limestone at the lithologic boundary between the 

lower and upper Joana Limestone. However, stylotization is present in the 

uppennost beds of the CPWP facies in the easternmost localities but does not 

correspond to an increase in conodont abundance. Decrease in sedimentation 

rate related to abrupt relative rise in sea level seems the most viable cause of 
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the conodont-rich horizon in the uppermost strata of the lower Joana 

Limestone. Secondary enhancement by pressure solutioning may have also 

played a part. 

The CPWP facies thickens markedly to the southeast into a north-south 

trending trough. This thickening is not accompanied by a change in 

lithofacies or biofacies (figs. 9, 21 and 22). Subsidence in the central portion 

of the study area was evidently more rapid than elsewhere, but was continuous 

and slow enough to allow carbonate deposition to keep pace without change in 

depositional environment. 

Interpretation of Lower Joana Limestone Depositional Sequence 

The stratigraphic sequence in the lower Joana Limestone records an 

initial rapid transgression (Fig. 23) from shoreface basal quartz arenite (BQA ... 
facies) to fossiliferous wackestone (W AFW facies) deposited on an open marine 

shelf. The relative rise in sea level was more rapid than accumulation rates. 

Sandstone within the Upper Devonian Guilmette Limestone may have been 

eroded during the previous. relative sea level lowstand (Ross and Ross, 1987), 

and subsequently reworked into shoreface deposits of the BQA facies during 

transgression. The W AFW facies represents the deepest water and lowest 

energy environment in the lower Joana Limestone and reflects maximum 

transgression across the shelf. The transgressive facies were followed by 

thick, aggradational, more restricted, crinoidal-peloidal wackestone to 

packstone (CPWP facies). The CPWP facies represents deposition during initial 

lowering of relative sea level and restriction of marine currents when 

carbonate sedimentation rates matched local subsidence rates. The regionally 
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Figure 21 Cross section A to A', trending west to east across the study area, 

showing lithofacies and thickness trends in the lower Joana Limestone. 
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Figure 22 Cross section B to B', trending north to south across the study area, 

showing lithofacies and thickness trends in the lower Joana Limestone. This 

cross section essentially parallels the axis of the eastern Nevada trough. 
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extensive transgressive/regressive sequence in the lower Joana Limestone 

correlates to the eustatic rise and a portion of the fall of sea level shown by 

Ross and Ross (1987) for the Lower Mississippian (Si. isosticha-Si. crenulata 

zone (Fig. 24). Sea level continued to fall during deposition of the upper Joana 

Limestone. 

The stratigraphic sequence displayed by the lower Joana Limestone is 

characteristic of transgressive-regressive sequences on broad carbonate 

shelves in the middle shelf environment (Wilson. 1974; Wilson and Jordon. 

1983). The lower Joana Limestone is interpreted here as representing 

deposition on an extensive. shoal-water shelf that dropped off steeply to the 

west. and shoaled gently to the east (Fig. 25). Inferring a middle shelf 

environment for the lower Joana Limestone predicts a belt of outer shelf 

facies to the west of the lower Joana Limestone outcrop (Wilson and Jordan. 

1983). The outer shelf deposits were presumably transitional into slope and 

basinal facies. 

An outer shelf facies tract west of the lower Joana Limestone has not 

been identified. West of the Joana Limestone. the only preserved time­

correlative units are the Homestead Canyon Shale and the Webb Formation 

(Fig. 24). The Homestead Canyon Shale is defined and has been identified only 

in the Diamond Range. Nevada (locality 22. Fig. 9). The shale consists of planar 

laminated siltstone and shale and is interpreted as deep-water. distal "flysch" 

derived from the Antler orogenic highlands to the west (poole and Sandberg. 

1991). The exact paleogeographic position of the Homestead Canyon Shale 

relative to the Joana Limestone is uncertain as a result of eastward thrusting 

and overturning of the Diamond Range sequence by post-Antler 
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Figure 24 Correlation chan of Lower Mississippian foreland strata from east-

central Nevada into western Utah. Vertical lines represent hiatus due to non-

deposition or erosion. Horizontal, slashed lines represent a gap in the geologic 

record where rocks were removed by faulting or erosion, or are concealed by 

younger rocks. 
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Figure 25 East to west diagramatic cross section showing the depositional 
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setting of the lower Joana Limestone and relationship to adjacent lithologic 

units; faults delineating eastern Nevada trough are hypothetical. 
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orogenesis (Jansma, 1988). The Homestead Canyon Shale is interpreted as 

occurring depositionally between the Webb Formation and the Joana 

Limestone (poole and Sandberg, 1991). The Webb Formation is composed of 

dark gray, siliceous mudstone and chert with minor limestone, shale, and 

turbiditic sandstone. It is interpreted as deep-water, basinal deposits (Smith 

and Ketner, 1968; Poole, 1991). The Webb Formation was incorporated into the 

Roberts Mountains allochthon, together with the underlying Upper Devonian 

Woodruff Formation, during Early Mississippian (Osage?) time, and both were 

thrust eastward over correlative Lower Mississippian deposits (Johnson and 

Pendergast, 1981; Speed and Sleep, 1982; Jansma, 1988). Possibly the predicted 

narrow belt of outer shelf deposits equivalent to the Lower Joana Limestone 

was buried by the Roberts Mountains allochthon. 

Placing the lower Joana Limestone in a middle shelf environment also 

predicts the occurrence of a more restricted, shoal-water, inner shelf facies 

tract to the east (Wilson and Jordan, 1983). Eastward into Utah, the lower Joana 

Limestone is correlative to part of the upper Fitchville Limestone (Sando, 1976; 

Greenhalgh, 1980). The upper FitchviIle Limestoii~ is composed of a 

transgressive-regressive, shoal-water sequence, generally less than 40 m 

thick. Above an unconformable base, the sequence deepens rapidly from 

intertidal and supratidal, laminated, dolomitic mudstone containing birds-eye 

structures into subtidal, sparsely fossiliferous wackestone. The overlying 

strata shoal upward into intertidal to supratidal, laminated and stromatolitic 

mudstone (Greenhalgh, 1980). The upper Fitchville stratigraphic sequence 

thus contains characteristics commonly associated with inner shelf 

depositional systems (Wilson 1974; Shinn, 1983). 
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Regional stratigraphic relationships generally support the 

interpretation of a middle shelf depositional system for the lower Joana 

Limestone. The thickening of the Joana Limestone into the central portion of 

the study area may represent slow subsidence into a faulted, graben-like 

structure (eastern Nevada trough). This interpretation is tenuous, as it is 

based solely on the thickening trends of isopachs. No independent structural 

evidence for faulting has been reported. 

Waulsortjan builduPS jn the I,ower Joana Ljmestone 

Waulsortian buildups are massive lime mud mounds containing crinoid 

and bryozoan fragments and lack frame-building organisms (James, 1984). 

Waulsortian mounds are restricted in time to the Early Mississippian (Wilson, 

1975). Gilmore (1987, 1990) interpreted the lower Joana Limestone as 

representing Waulsortian-like buildups. The criteria he used to recognize 

Waulsortian facies were: 1) paleogeographic position downslope of a carbonate 

shelf margin, 2) microfacies succession, (Wilson, 1975), 3) composition and 

outcrop characteristics (Cotter, 1965), and 4} a restricted time interval of lower 

Si crenulata to Gn texanus conodont zones (Lane, 1982). I will discuss each 

criteria in the order given above. 

First, if the Lower Joana Limestone mud mounds occurred downslope 

from a carbonate shelf margin, carbonate slope facies such as thin planar 

rhythmic bedding, slump features, and deep-water burrowing patterns should 

be associated with the mud mound facies. These features are associated with 

other documented Waulsortian mounds (Wilson, 1975; Smith, 1977), but have 

not been recognized in the lower Joana Limestone. 
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Second. Wilson (1975) outlines four primary facies types characteristic 

of Waulsortian mounds. They are: 1) lime mudstone or wackestone, 2) sparry 

calcite and stromatactis structure, 3) bryozoan fronds and crinoid ossicles 

dominating the mound core, and 4) mound flanking encrinites. Crinoidal 

mudstone and wackestone are the most common facies of the Joana Limestone 

and dominate most Lower Mississippian carbonate assemblages. Bryozoans are 

present, but are nowhere common. Crinoid-rich zones or encrinites are 

common, but form planar, horizontal beds with no indication of steep slopes 

dipping away from a central core. Stromatactis structures have never been 

described in the lower Joana Limestone. Facies changes in Waulsortian 

mounds are relatively abrupt from the mound into the surrounding 

lithoclastic talus and crinoidal mudstone (Wilson, 1975). The lower Joana 

Limestone displays no abrupt lateral facies changes. 

Third, the composition and outcrop characteristics outlined by Cotter 

(1965) include a core facies dominated by bryozoans, which nowhere form a 

significant proportion of any depositional facies in the Joana Limestone and a 

mounded outcrop appearance with flanking beds dipping away from a central 

core. In the area around Ely, Nevada (Locality 14, Fig. 9) the Joana Limestone 

weathers in such a way as to give it a mounded appearance. as pointed out by 

Gilmore (1987). At these localities, flanking encrinites do not dip away from a 

central wackestone core, but crinoidal wackestone instead forms laterally 

continuous, horizontal beds. The mounded appearence noted by Gilmore (1987) 

more likely represents a weathering pattern induced by the modem drainage 

system. Waulsortian mound facies generally show marked thickening (as 

much as 100 m) over distances of a few kilometers (Wilson, 1975). The lower 
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Joana Limestone gradually thickens in the central portion of the study area by 

a few tens of meters over a distance of 50 to 100 kID. There is no indication of 

isolated, thick, mounded zones within the lower Joana Limestone. 

Fourth, the lower Joana Limestone was deposited within the time frame 

suggested for Waulsortian mound development (Lane, 1982). One might expect 

mud mound development in the lower Joana Limestone because it occurs 

geographically between two well documented and coeval Waulsortian mud 

mound complexes in the Lodgepole Limestone of Montana and the Lake Valley 

Sequence of New Mexico. Lane (1982) suggests that the absence of mud 

mounds in Nevada and Utah was related to proximity to the Antler orogenic 

highlands and siliciclastic influx. Yet the Joana Limestone does not show any 

evidence of detrital influx from the Antler highlands except in the uppermost 

beds of the upper Joana Limestone. Recent studies of Waulsortian mud mound 

development indicate that paleogeographic setting (King, 1990) and proximity 

to upwelling zones (Wright, 1991) may have been important influences. 

Differences in these factors between eastern Nevada and the Waulsortian 

mound localities to the nonheast and southeast may explain the lack of their 

development in Nevada during Early Mississippian time. 

Upper Joana Limestone Depositional Facies 

The upper Joana Limestone ranges in age from late Kinderhook to 

earliest Osage (Siphonodella isosticha and Gnathodus typicus conodont zones); 

and is characterized by a diverse facies assemblage compared to the lower 

Joana Limestone. Upper Joana Limestone facies occur both as lateral 
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equivalents and interbedded vertically, unlike the regionally homogeneous, 

layer-cake stacking of lower Joana Limestone facies. 

The total thickness of the upper Joana Limestone ranges from less than 

10 m in the north to over 187 m toward the southeast (Fig. 26). The isopach 

map of the upper Joana Limestone shows a central thickening trend along a 

north-south axis centered on Ely, Nevada. This trend is similar to thickening 

trends in the lower Joana limestone (compare to Fig. 9) and corresponds to the 

trend of the eastern Nevada trough. Slight eastward thickening stems in part 

from the fact that deposition of upper Joana Limestone continued longer (into 

the lower Osage) in the eastern portion of the study area than farther west. 

This eastward shift in the locus of deposition can be clearly seen when isopach 

maps (Fig. 27 and 28) of the late Kinderhook portion (Siphonodella isosticha 

conodont zone) and the earliest Osage portion (Gnathodus typic us conodont 

zone) are compared. 

During late Kinderhook time, the upper Joana thickened in the central 

portion of the study area into the eastern Nevada trough (Fig. 27). This trend 

suggests that local subsidence trends controlling thickness patterns during 

deposition of the lower Joana Limestone continued to influence deposition of 

the upper Joana Limestone. During early Osage time, the locus of upper Joana 

Limestone deposition shifted to the eastern portion of the study area (Fig. 28) 

and in the western portion of the study area carbonate deposition was replaced 

by siltstone and shale deposition (Chainman Shale). Based on the eastward 

shift in the depocenter and an associated eastward shift in depositional facies 

between late Kinderhook and early Osage time, description and interpretation 
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Figure 26 Isopach map of upper Joana Limestone. Contour interval = 10 m. 

Dashed lines represent approximate margins of eastern Nevada trough. 
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Figure 27 Isopach map of upper Kinderhook portion of upper Joana 

Limestone. Contour interval = 10 m. Dashed lines represent approximate 

margins of eastern Nevada trough. 
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Figure 28 Isopach map of lower Osage portion of the upper Joana Limestone. 

Contour interval = 10 m. Dashed lines represent approximate margins of 

eastern Nevada trough. 
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of late Kinderhook and early Osage portions of the upper Joana Limestone are 

treated separately here. 

Upper Joana Limestone (Upper Kinderhook) Depositional Facies 

The upper Kinderhook strata of the upper Joana Limestone contain 

distinct suites of lithofacies which can be subdivided into five major facies 

belts trending NNE-SSW (Fig. 29): 1) eastern facies belt. 2) central facies belt. 

3) western facies belt. 4) southern facies belt. and 5) far western facies belt. 

The boundaries of the facies belts are relatively abrupt. but some overlap of 

microfacies occurs. All the facies belts of the upper Joana Limestone. with the 

exception of the eastern facies belt. apparently reflect deeper water conditions 

than the underlying lower Joana Limestone. 

Eastern Facies Belt 

The eastern facies belt is confined to a relatively narrow zone In 

western Utah (Fig. 29) where four principle lithofacies are present: 1) 

fossiliferous. wackestone to· packstone (FWP). 2) oolitic grainstone (OG). 3) 

crinoidal-peloidal grainstone (CPG). and 4) thin-bedded mudstone (TM). 

Generally these four lithofacies are organized into four fining-upward cycles 

(Fig. 30). which ca!l be correlated lithologically between measured 

stratigraphic sections. The cycles average approximately 20 m in thickness. 

An idealized fining-upward cycle in the eastern facies belt (Fig. 31) 

consists of a basal. wavy-bedded. fossiliferous packstone (FWP). abruptly 

overlain by cross-bedded. oolitic grainstone (OG). which grades upward into 

thick. wavy beds of crinoidal-peloidal grainstone and packstone (CPG). The 
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Figure 29 Map showing boundaries of facies belts within upper Kinderhook 

portion of upper Joana Limestone. 
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Figure 30 Generalized stratigraphic column from eastern facies belt showing 

four fining-upward cycles within upper Kinderhook portion of upper loana 

Limestone. Symbols correspond to lithofacies described in text: FWP = 
fossiliferous wackestone to packstone facies; OG = oolitic grainstone facies; CPG 

= crinoidal-peloidal grainstone facies; and TM = thin-bedded mudstone facies. 
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crinoidal-peloidal packstone becomes more massively bedded upward. The top 

of each cycle consists of thin-bedded and commonly laminated mudstone (TM). 

Fossiliferous wackestone to packstone fades 

Facies description 

The fossiliferous wackestone to packstone facies (FWP) is well developed 

in the eastern facies belt at only one stratigraphic horizon (base of cycle 3. 

Fig. 30). although it is the dominant lithofacies in the central facies belt. In 

the eastern facies belt it forms an interval 3 m thick. stratigraphically below 

oolitic grainstone beds. 

The FWP facies forms wavy, thin to medium beds composed of 

interlayered fossiliferous packstone to wackestone beds and graded packstone 

to mudstone beds. Bedding is commonly current-laminated with small-scale 

scour surfaces. The skeletal packstone horizons are generally not well sorted 

and form a coquina layer. Interspersed regularily throughout the FWP facies 

are graded beds. averaging approximately 6 cm in thickness. (Fig. 32) The 

graded beds consist of basal coarse skeletal packstone grading into ooid-rich 

packstone overlain by current-aligned. concave-down. brachiopod shells. 

Laminated wackestone containing silt sized skeletal debris of monoaxon 

sponge spicules caps the graded packstone beds. The wackestone horizon is 

commonly highly bioturbated, especially near the upper surface. 

Skeletal grains in the FWP facies consist primarily of abraded 

echinoderm debris. brachiopods. molluscs, foraminifers. rugose corals. sponge 

spicules, and rare bryozoans. Echinoderm debris commonly has micritized 

edges and syntaxial overgrowths. Non-skeletal grains include ooids. mudstone 
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intraclasts, and rare peloids. Ooids are locally abundant within the graded 

beds, where they are concentrated in discrete lenses. Ooids are composed of 

thin, superficial. non-ferroan calcite laminae. coating intraclast and skeletal 

nuclei. The intraclasts are rounded mudstone. averaging 0.2 mm in diameter. 

Interstitial material in the FWP facies is composed of micrite mud matrix 

and non-ferroan. blocky. calcite spar. Sheiter porosity is relatively common, 

and has formed below skeletal grains. primarily brachiopods. In these zones. 

peloidal fabrics are well developed. but are rarely seen in other areas of 

matrix. 

Depositional interpretation 

The FWP facies was deposited in a subtidal marine environment. above 

wave base, where sediments were periodically reworked by storm activity. The 

FWP facies contains an abundant and relatively diverse, stenohaline fauna 

indicating normal marine conditions. The presence of micrite mud and 

mudstone horizons suggests that currents were not continous and not strong 

enough to completely remove indigenous mud. Sedimentary structures. 

aligned and abraded skeletal grains, and graded beds indicate periodic current 

reworking of sediments followed by periods of current waning. at which time 

thin horizons of laminated mud were deposited. Interlayered coarse and fine 

beds and graded beds that are associated with shoal water deposits (OG facies) 

are characteristic features of storm sedimentation or tempestites (Aigner. 

1982; Jeffery and Aigner, 1982). Graded beds containing ooids were derived 

from adjacent. shoal water deposits and were carried seaward by storm waves. 
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OoJjtjc grainstope fades 

Facies description 

Intervals of oolitic grainstone facies (OG) average 2 m in thickness. and 

are light grayish brown. thick-bedded. resistant cliff formers. Beds are 

laterally extensive and have an even thickness. Carbonate grains consist of 

greater than 90% moderately soned. calcite coated grains and less than 10% 

non-coated skeletal debris. 

The ooids are organized into thick to very thick beds and include both 

planar and trough crossbed sets. Bi-directional paleocurrent indicators and 

stacked crossbed sets are relatively common. as is internal planar current 

lamination. The ooids are fine to coarse sand in size and exhibit thin. micritic 

laminae with both radial-fibrous and concentric structure (Fig. 33). The 

coatings formed around detrital nuclei of skeletal fragments. fossil wackestone 

and mudstone intraclasts. and peloids (Fig. 33). The ooids are generally 

irregular in shape owing to their thin laminae contouring the shape of the 

nuclei. and are not spherical unless coating a spherical grain such as a peloid. 

Coatings range from superficial coatings (1-3 layers), with thickened coatings 

in embayed areas. to well developed laminae (Fig. 33). Rare composite ooid 

grains or grapestone are also present (Fig. 34). 

Skeletal debris within the OG facies consists of abraded echinoderm, 

brachiopod, and mollusc fragments. Skeletal grains are disaniculated and 

commonly current-aligned into horizons parallel to bedding. Mudstone 

intraclast horizons are relatively common at the bases of beds (Fig. 35). The 

clasts are rounded to subangular, thin, flat pebbles. each <0.5 cm thick but as 









much as 15 cm across. The clasts consist of dark gray mudstone and peloidal 

mudstone derived from associated lithofacies. 
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The OG facies was cemented in two stages. Initial cementation occurred 

as an isopachous, dogtooth, non-ferroan calcite rim cement around the 

perimeter of ooids (Fig. 36). The remaining void space was filled by either 

blocky calcite or poikiIilOpic calcite cement. Syntaxial overgrowths on non­

coated echinoderm grains are rare. Sutured grain bounderies between ooids 

and exfoliation fabrics are present, but are also rare (Fig. 37). 

Individual oolite bodies of the OG facies are generally less than 5 m 

thick, except in the Indian Peak Range, Utah (Locality IP, fig. 29) where the OG 

facies thickens, forming the entire upper Joana Limestone (Norm Silberling, 

pers. comm., 1991). In the Confusion Range, Utah (locality 28, Fig. 29), the OG 

facies is thickly interbedded with the crinoidal-peloidal grainstone facies in a 

manner suggesting that correlative oolite bodies in the southern sections are 

multi-storied, composite oolite bodies. OeHte-bearing horizons extend into the 

central facies belt at Dutch John Mountain and in the southern Egan Range, 

Nevada (localities 7, 8, and· 9, Fig. 29), and are used in conjunction with other 

criteria as a lithologic correlation tool from the eastern to the central facies 

belt. 

Depositional interpretation 

Ooid deposition within a moderately agitated, shoal-water, marine 

environment is evidenced by moderate sorting of grains, mixture of 

superficial and well developed ooid coatings, radial oolitic coatings, presence 

of abraded marine biota, lack of carbonate mud, and sedimentary structures. 
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Radial fabric in ooids has been interpreted variously as representing either 

restricted quiet-water conditions of ooid formation (Land and others. 1979; 

FIugel. 1982). or as a diagenetic texture produced during alteration from 

original aragonite to later calcite (Scholle. 1978; Beukes. 1983). Radial fabric 

alone does not stand as a criterion for less agitated water. 

Current agitation producing a constantly shifting substrate unable to 

support any large faunal populations resulted in lack of bioturbation and the 

low abundance of uncoated fauna and abraded nature of skeletal debris in the 

OG facies. The high proportion of coated grains relative to other grain types 

suggests that ooids were forming close to the area of final deposition. Newell 

and others (1960) found that on Bahamian oolite shoals. optimum ooid growth 

occurs at approximately 2 m water depth and the proportion of coated grains 

increases toward the crests of ooid bodies. The relatively thin coatings. and 

non-sphericity of the ooids in the OG facies suggests they were not forming 

for long periods of time before deposition. and were probably forming below 

optimal conditions. 

The ooids formed in relatively shallow water under moderately agitated 

conditions within an intertidal to shallow subtidal setting. The OG facies is not 

associated with evaporites. and the skeletal fragments present are stenohaIine 

forms providing no evidence for hypersaline conditions. Nor is there any 

evidence such as high angles of foreset inclination for either eolian transport 

or formation of subaerial barrier islands composed of oolitic sediment 

(MacKenzie. 1966; Ball. 1967). although both features are common for modem 

ooid systems (Shinn. 1983). 



Ooid bodies generally form in narrow belts commonly associated with 

topographic highs and parallel to shelf margins (Shinn, 1983). The outcrop 

pattern of the ooid body in the upper Joana Limestone trends NNE-SSW, 
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parallel to the trend of the other deeper water facies belts suggesting that it 

defines the shelf margin during deposition of the upper Joana Limestone. The 

even thickness and sbeet-like form of the oolite body suggests progradation of 

a broad oolite shoal similar to the Great Bahama Bank (Newell and Rigby, 1957), 

rather tban complex barriers and tidal deltas. 

The calcite ooid coatings were probably originally aragonite and have 

since alterred to more stable low-Mg calcite (Bathurst, 1975). Superficial 

coatings on echinoderm fragments hinder syntaxial overgrowths, consistent 

with their low proportion in this facies relative to other lithofacies in the 

Joana Limestone. Compaction within the OG facies was minimal due to 

precipitation of early marine cements. Evidence for minor compaction is 

noted in the presence of exfoliation fabrics and rare sutured grain boundaries 

between ooids. Exfoliation fabrics suggest that compaction occurred prior to 

complete cementation or lithification (Bathurst, 1975). 

Crjnoida'-pe'oida. grainstone faries 

Facies description 

The crinoidal-peloidal grainstone facies (CPG) forms the majority (as 

much as 50%) of the strata in the eastern facies belt. The CPG facies consists of 

dark to light gray, thick bedded to massive, poorly to moderately sorted peloids 

and fine-grained, disarticulated crinoid debris (Fig. 38). Locally the matrix 





contains minor amounts of micrite and grainstone horizons are commonly 

interbedded with thin wackestone layers. 
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Peloids commonly form at least 50% of the carbonate grains and may 

range to 100% so that the rock is a peloidal grainstone. Peloids occur as both 

dark, homogeneously textured, pellet-like ovoids (0.1 mm in diameter) and as 

larger, more irregular shapes, which are probably micritized skeletal material 

(Bathurst, 1975). Skeletal grains consist of abraded, fine-grained 

disarticulated crinoids, foraminifers, atticulated ostracodes, trilobite 

fragments and rare debris from molluscs, brachiopods, and rugose corals. 

Locally abundant non-skeletal grains present, apart from peloids, are ooids 

and homogeneous mudstone and peloidal mudstone intraclasts. Ooids within 

the CPG facies occur only in strata directly overlying the oolitic grainstone 

facies (OG), where locally they are relatively abundant. Coatings are 

predominantly well developed laminae displaying radial structure, but 

superficial coatings are also present. Where superficial coatings have formed 

over echinoderm grains, syntaxiaI overgrowths are lacking. Coatings occur 

over peloid grains, skeletal. debris, and intraclasts. 

The CPG facies is commonly laminated or ripple cross-laminated. 

Laminations often consist of peloid layers interlaminated with crinoidal 

material. In thick beds, trough cross-bedding is common and in thin beds, bi­

directional cross-laminae are common. Burrowing is sporadic, but pervasive 

enough locally to destroy bedding features. The CPG facies within each cycle 

(Figs. 30 and 31) grades upward from thick, wavy beds to more massive beds. 

This upward loss of bedding integrity is probably related to an increase in 

bioturbation. Pebble-sized mud chip intraclasts (less than 5 mm in diameter) 



occur as horizons that are mostly at the bases of beds and are composed of 

peloidal mudstone and unfossiliferous mudstone. 

The CPG facies contains micritic. isopachous rim cement around the 

perimeters of grains. Blocky. non-ferroan calcite spar fills the remaining 
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voids together with pervasive. non-ferroan calcite syntaxial overgrowths on 

crinoid grains. The CPG facies shows little or no signs of compaction, although 

original aragonite grains such as molluscs have been leached. Echinoderm 

grains are commonly partially replaced by silica. 

Depositional interpretion 

The CPG facies contains an abundant stenohaline fauna dominated by 

crinoids indicating normal marine conditions. Cross-bedding. abraded skeletal 

grains, generally lacking micritized edges. and lack of carbonate mud indicate 

deposition in a current-agitated environment. Massive bedding of the CPG 

facies toward the top of the unit indicates less current activity and slower 

depositional rates that allowed bioturbating organisms to overturn the 

sediment thoroughly (Tedesco and Wanless, 1988; 1989). 

The similar thicknesses of coatings on ooids in the CPG facies and OG 

facies, coupled with their overall paucity in the CPG facies, suggests that the 

ooids were not generated in the CPG facies. Ooids evidently formed on an 

adjacent oolite shoal and were transported into sand flats or subtidal lagoons as 

wash over deposits or within tidal channels. Transport of ooids through tidal 

channels into lagoonal sand flats where they mix with peloids and skeletal 

grains commonly occurs in modem tidal flat systems (Bathurst, 1975; Hine, 

1977; Harris, 1979). The characteristics of the CPG facies are similar to those 
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described for unstable coralgal sand shoals and associated ooid banks that form 

a belt 5 kIn wide around the perimeter of the Great Bahama Bank (Bathurst. 

1975). 

Thin-bedded. mudstone faries 

Facies description 

The thin-bedded mudstone facies (TM) consists of dark grayish brown to 

grayish black, thin-bedded, planar to slightly wavy-bedded, unfossiliferous to 

sparsely fossiliferous mudstone. It is composed of 97-100% micrite mud, but as 

m:::h as 3% very fine-grained « 1 mm) skeletal material may be present. 

Skeletal grains consist of sponge spicules, whole aniculated ostracodes, 

foraminifers, and caIcispheres, and rare disaniculated crinoids, brachiopods, 

and molluscs (Fig. 39). The thin beds are composed of laminated to 

homogenous micrite. Spar within this facies is rare, forming less than 1 % of 

the rock, and is generally blocky, non-ferroan calcite filling leached mollusc 

voids. 

The TM facies commonly is panially or completely dolomitized. 

Completely dolomitized examples commonly have light and dark laminae (1 mm 

in thickness) produced by the interlamination of dolomitic micrite mud (dark 

layers) and euhedral dolomite spar. Within cycle 1 (Fig. 30), interlaminated 

dolomite mud and spar are associated with irregular laminae (Fig. 40) that 

have the appearance of laterally linked, low-relief hemispheroids of 

stromatolitic algae (Shinn, 1983). In thin section, filamentous algal structures 

can not be seen within micritic laminae, but other textural features suggest 

that the irregular laminations formed in conjunction with stromatolitic algae. 
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These textural features include patchy and peloidal micrite laminae. thin 

disarticulated ostracode shells aligned parallel to laminae within the micrite 

layers. and micrite layers displaying sharp upper surfaces and gradational 

lower surfaces. Also. at one locality (locality 15 on Fig. 29). the irregular 

laminated zone is overlain by an intensely brecciated horizon. 30 cm thick. 

with solution collapse features (Fig. 41). 

Depositional interpretation 

The dominance of eurytopic organisms (ostracodes and calcispheres) 

and the extremely low diversity and scattered abundance of biota in the TM 

facies indicates deposition under very restricted conditions. probably with 

fluctuating salinity. Restriction of biota in conjunction with the 

predominance of calcareous and dolomitic mud. and stromatolitic horizons. 

suggest quiet water conditions beyond wave reach. probably in a very shallow 

setting such as an intertidal mudflat or lagoon within a restricted platform 

(Shinn. 1983). The occurrence of the disrupted. brecciated zone suggest 

occassional subaerial exposure. which is consistent with very shallow water 

conditions for deposition and periodic exposure within the intertidal zone. 

Logan (1961) and Davies (1970) describe similar features within the modem 

intertidal mudflat including supratidal breccias from Shark Bay. western 

Australia. Rip-up intraclast horizons may represent erosion and redeposition 

during storm events. 





Eastern Facies Belt Depositional Sequence 

The lithofacies of the eastern facies belt are characteristic of shallow 

subtidal to intertidal depositional systems (Shinn, 1983). Based on analogy 
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with modem tidal flat systems (Shinn, 1983) the facies of the eastern facies 

belt can be placed into a coherent paleogeographic setting (Fig. 42). The FWP 

facies represents the deepest, most open water, normal marine conditions in 

the eastern facies belt. The FWP facies was deposited on a westward facing 

slope where periodic storm activity reworked bottom sediments. Shoreward at 

the shelf margin, sediments were continually wave-washed to form oolite 

banks (OG facies) and unstable sand flats (bedded CPG facies). Shoreward 

(eastward), wave action decreased and the sand flat stabilized to allow total 

bioturbation of sediments (unbedded CPG facies). Still farther shoreward, with 

a decrease in wave agitation, conditions became more restricted and quiet 

water, unfossiliferous mudstone (TM facies) was deposited. The TM facies 

represents the most restricted, shoal-water facies in the eastern facies belt. 

Each fining-upward cycle in the eastern facies belt represents shoaling 

from shallow subtidal, open marine conditions to a restricted, lagoonal setting 

with occasional subaerial exposure (Fig. 43). This Waltherian progression of 

facies reflects cyclic regression of depositional environments. 

Central Facies Belt 

The central facies belt lies west of the eastern facies belt (Fig. 29) and 

forms a relatively wide zone (approximately 70 km across). The central facies 

belt contains two principle lithofacies: 1) fossiliferous wackestone to 

packstone (FWP) and 2) crinoidal-peloidal grainstone (CPG). 
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Figure 42 Schematic diagram of depositional setting of lithofacies in eastern 

facies belt of upper Kinderhook ponion of upper Joana Limestone. 
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Figure 43 Idealized stratigraphic section of lithofacies and interpretation of 

depositional environments for shoaling upward cycles within eastern facies 

belt of upper Kinderhook portion of the upper Joana Limestone. 
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The FWP and the CPG facies form four repetitive, coarsening upward 

cycles (Fig. 44). The cycles have gradational boundaries and are an average of 

25 m in thickness. Each cycle contains 10 to 15 m of medium- to thick-bedded 

FWP facies grading rapidly upward into 5 to 10 m of thick-bedded CPG facies. 

On outcrop the cycles are easily recognized by their alternating recessive 

(FWP facies) and resistant, cliff forming (CPG facies) weathering pattern (Fig. 

45). 

FossjJjferolls wa£kestone to Pukdone fades 

Facies description 

The fossiliferous wackestone to packstone facies (FWP) is the dominant 

facies in the central facies belt and forms as much as 75% of the strata. The 

FWP facies averages approximately 15 m in thickness per cycle. It forms dark 

gray, medium to thick beds that have either sharp or slightly wavy bedding 

surfaces. The FWP facies consists of 30 to 60% skeletal material set in a 

homogenous micrite matrix (Fig. 46). Skeletal grains are dominated by 

echinoderms, fenestrate bryozoans, and brachiopods. Other locally abundant 

fauna are rugose corals, molluscs, ostracodes, trilobites, and foraminifers. 

Non-skeletal grains, which are relatively common in the FWP facies of 

the eastern facies belt, are rare in the central facies belt, forming < 1 % of the 

carbonate grains. Both superficially coated ooids with very thin coatings and 

well developed ooids with very thick coatings are present. Irregular to ovoid 

peloids were noted where the FWP facies grades into the CPG facies. Rounded 

intraclasts (averaging 0.5 mm in diameter) composed of mudstone and skeletal 

wackestone are also present locally. 
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Figure 44 Generalized stratigraphic column of coarsening upward cycles in 

central facies belt of upper Kinderhook portion of the upper loana Limestone. 

Symbols correspond to lithofacies described in text: FWP = fossiliferous 

wackestone to packstone facies and CPG = crinoidal-peloidal grainstone facies. 
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The FWP facies contains fine-grained wackestone horizons either 

interbedded (10 cm scale) or interlaminated (2 mm scale) with coarse-grained 

packstone horizons. Normally graded beds of coarse packstone to fine 

wackestone are also present. The coarse packstone horizons are commonly 

ripple cross-laminated and contain disarticulated and abraded crinoidal debris 

in erosionally scoured lenses also containing current-aligned crinoid and 

brachiopod shells. Fine-grained mud-rich horizons are highly bioturbated 

and commonly contain Zoophycos traces on bedding planes. Shaly partings 

occur at intervals between beds. 

Blocky, non-ferroan calcite spar fills shelter void space and leached 

mollusc shells. The FWP shows little sign of compaction except in the crinoidal 

packstone lenses where microstylolites and sutured grain boundaries are 

common. 

Depositional interpretation 

As interpreted for the FWP facies in the eastern facies belt, the FWP 

facies in the central facies belt represents deposition under normal marine 

conditions in a subtidal environment above storm wave base, where sediments 

were periodically reworked by storm waves (Jeffery and Aigner, 1982) to form 

graded beds and skeletal coquina horizons. The dominance of the FWP facies 

and the lack of non-skeletal grains in the central facies belt suggests the 

central facies belt was a relatively deeper water system than the eastern facies 

belt and occurred downslope from the latter. 
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Crjnojdal-pelojdal grajnstone farjes 

Facies description 

The crinoidal-peloidal grainstone facies (CPG) was described in detail 

under the description of the eastern facies belt. Facies contrasts of the CPG 

facies in the central as compared to the eastern facies belt, include; 1) decrease 

in relative abundance of the CPG facies (forms 50% of strata in the eastern 

facies belt and only 30% in the central fac!~s belt), 2) massive bedding style 

rarely developed, 3) peloids form less than 50% of the carbonate grains and 

wholly peloidal grainstones are not present, 4) lacks OG facies intercalated 

between FWP facies and CPG facies as found in the eastern facies belt, 5) lacks 

overlying restricted TM facies, and 6) contains abundant relatively thick, 

current laminated, graded beds of crinoidal packstone and grainstone debris 

grading into fossiliferous wackestone (Fig. 47). 

Depositional interpretation 

The CPG facies of the central facies belt represents subtidal deposition 

under agitated, normal manne conditions. Reworking and winnowing of 

sediments occurred relatively frequently, not allowing enough time for 

complete ovenurning and bioturbation of beds. Sediments were reworked by 

frequent storm waves producing characteristic thick graded beds (Jeffery and 

Aigner, 1982). The lack of development of peloidal fabric or associated 

intenidal TM facies indicates that conditions were not as restricted as in the 

eastern facies belt. 
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Central Facies Belt Depositional Sequence 

The lithofacies of the central facies belt represents deposition in a 

subtidal upper slope to shelf margin environment. The coarsening upward 

cycles represent shoaling-upward from below fair weather wave base to above 

it, where sediments were frequently reworked. The cycles are slightly thicker 

than cycles in the eastern facies belt, but can be directly correlated based on 

lithologic character. Cycles of the central facies belt do not contain the more 

restricted facies and lower energy lithofacies (massive CPG facies and TM 

facies) present at the tops of cycles in the eastern facies belt, suggesting that 

higher energy conditions prevailed in the central facies belt. The increase in 

thickness of each cycle, increase in proportion of deeper water facies, 

presence of normal marine lithofacies (FWP facies), and lack of highly 

restricted lithofacies suggest that the central facies belt was deposited in 

deeper water, offshore from the eastern facies belt. 

Western Facies Belt 

The western facies belt is relatively narrow (less than 20 km wide) and 

occurs west of the central facies belt (Fig. 29). The thickness of strata within 

the western facies belt thins rapidly westward from 50 to 8 m (Fig. 27). The 

western facies belt is composed entirely of one depositional facies: crinoidal 

grainstone (CG). 
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CrinoidaJ grainstone fades 

Facies description 

The crinoidal grainstone facies (CG) is composed of thick, wavy bedded, 

crinoidal grainstone and minor, mud-poor, crinoidal packstone. Crinoid 

columnals form 98% of the grains. Other skeletal grains are rare and consist of 

solitary rugose corals and brachiopods. Non-skeietal grains are not present. 

The crinoids range from completely disarticulated to semi-articulated stems. 

Semi-articulated stems are commonly 5 to 7 cm long, but stems as much as 35 

cm long have been documented (Fig. 48). Though commonly disarticulated, the 

crinoids do not show any signs of abrasion. The size of individual crinoid 

columnals is highly variable. Generally the crinoid grains are poorly sorted, 

with all sizes of crinoids ranging from less than 1 mm to 2.5 cm in diameter 

occurring in a single bed. Within the crinoid beds the texture is massive or 

homogenous, and there is nowhere any indication of current action, such as 

laminations or cross bedding. Homogeneity may be related to bioturbation, but 

distinct burrows were not recognized. 

Pink- to red-weathering chert nodules are relatively common and occur 

as elongate nodules concentrated along bedding planes. The CG facies is 

cemented almost entirely by calcite overgrowths on crinoid grains. Other 

primary cements were probably recrystalized and incorporated into the 

crinoid overgrowth cements. Crinoid grain boundaries are not micritized, but 

are commonly sutured and microstylotized. 





112 

Depositional interpretation of crinoidal grainstone and western 

facies belt 

The CG facies contains an abundant, low-diversity, stenohaline fauna 

indicating normal marine conditions. The CG facies lacks any evidence 

of current winnowing, such as current generated sedimentary structures, well 

sorted grains, abraded disaniculated crinoids. and crinoid intraclasts (Blyth 

Cain, 1968; Lewis, 1980; Brett, 1985). The absence of these features suggest that 

the CG facies was deposited in an environment of little or no current action in 

which only sand-sized sediment (crinoid columnals) was produced (Lewis, 

1980). The lack of micritized borders on crinoid grains suggests deposition in 

water deep enough to inhibit endolithic algal borings, which occur in modem 

environments in water depths less than 40 m unless transported into deeper 

water environments (Swinchatt, 1969; Bathurst, 1975). Semi-articulated 

crinoid columnals suggests gradual accumulation and moderate sedimentation 

rates, with lack of sediment disturbance by currents or bioturbation (Liddell, 

1975; Lewis, 1980; Meyer and others, 1989). 

Non-transported crinoidal grainstones or encrinites such as those 

described in the western facies belt are common components of middle 

Paleozoic strata, and Ausich (1990) has interpreted these deposits as 

representing in situ disaggregation of crinoidal skeletons with progressive 

development of stacked crinoidal sand beds by repeated crinoid colonization of 

the skeletal sand substrate. 

The CG facies represents prolific growth of crinoids in a "crinoid grove" 

forming in moderately deep water, below storm wave base. The CG facies of the 

western facies belt evidently represents deeper water conditions, consistently 



below wave base, down slope from the central facies belt to the east. The 

shoaling upward cycles documented in the eastern and central facies belts 

were not recognized in the western facies belt. 

Southern Facies Belt 
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The strata of the central facies belt grade southward into the southern 

facies belt. The lithofacies changes from the central facies belt to the 

southern facies belt also correspond to an increase in stratigraphic thickness 

(Fig. 27). Two primary lithofacies comprise the southern facies belt: 1) 

sparsely fossiliferous wackestone facies (SFW) and 2) interbedded crinoidal­

peloidal packstone and sparsely fossiliferous wackestone facies (IPW). The 

lithofacies are arranged into a series of approximately four large-scale 

alternations of the SFW facies and the IPW facies (Fig. 49). 

Soarsely fossi'iferous wackestone facies 

Facies description 

The sparsely fossiliferous wackestone facies (SFW) forms over 75% of 

the strata in the southern facies belt and gradually decreases in abundance to 

the north. The SFW facies consists of very dark gray to black, medium to thick, 

even beds of crinoidal wackestone. Bedding is either laminated or completely 

homogenized and forms sharp, planar bedding planes (Fig. 50). 

Skeletal grains are not abundant and form less than 20% of the rock 

(Fig. 51). Skeletal grains are primarily very fine-grained, disarticulated and 

semi-articulated crinoid stems (stems as long as 15 cm), sponge spicules, and 

very fine-grained, unidentifiable shell hash. Echinoderm fragments do not 
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Figure 49 Generalized stratigraphic column of four coarsening-upward cycles 

within southern facies belt of upper Kinderhook portion of the upper Joana 

Limestone. Symbols correspond to lithofacies described in the text: SFW = 

sparsely fossiliferous wackestone facies and IPW = interbedded packstone and 

wackestone facies. 
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have micritized borders as is commonly noted in the eastern and central facies 

belts (Fig. 51). Other fauna present are brachiopods, ostracodes, unbroken 

fenestrate bryozoa fronds, trilobites, and molluscs. Ostracodes are commonly 

whole, articulated, thick-shelled forms. Molluscs are commonly leached and 

the void space filled with blocky, non-ferroan calcite cement. Non-skeletal 

grains are not present. 

The matrix is homogenous micrite with no evidence of peloidal fabric 

(Fig. 51). Beds are probably thoroughly bioturbated. Distinctive burrow traces 

common along the tops of bedding surfaces include Zoophycos and 

Cosmorhaphe (Fig. 52). 

Intervals of the sew facies are abruptly terminated by basal erosional 

surfaces of intervals of the IPW facies. At localities transitional between the 

central and southern facies belts, the SFW grades upward into FWP facies 

(localities 5 and 7, Fig. 29). 

Depositional interpreta tion 

The SFW facies is interpreted to have formed in a quiet-water setting, in 

fairly deep water below storm wave base. This environment is suggested by 

the dominance of lime mud, low abundance and diversity of fauna, 

preservation of delicate fauna (unbroken bryozoan fronds and semi­

articulated crinoid stems), Zoophycos and Cosmorhaphe trace fossils (Frey and 

Pemberton, 1984; Bromley, 1990), lack of wave-produced sedimentary 

structures, sharp rhythmic bedding, and association with allochthonous 

carbonate units in the IPW facies. Profusely burrowed horizons indicate 

aerobic in-sediment conditions (Byers, 1977). 
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The sedimentary features present are characteristic of hemipelagic 

sedimentation by suspension. with occasional gravity-induced currents on a 

deep marine slope (Cook and Taylor. 1977; Cook and Mullins. 1983) 

Interbedded packstone and wackestone facies 

Facies description 

The interbedded packstone and wackestone facies (IPW) is composed of 

dark gray to black, thin- to relatively thick-bedded, crinoidal-peloidal 

packstone interbedded with dark gray, sparsely fossiliferous wackestone and 

mudstone. Interbedded and graded packstone to mudstone beds, less than 10 cm 

in thickness, are relatively common (Fig. 53). 

Packstone horizons are composed primarily of disarticulated and 

abraded crinoid debris and peloids (Fig. 54). Crinoid debris and other skeletal 

grains are well sorted and show evidence of current lamination. Crinoids 

generally have thick, micritized grain boundaries. Peloids are irregularly 

shaped, but generally are very consistent in size (Fig. 54). Other skeletal 

grains present are whole I1lgose corals, brachiopods, pieces of fenestrate 

bryozoans, and ostracodes. In the mudstone to wackestone tops of graded beds, 

sponge spicules are the dominant skeletal constituent and Zoophycos and 

Cosmorhaphe trace fossils commonly occur on mud-rich bedding plane 

surfaces. Black, elongate chert nodules occur in lenses along some bedding 

planes. 

Locally, the packstones form relatively thick units (several meters in 

thickness) with erosionally scoured bases (Fig. 55). Underlying units 

commonly show evidence of soft-sediment deformation (Fig. 55). Within these 
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units intraformational truncation surfaces are common (Fig. 56). Within 

packstone beds. current lamination is common as is complete homogeneity of 

beds from bioturbation. 

Depositional interpretation 

The IPW facies represents turbiditic redeposition of shoal-water 

carbonate grains (peloids and crinoids with micritized grain boundaries) onto 

deep-water. hemipelagic slope sediments. Evidence for this interpretation 

includes graded beds containing shoal-water carbonate grains interbedded 

with deep-water deposits. large-scale intraformational truncation surfaces 

that may represent submarine mass movements (Cook and Taylor. 1977; 

Yurewicz. 1977; Cook and Mullins. 1983). deep-water trace fossils (Frey and 

Pemberton. 1984; Bromley. 1990). and soft-sediment deformation structures. 

Southern Facies Belt Depositional Sequence 

The southern facies belt is composed of lithofacies characteristic of 

slope depositional systems (Cook and Mullins, 1983). Background 

sedimentation in the southern facies belt (SCW facies) represents much 

deeper-water conditions than the central or western facies belt. Turbidity 

currents moved shoal-water carbonate grains from the central and eastern 

facies belts downslope in the southern facies belts. 

The southern facies belt contains a series of four large-scale 

alternations (cycles?) of the sew and IPW facies (Fig. 49) that mayor may not 

correspond to the four cycles documented in the central and eastern facies 

belts (Figs. 30 and 44). Thick units of IPW facies in the southern facies belt 

may represent increased turbidite influx downslope in response to regression 





and westward progradation of facies. Currently. there is no independent 

method of correlation besides litho-correlation to test this hypothesis. 

Far Western Facies Belt 

125 

The far western facies belt contains the westernmost outcrops of units 

mapped as Joana Limestone. and also incorporates units of similar lithologic 

character mapped in northern Nevada as the Tripon Pass Limestone (Fig. 29. 

localities 22. 24. and 33). There are three primary lithofacies in the far 

western facies belt: 1) laminated calcareous mudstone facies (LCM). 2) 

limestone conglomerate facies' (LC). and 3) interbedded packstone and 

wackestone facies (IPW). 

The far western facies belt locally overlies the lower Joana Limestone. 

but generally was deposited directly on an erosional surface of the Upper 

Devonian Guilmette Limestone. Where the far western facies belt 

unconformably overlies the Guilmette Limestone. it contains a thick basal 

sequence of laminated calcareous siltstone and mudstone (Fig. 57). This unit 

may be correlative to the Homestead Canyon Shale and the lower Joana 

Limestone. but is generally grouped as part of the Tripon Pass Limestone. The 

far western facies belt becomes increasingly siIt- and sand-rich toward the top 

where it grades into the Chainman Shale (Fig. 57). 

Laminated. calcareous mudstone 

Facies description 

The laminated. calcareous mudstone facies (LCM) is the dominant 

lithofacies in the western facies belt and generally forms as much as 65% of 
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the strata. The LCM facies consists of dark gray, thin-bedded calcareous 

mudstone in even, planar beds. Beds are fmely laminated (millimeter scale) 

and are uniform in thickness. Skeletal grains form less than 5% of this facies 

and consist predominantly of sponge spicules and thin-shelled ostracode 

debris. Very fine-grained crinoidal debris is also present. Shells are 

commonly aligned parallel to bedding. Cosmorhaphe trace fossils are present 

on bedding planes, but are relatively rare. Quartz silt is present in variable 

amounts and becomes increasingly more abundant in the LCM facies to the 

north, within the Tripon Pass Limestone. Euhedral pyrite cubes (1 to 5 mm in 

diameter) are interspersed throughout the facies. 

Sedimentary structures in the LCM facies include current-rippled 

laminae and soft-sediment deformation structures, such as "ball and pillow" 

structures (Fig. 58). Soft sediment deformational features often underlie 

layers of the LC and IPW facies. Large-scale slump deposits of the LCM facies 

form contorted and disrupted zones as much as 20 m thick. Thin bedded and 

laminated calcareous siltstone and shale are locally interbedded with the LCM 

facies. 

Depositional Interpretation 

Based on the dominance of carbonate mud, planar lamination, sparse 

fauna of low diversity, lack of bioturbation, pyrite cubes, and very dark gray 

color, the LCM facies is inferred to reflect deep-water deposition, far below 

wave base, under reducing (anaerobic to dysaerobic) conditions (Byers, 1977). 

Soft sediment deformation structures, current-rippled laminae, and slumped 
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units are features commonly found associated with hemipelagic sediments in 

deep-water slope environments (Cook and Tayler. 1977). 

Limestone ,onglomerate 

Facies description 

The limestone conglomerate facies (LC) is composed of variable dark to 

light gray. thick-bedded, clast-supported conglomerate. Conglomerate beds 

occur in two different forms: 1) channelized with scoured, erosional bases and 

limited areal extent and 2) laterally extensive sheets with sharp planar bases. 

Upward through the sequence. channelized conglomerate beds become more 

abundant and thicker (Fig. 57). 

Channelized conglomerate beds are commonly graded and display 

complete Bouma sequences (Fig. 59). The sequences consist of a basal ·interval 

(Bouma A) of size-graded carbonate clasts (containing occasional boulders as 

much as 100 cm in diameter) grading into current-laminated. crinoidal debris 

(Bouma B) that fines upward into current-rippled. skeletal and peloidal 

siltstone (Bouma C). The sequence is capped by laminated, spiculitic mudstone 

and clay-rich laminae (Bouma D and E). which are occasionally bioturbated on 

the upper bedding surfaces. Graded beds range from 0.5 m to 3 m in thickness. 

The clast composition of the channelized. graded conglomerate consists of a 

variety of shoal-water carbonate lithologies including peloidal grainstone and 

wackestone. reddish-brown dolomitic mudstone. ostracode- and calcisphere-

bearing mudstone. and silty mudstone. Skeletal grains are primarily 

disarticulated, abraded, crinoid columnals. and form as much as 50% of the 

grains in the LC facies. The clast lithologies are similar to lithologies known 
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in the eastern facies belt of the upper Kinderhook portion of the upper Joana 

limestone. The matrix is composed of silty micrite and fine-grained skeletal 

debris. 

Planar bedded conglomerate sheets are composed of poorly sorted 

carbonate clasts ranging in size from coarse sand to cobbles. The clasts are 

angular to subrounded and are composed of the same lithologies as occur in 

the channelized conglomerate beds. Clasts display crude grading, but other 

sedimentary structures are lacking. Clasts are embedded in a structureless 

silty matrix, and underlying strata are rarely disturbed by soft-sediment 

deformation. 

Sparse paleocurrent data from the LC facies are locally very consistent 

in direction, but are highly variable (NE to SW) on a regional scale. 

Depositional interpretation 

Both the channelized and the sheet-like limestone conglomerates were 

deposited by sediment gravity flows containing shoal-water carbonate clasts 

and other grains carried into a deep-water basin margin or lower slope 

environment. The channelized, graded conglomerates displaying complete or 

partial Bouma sequences represent deposition by turbidity currents. Coarse, 

cobble-bearing turbidites are generally restricted to slope or basin-margin 

settings where depositional gradients are highest (Cook and others, 1983). The 

sheet-like limestone conglomerates display features characteristic of mass 

flow deposits (Hubert and others, 1977; Yurewicz, 1977): poor sorting, crude 

grading of clasts, sharp planar bedding surfaces, and laterally extensive 

sheet-like form. 



Lithoclast petrography and conodont biostratigraphy indicate that 

clasts were derived from erosion of upper Joana Limestone strata 
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characteristic of the eastern facies belt. Oxidized, reddish-brown dolomitic 

mudstone is a relatively abundant clast type in the LC facies, and suggests 

subaerial exposure and erosion of the Joana Limestone platform to the east. 

Paleocurrent data within the LC facies indicate both northeast and southwest 

current flow, which is perpendicular to the inferred slope trend and suggests 

that gravity flows filled the basin longitudinally. 

Interbedded nackstone and wackestone facies 

The interbedded packstone and wackestone facies (IPW) forms less than 

15% of the strata in the far western facies belt. The IPW facies was recognized 

only at one locale in the far western facies belt (locality 10, Fig. 29), where it 

forms a local unit 30 m thick. The lithologic character is identical to that 

described for this facies in the southern facies belt. As interpreted for this 

facies in the southern facies belt, the IPW facies represents turbiditic 

redistribution of shoal-water carbonate grains onto deep-water hemipelagic 

sediments. 

Interpretation of Far Western Facies Belt Depositional Sequence 

The far western facies belt displays lithofacies characteristic of deep­

water sedimentation at the basin margin or toe-of-slope, such as hemipelagic 

mudstone intercalated with coarse conglomeratic turbidites formed from 

platform-derived clasts and grains, slumped units, and soft-sediment 

deformation structures (Wilson, 1969; Cook and Taylor, 1977). 
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The characteristic shoal water carbonate lithologies present as 

transported clasts indicate derivation from the eastern facies belt of the upper 

Joana Limestone. The far western facies belt also contains quartz silt and fine 

sand grains intermixed with the carbonate facies. As siliclastic strata are not 

commonly present in upper Joana Limestone lithofacies to the east, 

siliciclastic detritus may have been derived from the Antler orogenic belt to 

the west. 

Interpretation of Upper Joana Limestone (Upper Kinderhook) 

Depositional Sequence 

The rapid downslope progression of facies, in conjunction with the 

presence of abundant sediment gravity flow deposits containing platform­

derived material, indicate a carbonate shelf and slope depositional setting for 

the upper Joana Limestone, as opposed to a homoclinal carbonate ramp setting 

(Read, 1980). The sedimentary facies of the upper Joana Limestone represent 

an east to west transition from shelf margin (eastern facies belt) to upper 

slope (central facies) to mid-slope crinoidal grove (western facies belt) to 

lower slope (southern facies belt) and finally to toe-of-slope or basin margin 

(far western facies belt) environments (Fig. 60). West of the upper Joana 

carbonate succession, deep-water submarine fan and basinal deposits of the 

Chainman Shale were deposited into the Antler foreland basin (Harbaugh and 

Dickinson, 1981). 

The shelf margin to basin margin profile of the upper Joana Limestone 

shown in Figure 60 is similar to the model proposed by McIlreath and James 

(1974) for a depositional carbonate margin dominated by shallow-water lime 
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Figure 60 Block diagram of depositional framework of lithofacies belts in 

upper Kinderhook portion of upper Joana Limestone. 
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sands. The "distally steepened ramp" model of Read (1982) contains associated 

turbidites and might also produce the facies distribution documented in the 

upper Joana Limestone. 

The cyclic regression of depositional environments in the eastern and 

central facies belts. and possibly in the southern facies belt as well. formed in 

response to periodic seaward (westward) progradation (Fig. 61). Cyclic 

progradation may have been initiated by either autocyclic processes 

(sedimentation rates were greater than subsidence and sediments filled the 

available accomodation space and prograded seaward). or allocyclic processes 

such as episodic changes in regional tectonic subsidence or eustatic 

fluctuations of sea level. Autocyclic and allocyclic processes may work 

exclusively or in concert to produce cyclic sequences. 

Upper Joana Limestone cycles can be traced intrabasinally throughout 

the shoal-water facies belts of eastern Nevada and westernmost Utah. The 

cycles have not been correlated outside this area on a regional or interbasinal 

scale. The upper Joana Limestone cycles are relatively small scale and thicken 

basinward from approximately 20 m each to 30 m each (undecompacted 

thicknesses). The seaward thickening trend would be more pronounced if the 

facies were decompacted. for decompacted thicknesses of lime mudstones in 

the southern facies belt will be much greater than decompacted thicknesses of 

early-cemented. shoal-water grainstones in the eastern facies belt. Cycles in 

the eastern facies belt are markedly asymmetric (Figs. 30 and 31). with cycles 

shoaling essentially to sea level and abruptly overlain by subtidal facies. 

Cycles in the eastern facies belt shoal to the same intertidal lagoonal to 

supratidal facies (laminated mudstone) in nearly every cycle at all localities or 
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Figure 61 Schematic cross section from the eastern facies belt to the southern 

facies belt showing correlation of four depositional cycles within the upper 

Kinderhook portion of upper Joana Limestone. See Figures 30, 31, 46, 47, and 

52 for details of cycles shown. 
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show evidence, such as mudstone rip-up clasts in the basal beds of the 

succeeding cycle, that this facies was developed but eroded prior to deposition 

of the next cycle. Slope cycles in the central and southern facies belts are 

more symmetric and gradational (Figs. 44 and 49). 

The upper Kinderhook Joana Limestone was deposited over 

approximately 1.5 m.y. (Si. isosticha conodont zone, Sandberg and others, 

1982). If we assume that the upper Joana Limestone accounts for 75% of that 

time (upper Joana Limestone is three times as thick as lower Joana Limestone), 

then the four upper Joana Limestone cycles were deposited over a 1.1 m.y. time 

interval. Each cycle therefore would represent approximately 0.275 my. 

The cycle characteristics are of the correct spatial and temporal scale to 

be produced by either autocyclic or allocyclic processes, except for 

tectonoeustacy, which has been disregarded here because cycle recurrence 

intervals are too long 006-108 years) to have formed the upper Joana 

Limestone cycles (Grotzinger, 1986; Galloway, 1989). Autocyclicity occurs only 

on an intrabasinal scale, as should episodic tectonic subsidence. Glacioeustacy 

occurs on an interbasinal .scale. Shoaling-upward cycles have been 

recognized in the time-equivalent Lodgepole Formation in Montana where 

Elrick (1989) ascribes their formation to short-term sea level fluctuations 

possibly related to Milankovitch forcing. The cycles of the upper Joana 

Limestone have not yet been correlated to those of the Lodgepole Limestone. 

Without establishing the presence or lack of interbasinal correlations for the 

upper Joana Limetone cycles, a glacioeustatic mechanism cannot be ruled out. 

One argument against glacioeustacy for upper Joana Limestone cycles is the 



lack of evidence for glacial ice buildup during Early Mississippian time 

(Crowell. 1978; Caputo and Crowell. 1985). 
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Cyclic sedimentation in foreland regions has been attributed to episodic 

tectonic subsidence related to emplacement of thrust sheets over the 

lithosphere (Read. 1980; Klein and Willard. 1989). but tectonic cycles are 

thought to be relatively irregular in recurrence interval (Galloway. 1989). A 

tectonic (flexural) mechanism which interrupted the carbonate shoaling­

upward cycle at the same position in every cycle. as is required for upper 

Joana limestone cycles. is difficult to envision. 

In autocyclic carbonate systems. shoaling to the same level. essentially 

sea level. is predicted (Grotzinger. 1986). For this reason. along with evidence 

for progradation of facies (basin ward thickening of cycles and migration of 

facies) and the lack of significant vadose diagenesis. autocyclic processes seem 

the most probable mechanism for producing the cycles in the upper Joana 

Limestone. 

The upper Kinderhook strata of the upper Joana Limestone refect 

variable (out-of-phase) relative sea level changes. Resulting facies patterns 

contrast with those in underlying strata of the lower Joana Limestone. which 

forms a basin-wide transgressive-regressive cycle. The eastern facies belt 

shows an overall relative sea level fall (shoaling trend). whereas all facies 

belts to the west show an overall relative sea level rise (deepening trend). 

This suggests that the change in depositional regime between the lower and 

upper Joana Limestone formed in response to lithospheric flexure. 
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Upper Joana Limestone (Lower Osage) Depositional Facies 

The lower Osage portion of the upper Joana Limestone was defined by 

the first occurrence of the Gn. typicus conodont fauna. Lithofacies forming 

the Osage portion of the upper Joana Limestone are in general the same 

assemblages as described for the upper Kinderhook portion of the upper Joana 

limestone, but the boundaries of the facies belts shifted eastward (Fig. 62; 

compare to Fig. 29). The outcrop distribution of Osage Joana Limestone facies 

falls into two areas (Fig. 62), one concentrated in easternmost Nevada and the 

second to the west in central Nevada. Siltstone and shale of the Chainman 

Shale lie depositionally between. 

During early Osage time, the former Kinderhook eastern facies belt is 

capped by lithofacies characteristic of the central facies belt (thick FWP facies 

overlain by CPG facies). The former central facies belt in the northern 

localities remains the FWP facies, but southward (localities 7 and 8, Fig. 62) is 

capped by deeper-water deposits characteristic of the southern facies belt 

(thick, evenly bedded SFW facies). The former western facies belt is overlain 

by laminated siltstone and .shale of the Chainman Shale, which during late 

Osage time capped the entire upper Joana Limestone. Deep-water slope 

deposition continued in the southern facies belt. 

Deposition of carbonate mass flow deposits and turbidites continued into 

the Osage in the far western facies belt. Channelized conglomerates formed 

thicker and more numerous horizons upward and became increasingly more 

siliciclastic in nature (Fig. 57). The turbidites display an unroofing sequence 

shown by the conodont fauna. Upward through the sequence progressively 

older clasts were incorporated into the turbidites. Clasts range from Upper 
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ponion of the upper Joana Limestone. 



141 

Devonian (Frasnian and Famennian) to Lower Mississippian (Kinderhook and 

Osage) in age. 

Interpretation Upper Joana Limestone (Lower Osage) Depositional 

Sequence 

The lower Osage portion of the upper loana Limestone shows 

continuation of the east-to-west, upper slope to basin transition initiated 

during upper Kinderhook time. The position of the facies belts shifted 

eastward to produce an onlapping facies pattern during deposition of the 

upper Joana Limestone. 

Within the lower Osage portion of the upper Joana Limestone no strata 

of the eastern facies belt are preserved. From Walthers Law, the inferred 

position of the eastern facies belt would be in west-central Utah. 

Characteristics matching those of the eastern facies belt have been described 

for the Gardison Limestone, which formed to the east of the Joana Limestone 

during early Osage time (Silberling and Nichols, 1991). Clasts within the far 

western facies belt are lithologically characteristic of the shoal-water 

carbonate strata of the eastern facies belt. Uplift and erosion of an Osage 

eastern facies belt may have served as a source for Iithoclasts in the turbidites 

of the far western facies belt. 

Crinoidal grainstones of the western facies belt have not been identified 

in the Osage system, suggesting either that a suitable substrate for crinoid 

growth was not present or that relative sea level rise was fast enough to 

inhibit continuation of the crinoid grove as facies belts migrated eastward. 
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Summary of Depos~Honal Sequences in the Joana Limestone 

The transition from lower to upper Joana Limestone represents a major 

shift in depositional regime from shelf deposition to deeper-water slope 

deposition and drowning of the lower Joana Limestone carbonate platform. 

The lower Joana Limestone is a regionally extensive, transgressive­

regressive sequence deposited in the middle shelf environment (Fig. 63A). A 

westward shelf margin is inferred from depositional facies relationships. The 

sea level curve of Ross and Ross (1987) shows a major eustatic sea level rise 

followed by sea level fall corresponding in time to the transgressive-

regressive sequence within the lower Joana Limestone, with continued 

regression during deposition of the upper Joana Limestone. This in 

conjunction with the regional extent of the lower Joana Limestone and upper 

Fitchville Limestone transgressive-regressive facies suggests eustatic sea level 

fluctuation as the most probable cause. The upper Joana Limestone contains a 

suite of NNE-SSW trending facies belts representing an east-to-west transect 

from shelf margin to toe-of-slope or basin margin (Fig. 63B and 63C). Small 

scale cycles within the upper Joana Limestone are most likely related to 

autocyclic processes. 

The depositional facies of the Joana Limestone document a progressive 

eastward shift of the shelf margin from late Kinderhook to early Osage time, 

and drowning of the lower Joana carbonate platform (Fig. 63). The shelf 

margin migrated eastward approximately 150 km during this time interval. In 

general, retreat of the Lower Mississippian shelf margin (retrogradation) 

could have resulted from three different factors: 1) marked decrease in 

sediment supply (shut-down of the carbonate factory), 2) major eustatic sea 
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three major time periods: A) lower Joana Limestone - upper Kinderhook; B) 

upper Joana Limestone - upper Kinderhook; and C) upper Joana Limestone -

lower Osage. 
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leve! rise. or 3) marked increase in subsidence (flexural down warping related 

to thrust loading). 

Regionally extensive. abrupt superposition of deep-water facies of the 

upper Joana Limestone over shoal-water facies of the lower Joana limestone 

are difficult to reconcile with a simple decrease in carbonate sedimentation 

rate. Abrupt non-Waltherian juxtaposition of depositional facies suggests 

eustatic or tectonic control of sedimentation (Ingersoll and Graham. 1983; 

Galloway. 1989). 

Ross and Ross (1987) show a eustatic rise in sea level followed by a fall 

in sea level during the time interval corresponding to deposition of the Joana 

Limestone and retrogradation of the shelf margin. A fall in sea level should 

correspond to basinward migration of the shelf margin. not retrogradation 

(Vail. 1977). Chapter 4 outlines evidence that the documented Early 

Mississippian shelf margin retreat is pan of a larger retrogradational 

sequence occurring since Late Devonian (Famennian) time. The Late 

Devonian (Famennian) was a time of overall sea level fall (Johnson and others. 

1985). yet the shelf margin still retreated. This suggests that the position of 

the Late Devonian to Early Mississippian shelf margin in Nevada and Utah was 

not controlled primarily by eustasy. but by tectonic flexure. The out-of-phase 

relative sea level trends of the upper Joana Limestone. as compared to the 

widespread in-phase cycle of the lower Joana Limestone. are consistent with 

tectonic (flexural) control of depositional patterns and the position of the 

shelf margin. This point is addressed in greater detail in Chapter 4. 
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FLEXURAL MODELING OF THE ANTLER OROGENIC SYSTEM 

Elastic Lithospheric Flexure Model 
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Flexural modeling calculates the response of the lithosphere to loads 

placed upon it. In this study it is assumed that Antler foreland basin 

subsidence formed as a flexural response to loading by the Roberts Mountains 

allochthon (Speed and Sleep. 1982). This chapter presents a quantitative model 

of lithospheric flexure accounting for the broad features of Upper Devonian 

through Lower Mississippian strata in the Antler foreland. In Chapter 4 the 

general flexural model developed here is related to gross depositional patterns 

in the Antler foreland and is used to track the migration of flexural features 

across the foreland in Late Devonian and Early Mississippian time. 

Flexural modeling in this study assumes an elastic lithosphere floating 

on a fluid substratum. the asthenosphere. The undeformed initial surface or 

baseline of the model is planar and corresponds to a fixed sea level (Beaumont. 

1981). When loading occurs the surface of the lithosphere deflects downward 

with respect to the baseline to compensate the load. The equation which 

describes the resultant deflection of the thin elastic plate is: 

D(tJ4wldx4 ) + kw = p(x) 

where: D = flexural rigidity of the plate; w = venical displacement of the plate; 

x = horizontal distance over which lithospheric flexure takes place; k = (Pm -

Pin)g = density difference between the asthenosphere (Pm) and the basin 

infill (Pin). multiplied by the gravitational constant; and p(x) = driving load 

per unit area. 



146 

FLEX Flexural Computer Modeling Program and Input Parameters 

The flexural computer program FLEX was used to calculate the flexural 

equation solving for the amount of deflection produced by an emplaced load. 

The program also calculates the amount of forebulge upflexure and back­

bulge basin down warping produced, and their distances from the leading edge 

of the emplaced load. 

Reasonable values for the input parameters were chosen based on 

constraints derived from observed Antler foreland basin data, modem analogs, 

and previous flexural modeling studies (Jordan, 1981; Speed and Sleep, 1982). 

A completely elastic response as opposed to a viscoelastic response 

(Beaumont, 1981) is assumed for this study because allochthon emplacement 

and accompanying foreland flexure occupied a time span of less than 20 m.y., 

and viscoelastic response proceeds with a time constant of approximately 27.5 

m.y. (Beaumont, 1981). Even if present, a viscoelastic response would not be 

recorded in the foreland depositional sequence of the transitional deposits. 

values of FLEX jnput parameters 

The FLEX program makes two major calculations based on input values 

for different parameters. The program calculates: 1) flexural rigidity (D) and 

2) the flexural parameter (a), which determines the width of the deflection. 

In order to calculate the flexural rigidity (D) the FLEX program solves 

the following equation: 

D = Eh3/12(1 - 1..2 ) 
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where: E = Young's modulus (describes plate stiffness); h = effective elastic 

thickness; and A. = Poisson's ratio (a dimensionless number that determines the 

volume change in the crust under a particular stress). 

The values for these variables are based on previous studies and modem 

analogs. Values for Young's modulus (E) generally range between 30 and 70 

Gpa for marginal to cratonal lithosphere (Haxby and others, 1976). Most 

flexural modeling studies use a value of 70 Gpa. A value of 0.25 is typically used 

for Poisson's ratio (Caldwell and others, 1976; Jordan, 1981). 

Values for the effective elastic thickness (h) are very different for 

oceanic versus continental crust. Original thrust loading by the Robens 

Mountains allochthon may have occurred on oceanic crust, but the flexural 

features in the foreland formed over continental crust and the transitional 

deposits are underlain by continental crust (Speed and Sleep, 1982). Therefore 

values for marginal continental crust were used for modeling. Values for the 

effective elastic thickness of continental lithosphere are highly variable, 

ranging from 10 to 130 km (Watts and others, 1982; McNutt and others; 1988). 

The generally accepted values of the effective elastic thickness for marginal 

continental crust are 30 to 70 km (Jordan, 1981; Quinlan and Beaumont, 1984; 

Stockmal and others, 1986). 

To calculate the value for a the FLEX program solves the following 

equation: 

a = 4Df[(Pm - Pin)g]1/4 

where: D = flexural rigidity calculated in the previous step; Pm = density of the 

mantle; and Pin = density of substance infilling the downwarped foreland 

basin (eg. sediment, water, or air, or a mixture of these). 
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The density of the asthenosphere (Pm) is set at 3300 kg/m3 in the FLEX 

program. The density of the foreland basin infill is variable. If the basin is 

completely fiIIed by water then Pin = 1000 kg/m3. A foreland basin completely 

filled with sediment uses Pin = 2300 to 2500 kg/m3 (Jordan. 1981; Speed and 

Sleep. 1982;). Mixtures of water and sediment may also be used to refine 

calculations. Values typicaIJy used for an underfilled basin are Pin = 1500 

kg/m3 (Caidwell and others. 1976). 

Model of Flexural Loads 

Regional isostatic compensation of an emplaced load is the principal 

driving force of subsidence in the flexural model. The load was determined 

from the configuration of the Roberts Mountains allochthon proposed by 

Speed and Sleep [f982). -As a result of extension and post-Antler erosion. the 

size of the Roberts Mountains allochthon cannot be directly measured for load 

dimensions. The configuration of the load was based on analogy with modem 

accretionary prisms. coupled with the observed thickness and extent of the 

Roberts Mountains allochthon. 

Speed and Sleep (1982) model the Roberts Mountains allochthon load as a 

convex-up prism with a relatively steep front (Fig. 64A). The thickness of the 

prism increases toward the west. The thickest portion is estimated by Speed 

and Sleep (1982) to be between 15 and 20 km based on modem analogs (Karig 

and Sharman. 1975; Westbrook. 1975). In the study area. palinspastic 

restoration shows a minimum of 130 km of thrust displacement; this figure 

represents the minimum width of the base of the allochthon. 
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Figure 64 Schematic diagram of emplaced accretionary prism over the North 

American continent (64A; From Speed and Sleep, 1982). At this stage the prism 

is widely subaerial and forms the Antler highlands. Box loads (64B) were 

drawn to fit the area of the allochthon above the zero line. 
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As input, the FLEX program uses the amount of material present above 

the preexisting topographic surface as a measure of total loads compensated 

isostatically by flexural subsidence. In Figure 64B this additional material is 

the shaded volume above the zero line. Speed and Sleep (1982) estimate the 

maximum thickness of load above the zero line to be between 3 and 5 kIn. 

Their estimated load height is based on the isostatic relation that a crustal body 

floating in isostatic equilibrium displaces three-quarters of its total thickness 

in a fluid mantle. If a crustal allochthon is 20 kIn thick, 5 kIn will thus project 

above the zero line. I chose a conservative estimate of excess load thickness at 

a maximum of 3 km. Speed and Sleep (1982) modeled the allochthon with a 

tapered geometry. I modeled the allochthon load as tapering from 3 km 

maximum to 1 km at its toe. The width of the load above the zero line is 

approximately 105 km. The density of the allochthon was assumed by Speed 

and Sleep (1982) to be 2500 kg/m3 based on measurements of the modem 

western Antilles accretionary prism (Westbrook, 1975). 

The continuity of the crust was modeled as both a continuous, semi­

infinite sheet and as a plate broken some distance (0 to 150 km) behind the toe 

of the emplaced loads. Intuitively, the broken plate model makes the most 

geological sense since there is some sort of break or change in the elastic plate 

due to the proximity of the cratonal margin, which was estimated to have been 

approximately 140 km behind the toe of the allochthon (Nilsen and Stewart, 

1980). 
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Results 

A series of models were run changing the values of the various input 

parameters to find a best-fit set of values for the Antler foreland. Models were 

disregarded which failed to produce results complying with the following 

criteria: 

1) The deepest portion of the foreland basin forming adjacent to the toe of the 

accretionary prism. 

2) The resultant foreland basin should be greater than 1 kIn and less than 2 

kID deep to accommodate 2000 m of sediment (shoaling-upward sequence of the 

Chainman Shale and Diamond Peak formations) which filled the finally 

formed Antler foreland basin (poole, 1974). 

3) The resultant foreland basin width should be between 150 and 200 km based 

on the lateral extent of the Chainman Shale and Diamond Peak formations 

(Poole and Sandberg, 1977; Speed and Sleep, 1982). 

The continuous plate model proved inadequate because it produced a 

foreland basin that was either too narrow or too wide and too shallow to 

correspond to the Antler foreland basin (Fig. 65). Even if certain parameters 

were changed to marginally acceptable values, such as effective elastic 

thickness of less than 30 km and load densities of 2800 kg/m3, the continous 

plate model was still unable to form a foreland basin of the right 

configuration. 

Models were run using a broken plate at distances of 0, 25, 50, 100, 125, 

and 150 km behind the toe of the allochthon (Fig. 66). Holding all other 

variables constant, distances of 0, 25, and 50 produced foreland basins that 

were too shallow. Distances of 150 kIn produced a foreland basin too shallow 
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BROKEN PLATE MODEL 
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Figure 65 Continuous plate modeL Parameter values used were: pin = 1500 kg/ 

m 3; Young's modulus = 70 Gpa; and variable effective elastic thickness = 30, 50, 

and 70 km. Model results produced foreland basins that were either too narrow 

or too wide and too shallow to fit the inferred foreland basin configuration_ 
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CONTINUOUS PLATE 
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Figure 66 Broken plate modeL Plate broken at 0, 50, 100, and 150 kID behind 

the toe of the allochthon. Parameter values used were: pin = 1500 kg/m3; 

Young's modulus = 70 Gpa; and effective elastic thickness = 60 km. A break at 

100 kID behind the toe of the allochthon best fits the inferred foreland 

configuration. 
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and slightly too wide. Distances of 100 and 125 km both produced acceptable 

foreland basin configurations. A plate broken at 100 km behind the toe of the 

allochthon was then arbitrarily chosen to be used in other models as a 

constant. 

The effective elastic thickness was modeled for 30, 40, 50, 60, and 70 km 

keeping all other variables constant (Fig. 67). Effective elastic thicknesses of 

30, 40, and 50 produced foreland basins that were too narrow. Both effective 

elastic thicknesses of 60 and 70 km produced foreland basins of the proper 

configuration. Effective elastic thickness of 60 km was arbitrarily chosen as a 

constant for subsequent modeling, because 70 km is at the upper limit of 

acceptable values for effective elastic thickness. 

The density of the basin infill primarily affects the depth of the 

foreland basin, where increasing basin fill density results in deepening the 

foreland basin (Fig. 68). Models were run using density of infill values of 

1000, 1500, 2000, and 2500 kglm3 (Fig. 68). Infill density of 1000 kglm3 

produced a foreland basin which was too shallow and too narrow. Infill 

density of 2500 kg/m3 produced a foreland basin which was too deep and 

slightly wide. Infill densities of 1500 and 2000 kglm3 both resulted in 

foreland basins fitting the inferred Antler foreland basin configuration. An 

infill density of 1500 kglm3 was chosen as a constant for subsequent modeling 

because it is an acceptable value used for partially filled foreland basins. 

The values for variables which produced the best fit to the finally 

formed Antler foreland basin are shown in figure 69. All the best-fit values 

fall within the range of values generally accepted for each particular 

parameter. Slight variations in these values would still produce foreland 
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VARIED EFFECTIVE ELASTIC TIDCKNESS 

0 

EJ h=30 

• h=40 

·1 • h=50 

• h=60 

• h=70 

·2+--------r--~--_+------~~--~--~--__ --~--~--~ 
o 100 200 300 

Kilometers 
400 500 600 

Figure 67 Varied effective elastic thickness model. Effective elastic thickness 

varied at 30, 40, 50, 60, and 70 km. Parameter values used were: pin = 1500 

kg/m3; Young' modulus = 70 Gpa; and plate broken at 100 km behind the toe of 

the allochthon. An effective elastic thickness of 60 or 70 km best fits the 

inferred foreland basin configuration. 
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VARIED BASIN FILL DENSITY 
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Figure 68 Varied basin fill density modeL Basin fill density varied at 1000, 

1500, 2000, and 2500 kg/m3. Parameter values used: effective elastic thickness 

= 60 km; Young's modulus = 70 Gpa; and plate broken at 100 km behind the toe 

of the allochthon. Basin fill densities of 1500 and 2000 kg/m3 both produced 

foreland basin geometries consistent with the inferred foreland basin 

configuration. 
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geometries fitting the inferred foreland basin configuration. The best-fit 

values are only meant as a rough first pass at a generic model of Antler 

foreland flexure. The dimensions of flexural features modeled using the best­

fit values are also shown in Figure 69. A foreland basin roughly 1.3 km deep 

was produced. The distance between the foreland basin axis and the forebulge 

axis was 270 km and the distance between the forebulge axis and the back­

bulge basin axis was 290 km. The modeled distances between the axis of the 

flexural features and the height of displacement were applied to the 

paleogeographic maps compiled in Chapter 4. 
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CHAPTER 4 

PALEOGEOGRAPHIC SETTING OF UPPER DEVONIAN TO LOWER 

MISSISSIPPIAN TRANSITION FROM PASSIVE TO COLLISIONAL 

MARGIN, ANTLER FORELAND, EASTERN NEVADA AND WESTERN UTAH 

Overview 

In this chapter sedimentation patterns and paleogeographic setting of 

the transitional deposits are described for three major time periods: 1) Late 

Devonian (Famennian). 2) Early Mississippian (late Kinderhook). and 3) Early 

Mississippian (early Osage). It is my contention that Upper Devonian through 

Lower Mississippian facies distribution was controlled primarily by eastward 

migration of flexural features and the position of the shelf-slope break was 

controlled by eastward migration of the flexural forebulge. To show these 

relations I have reconstructed the paleogeographic setting of strata for each 

time period listed above. and have correlated the sedimentary facies to the 

inferred positions of flexural features. The dimensions of the flexural features 

are based on modeling values calculated in Chapter 3. 

Late Devonian Paleogeographic Setting 

The Upper Devonian (Frasnian) passive margin sequence (Devils Gate 

Limestone. Guilmette Limestone; Fig. 70) consists of relatively shallow-water 

platform to slope carbonates and minor quartz arenites. Basinal strata 

deposited fanher west form the Woodruff Formation. The Guilmette Limestone 

is a relatively thick sequence (> 600 m) deposited on a broad. moderately 

agitated. shallow shelf with minimal topographic relief (Hoggan. 1975). in 
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Figure 70 Correlation chan of middle Paleozoic stratigraphy in Nevada and 

Utah. Vertical lines represent hiatus due to non-deposition or erosion. 

Horizontal lines represent a gap in the geologic record where rocks were 

removed by faulting or erosion, or are concealed by younger rocks. Eustasy 

curves generalized from Johnson and others (1986) and Ross and Ross (1987). 
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which carbonate production kept pace with a major eustatic rise in sea level 

(Middle to Late Devonian Taghanic onlap of the North American craton; 

Johnson, 1970). The platform margin or shelf-slope break occurred west of 

the Guilmette Limestone and was associated with the Devils Gate Limestone 

(Fig. 70 and 71). 

From Cambrian through Late Devonian time (Fig. 71) the platform 

margin migrated both westward and eastward over a relatively narrow zone 

«100 kIn wide) in central Nevada (centered about the longitude of Eureka, 

Nevada). During deposition of the Guilmette Limestone, the shelf margin 

migrated slightly eastward in response to eustatic sea level rise (Fig. 70 and 

71). Subsequent dramatic eastward migration of the shelf margin across the 

Antler foreland was related to the flexural effects of thrust loading. 

Onset of Upper Devonian thrust loading of the continental margin by 

the Roberts Mountains allochthon flexurally warped the miogeoclinal 

sequence (Figure 72). Flexural loading produced an asymmetrical, NNE-SSW 

trending downwarp (foreland basin) with concomitant eastward upwarping 

(forebulge), and still farther east, a very broad, shallow downwarp (back­

bulge basin). The Late Devonian (Famennian) was a time of overall eustatic 

sea level fall (Johnson and others, 1986), which produced erosion of flexural 

highs and siliciclastic deposition in the flexural basins. 

Upper Deyonian Foreland Basin Strata 

Pinecone Sequence 

The Pinecone sequence (Slaven Chert of Poole and Sandberg, 1975) is 

exposed exclusively within a 400 m fault-bounded section in the northern 
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Figure 71 Schematic cross section of Cambrian through upper Devonian 

stratigraphy from western Utah into central Nevada. Heavy arrows show 

relative progradation, retrogradation, upbuilding, or back-stepping of 

platform margin units. From Cook and others (1983). 
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Figure 72 Upper Devonian paleogeographic setting. A) Cross section A to A' 

showing position of flexural features and associated deposits. ENT = eastern 

Nevada trough, widely spaced lines = Pinecone sequence, narrow spaced lines = 

Woodruff Formation, dashed lines = Pilot Shale, and small blocks = West Range 

Limestone. B) Map view showing cross section A to A' in figure 75A. Black dots 

mark the locations of stratigraphic sections used to interpret paleogeography. 

Thick dashed lines mark the margin of the eastern Nevada trough. Thin 

arrows show direction of paleocurrent indicators. RMA = Roberts Mountains 

allochthon, TQ = Toquima Range, CP = Carlin-Pinyon Range, RM = Roberts 

Mountains, FC = Fish Cree~ Range, DG = Devils Gate, H = Diamond Range, R = 
Ruby Range, CC = Cherry Creek Range, BM = Bactrian Mountain, and CK = 

Coyote Knolls. Arrows show dominant paleocurrent directions. 
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Toquima Range (Fig. 72B, locality TQ). The sequence is Late Devonian to Early 

Mississippian in age, based on conodont and radiolarian biostratigraphy. The 

basal contact of the Pinecone sequence is not exposed and the nature of the 

basement upon which it was deposited is equivocal. Organic-rich chen and 

phosphatic chen predominate with subordinate amounts of argillite, detrital 

limestone, and stratiform barite. 

Coles (1988) concluded that the Pinecone sequence was deposited at 

bathyal water depths, below the oxygen minimum zone, within the foreland 

basin in front of the eastward migrating Roberts Mountains allochthon. The 

Antler highland was either not yet subaerially exposed or did not have 

sufficient relief to shed detritus to the east at this time. Rare detrital, crinoidal 

limestone and large carbonate slump blocks within the Pinecone sequence 

reponed by Coles (1988) may have been derived from uplifted forebulge areas 

to the east and deposited westward into the sediment-starved foreland basin 

(Fig. 72). 

The foreland basin strata of the Pinecone sequence indicate that the 

foreland basin was primarily water-filled at the time of their deposition. 

Using the best-fit values for flexural parameters modeled in Chapter 3, but 

changing the basin fill value from a sediment/water mixture (1500 kg/m3) to 

water alone (1000 kg/m3), the resultant dimensions of the flexural features 

are a foreland basin 1 kID deep, with a distance from foreland basin axis to 

forebulge axis of 250 kID and a comparable distance from forebulge axis to 

back-bulge basin axis of approximately 250 km. 
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Woodruff Formation 

The Woodruff Formation is exposed in the Carlin-Pinon and the Fish 

Creek ranges. Nevada (Fig. 72B. iocalities CP and FC). The base is cut off by the 

Roberts Mountains thrust and the top is depositionally overlain by the Webb 

Formation (Fig. 70). Conodonts ranging from Early to Late Devonian (Late 

Famennian) in age (Smith and Ketner. 1968) indicate that the Woodruff 

Formation is correlative with parts of the Devils Gate Limestone. Pinecone 

sequence. and lower Pilot Shale (Fig. 70). Smith and Ketner (1968) estimate 

the thickness of the Woodruff Formation as about 900 m. and possibly several 

hundred meters more can be added when uncertainties due to structural 

complexity. lack of distinctive marker beds. and irregular bedding attitudes 

are considered. 

The Woodruff Formation is composed predominantly of siliceous' 

mudstone and black chert. with subordinate amounts of gray to black. 

carbonaceous shale. siltstone. laminated dolomite. limestone. and calcareous 

sandstone. The majority of the Woodruff Formation represents continental 

slope deposition to the west of the passive margin carbonate platform 

sequence. The Upper Devonian (Famennian) portion of the Woodruff 

Formation represents deposition on the western flank of the forebulge (Fig. 

72). 

Upper Deyonian Back-Bulge Basin Strata 

Pilot Shale 

The Pilot Shale is Late Devonian (latest Frasnian) to Early Mississippian 

(early Kinderhook) in age. It is subdivided into three informal members that 
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are exposed in western Utah (Fig. 70, section 7 and 8): 1) lower member (late 

Frasnian to middle Famennian); 2) middle or Leatham Member Oate 

Famennian); and 3) upper member (early Kinderhook). 

Because of differential uplift and erosion in Early Mississippian time 

the thickness of the Pilot Shale and correlative West Range Limestone is 

highly variable throughout eastern Nevada and western Utah (Fig. 73), and 

does not reflect the original geometry of the depositional basin. In general, 

the Pilot Shale thins westward and is completely absent west of the Devils Gate 

area (Fig. 70 and 72B, locality DG). The thickest and most complete sequences 

of Pilot Shale are preserved in easternmost Nevada and westernmost Utah (Fig. 

73). The occurrence of the middle and upper members of the Pilot Shale are 

restricted to sections in that area, with the exception of a relatively thin 

sequence of the middle and upper members preserved in the Ruby Range, 

Nevada (Fig. 73, locality R). The Pilot Shale is thickest and best preserved 

along a north-south trending axis similar to the trend of thickening in the 

Joana Limestone (compare Fig. 73 to Figs. 9 and 26). Thickening along this 

same axis was noted in the Guilmette Limestone (Hoggan, 1975) suggesting the 

presence of a persistent structural trough (eastern Nevada trough) which was 

possibly an inherited extensional feature associated with uppermost 

Precambrian rifting. 

Lower Member of Pilot Shale 

The lower member of the Pilot Shale reaches a maximum thickness of 

230 m and consists of laminated calcareous shale and siltstone and minor 

quartz sandstone. Carbonate units present are predominantly thin-bedded 
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Figure 73 Isopach map of Pilot Shale and West Range Limestone. Contour 

interval = 50 m. Black dots mark the locations of measured stratigraphic 

sections. Thick dashed line marks the margin of the eastern Nevada trough. 

R = Ruby Range. 



calcilutite, relatively shallow-water, fossiliferous calcarenite, and local 

channels and debris sheets of limestone conglomerate. 
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Sandstone in the iower Pilot Shale is texturally and compositionally 

mature, fine- to coarse-grained quanz arenite (Fig. 74). It is distinctly 

different from the texturally and compositionally immature lith arenite in the 

Lower Mississippian Chainman Shale (Fig. 7S), which was derived from the 

Roberts Mountai!!s allochthon (Harbaugh and Dickinson, 1981; Dickinson and 

others, 1983). Sandstone within the Pilot Shale is similar to quartz arenite in 

the underlying Guilmette Limestone and may have had a similar source or may 

have been derived from erosion of the Guilmette Limestone. Occasional 

carbonate mudstone lithoclasts in Pilot sandstones suggest that the latter may 

be true. Extensive paleocurrent data derived from siliciclastic turbidites 

(Jones, 1990) and carbonate slump deposits within the lower Pilot Shale show 

consistent southeastward sediment transport (Fig. 76 and Fig. 72, locality DG 

and CC). This paleocurrent pattern indicates that the primary source of Pilot 

Shale sand-sized detritus lay to the northwest of the depositional basin. 

The lower Pilot Shale locally contains carbonate turbidites (Fig. 77) and 

limestone breccia-conglomerate beds of carbonate mudstone clasts in a 

carbonate sand or mud matrix (Fig. 78). The conglomerates were formed by 

non-channelized debris flows and are matrix-supported and chaotic. The 

conglomerates are locally imbricated with crude grading and commonly are 

associated with slump features (Fig. 79). The clasts are composed of shoal­

water peloidal lime mudstone, which was semi-lithified before being 

transported basinward (southeastward). Shallow-water carbonates deposited 
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Figure 76 Rose diagram of paleocurrent data collected from turbidites in the 

lower Pilot Shale. From Jones (1990). 
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over the forebulge high to the northwest were the probable source for these 

conglomerates (Fig. 72). 

Pilot sandstone petrofacies and paleocurrent data suggest that western 

uplift and local erosion of the Guilmette Limestone andlor Woodruff Formation 

over the forebulge high was the probable source for detritus in the Pilot 

Shale. Paleocurrents taken from the lower Pilot Shale at Coyote Knolls (Fig. 72. 

locality CK) suggest some southwestward transport along the axis of the back­

bulge basin. 

The Upper Devonian (Frasnian - Famennian) Stansbury Fonnation 

exposed in northwestern Utah is composed mainly of limestone conglomerate 

and quartzite with some interbedded silty and sandy dolomite (Stokes and 

Arnold. 1958). The Stansbury Formation has been interpreted as derived from 

a localized Upper Devonian uplift to the west (Stokes and Arnold. 1958). This 

conclusion is consistent with the inferred trend of the forebulge uplift (Fig. 

72). which may have served as a source of conglomerate clasts in the 

Stansbury Formation. 

West Range Limestone 

The West Range Limestone is Late Devonian (early Famennian) in age 

based on the conodont and brachiopod fauna (Kellogg. 1963; Johnson and 

others. 1969; and Sandberg and Poole, 1977) and is the southern correlative of 

the lower Pilot Shale. It was deposited in the eastern and southern portions of 

the back-bulge basin (Fig. 72). The West Range Limestone is 30 - 100 m thick 

and composed of nodular. fossiliferous limestone deposited in moderately deep. 

oxygenated water. Lower Pilot Shale siliciclastic strata intertongue upward 
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with the West Range Limestone and the lower Pilot Shale prograded eventually 

southward over the West Range Limestone duringmiddle Famennian time ( P. 

marginifera conodont zone). 

Middle Member of Pilot Shale 

The thin (5 - 20 m thick) middle or Leatham Member of the Pilot Shale 

unconformably overlies the lower Pilot Shale. It consists of two distinct 

lithologic units separated by an unconformity (Fig. 72 sections 7 and 8; Fig. 

80). The lower unit is an organic-rich mudstone and siltstone (Sandberg, 

1976). The upper unit contains a venical succession of basal lag sandstone, 

thin shale, silty oncolitic limestone, and bioturbated, brachiopod-bearing 

siltstone (Sandberg and others, 1980). Gutschick and Rodriguez (1979) 

interpret this sequence as a transition from highly restricted (anaerobic), 

brackish water conditions to less restricted (aerobic), shallow subtidal 

conditions formed in response to relative sea level rise. This trangressive 

episode correlates in time with the eustatic sea level rise (Fig. 80) inferred by 

Johnson and others (1985). The forebulge high may have formed a barrier 

that restricted circulation to the east within the back-bulge basin. This 

restriction was most pronounced during low stands of sea level. 

Upper Member of Pilot Shale 

The upper member of the Pilot Shale conformably overlies the middle 

member, except for local channels at the base that cut into the underlying 

lower member. The upper member is less than 50 m thick and is composed of 

planar-laminated siltstone and shale. In the uppermost 5 m the sequence 



STRATIGRAPHIC COLUMN OF THE PILOT SHALE 

Meters 

Q) 

ca 
100 .t:: 

rn 

Confusion 
Range 

laminated siltstone 

laminated siltstone 

Relative Eustatic 
sea level rise sea level rise 

• 

Figure 80 Generalized stratigraphic column of the Pilot Shale based on 

lithostratigraphy measured and described at the Confusion Range. Utah 
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(locality 28. Fig. 76). The eustatic sea level curve of Johnson and others (1986) 

is matched to the lithofacies. 
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becomes increasingly calcareous, containing isolated fossiliferous, wackestone 

nodules which coalesce upward into the basal beds of the Joana Limestone. In 

others areas the uppermost portion of the upper Pilot Shale grades into trough 

cross-bedded and channelized fine-grained sandstone, and is capped by an 

erosionally truncated surface. The upper member represents a shoaling-

upward sequence that formed in response to Lower Mississippian (uppermost 

lower Kinderhook) eustatic sea level fall (Johnson and others, 1985) in 

conjunction with uplift associated with migration of the forebulge into the 

area. 

Pilot Shale Summary 

The Pilot Shale represents deposition on the eastern flank of the 

forebulge and within the flexural back-bulge basin. Shoaling and deepen~ng 

events within the Pilot Shale occur on a basinwide scale and can be correlated 

to established Late Devonian eustatic sea level curves (Fig. 80). 

The source of the Pilot Shale remains enigmatic. Two end-member 

sources have been suggested 1) eastward transport of siliciclastic detritus from 

the Roberts Mountains allochthon and deposition as prodeltaic muds (Poole, 

1974), and 2) westward transport of cratonic siliciclastic detritus and 

deposition as prodeltaic muds (Jones, 1990). Several characteristics of the Pilot 

Shale are difficult to reconcile with either of these models. Derivation of the 

Pilot Shale from the Roberts Mountains allochthon would imply coarser more 

proximal deposits to the west of the Pilot Shale adjacent to the allochthon, but 

no proximal depositional system has been documented to the west. Westward 

correlatives of the Pilot Shale (Fig. 70 and 72) are even finer-grained deposits 
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(Woodruff Formation and Pinecone sequence). Moreover, Pilot Shale 

sandstone petrology is distinctly different from that of the Chainman Shale, 

which has been shown to have been derived from the Roberts Mountains 

allochthon. 

Derivation of the Pilot Shale from an adjacent eastward continental 

source would imply a more proximal depositional system lying to the east of 

the Pilot Shale, but no such depositional system has been documented. 

Eastward correlatives of the Pilot Shale (pinyon Peak Limestone) are relatively 

shoal-water carbonates with minor sbaley horizons (Fig. 70 and 72). 

Moreover, extensive paleocurrent data from the Pilot Shale show consistent 

southeastward transport over wide areas. With derivation from an eastern 

source, the primary direction of sediment transport should be westward. 

The Pilot Shale is a relatively thick sequence of laminated, very fine-

grained material (siltstone and shale). There is no upward coarsening of 

grain size or change in sedimentary structures to a more channelized regime 

as would be expected from progradation of a deltaic system. The consistent 

fine grain size of the Pilot Shale suggests that the source was dominantly fine-

grained also. 

One alternative interpretation for the source of the Pilot Shale may be 

uplift and erosion of the Woodruff Formation and possibly the Devils Gate 

Limestone over the forebulge to the west. Extensional features and associated 

uplift in overall compressional regimes are commonly found in the region of 

maximum flexure of the plate (the forebulge). Normal and reverse faulting 

associated with forebulge upwarping has been documented in other foreland 

systems (eg. Searle and others, 1983; Wuellner and others, 1986; Tankard, 1986). 
" 
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Faulting may be enhanced by previously formed structures or weaknesses in 

the crust. The Woodruff Formation is a fine-grained sequence with minimal 

coarser grained components. Uplift and erosion of the Woodruff Formation 

would produce abundant fine-grained detritus. The westernmost former back-

bulge basin deposits (lowermost Pilot Shale) may have been subsequently 

eroded (cannibalized) and redistributed eastward into the back-bulge basin as 

eastward forebulge migration continued (thus recycling fine-grained 

material). A forebulge provenance for the Pilot Shale is consistent with its 

character as a thick sequence of predominantly fine-grained clastic material, 

the dominantly southeastward paleocurrent directions observed within it, and 

non-allochthon sources for its sandstones. 

UpDer Deyonjan Forebulge Strata 

Upper Devonian forebulge carbonates depicted in Figure 72 have been 

inferred from the presence of shallow-water carbonate clasts and slump 

deposits derived from the northwest within the Pilot Shale, and from 

carbonate beds and slump deposits derived from the east within the Woodruff 

Formation and the Pinecone sequence. Carbonate deposition on the forebulge 

probably occurred only during times of eustatic sea level highstand during 

which the forbulge crest was flooded. During times of eustatic sea level 

lowstand, the forebulge was exposed and the carbonate units were eroded and 

redeposited into the foreland basin and back-bulge basin. 
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Summatjon of Late Deyonian Paleogeographic setting 

The initially formed Antler foreland basin received minimal clastic 

input and consisted primarily of bedded chert and hemipelagic claystone 

deposited at bathyal depths (pinecone sequence, Woodruff Formation). The 

back-bulge basin was the site of moderately deep-water, fine-grained, 

siliciclastic deposition (pilot Shale) to the north, and bedded limestone (West 

Range Limestone) farther south. Over the medial forebulge area, relatively 

shoal-water carbonates were deposited locally during sea level highstand, but 

were eroded and resedimented into the Pilot Shale back-bulge basin and into 

the Pinecone-Woodruff foreland basin during sea level lowstand. Erosion into 

the underlying Devonian section occurred on local uplifts along the 

northeastern part of the forebulge high. This erosion supplied detritus 

eastward to the back-bulge basin and minor amounts westward into the 

foreland basin. 

Early Mississippian (Kinderhook) Paleogeographic Setting 

By Early Mississippian time (early Kinderhook), the forebulge had 

migrated eastward approximately 150 km from its Late Devonian position (Fig. 

81). Differential uplift of the underlying upper Devonian and lowermost 

Mississippian strata formed in response to flexural upwarping as the 

forebulge migrated into the region. Forebulge upwarping in conjunction 

with a minor fall in sea level (Ross and Ross, 1987) resulted in exposure and 

erosion of uplifted areas and bevelling of the surface. Lower Mississippian sea 

level rise (Ross and Ross, 1987) resulted in persistent flooding of the flexural 

forebulge which became the site of extensive carbonate deposition. The new 



Figure 81 Lower Mississippian (upper Kinderhook) paleogeographic setting. 

A) Cross section A to A' showing positions of flexural features and associated 

deposits during deposition of the lower Joana Limestone. Widely spaced lines 

represent the Webb Formation, narrow lines = Homestead Canyon Shale, open 

circles = shelf margin calcarenites, wavy lines = lower Joana Limestone, and 

blocks = upper Fitchville Limestone. ENT = eastern Nevada trough. B) Cross 

section A to A' showing positions of flexural features and associated deposits 

during deposition of the upper Joana Limestone. Wide lines = Webb Formation, 

narrow lines = far western facies belt, small black triangles = western f~cies 

belt, widely spaced lines = central facies belt, and open circles = eastern facies 

belt, and blocks = upper Fitchville Limestone. C) Map view showing position of 

cross section A to A' on figure 83A and 83B and generalized facies distribution. 

Black dots mark the location of stratigraphic sections used to interpret the 

paleogeographic setting. RM = Roberts Mountains, Fe = Fish Creek Range, CP = 
Carlin-Pinon Range, and PS = Pancake Summit. 
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position of the forebulge controlled the position of the Kinderhook shelf-slope 

break. 

Kjnderhook Foreland Basjn Strata 

Pinecone Sequence 

Deposition of the Pinecone sequence continued apparently 

uninterupted from Late Devonian into Early Mississippian time (Fig. 70, 

section 1). The organic-rich chert deposits represent starved deep-water 

foreland basin sedimentation. The Pinecone sequence was accreted to the 

Roberts Mountains allochthon during Early Mississippian time shortly after its 

deposition (Coles, 1988). 

Webb Formation 

The Webb Formation was described by Smith and Ketner (1968) from 

outcrops in the Carlin-Pinon Range (Fig. 81, locality CP). Other isolated 

sections have been identified in the Roberts Mountains and the Fish Creek 

Range (Fig. 81, locality RM and FC). The Webb Formation is Early Mississippian 

(Kinderhook) in age based on its conodont fauna (Smith and Ketner, 1975; 

Johnson and Pendergast, 1981), and is 224 m thick at its type section in the 

Carlin-Pinon Range (Smith and Ketner, 1968). 

The base of the Webb Formation is thought to be an unconformity 

(Smith and Ketner, 1968), but evidence for this is inconclusive. The Webb is 

lithologically indistinguishable from the underlying Woodruff Formation, and 

biostratigraphic data are not detailed enough to establish their age 



relationships conclusively. The upper contact is conformable with the 

overlying Chainman Shale (Smith and Ketner, 1968). 
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The Webb Formation consists of dark gray, siliceous mudstone with 

minor limestone, shale, sandstone and chert. The sandstones contain medium­

grained, well-rounded chert and quartz grains. Chert forms 85% of the grains 

and the rock is cemented by diagenetic chalcedony (Smith and Ketner, 1968). 

Distinctive grits, described by Murphy and others (1984) from the Webb 

Formation in the Roberts Mountains, contain "apple-green" and radiolarian­

bearing cherts that can be directly traced to Ordovician allochthonous rocks 

within the Roberts Mountains allochthon. 

The Webb Formation contains the trace fossil Nereites suggesting deep­

water deposition within the foreland basin. The foreland basin received 

minimal clastic influx at this time, but the predominance of chert grains and 

the direct tie of the green chert to the Roberts Mountains allochthon indicates 

that some sediment influx from the westward allochthon contributed to Webb 

Formation deposition. 

Homestead Canyon Shale 

The Homestead Canyon Shale crops out in the Diamond Range, Nevada 

(Fig. 81, locality H) and is correlative to the unit mapped as Chainman Shale in 

the Devils Gate area (Fig. 70, section 4). It consists of thin-bedded. laminated 

siltstone and black shale intercalated with thin carbonate turbidite beds. The 

Homestead Canyon Shale repiesents siliciclastic deposition on the eastern side 

of the foreland basin (Fig. 81) and received occasional carbonate turbidites 

derived from the Joana Limestone to the east. 
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Kinderhook Forebulge and Back-Bulge Basin Strata 

Joana Limestone 

The Joana Limestone is a laterally extensive crinoidal bank of late 

Kinderhook to Early Osage age (Si. isosticha and Gn. typicus conodont zones) 

that blanketed the differentially uplifted and bevelled surface of the 

underlying Upper Devonian and Lower Mississippian deposits. The Joana 

Limestone was informally subdivided in Chapter 2 into the lower Joana 

Limestone and the upper Joana Limestone 

The lower Joana Limestone is late Kinderhook in age and is 

characterized by broad facies belts deposited in layer-cake fashion over an 

extensive area of little or no topographic relief (Figs. 25 and 81A). The lower 

Joana limestone represents a transgressive-regressive carbonate sequence 

deposited in a middle shelf environment. The shelf-slope break was located 

slightly to the west of the site of deposition of the lower Joana Limestone and 

the axis of the forebulge (Fig. 8IA). The lower Joana Limestone thickens into 

the north-south trending eastern Nevada trough. Thickening does not 

correspond to a change in depositional facies indicating depositional relief on 

the trough was minimal. The distribution of the lower Joana Limestone 

reflects broad upwarping over the forebulge to produce a relatively shoal­

water environment during a eustatic rise in sea level (Ross and Ross, 1987). 

Lower Joana Limestone sedimentation occupied the width of the bevelled 

Lower Mississippian forebulge. 

Following deposition of the lower Joana Limestone, the shelf was steeply 

downwarped and flooded during deposition of the upper Joana Limestone (Fig. 



189 

8IB). Initial flooding was relatively rapid and corresponds to a condensed 

fauna in the uppermost beds of the lower Joana Limestone. Downwarping 

resulted in abrupt eastward back-stepping of the shelf margin as much as 100 

kID (Fig. 8IB). The upper Joana limestone is characterized by a series of 

westward-deepening, NNE-SSW trending facies belts that delineate a west­

facing transition from shelf margin to basin. The retrogradation of the shelf 

margin between deposition of the lower Joana Limestone and the upper Joana 

Limestone tracks the eastward migration of the forebulge. 

The upper Fitchville Limestone was deposited to the east of the Joana 

Limestone within the back-bulge basin (Figs. 8IA and 8IB). The depositional 

facies of the upper Fitchville Limestone consist of a transgressive-regressive 

sequence of shoal water inner shelf deposits. 

Lower Mississippian (Osage) Paleogeographic Setting 

With continued eastward forebulge migration during early Osage time, 

the former shoal area over the forebulge axis (upper Joana, eastern facies 

belt) began subsiding and became incorporated into the downflexed western 

limb of the forebulge (Fig. 82A). The eastward younging and slight upward 

deepening of upper Joana depositional facies tracks the continued eastward 

migration of the flexural forebulge. The forebulge migrated less than 50 km 

between Late Kinderhook and Early Osage time during deposition of the upper 

Joana Limestone (Fig. 82). 
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Figure 82 Lower Mississippian (Osage) paleogeographic setting. A) Cross 

section A to A" showing position of flexural features and associated deposits. 

B) Map showing position of cross section A to A' on Figure 84A. Black dots 

mark the location of stratigraphic sections used to interpret the 

paleogeographic setting. TP = Windemere Hills, H = Diamond Range. 
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Osage Foreland Basin Strata 

Tripon Pass Limestone 

The Tripon Pass Limestone and correlative far western facies belt of the 

upper Joana Limestone range from late Kinderhook to early Osage in age and 

consist of 160 - 370 m of carbonate turbidites interbedded with calcareous 

siltstone and shale. Paleocurrent indicators within the Tripon Pass Limestone 

(Fig. 82C, locality TP and H) suggest that the carbonate turbidites were fed 

longitudinally into the Antler foreland basin. 

The clasts within Tripon Pass turbidites contain abundant Lower 

Mississippian (Joana Limestone) shelf lithoclasts such as oxidized reddish 

dolomite and peloidal mudstone. No lithoclasts of slope lithologies were 

recognized. Conodonts derived from clasts and lithoclast provenance within 

the Tripon Pass carbonate turbidites display an unroofing sequence of Lower 

Mississippian clasts (dark gray, peloidal mudstone and highly oxidized, 

reddish, dolomite) near the base and Upper Devonian limestone clasts toward 

the top. The Tripon Pass Limestone represents shelf-derived Iithoclasts eroded 

from uplifted shelf areas to the east and redeposited into the foreland basin by 

turbidity currents. Uplift and erosion of Joana Limestone shelf facies along 

with upper Devonian strata must have occured to the east into Utah since this 

sequence is intact in eastern Nevada. 

The distribution of carbonate turbidite facies and opposing 

paleocurrent indicators suggest that the Tripon Pass Limestone had at least two 

sources: a southern source in southeastern Nevada and an eastern source in 

northwestern Utah or farther north in Idaho. Stratigraphic sections in 

northwestern Utah have an erosional hiatus between the upper Kinderhook 
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FitchviIIe Limestone and the lower Osage Gardison Limestone (Fig. 70, section 

9) that corresponds temporally to the Tripon Pass turbidites. The axis of the 

Osage forebulge coincides with the location of these stratigraphic sections, 

suggesting that local uplift and erosion over the forebulge high may have fed 

debris to the Tripon Pass carbonate turbidites. 

Eustatic fall in sea level during early Osage time in conjunction with 

forebulge uplift in northwestern Utah and southeastern Nevada, resulted in 

local erosion of Upper Devonian to Lower Mississippian strata (Guilmette 

Limestone, Pinyon Peak Limestone, Fitchville Limestone, Joana Limestone). 

Clasts from the eroded units were transponed westward into the foreland basin 

and deposited in carbonate turbidite fans or aprons oriented along the axis of 

the foreland basin. 

Chainman Shale 

The Tripon Pass interfingers with turbiditic siltstone, shale and minor 

sandstone of the lowermost Chainman Shale. The Chainman Shale and 

associated Diamond Peak Formation range in age from Early to Late 

Mississippian (Osage to Chester). The sequence consists of 2000 m, and locally 

as much as 3000 m, of siliciclastic foreland basin deposits. Isopachs of the 

Chainman ShalelDiamond Peak sequence indicate typical asymmetric foreland 

basin fill, with the thickest sections to the west, adjacent to the leading edge of 

the allochthon (poole, 1974; Poole and Sandberg, 1977). 

Harbaugh and Dickinson (1981) defined two distinct phases of foreland 

basin sedimentation: (1) a retrogradational phase of submarine slope and 

submarine fan deposition, and (2) a progradational phase of delta slope and 
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delta platform sedimentation. The lowermost Chainman Shale represents the 

retrogradational phase deposited at bathyal water depths (Harbaugh and 

Dickinson. 1981). Sandstones within the Chainman Shale are texturally and 

compositionally immature litharenites containing abundant distinctive 

radiol~rian-bearing chert fragments that can be tied directly to allochthonous 

units within the Roberts Mountains allochthon (Dickinson and others. 1983). 

This source is consistent with paleocurrent indicators that show east-southeast 

sediment transport indicative of a western provenance. 

The majority of the Chainman Shale and Diamond Peak formations were 

deposited after the final emplacement of the allochthon during Osage time 

(Dickinson and others. 1983; Jansma. 1988). Subaerial exposure of the 

allochthon then resulted in a marked increase of sediment influx and 

consequent subsidence in the foreland basin. Erosion of the Roberts 

Mountains allochthon and redistribution of sediment load into the foreland 

basin changed the geometry of the flexural features. This had the effect of 

broadening the foreland basin and subduing the forebulge. essentially 

flattening it out. Shoaling of the sequence to fluvial and deltaic deposits 

during the progradational phase reflects final filling of the foreland basin. 

Joana Limestone 

Osage deposition of the upper Joana Limestone is confined to 

easternmost Nevada and western Utah. The east-to-west shelf margin to basin 

facies transition established during Kinderhook time continued into the Osage 

except that the facies belts migrated eastward. The former shelf margin was 
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downwarped forming the western limb of the Osage forebulge (Fig. 82A). The 

Osage portion of the upper Joana Limestone represents upper slope deposition 

on the downfbxed western limb of the forebulge. The Osage shelf margin is 

inferred to have been east of the Joana Limestone within the westernmost 

Gardison limestone in western Utah. 

Gardison Limestone 

The Gardison Limestone was deposited to the east of the Joana Limestone 

throughout central and west-central Utah and forms a laterally extensive, 

relatively thick sequence (100 - 150 in) of current laminated, pelletal 

wackestone to packstone and crinoidal wackestone. The Gardison Limestone 

represents relatively shallow water carbonate deposition, above wave base in a 

mid-shelf environment (Nichols and Silberling, 1991). The Gardison 

Limestone was deposited in association with the Osage forebulge (Fig. 82). 

Delle Phosphatic Member of the Woodman Formation 

The Delle Phosphatic Member of the Woodman Formation is early Osage 

in age (upper Gnathodus typicus conodont zone) and directly overlies the 

Joana Limestone and the Gardison Limestone (Fig. 70). The Delle Phosphatic 

Member crops out in northwestern and west central, Utah, where it is 4 - 60 m 

thick and is composed of pisolitic and oolitic phosphorite, pelletal mudstone 

(phosphatic or calcareous), and unfossiliferous microcrystalline limestone. 

Deposition of the Delle was coeval with deposition of turbidite fan sequences 

(Chainman Shale) in the Antler foreland basin. whose distal components had 

prograded eastward over the Joana Limestone. 
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The Delle Phosphatic Member has been variously interpreted as 

representing either slope deposition at bathyal water depths (>300m)or as as 

shoal-water deposition at the shelf edge. The deep water depositional model 

suggests the Delle formed within the Deseret starved basin that lie between the 

carbonate platform to the east and a submarine rise to the west in eastern 

Nevada (Sandberg and Gutschick, 1980; Sandberg and others, 1991). The shoal-

water depositional model interprets the Delle as representing strongly 

reducing in-sediment conditions in shoal-water near the shelf edge where 

upwelling of nutrient-rich waters from the Antler foreland basin to the 

northwest promoted phosphatic sedimentation (Nichols and Silberling, 1990). 

The Delle Phosphatic Member is interpreted here as representing deposition 

associated with the upwarped Osage forebulge crest (Fig. 82). This produced 

the restricted shoal-water conditions required for phosphorite deposition and 

phoscrete formation adjacent to the deep Antler foreland trough and is 

consistent with the interpretation of Nichols and Silberling (1990) and 

Silberling and Nichols (1991). 

Summary of Lower Mississippian Paleogeographic Setting 

By Early Mississippian time (Early Kinderhook), the forebulge had 

migrated eastward approximately 150 km from its Late Devonian position (Fig. 

81). Forebulge upwarping in conjunction with a low stand of sea level in Early 

Mississippian (early Kinderhook) time resulted in differential uplift and 

partial to locally complete erosion of the former back-bulge basin strata and 

shoaling-upward siliciclastic sequences within the subsiding eastern Nevada 

trough. 
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Extensive erosion of the forebulge produced a regionally bevelled 

surface. Subsequent sea-level rise during late Kinderhook time resulted in 

flooding of the bevelled surface and deposition of extensive middle shelf 

carbonates (lower Joana Limestone). The inferred shelf margin for this time 

period lay to the west of the lower Joana Limestone and east of the foreland 

basin. On the eastern side of the foreland basin, shale and siltstone were 

deposited (Homestead Canyon Shale), and grade westward into hemipelagic 

claystone and chert (Webb Formation, Pinecone sequence). With continued 

eastward migration of the forebulge during late Kinderhook time, eastern 

Nevada flexurally subsided and the lower Joana Limestone forebulge deposits 

were downwarped, incorporated into the downflexed western limb of the 

forebulge and covered by slope deposits (upper Joana Limestone). The shelf 

margin during this time period was associated with the forebulge crest and lay 

in westernmost Utah (eastern facies belt of the upper Joana Limestone). 

Eastward migration of flexural features continued into early Osage time 

resulting in progressive downwarping of former forebulge highs and 

incorporation into the downflexed western limb of the Osage forebulge. 

Downwarped areas became the site of slope deposition (Osage portion of the 

upper Joana Limestone). Shoal areas over the forebulge high were the site of 

thick, shelf margin and middle shelf carbonates (Gardison Limestone). This 

area was later the site of upwelling from the Antler foreland basin and was 

associated with phosphatic deposition (Delle Phosphatic Member of the 

Woodman Formation). Carbonate turbidites in the foreland basin (Tripon Pass 

Limestone) were derived from sources containing Lower Mississippian and 

Upper Devonian strata uplifted along the forebulge crest in northwestern 
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Utah and southeastern Nevada. Emergence at this time of the Roberts 

Mountains allochthon resulted in a marked influx of siliciclastic detritus 

(Chainman Shale) into the Antler foreland basin. The axis of the forebulge 

migrated approximately 100 km southeastward from late Kinderhook to early 

Osage time. 
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Lithologic, stratigraphic and paleontologic studies of the Joana 

Limestone allowed delineation of two distinct facies assemblages, the lower 

Joana Limestone and the upper Joana Limestone. The lower Joana limestone 

represents a regionally extensive, transgressive-regressive deposit in a middle 

shelf environment. The overlying upper Joana Limestone represents a rapid 

facies shift to shelf margin deposition on the east and to slope and basin 

margin deposition in the western portion of the study area. The transition 

from shelf sedimentation during lower Joana Limestone time to shelf margin 

and slope deposition during upper Joana Limestone time marks eastward 

migration of the shelf-slope break. 

Eastward stepping of the shelf/slope break and associated sedimentary 

facies in the Antler foreland could have been accomplished in two very 

different ways, either continual rise in sea level or eastward migration of a 

flexural forebulge. Eustatic sea level curves inferred for Late Devonian to 

Early Mississippian time (Johnson and others, 1986; Ross and Ross, 1987) do not 

show the type of continuous overall transgressive pattern needed to cause 

migration of the shelf-slope break more than 250 km eastward. Sea level 

curves do show overall fall in sea level in the Late Devonian (Famennian) 

followed by rise in sea level in the Early Mississippian. According to the model 

of Vail and others (1977) for sea level control of the position of the shelf/slope 

break, the shelf margin should have migrated westward (corresponding to sea 

level fall in the Late Devonian) then eastward again (corresponding to sea 

level rise in the Early Mississippian). Facies distributions show, however, that 
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the shelf/slope break migrated consistently eastward and thus could not have 

been controlled exclusively by eustatic sea level trends. Also, the shelf margin 

migrated over a relatively narrow zone (less than 100 km wide) from Cambrian 

to Late Devonian time (Fig. 71) and then jumped cratonward by 250 km over a 

time span of approximately 20 m.y. coincident with the initiation of Antler 

orogenic activity. Continuous eastward migration of the Antler flexural 

forebulge best explains Late Devonian to Early Mississippian eastward 

migration of the shelf margin. 

Eastward migration of the shelf margin occurred in stairstep fashion, 

not as a continuous, Waltherian eastward migration of facies. Shelf deposits at 

some localities are directly overlain by slope deposits indicating rapid 

subsidence before reestablishment of the shelf margin. The flooding surface 

associated with the transition from shelf to slope deposition corresponds to a 

condensed fauna horizon. Once the shelf margin was reestablished it 

generally remained stable for relatively long periods of time, as evidenced by 

relatively thick associated deposits. During periods of shelf margin stability, a 

series of progradational cycles formed by autocyclic processes. Periods of 

platform stability were episodically interrupted during eastward in-stepping 

of the margin and rapid reorganization of the platform system. The average 

in-stepping distance of the shelf margin at each stage appears to be 

approximately 50 km and consistently occurs over a time period of 

approximately 4 m.y. giving a rate of shelf/slope break migration of 1.25 

cm/yr. 

During the transition from a passive to collisional margin regime, 

Ant!er foreland depositional facies patterns were predominantly controlled by 
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two factors: 1) flexural warping of the lithosphere and 2) eustasy. Flexural 

down warping controlled the geometry and location of depositional basins. In 

relatively shallow water, eustasy controlled the overall type of depositional 

system. Carbonate depositional systems were generally associated with major 

sea level highstands (Joana Limestone) and siliciclastic depositional systems 

were associated with lowstands (pilot ShaJe). Both back-bulge basin and 

forebulge strata are preserved in the Antler system. Preservation of the back­

bulge basin strata in the Pilot Shale may have been enhanced by thickening 

of the sequence into the eastern Nevada trough. Eustasy seems also to have 

played an imponant role in determining whether deposition or erosion of 

forebulge and back-bulge basin strata occurred. 

The characteristic inversion of topography related to migration of 

flexural features across the foreland can be delineated in the transitional 

strata studied. Relatively deep-water siliciclastic strata of the Pilot Shale were 

deposited in the downwarped back-bulge basin. The deepening back-bulge 

basin substrate was subsequently differentially uplifted and panially eroded 

as the forebulge migrated through the region during Early Mississippian time. 

Eustatic sea level rise during this time allowed carbonate deposition over the 

uplifted forebulge area (lower Joana Limestone). Continued eastward 

migration of the forebulge resulted in eastward back-stepping of the shelf 

margin, upwarping over the forebulge in the easternmost ponion of the study 

are<l, ~nd downwarping of the western ponion of the study area which was 

incorporated into the foreland basin. Forebulge upwarping resulted in 

shoaling of the substrate and corresponded to the position of the shelf margin 

(eastern facies belt of upper Joana Limestone). Downwarping resulted in 
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deepening of the substrate and corresponded to deposition of westward 

deepening slope sediments (central facies belt, western facies belt, southern 

facies belt, and far western facies belt of the upper Joana Limestone) followed 

by turbidite fan deposition (Chainman Shale). 

Depositional facies patterns within the Antler foreland delineate a 

northeast-southwest axial trend to flexural features and southeastward 

migration through time. This is consistent with the southeastward 

emplacement direction of the Roberts Mountains allochthon derived from 

map-scale fold data and regional orientations of major thrust faults within the 

allochthon (Wruke and Theodore, 1970; OIdow, 1983; Madrid, 1987). 

Depositional patterns in the Antler foreland suggest that the forebulge 

migrated approximately 250 km southeastward from Late Devonian to Early 

Mississippian time. From flexural modeling, we can infer that the distance the 

forebulge migrated equals the minimum thrust displacement of the Roberts 

Mountains allochthon. This implies that the Roberts Mountains allochthon 

was thrust at least 250 km eastward. 

Assuming 250 kIn of Late Devonian (latest Frasnian) to Early 

Mississippian (early Osage) allochthon displacement, a time span of about 17.5 

m.y. (using the time scale of Harland and others, 1989) or 20 m.y. (using the 

estimates of Sandberg and others, 1982), a thrust rate of 1.4 to 1.25 cm/yr is 

calculated and matches the previously discussed rate of retreat of the Joana 

shelf-break in the foreland region. This is a relatively slow rate, but similar to 

rates determined at modem convergent margins (Yokokura, 1981). Similar 

slow rates have been determined previously for the Antler orogenic system 

(Johnson and Pendergast, 1981; Dickinson and others, 1983). 
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APPENDIX A 

LOCATION OF MEASURED STRATIGRAPHIC SECTIONS 

Locality 1 - Arrow Canyon Range· Arrow Canyon 15 min. Quad.; TI5S. R64E. 
SI/2 Sec. 10. 

Locality 2 - Pahranagat Range: Hancock Summit 7.5 min Quad.; T6S. R60E •. SW 
1/4 Sec. 28 and SE 1/4 Sec. 29. Take din road west out of northern end of Alamo. 

Locality 3 - Pahranagat Range: Hancock Summit 7.5 min. Quad.; T6S. R59E. 
central Sec. 21. Just south of sharp bend in Hwy. 375. 

Locality 4 - Bactrian Mountain: Mount Irish SE.7.5 min. Quad .• T5S. R59E. Sec. 
11. Take dirt road in that runs along fenceline. just north of Hwy. 375. 

Locality 5 - Golden Gate Range: Murphy Gap NW 7.5 min. Quad .• TIN. R59E, Sec. 
7 and 18. Refered to as Cottontail Pass. 

Locality 6 - Grant Range: Forest Home 15 min. Quad .• T7N, R59E, Sec. 21. 

Locality 7 - Southern Egan Range: Cave Valley Well 7.5 min. Quad .• T6N, R62E, 
NW 1/4 Sec. 12. Just north of Trough Spring Canyon. 

Locality 8 - Southern Schell Creek Range: Sidehill Spring 7.5 min. Quad.; T6N, 
R64E, central portion Sec. 16 and 17. Just north of good gravel road through 
SidehiJI Pass. 

Locality 9 - Dutch John Mountain: Dutch John Mountain 7.5 min. Quad.; T7N, 
R65E, Sec. 34. 

Locality 10 - Hot Creek Range: Morey Peak 7.5min. Quad .• TI0N. R51E. SW 1/4 
Sec. 29 and SE 1/4 Sec. 30. 

Locality 11 - Northern Horse Range: Current Summit 7.5 min. Quad.; 

Locality 12 - Soythern Pancake Range: Moody Peak 15 min. Quad.; TI3N, R54E, 
Sec. 3. Take dirt road in northwest of Big Louis Spring. 

Locality 13 - Duckwater HiJls: Duckwater 15 min. Quad.; TI3N, R56E, western 
Sec. 21. 

Locality 14 - Ward Mountain. Egan Range: Ely 15 min Quad.; TI5N, R62E,west­
central Sec. 25. Upper Terrace. 
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Appendix A continued 

Locality 15 - Needle Ranee: Mormon Gap 7.5 min. Quad.; T25S, RI9W, central 
Sec. 13. 

Locality 16 - Burbank Hjlls: Burbank Hills Quad.; T22S, RI8W, NW1/4 Sec. 1 
and NE 1/4 sec. 2, T23S, RI8W, and SE1/4 Sec. 35. Take din road to the south of 
Garrison-Black Rock road into Deadman Wash. 

Locality 17 - Nonhern Pancake Range: Green Springs 15 min.Quad., TI4N, 
R56E, Southern Sec. 22 

Locality 18 - Mokomoke Mountajn. White Pine Range: Illipah 15 min. Quad.; 
TI7N, R58E, SE1/4 Sec. 30 and NE1/4 Sec. 31. 

Locality 19 - Pancake Summit: Pancake Summit 7.5 min. Quad, TI7N, R55E, 
Sec. 25 and 26; Pinto Summit 7.5 min. Quad., TI7N, R5SE, Sec. 26. 

Locality 20 - Black Point: Pinto Summit 7.5 min. Quad., T16N, R54E, Sec. 12. 

Locality 21 - Deyils Gate Southern Whistler MOuntain: Whistler Mountain 15 
min. Quad.; T20N, R52E, NEl/4 Sec. 26 and NWl/4 Sec. 25. 

Locality 22 - Newark Mountain. Diamond Ranie' Eureka 15 min. Quad., TI9N, 
R55E, Sec. 19. Within Tollhouse Canyon. 

Locality 23 - Buck Mountain: Cold Creek Ranch 15 min. Quad., T22N, R57E, Sec. 
22. 

Locality 24 - Diamond Range: Diamond Springs 7.5 min. Quad.,T22N, R54E, Sec. 
25 (Water Canyon), and Sec. 12 (Homestead Canyon). 

Locality 25 - Ruby Range: Pearl Peak 7.5 min. Quad., T27N, R57E, southern 
Sec.33, and T26N, R57E, east-central Sec. 4. 

Locality 26 - Nonhern Cherry Creek Ranee: Goshute Creek 7.5 min. 
Quad.;T26N, R64E, Sec. 19 and 20. North side of Indian Creek Canyon. 

Locality 27 - Antelope Ranie: Rock Springs Pass 7.5 min.Quad.; T23N, 
R67E,.NW 1/4 Sec. 17. 

Locality 28 - Confusion Ranie: Conger Mountain 15 min.Quad. TI8S, RI6W, 
northern Sec. 29. At junction of Little Mile and a Half Canyon and Ledger 
Canyon. 

Locality 29 - Coyote Knolls: Cowboy Pass NE 7.5 min. Quad.; TI5S, RI6W. Just 
west of Coyote Knolls. 
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Appendix A continued 

Locality 30 - Pu~ay Range: Dugway Range NW 7.5 min. Quad.; TIOS, R I2W, 
Sec. 1 and 2. North side of Buckhorn Canyon. 

Locality 31 - Goschute Range: Ferguson Mountain 7.5 min. Quad.; T30N, R69E, 
approximately Sec. 26. 

Locality 32 - Spruce Mountain: Spruce Mountain 7.5 min. Quad.; T3IN, R63E, 
approx. Sec. 16. 

Locality 33 - Wjndemere Hms: Winecup Ranch SW 7.5 min. Quad.; T39N, R64E, 
NI/4 sec. 22. Take dirt road running southwest of Tripon Pass. 

Locality 34 - Pequop Range: Pequop Summit 7.5 min. Quad.; T37N, R65E. 
Northside of Hwy. 80. 

Locality 35 - Ioano Range: West Morris Basin 7.5 min. Quad., T34N, R68E, 
western If}. Sec.28. Take west Morris Basin jeep trail to summit of pass. 

Locality 36 - Silver Island Mountains· Leppy Hills: Leppy Peak 7.5 min. 
Quad.;T34N, R70E, Sec. 28. Within A-I Canyon. 
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APPENDIX B 

CONODOl'li DATA 

Sample numbers represent height in feet above base of the formation. 
Formations indicated by letter directly in front of sample number loana 
samples do not have a letter in front of numbers. G = Guilmette Limestone; WR 
= West Range Limestone; P = Pilot Shale; CH = Chainman Shale; D = Dawn 
member of the Monte Cristo Fm.; A = Anchor Member of the Monte Cristo Fm. 

* asterick indicates samples from conodont-rich horizon at the top of the 
lower loana Limestone. 
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APPENDIX B continued 
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