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Abstract - Initial development of Fossil Lake resulted from ponding of freshwater in the southern half of Fossil Basin. Detailed stratigraphic analysis of the lower unit of the Fossil Butte Member (Green River Formation) revealed a well-developed lacustrine sequence south of Fossil Butte, and indicates four major depositional facies: (1) open lacustrine, (2) marginal lacustrine, (3) carbonate mudflat, and (4) marginal fluvio-deltaic. The open lacustrine facies is characterized by kerogen-rich to kerogen-poor finely laminated micrites that consist of calcite and very little dolomite. These carbonates contain well- preserved fossil fish, ostracods, mollusks and amorphous kerogen (produced mainly by algae). These rocks grade laterally into bioturbated micrites, and ostracodal and gastropodal limestones. Nearshore carbonates consist mostly of calcite and are typically well bioturbated. Common fossils include mollusks and ostracods. In some localized areas limestones can be oolitic, contain some typical nearshore plant remains and occasionally lag deposits of vertebrate bones. The carbonate mudflat facies is mainly restricted to the eastern margin where sediments were subaerially exposed and conditions favored precipitation of dolomite as indicated by several dolomitic units with mudcracks. Sheet-wash events along the margins during lowstands ripped up carbonates on the mudflats and redeposited them over scoured surfaces. Although fluvial events occurred throughout the life of the lake, towards the end of lower unit time fluvial activity increased. At this time a Gilbert-type delta developed from the southwest, prograded into the lake, virtually filled the whole lake, and culminated lower unit deposition. 

____________________ 

Introduction

T

he Green River Formation of southwestern Wyoming, northwestern Colorado, and northeastern Utah was deposited in a system of three lakes that existed in intermontane basins during the Early and Middle Eocene (Bradley, 1963). Fossil Lake, the smallest, and adjacent to the much larger Lake Gosiute (Greater Green River Basin), occupied the Fossil Syncline, now called Fossil Basin (Figure 1). Fossil Butte National Monument is near the geographical center of Fossil Basin. 

Sediments and fossils of the lower unit (informal term coined by Buchheim, 1994a) of the Fossil Butte Member, Green River Formation, were studied to reconstruct the paleogeography and paleoenvironments of a sedimentary basin that records a complete sequence of lacustrine facies and contains an abundant fossil fauna and flora, as well as the history of the initial stages of Fossil Lake. 

This study is significant because the lower unit is probably the least studied and least understood of the Fossil Butte Member units. Its nature, extent and total thickness were not known until this study. Because the entire depositional sequence occurs in a comparatively small area (1,500 km2, versus 17,000 km2 in the adjacent Green River Basin) a detailed basin analysis is possible in relatively short distances and stratigraphic thicknesses.
Previous Work

Pioneering studies in Fossil Basin started in the mid-1800s. Under the auspices of the U. S. Department of the Interior, Geological and Geographical Survey of the Territories, several workers produced extensive reports, including the first geological and paleontological descriptions from Fossil Basin. 

The structure and geology of Fossil Basin were mapped in the early 1900s, whereas the geologic units were formally described by Oriel and Tracey (1970) who subdivided the Green River Formation in the basin into the Fossil Butte and Angelo members. Other mapping and geology were done by Rubey et al. (1975), Vietti (1977) and M'Gonigle and Dover (1992). Buchheim (personal communication) informally subdivided the Fossil Butte Member into the lower, middle and upper units, and recognized that the lower unit thickened considerably in the southern half of the basin. This led Biaggi (1989) to his documentation of an early previously unknown lacustrine phase. Petersen (1987) described the occurrence and geologic history of a "Gilbert-type" delta system in the sandstone tongue of the Wasatch Formation, especially prominent in the southern half of Fossil Basin. Buchheim (1994a, b) discussed the lithofacies, paleoenvironments and the history of saline fluctuations, and proposed a detailed depositional model for the Fossil Butte Member. Buchheim and Biaggi (1988) in their study of a time-synchronous unit at the base of the middle unit discovered significant variation in the number, thickness and organic content of laminae within the bed and questioned the varve interpretation for that horizon. Trivino (1996) studied the mineralogy and isotopic composition of the laminae of this bed and concluded that the deposition of these lamina were primarily a result of freshwater inflow events. Loewen and Buchheim (1997) described fresh-water to saline transitions in the later stages of Fossil Lake. 

McGrew (1975), McGrew and Casilliano (1975), Buchheim (1986), Elder and Smith (1988), Grande and Buchheim (1994) and Ferber and Wells (1995) discuss aspects of the paleoecology and taphonomy of the fossil fishes. Grande (1984) provided a rather complete catalogue and description of the fossils of the basin as well as other Green River Formation basins in Wyoming, Colorado, and Utah. Leggitt (1996) and Leggitt and Buchheim (1997) described fossil bird mass mortality beds both in the Angelo and Fossil Butte members. Cushman (1983) interpreted the palynoflora of the Fossil Butte member in his study of the depositional environments, Paleoecology and paleoclimatology of these sediments in Fossil Basin. For a comprehensive bibliography of the geology of the Green River Formation in the region see Smith (1990). 
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Figure 1—Maps showing the location of Fossil Basin within the overthrust belt of southwestern Wyoming, the study localities, and location of other ponded basins in the foreland province. Important structural features are indicated. Study location abbreviations: AR, Angelo Ranch; BD, Bear Divide; CC, Clear Creek; CaC, Carter Creek; ChC, Chicken Creek; FB, Fossil Butte; FR, Fossil Ridge; HC, Hill Creek; LMC, Little Muddy Creek; MC, Muddy Creek; ShC, Sheep Creek; S/LMC, Sheep/Little Muddy Creek; WC, Warfield Creek (After Lamerson, 1982 and Dickinson et.al., 1988). 

This study proposes to complement these investigations and provide a more complete picture of the depositional environments and paleoecology of the lower unit of the Fossil Butte Member, which contains a well-preserved fauna and flora. The lower unit represents a lake that existed earlier, and had a depocenter further to the south, than the main body of the Green River Formation sediments in Fossil Basin. 

Geologic structure

Ponded basins (e.g., Green River Basin and others, Figure 1) in the core of the Laramide province occur adjacent to the overthrust belt and formed large freshwater and saline lakes that became regional sediment traps (Dickinson et al., 1988). Within the overthrust belt itself, Fossil Basin is a small, linear and structurally controlled basin. 

Fossil Basin was formed during the Late Cretaceous-Early Tertiary on the hanging wall of the Absaroka thrust system as a result of both structural and depositional influences. The basin was divided into a northern basin and a southern basin by a cross-basinal, northwest-southeast-trending Little Muddy Creek transverse ramp (Lamerson, 1982; Hurst and Steidtmann, 1986). This might have implications for accumulation of lacustrine sediments in the southern half of Fossil Basin. As thrust reactivation and continuous uplift of the basin margins took place, fluvial and lacustrine sedimentation occurred in a symmetrical basin with a stable depocenter (Coogan, 1992). 

Stratigraphy

In Fossil Basin the Green River Formation was divided by Oriel and Tracey (1970) into two members: the Fossil Butte Member and the overlying Angelo Member. The Fossil Butte Member was named for excellent exposures along the southern edge of Fossil Butte (where the type section is) in what is now Fossil Butte National Monument, and along the north and east ridges of Fossil Ridge, just south of the monument, where the most extensive fossil fish quarries are found (Oriel and Tracey, 1970). The Fossil Butte Member consists of laminated micrite, siltstone, mudstone and claystone with some thin tuff beds. These rocks grade laterally toward the margin of ancient Fossil Lake into algal, ostracodal and gastropodal limestone. Siliciclastic, deltaic deposits interfinger with the lacustrine sediments at the margin of the basin (Rubey et.al., 1975). 

Buchheim (1994a) followed a natural lithologic breakdown and divided the Fossil Butte Member into three major units, the lower, middle and upper (Figure 2), which can be correlated with distinct depositional environments. The lower unit represents the first stage of Fossil Lake and consists of siliciclastic mudstone and sandstone, ostracodal and gastropodal limestone, bioturbated calci- and dolomicrite, and laminated micrite. In the southern half of Fossil Lake the uppermost part of the lower unit equivalent to the sandstone tongue of the Wasatch Formation and forms a wedge below the middle unit. This is a deltaic facies exhibiting foreset, topset and bottomset beds (Petersen, 1987). 

The middle unit is a well-developed lacustrine sequence which is best exposed at the Fossil Butte Member type section. It consists primarily of kerogen-rich laminated micrite (oil shale), with abundant fossil fish, insects and plants. The upper unit is characterized by the presence of calcite pseudomorphs after saline minerals in the laminated dolomicrites, some of which are petroliferous. 

Buchheim (1994a, b) and Buchheim and Eugster (1998) studied in detail the lithofacies and depositional environments of kerogen-rich laminated micrites, especially abundant in the middle unit of the Fossil Butte Member. 

Field studies in Fossil Basin uncovered a much more well-developed lacustrine sequence than previously thought for the lower unit time period. Kerogen-rich laminated micrite with abundant fish remains discovered south of Fossil Butte suggest a more southerly lake depocenter for the lower unit deposition (Biaggi, 1989). 

Fossils and age

The Fossil Butte Member has yielded such a variety of fossil invertebrates, vertebrates, and plants that this Konservat-Lagerstätten (a term meaning a bonanza horizon or mother lode, used for fossil biotas which show superb preservation) is one of the most extensive known in North America. Nevertheless, the precise age of the member has remained uncertain due to the lack of comparable reference material (Oriel and Tracey, 1970). Because of this problem, dating has been restricted to the intertonguing Wasatch sediments, which have yielded an abundant mammalian fauna (Gazin, 1959). Interestingly the Green River Formation of Fossil Basin was assigned a Lostcabinian age even though no mammals of that age were known from the basin (Gazin, 1959; Schaeffer and Mangus, 1965). Breithaupt (1990) questioned this assignment after reports of the discovery of Orohippus in the middle unit of the Fossil Butte Member.
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Figure 2—Stratigraphic correlation of lower unit composite sections in southern Fossil Basin. Informal subunits within the lower unit of the Fossil Butte Member are used to correlate sections in the depocenter to the north (Bear Divide/Chicken Creek) with sections at more marginal locations to the south (Sheep Creek/Hill Creek).

 

In his study of the palynoflora Cushman (1983) and Cushman et al. (1984) concluded an early to middle Eocene age for the Fossil Butte Member (i.e., lateLostcabinian to early Bridgerian). He correlated the majority of the Fossil Butte Member sediments with those of the Wilkins Peak Member in the Green River Basin. Based on sedimentological evidence he predicted that the lower boundary of the Fossil Butte Member would be equivalent to some portion of the Tipton Shale Member (Cushman, 1983). See Cushman (1998) for a discussion of the palynostratigraphy and age of the Fossil Butte Member. Buchheim (1994a) reported a K-Ar age date on a sample of feldspar from the "K-spar tuff" near the top of the middle unit of the member, that yielded an age of 50.2±1.9 Ma, close to the start of Bridgerian time. More recently Froelich and Breithaupt (1997) reported the occurrence of the mammal Lambdotherium from the middle unit (F2 of Grande and Buchheim, 1994). This fossil is typically Lostcabinian in age. 

Materials and methods

Nine stratigraphic sections of the lower unit (Fossil Butte Member, Green River Formation) were measured in the southern half of Fossil Basin, and several additional sections were studied especially in the southernmost reaches of the basin to determine the extent of the lake during lower unit time (Figure 1). Over 200 samples of the lacustrine carbonates and carbonate-bearing sedimentary rocks were collected. Fossil occurrences were recorded and significant specimens collected. The lithologic character, sedimentary structures, and paleontology of the individual sedimentary units were noted. Detailed stratigraphic and sample data, as well as stratigraphic correlation diagrams of the measured sections were recorded by Biaggi (1989). 

Standard sedimentologic and petrographic techniques were used (including X-Ray diffraction analysis on 51 samples), and data analysis included Markov Chain Analysis (to establish lithofacies assemblage and cyclic relationships) and basin analysis mapping techniques (i.e., isopachs, facies maps). 

Results and discussion
Results from this study indicate an extensive and well-developed lacustrine sequence for the lower unit in the southern half of Fossil Basin, south of Fossil Butte. The Fossil Butte Member at its type locality (Fossil Butte) consists mainly of the middle and upper units and only a few meters of the lower unit (a total of 70 to 90m). It is not representative for the well-developed lower unit south of there, which itself measures more than 120 meters. The lower unit is characterized by a dominance of siliciclastic sedimentary rocks, which in the central part of the basin average twice the amount of carbonates and in the southern region dominate the sections. Laminated rocks are less abundant, and interbedding of carbonates with siliciclastics is more common on a small scale. The lithofacies nomenclature and classification followed in this report is that of Buchheim (1994a), which better describes the nature of the Fossil Basin carbonate rocks. It is based on mineralogy, kerogen content, grain size and sedimentary structures. 

Lithofacies and Facies Relationships

The most common lithofacies in the lower unit (Figure 3) are kerogen-poor laminated micrite (KPLM), kerogen-rich laminated micrite ("oil shale", KRLM), bioturbated or massive micrite, ostracodal and gastropodal limestone, and siliciclastic sandstone, siltstone and mudstone. Minor lithofacies include burrowed laminated micrite, alternating kerogen-poor laminated calcimicrite and siliciclastics (KPLMSil), dolomicrite, and volcanic tuff (Figure 3). Laminated micrites constitute about 50 percent of the carbonates, and appear as a wide spectrum of carbonates ranging from buff to brown, friable slope-forming sediments to dark brown to black, well-indurated ledge-forming rocks. The reader is referred to Buchheim (1994a, table 1) for a detailed description of the individual lithofacies, and Biaggi (1989) for a series of Markov analyses, which confirmed the cyclic succession of lithofacies in the lower unit into a well-defined lithofacies assemblage. This lithofacies succession, a lacustrine transgressive sequence (or from margin to basin center), is Sandstone-Siltstone-Mudstone-Micrite-KPLM-KRLM. 

In contrast to the middle and upper units, the lower unit reflects a paucity of dolomite deposits with some isolated dolomicrite beds at localities CC, ChC, BD (see Figure 1 for locality abbreviations), and some ostracodal dolomicrites at the AR locality in the eastern margin of the basin. 

Figure 2 shows the stratigraphic correlation of two composite sections in the lower unit, and a further subdivision of the lower unit into four major subunits. The northern BD/ChC/CC composite section is typical of the sections near the depositional center of lower unit time Fossil Lake, and the ShC/HC composite section is representative of the more marginal/nearshore localities. North of Fossil Butte, lower unit sediments thin rapidly, whereas in the vicinity of Fossil Butte-Fossil Ridge the best-developed middle and upper unit sequences occur. This indicates a shift of the basin depositional center to the north. 

Subdivision of the lower unit (Figure 2) allowed better correlation throughout the basin, and reflects general environmental trends. The major subunits are: 1) a lowermost "Lower Shale"(LSH) subunit, consisting of alternating mudstone, calcimicrite and siliceous calcimicrite, and oil shale and organic rich mudstone at the basin center (ChC, RH, CC). Towards the basin margins this subunit grades into siliciclastics with a few alternating thin limestones. 2) "Lower White Marker"(LWM) subunit, very noticeable in outcrop due to weathering of oil shale and calcimicrite, contains few siliciclastics, and denotes a time of maximum transgression during lower unit time evident from thin but extensive oil shale (KRLM) beds. These oil shales are thickest at locality CC, extend as far as ShC in the south and marginal localities (AR and BD), and contain abundant fossils. 3) "Upper Lime stone" (ULS), is characterized by several limestone beds that alternate with siltstone and mudstone and a unit of KRLM occurring at the bottom of the unit. Most of the limestones are rich in gastropods and ostracods, and typify a more littoral environment. Capping the lower unit in most of the southern half of Fossil Basin is the 4) "Sandstone Unit" (SS), which forms major sandstone cliffs in this region. Part of this unit forms the sandstone tongue of the Wasatch Formation, and was studied in detail by Petersen (1987) who described it as part of a "Gilbert-type" delta that brought great influxes of siliciclastics from the S-SW into Fossil Lake. 

The total carbonates isopach map (Figure 4-1) and the total thickness isopach map (Figure 4-2) suggest that Fossil Lake might have extended farther west than Bear Divide (BD). Faulting and erosion have produced an extensive topographical depression to the west with no lacustrine deposits. The occurrence of nearshore carbonates 32km to the west hints at a possible explanation for the thick lower unit deposits near Bear Divide. 

Figure 4-1 shows that the KRLM ("oil shale") is located more centrally in the lake (CC, FR), whereas both the total section thickness isopach and the siliciclastic/carbonate ratio isopach map (Figure 4-2) show a marked high towards the west and southwest. This relationship suggests that greater siliciclastic influx from the west/southwest was accompanied by calcium-rich waters, which when mixing with the saline-alkaline waters of the lake, resulted in a greater precipitation of calcium carbonate in those areas. This supports the conclusions of Buchheim and Eugster (1986) and Buchheim (1994a). 

In the southern part of Fossil Basin sections become increasingly siliciclastic, and eventually are replaced by the Wasatch Formation in the vicinity of Hill Creek. At the southernmost locality studied, HC, the general lithofacies relationships are dominated by alternating siltstones and limestones with only one thin occurrence of KPLM containing ostracods. In the northern part of the basin, the lower unit thins rapidly and is characterized by bioturbated rocks and only a few thin beds of laminated micrite. 
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Figure 3—Lithofacies of the lower unit. 1-2. Kerogen-rich laminated micrite (KRLM), CC-07. Dark kerogen laminae (klm) alternate with lighter calcite laminae (clm). 1, small divisions on scale - 1mm; 2, scale bar = 0.1mm. 3. Kerogen-poor laminated micrite (KPLM), from ChC-14. 4. Peculiar type of quartz-rich kerogen-poor laminated micrite (KPLMSil) showing siliceous (sil) alternating laminae, from FB-46. 5. Bioturbated micrite showing burrows (b), from HC-22.6. Bioturbated kerogen-poor laminated micrite showing disrupted kerogen (klm) and calcite (clm) laminae, from ChC-87; scale bar = 0.5mm. 7. Analcimic tuff from CC-04. 8. Abundant ostracods (os) one mm in 

length dominate this ostracodal limestone, S/LMC-40. 

Table 1—Summary of useful criteria for distinguishing paleoenvironments of the lower unit, Fossil Butte Member, Green River Formation. KRLM=kerogen-rich laminated micrite; KPLM=kerogen-poor laminated micrite; BM=bioturbated micrite; LS=limestone.

Lithofacies
Open Lacustrine
Marginal Lacustrine
Carbonate Mudflat
Marginal Fluvio/Deltaic


KRLM (oil shale) 

KPLM 

Fossiliferous LS 

Calcareous mudstone
BM 

Ostracodal LS 

Gastropodal LS 

Oolite 

Tufa 


Dolomicrite 

Ostracodal dolostone 


Fluvio-lacustrine siliciclastic sandstone, siltstone 

Deltaic siliciclastics 

Prodelta mudstone 

Fluvial-floodplain clastics 



Mineralogy
Calcite &/or dolomite 

Anoxic sediments? 


Calcite 

Oxygenated bottoms 


Dolomite/Calcite 

Highly alkaline & saline 


Quartz, feldspar, mica, calcite

Sedimentary 

structures
Laminites 


Bioturbation 

Thin to massive bedding 


Mudcracks 

Lenticular lamination 

Carbonate rip-ups 

Scour structures 


Trough cross bedding 

Ripple marks 

Deltaic foresets, bottomsets and topsets

Fossils
Fish (whole, bones, scales, coprolites) 

Gastropods, bivalves 

Ostracods 

Insects 

Plant fragments 

Algae: kerogen


Fish bones, coprolites 

Bivalves, Gastropods Ostracods 

Burrows 

Beach "lag" deposits 

Vertebrate bones 

Bird nesting sites 

Equisetum & Typha stems
Ostracods 

Bird bones


Reptiles 

Mammals 

Fish bones & scales 

Gastropods, bivalves 

Ostracods Mineralogy

Sedimentary structures

Fossils



A few primarily analcime-rich tuffs occur in the lower unit sedimentary sequence and are not as abundant as in the middle and upper units. 

The KPLMSil is evidence of cyclicity and vertical variability. These well-developed sequences of alternating KPLM and organic rich mudstones (some with abundant plant fragments) are typical in the lower part of the sections at BD and ChC. 

From the basin depocenter KRLM laterally grades toward the margins into less organic-rich but much thicker laminated carbonates (KPLM) and subsequently into bedded or massive micrite. This facies change can be directly related to organic dilution towards the margins (as also suggested by Moncure and Surdam, 1980, Piceance Creek Basin; Sullivan, 1985, Wilkins Peak Member; Buchheim and Biaggi, 1988, Fossil Basin; and Buchheim, 1994a, b, Fossil Basin). Due to the influx of siliciclastics and calcium-rich waters at the margins of the lake, sedimentation was greater at the marginal environments, interrupting an otherwise continuous deposition of carbonate and organic matter. This accounts for the noted shoreward increase in laminae number as well as laminae thickness (Buchheim and Biaggi, 1988). 

This is in agreement with the idea of periodic sheet floods bringing in plant remains and other organics from floodplains thus leading to an increase in productivity and precipitation of carbonates. In addition, increased inflow probably resulted in higher precipitation of carbonates at the lake margins as the fresher calcium-rich fluvial waters came in contact with more saline and alkaline waters of the lake. This increased carbonate precipitation at the margins resulted in dilution of organics in those areas. 

Paleoecology and Paleoenvironments

Fischer and Roberts (1991) equated the changing interpretations proposed for the Green River Formation oil shales with a pendulum swinging from a meromictic open-drainage lake model (first suggested by Bradley, 1929, 1931, 1948, 1964, and later supported by many), to a closed drainage playa-lake model (first proposed by Eugster and Surdam, 1973; Eugster and Hardie, 1975, and later supported by others), to a more intermediate position that combined aspects of both (Surdam and Stanley, 1979). See discussions of these interpretations by Surdam and Stanley (1979), Picard (1985), Sullivan (1985), Biaggi (1989), Fisher and Roberts (1991), and Grande (1994). Surdam and Stanley (1979), Buchheim and Surdam (1981), Grande (1989), Buchheim (1994a), and Grande and Buchheim (1994) recognized that the lake system was dynamic and capable of changing depositional environments over relatively short intervals of time. Nevertheless, the fact that investigators have studied paleoenvironments at specific disconnected intervals of time and space has resulted in seemingly conflicting models that need not be in conflict at all (Grande, 1994). 

Much of the recent discussions have revolved around the water chemistry of Fossil Lake. On the one hand sedimentologists have proposed that both Fossil Lake and Lake Gosiute were saline, whereas paleontological evidence suggests these lakes were fresh. After a detailed analysis of the horizons on which different authors had based their conclusions, Grande (1994) concluded that at different times and in different areas of the lake, water chemistry varied and included saline cycles. 

The model presented here resembles those of Buchheim (1994a) for Fossil Basin, and Ryder et al. (1976) and Fouch and Dean (1982) for the Uinta Basin. The model is illustrated in Figure 5, and shows the occurrence and distribution of four major depositional environments: (1) open-lacustrine, (2) marginal-lacustrine, (3) carbonate mudflat, and (4) fluvio-deltaic. The figure represents the depositional settings in Fossil Lake at the end of lower unit time. Useful criteria that characterize each depositional facies are shown in Table 1. Criteria are grouped according to lithofacies, mineralogy, sedimentary structures and paleontology. 

The open-lacustrine facies developed in the central part of the lake to form an elongated (north to south) body of sediments that extend from Fossil Ridge to Chicken Creek. KRLM formed at the depocenter and grades laterally into KPLM. This gradation involves the dilution of kerogen by calcite from depocenter to margin and an increase in laminae thickness and number (Buchheim and Biaggi, 1988; Buchheim, 1994b; Trivino, 1996). Fossils are most abundant and diverse in this facies (Table 1). The most common fish in the open-lacustrine facies is the herring Knightia (Figure 6-1), with minor occurrences of Phareodus and Priscacara. Buchheim and Surdam (1981) report this association from the Laney Member of the Green River Formation in the Green River Basin. The gastropods (Figure 6-3,4) are all indicators of fresh shallow water with very low salinities (Hanley 1974, 1976). Algae was probably responsible for the origin of the kerogen that forms the organic lamination of the calcimicrites as well as for the precipitation (through their photosynthetic processes) of low-Mg calcite, both of which alternate to form the laminated KRLM and KPLM (Dean and Fouch, 1983). 
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Figure 4—Isopach maps. 1. Isopachs illustrating three types of carbonate distribution in the lower unit, Fossil Butte Member. Total carbonate thickness (solid lines), laminated carbonate thickness (dashed lines), and KRLM thickness (oil shale) in the screened patterns. 2. Isopachs illustrating the total thickness of sediments (dashed lines), siliciclastic/carbonate ratio (solid lines), and sandstone thickness (screened lines).

This facies is surrounded shoreward by the marginal-lacustrine facies. Rocks consist of thinly bedded to massive micrite, bioturbated micrite, ostracodal and gastropodal limestone (grain-supported), and oolite. These are dominated by calcite and toward the margins become greatly diluted by siliciclastics and eventually are replaced by mudstone and siltstone of the fluvio-deltaic facies. Also, micrite with gastropods and ostracods (Figure 6-5) is replaced at the margins by ostracodal and gastropodal limestone (Figure 3-8). In addition this facies contains fossil fish bones and coprolites, and few bivalves. In some localized marginal areas particular "bone beds" of terrestrial vertebrates (birds, Figure 6-2) suggest the formation of beach strandline deposits. Leggitt and Buchheim (1997) found evidence for Presbyornis nesting in these sites near the ancient shoreline (see Leggitt et al., 1998). This environment is similar to the `littoral paleoenvironment' of Buchheim and Surdam (1981). 

A localized carbonate mudflat developed along the eastern margin (near locality AR, Figure 5). This mudflat environment underwent periods of subaerial exposure that produced dolomitization, mudcracks and other desiccation features. With increased energy conditions (scour structures), laminated dolomicrite and dolomitic mudcracked sediments were ripped-up and redeposited as dolomitic clasts in other calcitic carbonates. The repeated cycles of dolomitic carbonates, calcitic carbonates and siliciclastics in the AR section indicate the rapidly changing nature of the environments in Fossil Lake. In an otherwise freshwater (low salinity) Fossil Lake, this locality (AR) was subjected to several periods of hypersalinity and very high alkalinity levels. 

The fluvio-deltaic facies is the dominant facies in the western, southwestern, and southern margins of Fossil Lake. Fluvial events dominate the southern margins throughout the life of the lake. At the southwestern margin a major "Gilbert-type" delta at the end of lower unit time gradually covered most of the southern half of Fossil Lake with deltaic sandstone and related siliciclastics, which graded laterally into claystone at Fossil Butte. The deltaic environment developed when a modified "Gilbert-type" and Catatumbo River-type delta prograded into Fossil Lake from the southwest to the northeast. Petersen (1987) identified typical deltaic subenvironments. Prodelta mudstone extended as far north as Fossil Butte where it alternates with carbonate laminae in a four meter sequence at the top of the lower unit.
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Figure 5—Block diagram illustrating the depositional model for the lower unit, Fossil Butte Member. The model depicts the distribution of interpreted depositional environments: open-lacustrine, marginal lacustrine, fluvio/deltaic and carbonate mudflat facies in Fossil Lake as it existed in the Early Eocene.
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Figure 6—Fossils of the lower unit. 1. Knightia (herring). 2. Vertebrate bones (possibly Presbyornis), ShC. 3. Gastropods from CC and ShC include Omalodiscus (o) and more common Physa. 4. Juvenile gastropods, Goniobasis (g) 2mm long from ShC-06, with unidentified larger gastropod. 5. Ostracods (os) in laminae plane of a KRLM, length = 1.3mm, CC-11. 6. Insect, 1 cm long, CC-11. 7. Equisetum (horsetail). 8. Flower from CC-11. 

Fossil Lake History, 'the beginnings'

During the Late Cretaceous-Early Eocene tectonic development of Fossil Basin fluviatile infilling was the dominant mode of deposition. Since Campanian-Maastrichtian time, the basin was divided by a paleotopographic ridge, the Little Muddy Creek transverse ramp. Because of this tectonic setting, the lower unit accumulated primarily in southern Fossil Basin, whereas the northern half was characterized by fluvial deposition. The initial filling of Fossil Lake, during the Late Early Eocene (lower unit time) resulted in an extensive freshwater lake with a well-established shoreline. Close to the shore Presbyornis colonies became established along the western (Bear Divide) and eastern (Warfield Creek) margins. The lake had its center of deposition (from distribution of oil shales in the lower unit) in the vicinity of the Clear Creek locality, around which an open lacustrine depositional facies developed. Here, KRLM (oil shale) and KPLM were deposited from the depocenter towards the margin respectively, alternating with calcareous mudstone. A rich community flourished in this environment and is characterized by high productivity, as seen from the abundance of kerogen and fossils preserved in the sediments. Surrounding this open-lacustrine environment was a marginal-lacustrine setting, which sustained a variety of organisms and facilitated the deposition of micrite, fossiliferous limestone and siliciclastics. These conditions fluctuated during most of the life of Fossil Lake, when climatic and or tectonic events (including a few volcanic events that deposited ash layers over the bottom of the lake) caused regressions and transgressions, as well as sudden increased input of siliciclastics in the lake by sheet floods or storm processes. After sediment infilling of the southern end of Fossil Basin by lacustrine and deltaic processes, Fossil Lake expanded to its maximum, resulting in deposition of the oil shale- and fossil-rich middle unit. 

Conclusions

1. The lower unit of the Fossil Butte Member is a well-developed lacustrine sequence in Fossil Basin. Because of tectonic basinal features it was deposited mostly in the southern half of Fossil Basin, but extends from the vicinity of Loc. 17 to near Hill Creek where it grades into the intertonguing Wasatch Formation. The eastern shoreline of Fossil Lake ran north to south just east of Angelo Ranch. Additional studies are needed to determine the western extent of Fossil Lake, but there is good evidence that it might have extended much further west (even during lower unit time), possibly up to the vicinity of Bear Lake (Utah). 

2. Lithofacies include laminated and non-laminated micrites: KRLM (kerogen-rich laminated micrite), KPLM (kerogen-poor laminated micrite), bedded to massive micrite (with varying degrees of bioturbation), ostracodal and gastropodal limestone, dolomicrite, and KPLMSil (kerogen- poor laminated micrite with high alternating clay lamina); siliciclastics: fluvial and deltaic sandstone, siltstone and mudstone; occasional tuff and chert. The absence of saline minerals and the analcime-rich nature of the tuffs attest to the fresh (low salinity) nature of the water and the carbonates indicate the alkaline nature of Fossil Lake. 

3. Lithofacies of the lower unit of the Fossil Butte Member change laterally and vertically; variety and cyclicity indicate a dynamic system. These lithofacies were deposited in four major depositional environments: 1) open-lacustrine, 2) marginal-lacustrine, 3) carbonate mudflat, and 4) fluvio-deltaic. The open-lacustrine facies is characterized by KRLM, KPLM and associated calcareous mudstone, and was conducive to the preservation of abundant fossils, probably by rapid sedimentation and by anoxic conditions below the sediment-water interface. Lamination indicates a low-energy environment, whereas the varied fossil fauna suggest shallow freshwater conditions. Lithofacies grade into each other from depocenter to margin, in relationships that are dependent on calcareous precipitation and siliciclastic sediment inflow from the margins, and factors such as distance from depocenter to margins, changes in depth, oxygenation and water chemistry. At the depocenter of the lake KRLM grades towards the margin into KPLM and subsequently into bedded to massive micrite, and/or fossiliferous limestone (grainstone). Laminae thickness and number increase towards the margins, as organic matter (kerogen) is diluted by increased calcite precipitation and siliciclastic sedimentation in the marginal areas. The marginal-lacustrine facies occurs in these areas, where micrite is dominant as well as ostracodal and gastropodal limestone. This facies also sustained a varied fauna but preservation is not as good, probably due to the action of bioturbators. Another type of marginal facies is the carbonate mudflat, restricted to the Angelo Ranch area where significant subaerial exposure and evaporation was conducive to precipitation of dolomite. The fourth depositional facies is the fluvio-deltaic paleoenvironment, characterized by deposition of sandstone, siltstone and mudstone, with some associated limestone. This deltaic depositional event culminated lower unit lake sedimentation and set the stage for deposition of middle unit sediments throughout Fossil Basin.
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