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ABSTRACT 

 

 The Baxter Sandstone of southwest Wyoming is an isolated marine sand body - a 

sand body completely surrounded by marine shale. The Baxter Sandstone was evaluated 

against models put forth to explain emplacement of similar sand bodies, such as the 

Shannon Sandstone of the Powder River Basin. The Baxter Sandstone was found to best 

match the depositional remnant model, wherein marine sediments are modified by 

erosion and covered with fine-grained transgressive deposits.  

 The Baxter Sandstone was deposited in a delta system during the Santonian. 

Facies analysis documented a wide range of bathymetries in the Baxter, from distal 

Skolithos to proximal Zoophycos, as would be expected in a delta. Isopach mapping 

identified delta lobes sourced from the south of the study area reaching the Rock Springs 

Uplift study area. Modal analysis of petrographic thin sections identified high 

percentages of feldspar consistent with immature deltaic sediments. 

 The Baxter was subdivided into five parasequences based on core descriptions 

and well log mapping, beginning with retrogradational packages deposited over a 

regional LSE and ending with two progradational cycles erosionally modified by a TSE. 

These parasequences form two parasequences sets, the older set containing LST deposits 

with a minor TST and the younger containing HST deposits. These parasequence sets in 

turn comprise the Baxter Sandstone Sequence.  

 Two provenance types source the Baxter Sandstone: a recycled orogen 

provenance, and a magmatic arc provenance. Thrusting of sediment to the west of the 
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Baxter Seaway during the Sevier Orogeny provided material re-worked into recycled 

orogen sandstones. Facies near the top of the Baxter Sandstone have higher proportions 

of resistant minerals because they were further re-worked during transgression. 

Volcanoes in Montana and Idaho sourced a magmatic arc ash fall in the Baxter 

Sandstone. 

 Petroleum systems analysis of the Baxter identified all the necessary components 

of a hydrocarbon play in place on the Rock Springs Uplift. Reservoirs in HST sandstones 

were identified with excellent porosity and permeability. Source rock analysis showed 

shales adjacent to the Baxter Sandstone contain adequate TOC to generate hydrocarbons, 

but the TOC has not reached the levels of maturity necessary to generate significant 

volumes. However, well log mapping documented reservoir quality sandstone extending 

deep into the basin where temperatures are adequately hot to generate hydrocarbons. Gas 

is interpreted to have migrated into Baxter sandstone reservoirs on the Rock Springs 

Uplift. A facies change provided the necessary trap.  
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CHAPTER 1 

 

INTRODUCTION 

 

 Isolated marine sand bodies have inspired debate among geoscientists for decades 

because of the paradoxical settings in which they are found. Relatively coarse and clean 

sandstones are completely surrounded by mudstones in many basins, with little in the 

way of intermediate facies present. This juxtaposition of coarse sands and fine-grained 

shales is a perfect recipe for stratigraphic hydrocarbon traps, which brings economic 

interest to the puzzle. The Cretaceous Baxter Sandstone of southwest Wyoming is an 

example of a gas-productive isolated marine sand body that has received little study and 

is the topic of this thesis (Figure 1.1). 

 The Shannon Sandstone of the Powder River Basin is perhaps the best known 

example of an isolated marine sand body. Early analyses linked Shannon depositional 

processes to sand ridge formation on the Atlantic shelf because of the similar linear 

shapes found in the two settings (Tillman and Martinsen, 1984 and 1987; Snedden et al., 

1994). The insights sequence stratigraphy brought to other depositional settings inspired 

re-evaluation of the Shannon in view of changing relative sea level. The Shannon was 

thusly re-interpreted both as an incised shoreface (Plint, 1986; Walker and Bergman, 

1993) and as an incised valley-fill system (Sullivan, 1997). However, the models used in 

these re-evaluations did not fully explain many aspects of the Shannon and left lingering 

doubts as to their utility (Hansley and Whitney, 1990). 
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 In the past decade, a new wave of research emphasized the importance of 

erosional reworking of marine deposits (Martinsen, 2003a and 2003b; Vakarelov and 

Bhattacharya, 2009). This erosion distorts the original depositional patterns and 

complicates the use of geobody shapes in depositional analysis. Examples were 

documented in many basins and depositional settings throughout the Rocky Mountain 

region. The erosional processes are associated with transgressions, which provide a 

mechanism of encasing the sands within marine shale. 

 While the Shannon is the most studied isolated marine sand body, many other 

examples exist, including the Cretaceous Sussex Sandstone in the Powder River Basin, 

the Prairie Canyon Member on the Douglas Creek Arch, the Viking and Cardium 

Formations of Alberta, and the Tocito Sandstone in the San Juan Basin. Older examples 

include several Jurassic formations in the North Sea, as well as Pennsylvanian and 

Cambrian formations in North America (Snedden and Bergman, 1999). Understanding 

the processes that deposited the Baxter Sandstone will yield insights into all of these 

formations. 

 The primary objective of this thesis is to determine the depositional environment 

of the Baxter Sandstone. To accomplish this, the suitability of the models most frequently 

applied to other isolated marine sandstones will be evaluated: (1) the sand ridge model; 

(2) the incised shoreface model; (3) the incised valley model; and (4) the depositional 

remnant model. Facies analysis and well log mapping will be used to reconstruct the 

depositional history of the Baxter Sandstone. Particular emphasis will be paid to looking 

for erosional modification of the Baxter system. Other objectives of this thesis include 
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determining the provenance of the Baxter Sandstone and evaluating the Baxter as a 

petroleum system. 

 

1.1 Study Area, Dataset, and Methods 

The Baxter Sandstone achieves maximum thickness on the north plunge of the 

Rock Springs Uplift, a high plains desert environment in the Green River Basin of 

southwest Wyoming (Figure 1.1). Surface elevations on the uplift range from 6,300 ft to 

8,600 ft above sea level. The Baxter Sandstone has a widespread subcrop throughout the 

Greater Green River Basin; it is buried only several hundred deep at the modern day crest 

of the Rock Springs Uplift, but crops out nowhere in the basin. The Baxter Sandstone is 

correlative in the LaBarge Platform and Moxa Arch, approximately 70 miles west-

northwest of the Rock Springs Uplift (Figure 1.1). Further west of LaBarge, correlation 

of the Baxter Sandstone becomes difficult due to thrust faulting. East of the Rock Springs 

Uplift, the Baxter Sandstone grades into mudstone (Figure 1.2).  

A core through the Baxter Sandstone in the Leucite Hills 5-33X well in Section 

33 of Township 22 North 103 West served as the primary dataset for this thesis. 

Petrographic thin sections were prepared from this core, on which petrographical and 

QEMScan analyses were performed. Rock from the core was used in X-ray Diffraction, 

SEM, and source rock analysis (Chapters 3, 4).  

Five additional cores through similar intervals within the Baxter Shale were 

visually interpreted in this study (Figure 1.1), one on the Rock Springs Uplift, and four on 

the LaBarge Platform. Facies were analyzed in all cores. Well logs in the intervening 
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wells were used to determine the relative ages of the cored intervals, and to extrapolate 

facies interpretations away from cores.  

To infer the environment of deposition of the Baxter Sandstone, certain attributes 

need to be resolved. These include: (1) paleo water depth; (2) distance from 

paleoshoreline; (3) depositional energy; and (4) sand body geometry. These attributes 

will be determined through litho- and ichnofacies analysis, identification of significant 

surfaces, petrography, isopach mapping and geobody shape analysis. Methods will be 

discussed fully in Chapters 2 and 3. 

 

1.2 Regional Geologic Setting 

The Green River Basin of southwest Wyoming (Figure 1.1) formed as part of the 

Western Interior Seaway foreland basin. This foreland basin was created by crustal 

loading related to the thin-skinned thrusting of the Sevier Orogeny to the west (Figure 

1.2). During the Cretaceous, the area to become the Green River Basin was near the 

western shore of this seaway. The Baxter Sandstone was deposited during the Middle 

Santonian (Figure 1.2) and was likely sourced by sedimentary rocks exposed as highland 

areas by Sevier thrust uplift. Other formations deposited in the Western Interior Seaway 

approximately coevally with the Baxter Sandstone include the Milk River Formation of 

Alberta, the Eagle Sandstone of Montana, the Niobrara of Wyoming and Colorado, and 

the Austin Chalk of Texas. 

Laramide thrusting subsequently divided the seaway into smaller sub-basins 

during basement-involved compression in the Campanian through late Eocene (Law et 

al., 1989). The Rock Springs Uplift (one of these basement features) is a north-south-
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trending, doubly plunging, asymmetric anticline approximately 70 miles long and 40 

miles wide. The structure was uplifted at least twice during the late Cretaceous and at 

least three times during the Paleocene and Eocene. The Rock Springs Uplift separates the 

Greater Green River Basin into three distinct sub-basins, the Washakie to the southeast, 

the Red Desert or Great Divide Basin to the northeast, and the Bridger Basin to the west 

(Hale, 1950). The highlands created by Laramide uplifting provided a source of sediment 

to the Green River Basin. The Rock Springs Uplift was extensively faulted during the 

Paleocene and then eroded to a peneplain during the Oligocene and Miocene (Roehler, 

1993). Volcanic activity in the Pliocene and Pleistocene emplaced concentric cones, 

horizontal leucitic lava flows, and irregular dikes in the study area (Hale, 1950; Roehler, 

1993). The Wind River Mountains form a boundary to the north and the Uinta Mountains 

bound the study area to the south. 

 

1.3 Previous Research on Isolated Marine Sand Bodies 

Hale (1950) notes that the thickness of the Baxter Shale ranges from 3,350 to 

3,600 feet in the study area. He describes the rock as “an almost homogeneous body of 

soft dark-gray to drab gypsiferous slightly sandy shale varied only by a series of thin-

bedded sandstones and thin beds and concretions of impure limestone.” 

No previous workers studied the Baxter Sandstone, perhaps because it does not 

crop out. However, several workers studied the Airport Sandstone, a younger sandy 

interval in the Baxter Shale with similar well log response to the Baxter Sandstone. 

Roehler (1993) describes the Airport Sandstone as “generally 400-550 feet thick and 

consists of a „sandy‟ interval of thin interbedded and interlaminated sandstone, siltstone, 
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and shale situated about 1,300 feet below the top and 2,500 feet above the base of the 

Baxter Shale” with a coarsening upwards profile and extensive current rippling. The 

uppermost beds contain significant limestone. 

Hale (1950) and Smith (1961) used index fossils to date the Baxter Shale below 

the Airport member as Niobraran (Santonian) in age and the Airport Sandstone and upper 

Baxter Shale as Telegraph Creek in age. The ammonite index fossil Desmoscaphites 

bassleri collected at the top of the Airport Sandstone defines the Airport Sandstone as 

Late Santonian. This places the division between the younger Montana 

(Santonian/Campanian) and older Colorado (Turonian to Santonian) Groups in the 

middle of the Baxter Shale. The Baxter Sandstone is therefore likely Middle Santonian in 

age, though more ammonite work is needed to confirm this. 

As the Baxter Sandstone is a sandy interval in the middle of a thick Cretaceous 

shale package, it is by definition an isolated marine sand body (Figure 1.2). Much 

research and debate has focused on genetic interpretations of these sand bodies. The 

Shannon Sandstone in the Powder River Basin of Wyoming has received particular 

attention, perhaps because it contains significant petroleum reserves. Models put forth to 

explain isolated marine sand bodies in basins around the world include: (1) the sand ridge 

model; (2) the incised shoreface model; (3) the incised valley model; and (4) depositional 

remnants. Because the processes in each model are so different, different properties 

would be expected in the resulting sand bodies (Table 1.1). 
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1.3.1 Sand Ridge Model 

Workers in the Powder River Basin of Montana were struck by the parallel and 

elongated character of reservoirs in the Shannon Sandstone. Tillman and Martinsen 

(1984; 1987) proposed these sandstones formed as sand ridges, 20 to 60 miles from the 

contemporaneous shoreline on the middle to inner shelf (Figure 1.3 A). They postulated 

shore-parallel currents concentrated sand into bars, which formed oblique to the currents. 

The Eagle Sandstone shoreline, 200 miles to the north, was put forth as a possible source 

of the sand. Paleo-highs were believed to have formed nuclei for ridge growth and 

allowed winnowing of the sands. 

 Rice (1984) took the model to new reservoirs when he postulated that upward 

coarsening zones in the Mosby Sandstone Member of the Belle Fourche Shale formed as 

sand ridges in the Cenomanian. These sands are located in southern Alberta through 

central Montana. Correlative shorelines in the Dunvegan Delta were as much as 1100 

kilometers away, which poses a problem for sediment transport.  

Beaumont (1984) interpreted the Viking Formation of Central Alberta to have 

formed as an offshore sand body complex rather than shoreface sands. His arguments 

include the surrounding of the Viking with marine shale, the absence of landward to 

seaward facies changes, the abundance of Cruziana shelf ichnofauna, the long distance 

from a contemporary shoreline, and the abundance of glauconite. Beaumont reasons that 

a soft clay like glauconite should break down in high-energy environments such as 

shorefaces. He sees rip-up clasts as evidence of intense storm currents. Beaumont 

believes the underlying Joli Fou shale ended with a major regression, exposing the shelf 

to erosion. Lowstand deltas may have formed at this time. Irregularly shaped sand bodies 
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east of the paleo-shoreline containing abundant coal and plant fragments support this 

supposition. Viking deposition continued during the subsequent transgression, with 

periods of minor regression resulting in retrogradational stacking patterns. Pebble 

conglomerates formed from lag material left by regressive drainage systems. Linear sand 

bodies resulted from reworking of lowstand shelf sands. Beaumont offers the New Jersey 

shelf as the best modern analog to Viking deposition. 

Hansley and Whitney (1990) identify several problems with the sand ridge model. 

They notice that the Shannon is similar in size to modern ridges and appears to lie on a 

transgressive surface, as do modern ridges. However, modern analogues tend to lie closer 

to shore and at more varied positions on the shelf. The Shannon rests on a muddy 

substrate while modern shelf sands rest on a sandy substrate. The authors go on to argue 

that carbon isotope analyses of siderite clasts suggest a deltaic or estuarine origin and the 

large clast size found in the formation precludes long distance transport. Detrital dolomite 

is abundant in the Shannon and also difficult to transport long distances. Modern 

deposition of dolomite tends to occur in super-tidal environments, far from the middle 

shelf.  

Snedden et al. (1994) analyzed the Peahala Sand Ridge on the New Jersey shelf 

and theorized that the ridge initially formed as a transgressed ebb tidal delta. Tidal and 

Coriolis-driven currents are postulated to have moved sediments to the ridge. Ebb tidal 

deltas could provide plentiful sources of irregularities for sand ridge nucleation during 

transgressions. 

More work on the modern came from Berné et al. (1998) in their study of sand 

bodies on the shelf of offshore France. The sands in the Mediterranean Gulf of Lions are 
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perhaps most applicable to Western Interior Seaway sand bodies because of the relatively 

low tidal energy found in both settings. The authors believe these sand bodies to be 

lowstand deposits reworked by transgression. The lowstand deposits originally consisted 

of estuarine, deltaic, and lowstand shoreface deposits. Berné et al. envision the French 

shelf sand bodies to be hybrid sand bodies, of shoreface origin but reworked by sand 

ridge style processes. The shoreface origin solves the transport problem of coarse 

sediment onto the shelf. Large volumes of sediment in the basin below the shelf suggest 

the shelf sand bodies may be erosional remnants. No paleoshoreline has been found 

associated with these sands. The authors assume evidence of the paleoshoreline has been 

eroded away by transgression. 

Posamentier (2002) finds numerous ancient examples of sand ridges in three-

dimensional seismic data off the northwest Java shelf. These sand bodies are underlain by 

muddy strata. He believes these sand ridges were reworked by tidal processes. If 

Posamentier is correct in his sand ridge interpretation, then this work is important 

because the sand bodies are underlain by mud, as are the isolated marine sand bodies 

found in the Cretaceous Western Interior Seaway. 

Snedden and Dalrymple (1999) synthesized research on modern sand ridges. The 

authors find that ridges are quite common on modern shelves. They typically have 

heights greater than 20 percent of water depth and occur in groups at spacings of 250 

times water depth. Storm and tide dominated sand ridges are difficult to distinguish. 

Contrasting data exists on the location of coarsest sediments within ridges. The 

Huthnance (1982) model has become the accepted model of how ridges grow. Growth 

begins when a perturbation in the sea floor leads to flow constriction. Sediments drop out 
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during flow expansion on the down current side of the constriction. The ridge continues 

to grow until it is high enough to baffle flow rather than accelerate it. Equilibrium sets in 

between wave destruction of the ridge and Huthnance building. Ridges tend to migrate 

due to erosion on the up-current side. Ridges grow best when the sea floor irregularity is 

at an angle of 20 to 30 degrees to the dominant flow direction. Ebb tidal delta and 

drowned barrier islands can be effective irregularities. In addition to an irregularity, 

sufficient sand and adequate currents are needed for ridge construction. These 

requirements are most easily met in a coastal zone during a transgression. Indeed, all 

modern sand ridges are found on transgressive surfaces. In the sedimentary record, it is 

difficult to distinguish between sand ridges and incised shorefaces because they each 

occupy a similar position between a basal sequence boundary and a maximum flooding 

surface. Some evidence of cross-bedding should be apparent in a suspected sand ridge 

because currents are necessary for the Huthnance growth process. Fauna should reflect 

the shelf setting on the ridge. The preservation potential of sand ridges should be high 

where prograding muds bury the ridges. Ridges located farthest seaward should form the 

best reservoirs because they are the most reworked. 

 

1.3.2 Incised Shoreface Model 

Plint et al. (1986) documented a number of erosional surfaces in the Cardium 

Formation of Alberta. These erosional surfaces suggest fluctuations in sea level on a 

frequency not previously recognized in the Cardium. Detractors note the lack of evidence 

of subaerial erosion (Rine et al., 1987) which they believe should be present with so 

many basin-wide erosion surfaces. Plint et al. (1987) reply that as the exposed surface is 
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transgressed, all evidence of vegetation is removed by a ravinement surface created by 

wave action. Their work is important because it suggested to future workers that high 

frequency sea level changes in Cretaceous sediments could be the basis of alternate 

models for deposition of isolated marine sandstones. 

Walker and Plint (1992) suggest the offshore bar model used in the Shannon fails 

to address three major problems: (1) how sand and gravel traveled so far from shore; (2) 

how it was concentrated into bars; and (3) how the bars were enriched in coarse material 

towards the top. The authors favor the incised shoreface model, wherein wave action cuts 

into underlying sediments during still-stands, providing accommodation for incised 

shorefaces.  

Walker and Bergman (1993) argued evidence of subaerial exposure is indeed 

found in the Shannon in root traces in beach deposits. They further suggest that 

ichnofauna in the Shannon, including Macaronichnus segregatis, Skolithos, Rosselia 

socialis, and Ophiomorpha, are representative of a shoreface succession rather than an 

offshore sand body. MacEachern and Pemberton (1992) find that an abundance of 

Macaronichnus suggests a highly oxygenated environment such as a shoreface. Walker 

and Bergman argue that stacking of bodies in the Shannon provides evidence of relative 

sea level change within Shannon time.  

Bergman (1994) emphasizes the one-sided scour morphologies found in the 

Shannon, with the landward side steeper than the seaward, which is interpreted as 

evidence of ravinement during transgressions (Figure 1.3 B). Bergman believes 

glauconite was concentrated in lags formed by wave reworking of the shoreface. 

Bergman also suggests that mapping the Shannon using erosional bounding 
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discontinuities makes the bar-like geometries go away, an idea further explored in 

Bergman and Walker (1995). 

 

1.3.3 Incised Valley Model 

 The Exxon group led by Sullivan (1997) postulated that the Shannon sandstone 

formed as a series of incised valleys. These valleys could generate reasonably linear sand 

fairways, consistent with Shannon deposition. However, the incised valley model suffers 

from several deficits. One problem is that the valleys should have been capped by 

estuarine deposits as the valleys were drowned. No such estuarine deposits have been 

found in the Shannon in support of this model, although transgressive erosion could 

potentially have removed these capping deposits (Suter and Clifton, 1999). Another 

problem with the incised valley model is that the sand bodies in the Shannon are oriented 

parallel to sub-parallel to the interpreted paleo-shoreline while incised valley systems 

would be expected to be oriented approximately normal to the shoreline. However, 

modern analog studies show that embayments in the shoreline and tectonically controlled 

topography can cause valley systems to incise in a range of orientations (Suter and 

Clifton, 1999). 

 

1.3.4 Depositional Remnants 

 Martinsen (2003 a, b) showed that many sand bodies deposited in the Rocky 

Mountain region have been altered by post-depositional erosion. Because the shapes of 

the bodies are altered during erosion, it is misleading to infer depositional processes from 

the preserved shapes. These erosional forces are especially powerful in low 
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accommodation settings where depositional systems are likely to be thin. Sediments in 

areas down-dropped by tectonic forces may be preserved while nearby deposits in areas 

with less accommodation may be entirely removed (Figure 1.3 C). Linear shore-parallel 

sand bodies may result from fault systems oriented parallel to the shoreline. Such a 

process could explain the geometries of the Shannon and other isolated marine sand 

bodies. Depositional remnants can be identified by finding erosional surfaces with 

onlapping sediments. 

 

1.4 Baxter Sandstone Petrography and Petroleum System 

Moore and Reynolds (1997) produced diffractograms essential to interpretation of 

Baxter Sandstone clays using XRD (Chapter 3). Houseknecht‟s (1997) work on 

compaction assisted in the interpretation of the burial history of the Baxter Sandstone, as 

did Bjørlykke and Egeberg‟s (1993) publication on silica cementation. 

In this study, the Baxter Sandstone and surrounding shales will be evaluated as a 

petroleum system. This analysis is based on the work of Magoon and Dow (1994) who 

defined the petroleum system as an exploration model. In this model, four key elements 

must be identified: (1) source rock in the hydrocarbon generating window; (2) 

overburden rock; (3) seal rock; and (4) reservoir rock. In addition to these elements, a 

trap must be identified and timing of hydrocarbon generation and migration must be 

shown to have taken place prior to trap emplacement.  

Baxter source rock potential will be evaluated through source rock analysis 

(Chapter 4). Overburden will be documented through well log mapping (Chapter 2). Seal 

rock will be identified through facies analysis (Chapter 2). Reservoir properties will be 
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analyzed through thin section and QEMScan petrography, X-ray diffraction, and SEM 

imagery (Chapter 3). During these analyses, the pore system of Baxter sandstones will be 

examined for the ability to store and deliver hydrocarbons, a diagenetic history of the 

reservoir will be determined to better understand reservoir performance, and burial 

history of the Baxter will be analyzed to determine if hydrocarbon generation has taken 

place in situ, or if hydrocarbons have migrated into Baxter Sandstone reservoirs. 

 While petrographic analyses are essential for understanding the Baxter Sandstone 

in the context of the petroleum system, the data produced can also be used to interpret the 

provenance of Baxter sands. Folk (1974) showed that sandstones can be categorized 

based on the proportion of framework grains made up of quartz, feldspar, and lithics. 

These categories can be used to make inferences about the source terrane of sandstones. 

Dickinson and Suczek (1979) built on Folk‟s work by proposing additional ternary 

diagrams using sub-categories of Folk‟s end-members. The diagrams produced provide 

more detailed assessments of provenance. Diagrams will be produced and evaluated 

using both methods in the Baxter Sandstone (Chapter 3). 

 

1.5 Summary 

 Widely varying models have been put forth to explain isolated marine sand 

bodies. This study will bring these models to a new data set, the Baxter Sandstone of the 

Green River Basin of southwest Wyoming. Evaluation of lithofacies will yield 

information useful to reconstructing the depositional environment. Ichnofacies will help 

determine where on the shelf these sediments were deposited. Petrography will yield 

clues helpful to understanding the provenance and stratigraphy. Well log mapping 
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enables extrapolation of these findings to three-dimensional maps. These findings will be 

supplemented by geochemical analyses to interpret the Baxter Sandstone in a petroleum 

systems context. Careful analysis of the Baxter may develop insights into isolated marine 

sand bodies that benefit the understanding of other sandstones in the Rocky Mountain 

region and in basins throughout the world. 
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Figure 1.1: Wyoming physiographic map showing the location of the study area (white 

box), which includes the Rock Springs Uplift (text box) and the LaBarge Platform (text 

box). The study area is located within the Greater Green River Basin (yellow outline and 

textbox). The six cores analyzed in this study are identified with white circles. Other 

major Wyoming basins identified with yellow text boxes
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A)      B)   
 
Figure 1.2: Regional stratigraphy of the Baxter Sandstone and surrounding formations. 

A) Stratigraphic column of the Rock Springs Uplift. Age of the Baxter Sandstone (yellow oval) is Middle Santonian. Modified from 
Finn and Johnson (2005). 

B) Regional cross section diagramatically representing the Baxter Sandstone (yellow oval and text box) as a sand body surrounded by 
the Baxter Shale. Modified from Finn and Johnson (2005). 
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A)  

 

 

 
B) 

 

C)   

 

Figure 1.3: Isolated marine sand body depositional models. 

 

A: Sand ridge model. Sand ridges were deposited on the shelf, tens of miles from the 

paleo-shoreline. Modified from Tillman and Martinsen (1987). 

 

B: Incised shoreface model. Sands were deposited in a shoreface above  

an erosional surface during a still stand, and covered with mudstones during a later 

transgression. From Bergman and Walker (1995). 

 

C: Depositional remnant model. Post deposition, transgressional erosion removed most of 

a sand body and encased it with onlapping marine shales. From Martinesen (2003a). 
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Table 1.1: Models invoked to explain the presence of isolated marine sand bodies. Abbreviations: unc. = unconformity, HCS = 

hummocky cross-stratification, SWB = storm wave base, FWWB = fair weather wave base, S.L. = sea level. 

 
Attribute Sand Ridge Incised Shoreface Incised Valley-Fill Depositional Remnant 

Grain Maturity Highly mature Highly mature Moderately to Highly mature Moderately to Highly mature 

Composition Quartz-rich Quartz-rich Feldspathic to Quartz-rich Feldspathic to Quartz-rich 

Texture Well-rounded Well-rounded Sub-angular to well-rounded Sub-angular to well-rounded 

Underlying Sediments Shelf deposits Shelf deposits (below unc.) Shelf deposits (below unc.) Shelf deposits 

Overlying Sediments Post transgression muds Post transgression muds Post transgression muds Onlapping post transgression muds 

Sedimentary Structures Cross-bedding, HCS Cross-bedding, HCS 
Bidirectional cross-beds, mud 
drapes, tidal bundles 

Cross-bedding, laminations, soft 
sediment deformation 

Expected Ichnofauna Cruziana ichnofacies Skolithos ichnofacies Restricted brackish ichnofacies Skolithos, Cruziana, Zoophycos  

Water Depths Between SWB and FWWB Between swash and SWB Above base level to FWWB Base level to below SWB 

Currents 
Shore-parallel Coriolis, 
combined flow, storm 

Swash, oscillatory, combined 
flow, storm 

Tidal, fluvial, swash, oscilllatory 
Shore-parallel Coriolis, oscillatory, 
combined flow, storm, tidal 

Frequency of S.L. Change 3rd-order 5th-order 3rd-order 5th-order 

Orientation Relative to 
Shoreline 

Acute angle to the 
paleoshoreline 

Parallel to shore Normal to shore 
Normal to parallel to shore 
depending on wave energy 

Location 
Shoreline attached to the shelf 
edge 

At shoreface 
Fluvial system incised into exposed 
shelf 

On shelf 

Distance from Sediment 
Source 

Tens to hundreds of miles 0 to tens of miles 0 miles 0 to tens of miles 

Bed Thicknesses Tens of feet Tens of feet Tens of feet Tens of feet 

Weaknesses of Models 

Sediment transport, detrital 
dolomite, absence of analogs on 
muddy shelves, coarsening 
upwards profile, inadequate 
oxygen levels for ichnofauna, no 
modern analogs  

Paucity of shoreface 
ichnofauna, abundance of 
soft glauconite in a high 
energy environment, no 
preservation of vegetation, 
presence of mud clasts, 
orientation of cross-beds 
relative to shoreface 

Orientations of sand bodies 
relative to paleoshoreline, no 
documented fluvial, estuarine, or 
tidal flat deposits 

Model has poor predictive value for 
locations of sands because of the 
complex interactions between 
erosion and deposition 

Potential Genesis 
Drowning of an ebb tidal delta 
during transgression 

Wave action cutting into 
underlying sediments during 
still stands 

Erosional remnamnts of stacked 
tidal bars following lowstand 
exposure of shelf 

Faulting creates pockets of 
accomodation, followed by 
transgression of a deltaic system 
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CHAPTER 2 

 

STRATIGRAPHY OF THE BAXTER SANDSTONE 

 

 Stratigraphic analysis of the Baxter Sandstone begins with core. The sedimentary 

structures, grain size, and ichnofauna identifiable in core collectively define the facies of 

the Baxter. Comparison of these facies yields relative energies of deposition and seafloor 

bathymetries. Analysis of facies successions helps piece together a history of the Baxter 

Sandstone as different environments identified in core migrated across the Baxter seaway 

during episodes of relative sea level change. 

 Well log correlation allows for the extrapolation of facies interpretations into 

three dimensions. Core-to-log ties align facies with well log markers. These markers are 

identified by unique response properties, which are traceable throughout the basin. 

Markers were correlated from well log to well log, allowing the Baxter to be broken into 

sequence stratigraphic packages. Geobody shapes and erosional episodes were inferred 

from isopachous maps of these packages. These maps also depict how relative sea level 

changed and the basin infilled during Baxter time.  

 

2.1 Facies Analysis Methods 

Six cores were described in the Baxter Sand (Table 2.1 and Figure 2.1). Two of 

the cores are located in the heart of the Baxter Sandstone study area: Leucite Hills Field 

on the Rock Springs Uplift. The remaining four cores are located in the Tip Top Field 
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area of the LaBarge Platform. The LaBarge cores provide a regional understanding of the 

Baxter system. Of the six cores, four represent approximately equivalent stratigraphic 

intervals, while two of the LaBarge cores represent deeper intervals with similar 

coarsening upward well log profiles inferred to be deposited by similar processes 

(Figures 2.2 and 2.3).  

Cores were logged at a scale of one inch to five feet of core length. This scale 

proved adequate for capturing significant surfaces and sedimentary features. Grain size 

was measured and continuously plotted coarsening to the left to visually mimic gamma 

ray and SP logs, which assisted in tying core and well logs together. Sedimentary 

structures such as ripples, laminations, and ichnofauna were then added to the core 

descriptions. Percentages of shale and bioturbation were plotted in separate columns. An 

additional column to the right of bioturbation was used to draw in ichnofauna to aid in 

ichnofacies analysis. Notes were written in the comments section when useful 

information was difficult to display visually (Appendix A).  

The core logs were examined for abrupt changes in grain size, sedimentary 

structures, and ichnofauna. This allowed the cores to be broken into named facies (Table 

2.2). Nine facies were identified during visual core analysis. These facies range in grain 

size from silt to medium sand and contain a range of ichnofauna and physical structures. 

Facies were ranked and named in order of interpreted energy level, from highest energy 

Facies A to lowest energy Facies I (Table 2.2).  

Based on sedimentology and ichnology, facies were assigned to a depositional 

environment using shoreface terminology. Since the Western Interior Cretaceous Seaway 

is believed to have been shallow, these Baxter environments may have been tens of miles 
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from the strandline. Therefore, the shoreface nomenclature used in this study is intended 

to indicate bathymetry relative to wave base rather than suggesting proximality to an 

actual strandline. Moreover, the shoreface nomenclature does not indicate that the Baxter 

Sandstone sediments were deposited solely in wave-dominated environments. Facies 

analysis (discussed below) will show the Baxter Sandstone displays characteristics of 

shoreface and fluvial-dominated deltaic environments, perhaps with tidal influence. 

 

2.1.1 Facies A: Skolithos Bioturbated Glauconitic Medium-Grained Transgressive 

 Sand 

 Facies A is a fine- to medium-grained sandstone with mudstone rip-up clasts 

larger than 6 cm, abundant glauconite, and cross-laminations (Figure 2.4 and Table 2.2). 

Facies A contains Ophiomorpha, Thalassinoides, Skolithos, and Teichichnus ichnofauna 

(Table 2.3). 

 Many indicators of high depositional energy are present within Facies A. The 

grain size in Facies A is substantially coarser than any other facies identified in the 

Baxter Sandstone. Facies A contains rip-up clasts with a size range almost the full width 

of the four inch core. Cross-laminations larger than ripple heights indicate the presence of 

strong currents.  

 Ichnofauna in Facies A suggest deposition in shallow water depths. Ophiomorpha 

are formed by suspension-feeding shrimp and are indicative of upper shoreface 

environments. Skolithos are the namesake for the Skolithos ichnofacies and indicate 

shoreface to sub-littoral environments (Pemberton et al., 2001).  
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 The rip-up clasts, cross-laminations, and large grain sizes present in Facies A 

suggest a high-energy environment of deposition. The ichnofauna point to a shallow 

bathymetry. In the Leucite Hills 5-33X core, Facies A is followed by Facies H (Figure 

2.5), which will be shown to have been deposited in much deeper waters. Together, these 

characteristics suggest Facies A is a transgressive sand body. In addition, glauconite is 

commonly associated with transgressions (Stonecipher, 1999). Facies A was only 

identified in the Leucite Hills 5-33X core (Table 2.3). 

 

2.1.2 Facies B: Conichnus Bioturbated Glauconitic Fine-Grained Lag 

 Facies B is an upper fine-grained sandstone containing rip-up clasts larger than 3 

cm, scour surfaces, laminations, and visible amounts of glauconite (Figure 2.6 and Table 

2.2). Facies B has low levels of bioturbation and resultant preserved laminations. 

Ichnofauna in Facies B include Conichnus, Palaeophycus, Planolites, and Teichichnus 

(Table 2.3). 

 The large rip-up clasts demonstrate the system had considerable erosional energy. 

This energy could have prevented fine-grained material from settling, resulting in a lack 

of matrix. Wave influence in a shoreface setting could have provided this suspension 

force.  

Conichnus is typically found in sandy middle shoreface environments. These 

structures are believed to be vertical feeding burrows of anemones (Pemberton et al., 

2001). Planolites is found in such a wide range of environments that the presence of the 

ichnofauna is not particularly useful in forming an environmental interpretation. 

Palaeophycus is a horizontal to inclined dwelling burrow thought to be inhabited by 
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predaceous polychaete worms. Palaeophycus is found in high and low energy shoreface 

environments, as well as in deeper storm sands. Teichichnus is identified by crescentic 

laminae, formed by a worm moving back and forth through the same vertical burrow in 

search of food. Teichichnus is commonly found in lower offshore to offshore 

environments as well as lagoons (Pemberton et al., 2001). 

Facies B contains a mixture of horizontal and vertical ichnofauna. Vertical 

ichnofauna generally indicate a high energy setting where animals need to make quick 

adjustments to escape storm energy and then return to the sediment-water interface after 

being covered by a depositional event. Thus, vertical ichnofauna are typically associated 

with high energy upper to middle shoreface settings. Horizontal ichnofauna occur where 

animals mine the sediment in search of food. The sediment may have a higher yield of 

food than the water column in this environment because minimal wave energy creates 

less suspended food in the water column. Horizontal ichnofauna, then, are typically found 

in a lower offshore to offshore setting (MacEachern et al., 2009).  

Many characteristics of Facies B indicate significant depositional energy. These 

include the lack of clay matrix, relatively coarse grain size, and preserved laminations 

where fast deposition prevented bioturbation. The rip-up clasts and glauconite suggest 

Facies B is a lag deposit, similar to the interpretation for Facies A. Additionally, the 

presence of Conichnus, a vertical feeding burrow typically associated with the Skolithos 

ichnofacies, argues for a high energy environment. However, the presence of horizontal 

burrows typically associated with the Cruziana ichnofacies suggests that energies were 

not as high as would be found in an upper shoreface (MacEachern et al., 2009). 

Therefore, an interpretation of middle shoreface bathymetry is likely appropriate for 
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Facies B. Facies B is found in the Leucite Hills 5-33X and Green River Bend B-1-1 cores 

(Table 2.3). 

 

2.1.3 Facies C: Trough Cross-Bedded Veryfine-Grained Sandstone 

 Facies C is an upper veryfine-grained sandstone with trough cross-bedding and 

lag deposits (Figure 2.7 and Table 2.2). The only ichnofauna identified in Facies C was 

Skolithos (Table 2.3). 

 Facies C is quite distinct from other facies identified in the Baxter Sand cores.  

This is the only facies with trough cross-bedding, implying deposition in fast currents. 

Facies C also has low bioturbation levels, with only minor Skolithos identified. The 

relatively coarse grain size, cross-bedding, and reduced bioturbation argue for a proximal 

interpretation; upper shoreface may be appropriate. Facies C is only identified in the 

Termination Draw 1-15 core (Table 2.3). 

 

2.1.4 Facies D: Laminated Veryfine-Grained Sandstone 

 Facies D is a veryfine-grained sandstone containing laminations, current ripples, 

and erosive-based sand beds (Figure 2.8 and Table 2.2). Facies D contains Palaeophycus 

and Planolites ichnofauna (Table 2.3). 

 Sedimentological features in Facies D suggest moderate depositional energies. 

Facies D is distinct from other veryfine sandstones in the Baxter because of the low 

degree of bioturbation in this facies and the resulting preserved laminations and mudstone 

interbeds (Figure 2.8).  
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The only ichnofauna identified in Facies D are Palaeophycus and Planolites. This 

makes interpreting the environment of deposition problematic because those trace fossils 

have a wide range of bathymetries and depositional energy levels. The veryfine grain size 

suggests a bathymetry deeper than middle shoreface. Facies D is found only in the Cedar 

Creek 12-32 core (Table 2.3). 

 

2.1.5 Facies E: Thalassinoides Bioturbated Clayey Fine-Grained Sandstone 

 Facies E consists of fine-grained sandstone with laminations, medium to high clay 

content and erosive-based sand beds (Figure 2.9 and Table 2.2). Ichnofauna in Facies E 

include Thalassinoides, Planolites, Teichichnus and Schaubcylindrichnus (Table 2.3). 

Thin, erosive-based sands in Facies E demonstrate high depositional energies. 

These sandstones likely were formed by storms depositing sand deeper into the basin 

during a single event. These events occurred quickly and with enough energy to 

temporarily halt bioturbation, by killing the bottom-feeding fauna.  

All the ichnofauna identified in Facies E are consistent with the Cruziana 

ichnofacies. In modern environments, Thalassinoides is produced by the same shrimp 

that produces Ophiomorpha (Pemberton et al., 2001). Thalassinoides tends to form in 

finer-grained sediments than Ophiomorpha because the sediment is more cohesive and 

does not require the additional structural support of pellet walls. Schaubcylindrichnus is 

the domicile of either a suspension feeder or a deposit feeder. It tends to form in 

intermediate energy environments between the high-energy shoreface and the low energy 

offshore. 
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The high clay contents and storm beds when considered with the Cruziana 

ichnofacies support an interpretation for Facies E of lower shoreface to near offshore 

bathymetries. Facies E is only found in the Leucite Hills 5-33X core (Table 2.3). 

 

2.1.6 Facies F: Ophiomorpha Bioturbated Veryfine-Grained Sandstone 

 Facies F is a veryfine- to fine-grained bioturbated sandstone with erosive-based 

sand beds and coaly laminations (Figure 2.10 and Table 2.2) and a more diverse 

ichnofauna suite than Facies E. Ichnofauna in Facies F include Rosselia, Thalassinoides, 

Skolithos, Asterosoma, Palaeophycus, Planolites, Helminthopsis, Chondrites, 

Ophiomorpha, and Schaubcylindrichnus (Table 2.3). 

 The coaly laminations in Facies F indicate seaward transport from a strandline. 

Coal source material is likely to be found just landward of the shoreface in swampy 

environments. The presence of coal in a marine section suggests these swamps were 

reworked, perhaps by local transgression or floods from a fluvial system. 

Facies F contains evidence of storm events. Onlapping laminations in sand beds 

show erosion followed by fill (Figure 2.10). Erosion is likely caused by currents 

generated during storms. A distinct decrease in bioturbation is found above the erosional 

surface. This implies the storm may have temporarily killed off or displaced fauna that 

were active before the storm. 

 Large individual burrows suggest Facies F was deposited in an oxygen-rich 

environment. For example, Facies F contains particularly large Ophiomorpha, measuring 

over five inches in length. Ophiomorpha of this size are only likely to form in a well-
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oxygenated environment (MacEachern et al., 2009). In addition, large Asterosoma 

burrows (Figure 2.10) are common. 

Facies F contains a diverse ichnofauna assemblage. The ichnofauna identified in 

Facies F have all been identified in other facies, except Rosselia, which is identified by a 

distinctive funnel shape ending in a bulb. Rosselia is possibly a variant of a suite of 

ichnofauna, which includes Asterosoma, Skolithos, and Cylindrichnus. It can therefore be 

difficult to distinguish these ichnofacies (Pemberton et al., 2001). When found near 

Asterosoma, as Rosselia is in Facies F, the environment is likely to be the top of the 

lower shoreface.  

A lower shoreface bathymetric interpretation is consistent with the veryfine grain 

size, the erosive-based storm beds, and the coaly laminations identified in Facies F, all of 

which could be found in a lower shoreface environment. Facies F is found in the four 

LaBarge Platform cores (Table 2.3). 

 

2.1.7 Facies G: Cruziana Bioturbated Veryfine-Grained Sandstone 

 Facies G is a veryfine-grained sandstone with high clay content, loaded bases, and 

laminations (Figure 2.11 and Table 2.2). The clay content is at times high enough to 

separate the sand into discrete lenses. Facies G, like Facies F, has a large diversity of 

ichnofauna, including Thalassinoides, Asterosoma, Palaeophycus, Planolites, 

Teichichnus, Helminthopsis, Chondrites, Phycosiphon, and Schaubcylindrichnus (Table 

2.3).  

 The high clay content suggests Facies G was deposited no more proximally than 

lower shoreface. The loaded and erosional bases imply storm deposition, which fits with 
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a lower shoreface bathymetric interpretation. In this setting, storm waves increase the 

amplitude of wave influence. Once the storm is over, waves can no longer reach the 

seafloor to rework sediments, preserving evidence of storms. Laminations and lags of 

shell material provide further evidence storm-generated currents were active at times. 

Sands deposited quickly enough at times to load into underlying sediments and force 

fauna to construct escape burrows.  

 All of the ichnofauna in Facies G are part of the Cruziana ichnofacies, which is 

consistent with a lower shoreface bathymetry (Pemberton et al., 2001). Therefore, the 

sedimentology and ichnology of Facies G support a storm-dominated lower shoreface 

interpretation. Where Facies G is underlain by Facies H in the Crooked Canyon 33-5 core 

(Figure 2.12), a large change in depositional energy is found. Facies G is found in the 

Crooked Canyon 33-5, Green River Bend B-1-1, Termination Draw 1-15, and Dry Basin 

1-8 cores (Table 2.3). 

 

2.1.8 Facies H: Laminated Siltstone with Isolated Ripples 

 Facies H is a laminated siltstone alternating with isolated veryfine-grained rippled 

sandstone commonly showing soft sediment deformation (Figure 2.13 and Table 2.2). 

Ichnofauna found in Facies H include Palaeophycus, Helminthopsis, Chondrites, and 

Schaubcylindrichnus (Table 2.3). 

 The high proportion of mudstone and the ichnofauna indicate Facies H was 

deposited far into the basin, but still affected by episodic currents. The ripples found in 

Facies H are typically “starved”; that is, not enough sand is present in the system to link 

ripples from one crest to another (Figure 2.13). Rare escape burrows indicate deposition 
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was episodic, yet fast enough to require quick adjustments by the fauna in the system 

(Pemberton et al., 2001). Centimeter-scale micro folding and faulting of sediments 

illustrate soft sediment deformation was active in this environment. Soft sediment 

deformation is typically associated with sediments depositing too quickly to properly de-

water, therefore becoming unstable. 

 Facies H ichnofauna further support distal deposition. Helminthopsis consists of 

small horizontal circular burrows that never intersect one another. They are identified by 

fill of a different color than the host rock (Pemberton et al., 2001). Helminthopsis are 

grazing burrows and are part of the distal Cruziana or proximal Zoophycos ichnofacies. 

Chondrites is a burrow system best identified by slender branches that bifurcate at 

approximately 30°, never intersecting one another. Chondrites is another structure 

formed by deposit-feeding polychaete worms. It is thought to be a part of distal Cruziana 

ichnofacies to fully offshore marine (Pemberton et al., 2001). 

 The veryfine grain size, starved ripples, and Zoophycos to Cruziana ichnofacies 

support an offshore environmental and bathymetric interpretation for Facies H. Facies H 

is found in the Leucite Hills 5-33X, the Crooked Canyon 33-5, and the Green River Bend 

B-1-1 cores (Table 2.3). 

 

2.1.9 Facies I: Volcanic Ash Bed 

 Facies I is a lower veryfine-grained, matrix-rich, volcanogenic sandstone with 

graded bedding (Figure 2.14). Analyses presented in Chapter 3 will show Facies I 

contains angular grains, high proportions of feldspars, and expandable clays indicative of 

a bentonite. The only ichnofauna found in Facies I is Asterosoma (Table 2.3). 
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 Facies I is the only facies in this study with graded bedding. Graded bedding 

would be expected in an air fall deposit of varying clast sizes settling through a column of 

water. The preservation of grading suggests the clasts settled onto a quiescent sea floor, 

below storm wave base.  

 The bioturbation pattern in the Leucite Hills 5-33X core suggests a deep water 

suboxic setting in Facies I. Approximately half of the core is undisturbed, preserving the 

graded bedding, while the other half is fully reworked (Figure 2.14). The lack of 

complete bioturbation indicates the environment must have been somewhat hostile to life. 

The complete reworking of the other half suggests a single large burrower was at work, 

likely Asterosoma. Asterosoma is a star-shaped burrow system formed by a worm and 

used for feeding. Asterosoma is typically associated with the Cruziana ichnofacies and 

found in the lower shoreface to offshore (MacEachern et al., 2009)  

 The ichnofacies and the physical structures found within Facies I argue for an 

offshore environmental and bathymetric interpretation. Facies I is found only in the 

Leucite Hills 5-33X core (Table 2.3). 

 

2.2 Well Log Interpretation and Mapping Methods 

 Well log markers were identified in the Baxter Sandstone and the surrounding 

Baxter Shale (Figure 1.3) that have reasonable ease of correlation over an area of at least 

several townships (Table 2.4). Markers were assigned three digit numerical designations, 

with the youngest markers given the lowest numbers. Markers were then color coded by 

quality, with easily identifiable picks marked in green and less confident picks marked in 
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blue. In this way, the whole of the Baxter Shale consisting of several thousand feet of 

stratigraphy was subdivided into units.  

 Over 15,000 picks were made in over 500 wells located on the north plunge of the 

Rock Springs Uplift (Figure 2.1, Appendix H). Some of the higher confidence 

correlations were extended to the south end of the Rock Springs Uplift and west to the 

Moxa Arch and LaBarge Platform. The western correlations allowed the LaBarge Baxter 

cores to be placed into a relative stratigraphic relationship to the Rock Springs Uplift 

cores. The basal pick penetrated by core, the Baxter 600 marker, is defined by a sharp 

upwards decrease in gamma ray response, and it forms a high quality marker that allows 

for confident correlations (Figure 2.2, Table 2.4). The well log response of the Baxter 595 

resembles the Baxter 600, each displaying a bell-shaped gamma ray and resistivity 

profile.  

 The Baxter 585 pick is easily identified in well logs in the Rock Springs Uplift by 

high gamma ray and low resistivity readings, but the pick becomes less confident towards 

the LaBarge Platform. The Baxter 580 marker is a high confidence pick marking the base 

of a coarsening upwards gamma ray signature above the Baxter 580. The Baxter 575 is 

the most robust correlation in the Rock Springs Uplift study area, but becomes less 

confident towards LaBarge. The Baxter Sand pick is made at a sharp increase in gamma 

ray and decrease in resistivity and is the highest confidence correlation from the Rock 

Springs Uplift to the LaBarge Platform (Figure 2.2). The Baxter 567 marker is picked at a 

high gamma ray/low resistivity point above the Baxter Sand. It is a robust pick near the 

Rock Springs Uplift, but like the Baxter 575, loses character towards the west. The 
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Baxter 130 and 900 are close to the top and bottom of the Baxter Shale, respectively. 

These markers are readily identifiable on gamma ray logs. 

 The Baxter markers were tied to core using the highest confidence picks, the 

Baxter 600, 580, 575, and Baxter Sand (Table 2.4). These well log markers were 

correlated to significant surfaces within the core (Figure 2.15). This core-to-log tie 

allowed the Baxter facies interpreted in core to be associated with the stratigraphic 

packages bound by the Baxter log markers, thereby providing environmental information 

essential to interpretation of the packages. 

 The greater vertical resolution of core allows the Baxter Sandstone interval to be 

broken into 11 packages between the Baxter 600 and Baxter Sandstone, while the coarser 

resolution of well logs only allows for confident identification of five packages (Figure 

2.15). Because mapping in three dimensions is dependent upon the resolution of well logs 

in this data set, the five log-scale packages were chosen to proceed with stratigraphic 

analysis.  

 

2.3 Facies Succession and Stacking Patterns 

Five facies succession patterns were identified in the Baxter Sandstone through 

core and well log analysis (Figure 2.2): (1) abrupt change upwards from low energy to 

high; (2) decreasing energy upwards; (3) vertically unchanging; (4) low energy facies 

increasing upwards to high energy; and (5) abrupt change from high energy to low. 

Pattern 1, an abrupt change upwards from low to high energy, is found where 

Facies G overlies Facies H. Such a significant change in grain size, clay content, and 

bioturbation occurs at this boundary (Figure 2.12) that Pattern 1 is interpreted to be an 
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erosional contact. The correlation of Pattern 1 with the Baxter 600 marker allows the 

Baxter 600 to define the base of the Baxter Sandstone throughout the study area. This 

pattern is only found in the Crooked Canyon 33-5 core. 

Pattern 2, decreasing energy upwards, defines retrogradation. Walther‟s Law 

states that the decrease in energy upwards identified in core and well logs is reflective of 

a landward shift in facies in the environment of deposition. This pattern is found in the 

older package of sedimentation in the Cedar Creek 12-32 rocks, where Facies F overlies 

Facies D in two repeated cycles (Figure 2.3). In the Baxter Sandstone, the interpretation 

of Pattern 2 is driven by well log interpretation. Decreasing energy above the Baxter 600 

marker, and again above the Baxter 595 is evident in the bell-shaped gamma ray and 

resistivity curves in the Crooked Canyon 33-5 well. Facies interpretation shows this 

interval to be composed uniformly of Facies G, with only subtle upwards decreases in 

grain size. Burrowing organisms may have sufficiently churned the sediment such that 

logging tools are able to detect changes in clay content difficult for the human eye to 

discern. Because the bell shapes are persistent from wellbore to wellbore and only one 

core is available containing the Baxter 585 to 600 markers (Figure 2.2), well log response 

weighs heavily in the interpretation of the Pattern 2 as a retrogradational setting. 

Pattern 3, vertically unchanging facies, defines an aggradational setting. Pattern 3 

is found where the core interpretation of Facies G matches the consistent well log 

response found between the Baxter 585 and 580 well log markers (Figure 2.2). This 

consistent response suggests deposition in an environment with a stable shoreline.  

Pattern 4, low energy facies increasing upwards to high energy, defines 

progradation by Walther‟s Law, as higher energy shoreface facies build out into the 
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basin. This pattern is identified in three of the LaBarge cores as well as the Leucite Hills 

5-33X, on the Rock Springs Uplift (Figure 2.2). In the Dry Basin 1-8, Facies G, a 

Cruziana bioturbated sandstone is overlain by Facies F, an Ophiomorpha bioturbated 

sandstone. Here, the ichnofacies depict a decrease in bathymetry consistent with 

progradation. Progradation is more fully represented in the Termination Draw 1-15 core, 

which contains the facies succession of G to F to C, representing a change from Cruziana 

bioturbated sandstone to trough cross-bedded sandstone. In the Green River Bend B-1-1 

(Figure 2.3), the succession of Facies G to F is capped by Facies B, a Conichnus 

bioturbated lag, finishing the pattern with a reworked shoreface environment.  

The Leucite Hills 5-33X core encounters two examples of facies succession 

Pattern 4 (Figure 2.2). The first example of Pattern 4 in the Leucite Hills core is found 

where Facies B is succeeded by Facies E, and then Facies I. While these facies are 

decreasing in energy upwards, the well log response between the Baxter 580 and 575 

markers is funnel shaped, suggesting increasing energy upwards. This log response, 

combined with the Facies B lag deposit near the top of the succession, indicates a 

progradational setting. The facies appear to decrease in energy because only the very top 

of the pattern was cored (Figure 2.2). The second example exhibits a striking increase in 

energy as Facies I, a volcanic ash bed and the lowest energy facies identified in this 

study, is overlain by Facies E, a bioturbated clayey sandstone, followed by the high 

energy lag deposits of Facies B and Facies A. This succession pattern is again coincident 

with a funnel-shaped gamma ray and resistivity log response between the Baxter 575 and 

Baxter Sand markers, further emphasizing the upwards increase in energy. 
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Facies succession Pattern 5, an abrupt change from high energy to low, defines a 

transgressive surface of erosion (TSE). This succession pattern is found where the Facies 

A medium-grained transgressive sand body is overlain by Facies H siltstone, representing 

a significant drop in energy (Figures 2.2, 2.3, 2.5). Such an energy drop requires a major 

flooding event to bring the overlying sediments below wave base and force sediment 

inputs landward. This TSE is coincident with the Baxter Sandstone well log marker, 

which identifies the end of Baxter Sandstone deposition in the Western Interior Seaway. 

The vertical changes in facies and well log response allow for the identification of 

facies stacking patterns in the Baxter. Five parasequences are interpreted through analysis 

of stacking patterns: (1) Retro 1; (2) Retro 2; (3) Aggro 1; (4) Prog 1; and (5) Prog 2. The 

boundaries between these parasequences are located at breaks in facies succession 

patterns (Figure 2.2). 

The Baxter parasequences begin with two retrogradational packages, defined by 

Pattern 2, decreasing energy upwards, succession patterns. The Retro 1 parasequence lies 

above the Baxter 600 marker, where Facies G overlies Facies H (Figure 2.12). This 

package begins with a pulse of sediment above a lowstand erosional surface created as 

seas retreated basinward. Well log analysis shows that energy wanes upwards during 

Retro 1 time. This waning energy reflects the overwhelming of sediment supply by 

creation of accommodation space, pushing the shoreline landward and depositing shalier 

material above the sand-rich bottom of Retro 1. This retrogradational trend is briefly 

interrupted by a second erosional event, represented by the Baxter 595 marker. Another 

pulse of sediment into the basin begins the Retro 2 parasequence. Again, accommodation 
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space quickly dominates sediment supply and the shoreline is pushed landward. The 

Retro 2 parasequence culminates in the Baxter 585 flooding surface.  

The Aggro 1 parasequence represents an aggradational episode in Baxter history, 

indicated by a Pattern 3, vertically unchanging, facies succession pattern. Aggradation 

indicates a balance between sediment supply and accommodation, and suggests the 

shoreline remained relatively stable during Aggro 1 time. Aggro 1 ends with a flooding 

event coincident with the Baxter 580 marker. 

Baxter Sandstone deposition concludes with two progradational parasequences, 

Prog 1 and Prog 2. These are classic parasequences in the sense of Van Wagoner (1990), 

progradational shoreface sandstones bounded by marine flooding surfaces. Prog 1 is 

poorly sampled by core, but well log analysis indicates a Pattern 4 facies succession 

pattern, increasing energy upwards. This interpretation is corroborated by the presence of 

high energy Facies B sandstone near the top of the package. Progradation is halted by a 

floodback, indicated by the deposition of the Facies I volcanic ash below wave base. 

Above the Baxter 575 marker, progradation resumes with the Prog 2 parasequence. Three 

cores recovered rocks from Prog 2, each with higher energy facies towards the top 

(Figure 2.2). The Termination Draw 1-15 core changes from Facies G at the base to 

Facies C trough cross-bedded sandstone near the top. The Leucite Hills 5-33X increases 

from Facies E fine-grained sandstone to upper fine-grained Facies B within Prog 2. 

Deposition of the Baxter Sandstone ended with a major transgression. Evidence of 

this transgression can be found in the dramatic drop in depositional energy above the 

Baxter Sandstone marker (Figure 2.5) as grain size decreased from medium sand to silt. 

The presence of large rip-up clasts suggests erosional forces reworked the seafloor, 
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depositing the Facies A transgressive sand body above the Prog 2 parasequence (Figure 

2.4). High concentrations of glauconite indicate a depositional hiatus in the study area 

following deposition of the Facies A transgressive sand body.  

The five Baxter parasequences collectively form two parasequence sets (Figure 

2.16 A). Parasequence Set 1 consists of the Retro 1, Retro 2, and Aggro 1 parasequences. 

Retro 1 and Retro 2 both represent periods of retrogradation, as the shoreline retreated 

landward during early Baxter time. This landward migration slowed to a stop during 

Aggro 1 time and a condensed section formed offshore as sediment input into the basin 

declined. Parasequence Set 1 is dominated by retrogradation, and it forms the lowstand 

systems tract (LST) plus a minor transgressive systems tract (TST) in the Baxter 

Sandstone Sequence (Van Wagoner, 1990). Parasequence Set 2 contains the Prog 1 and 

Prog 2 packages. Above the Baxter 580 marker, sediment supply exceeded 

accommodation for the first time and the shoreline pushed back into the basin. 

Parasequence Set 2 is dominated by progradation and it forms the highstand systems tract 

(HST) in the Baxter Sandstone Sequence. Parasequence Set 1 begins with the Baxter 600 

lowstand surface of erosion, while Parasequence Set 2 ends with the Baxter Sandstone 

transgressive surface of erosion. These significant unconformity surfaces define 

Parasequence Sets 1 and 2 as collectively forming the Baxter Sandstone Sequence 

(Figure 2.16 A) by the definition of Mitchum (1977). 

 An alternative sequence stratigraphic model is envisioned wherein the Baxter 

Sandstone is composed of two sequences rather than two parasequence sets (Figure 2.16 

B). This model addresses concerns that deposits of the HST should not have reached far 

enough into the basin to have been deposited on top of LST sediments. In this model, the 
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Baxter Sandstone is composed of stacked LST sediments of two sequences: Baxter 

Sandstone Sequences 1 and 2. For this model to be viable, an erosional surface needs to 

exist separating the two sequences. No such erosional surface was identified during core 

interpretation, although a gap in core coverage prohibits dismissing the possibility 

(Figure 2.15). Baxter Sandstone Sequence 1 parasequences were deposited in a 

retrogradational stacking pattern, while Sequence 2 parasequences were deposited in a 

progradational stacking pattern. This indicates that accommodation, sediment supply, 

and/or relative sea level varied during the deposition of the two sequences.  

Two sediment inputs are interpreted to have sourced Baxter Sandstone deposits, 

one near LaBarge and one near the Rock Springs Uplift. The Termination Draw 1-15 

(LaBarge) and the Leucite Hills 5-33X (Rock Springs Uplift) both have high energy 

facies near the top of the respective cores. In the Termination Draw core, Facies C, a 

trough cross-bedded sandstone with little to no bioturbation, is interpreted as a proximal 

upper shoreface bathymetry, whereas the correlative interval in the Leucite Hills 5-33X 

contains Facies A medium-grained sandstone. Because Facies A is a transgressive sand 

body, it was subject to intense reworking and it is difficult to interpret a bathymetry. 

However, the medium grain size suggests Prog 2 on the Rock Springs Uplift was also 

deposited close to a sediment input. Because LaBarge and the Rock Springs Uplift are 

such a long distance apart (Figure 2.2), two sediment inputs are interpreted, each one 

feeding the respective delta lobes and shorefaces near each location. 
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2.4 Isopach Mapping and Basin History 

 An isopach map was created between the Baxter 550 to 630 markers, which are 

high confidence well log markers that bound the Baxter Sandstone Sequence, (Table 2.4, 

Figure 2.17). Isopach maps of the five parasequences comprising the Baxter Sandstone 

Sequence were generated (Figures 2.18 - 2.22). Additionally, an isopach map was created 

from the Baxter Sandstone to the Baxter 567 marker, documenting fill above the Baxter 

Sequence (Figure 2.23). Finally, isopach maps of Parasequence Sets 1 and 2 were 

constructed to document the LST and HST, respectively (Figures 2.24, 2.25). These 

isopachs were all plotted over the same Rock Springs Uplift study area to enable 

identification of changes in sand body geometry.   

 The isopach map of the 550 to 630 interval (Figure 2.17) shows thinning from 

northeast to southwest across the Rock Springs Uplift, which suggests the uplift was 

active during Baxter Sandstone time. Having an active structure underlying the study area 

creates complications in interpretation. Sandstone geometries are affected, which 

hampers efforts to infer depositional environment from sand body shape. Further, it is 

difficult to discriminate between clinoform toes in a prograding system and sands 

onlapping and thinning into an active structure. 

 Isopach maps of each of the five Baxter parasequences demonstrate inter-

relationships between deltaic deposition patterns and movement of the Rock Springs 

Uplift. The Retro 1 parasequence thins from southeast to northwest (Figure 2.18). This 

suggests a southeasterly sediment source. Retro 1 is anomalously thin near the top of the 

Rock Springs structure. This thinning is likely due to movement of the basement faults 

underlying the Rock Springs Uplift. Cross Section Line C (Figure 2.26) shows how 
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Baxter well log markers converge towards the crest of the Rock Springs Uplift, 

demonstrating structurally-controlled thinning. 

 The Retro 2 isopach map (Figure 2.19) documents a southerly sediment source. 

Cross Section Line A (Figure 2.27) illustrates thinning of Retro 2 to the north, as sand-

rich sediment supply wanes. Like Retro 1, the Retro 2 parasequence displays a lobate 

geometry, suggestive of deltaic deposition. Uplift of the Rock Springs structure is less 

apparent during Retro 2 time. 

 The Aggro 1 parasequence displays relatively consistent thicknesses across the 

study area, with the exception of a sediment thick north of Leucite Hills Field (Figures 

2.20, 2.27). This thick corresponds with faulting apparent in modern surface geology, as 

well as emplacement of a Quaternary volcanic dike (Love and Christiansen, 1985). These 

features indicate a zone of weakness that could have provided fault-based 

accommodation during the deposition of Aggro 1. 

 Prog 1 displays lobate geometry, thinning from southeast to northwest (Figures 

2.21, 2.28). This geometry is again suggestive of deltaic deposition sourced from the 

southeast. Sediment thicks north of Leucite Hills correspond with the areas of weakness 

that allowed for a thick Aggro 1 package. Like Retro 1 (Figure 2.18), Prog 1 also thins on 

top of the Rock Springs Uplift due to syndepositional uplift near the crest. 

 Prog 2 again demonstrates syndepositional thinning of a southeasterly sourced 

delta lobe near the crest of the uplift (Figure 2.22). Like Aggro 1 (Figure 2.20), and Prog 

1 (Figure 2.21), Prog 2 is thickest north of Leucite Hills Field. This thick is interpreted to 

be controlled by creation of fault-based accommodation and modified by erosion 

(discussed below).  
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 Isopach maps of the parasequence sets (Figures 2.24, 2.25) document a shift in 

sediment input from the LST to the HST. In Parasequence Set 1, sediment is sourced 

from the south. By Parasequence Set 2 time, the source has shifted to the southeast.  

  

2.5 Post-Depositional Erosion of the Baxter Sandstone 

 While Retro 1, Retro 2, and Aggro 1 gradually thin towards the north, Prog 1 is 

the first of the parasequences to display truncation north of Leucite Hills Field (Figure 

2.21). By Prog 2 time, the truncation is dramatic (Figure 2.22). This thinning is caused by 

a combination of two factors: (1) distal pinchout of sand-rich delta lobes; and (2) 

erosional modification during subsequent transgression. Regional cross sections explain 

this anomaly. 

 Line A (Figures 2.17 and 2.27) shows a significant change in stratigraphy from 

the relatively consistent parasequence thicknesses visible in Line C (Figures 2.17 and 

2.26). Line A begins in Leucite Hills Field and includes wells down structure to the 

northern edge of the Rock Springs Uplift. The markers that identify the Baxter Sandstone 

parasequences are truncated at the top of the sequence and are progressively truncated 

deeper in the sequence to the north. By the third well in the cross section, the Prog 2 

package is nearly totally truncated. By the fourth well, the Baxter 575 marker is no longer 

present, indicating Prog 2 has been removed. Four townships north of Leucite Hills, both 

the Prog 1 and 2 parasequences are almost completely removed. 

 Line D (Figures 2.17 and 2.29) documents variable depths of erosion in the 

Baxter Sandstone to the northeast of Leucite Hills Field. Line D shows the Baxter 575 

marker is not present in all wells. The Baxter 575 marker is coincident with Facies I, a 
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volcanic ash fall. Such an ash fall would have been deposited over a wide area and was 

likely deposited over the length the cross section. The absence of the Baxter 575 marker 

is best explained by erosional truncation. Remnants of Prog 2 remain where erosion did 

not cut down as deeply. These remnants may have been protected by fault-created 

accommodation. 

 An onlapping marine mudstone succession filled in the paleo-topography created 

by Baxter erosion. The isopach map of the Baxter Sandstone to the Baxter 567 marker 

(Figure 2.23) documents that this package is thickest where erosional truncation created 

additional accommodation space, north and east of Leucite Hills Field. Flat-lying well log 

markers in this mudstone package terminate against the Baxter Sandstone erosional 

surface (Figures 2.27, 2.29), demonstrating they were deposited as part of a younger 

sequence. 

 The progressive downcutting of the Baxter Sandstone followed by infilling of an 

unrelated package documents an erosional nature to the contact at the top of the Baxter 

Sandstone in parts of the study area. Facies analysis in this study provided evidence of a 

major transgressive event drowning the Baxter Sandstone Sequence. This transgression 

must have provided the erosional energy to remove portions of the Baxter Sandstone, as 

erosional ravinement accompanies transgressions.  

 

2.6 Paleogeographic Reconstruction of the Baxter Sandstone 

 The Baxter Sandstone Sequence begins with a drop in relative sea level creating a 

lowstand erosional surface. Deposition of Retro 1 commences as a fluvially-sourced delta 

brings a pulse of sediment onto this erosional surface from south to north. This sediment 
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consists of veryfine Facies G sandstone (Figure 2.18). Abundant and pervasive Cruziana 

ichnofauna indicate well-oxygenated seafloor conditions at moderate depths. Beds thin 

over the paleo-high created by the active Rock Springs structure. A floodback eventually 

drowns out sand body deposition. 

 Retro 2 commences with another sediment pulse that brings sands out into the 

seaway towards the Rock Springs Uplift from the south. Rocks are again composed of 

Facies G veryfine sandstone (Figure 2.19). Relative sea level rises during Retro 2 time, 

but reaches a still stand that allows for the deposition of the consistent fine-grained 

deposits of Aggro 1 (Figure 2.20). Uplift is less active during deposition of Retro 2 and 

Aggro 1. Faults reverse on the north of the Rock Springs structure, allowing for 

preservation of localized sand thicks. 

 Beginning with Prog 1 time, the retrogradation that dominated Parasequence Set 1 

gives way to the progradation that defines Parasequence Set 2 (Figure 2.16 A). A 

southeasterly sediment source becomes increasingly active and delta lobes build towards 

the northwest (Figure 2.21). High energy upper fine-grained Facies B sands are deposited 

as progradation reaches a peak. Glauconite forms in the reworked sediments as relative 

sea level rises. Volcanism to the west sources a Facies I ash fall that settles through the 

water column to the bottom of the Baxter Seaway.  

 A last delta lobe accompanies the Prog 2 parasequence in the Baxter Seaway. 

Depositional energy levels increase as bathymetry decreases. In the LaBarge area, 70 

miles west of Leucite Hills, facies switch from Cruziana bioturbated Facies G to 

Ophiomorpha bioturbated Facies F as bathymetries decrease and wave influence 

increases. Energy levels rise high enough to generate trough cross-bedding in Facies C. 
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Sediment sources protrude close enough to the Rock Springs Uplift to deposit medium-

grained sand. These delta-sourced sands are protected by fault-bounded lows.  

 Relative sea level drops enough to bring the study area above wave base, eroding 

unprotected sediment, and leaving depositional remnants of a previously more 

widespread delta system. Baxter Sandstone deposition ends with a major transgressive 

event flooding the seaway. Muddy interlobe deposits are ripped up and broken, sourcing 

clasts that are worked into the Facies A transgressive sand body above the transgressive 

surface. Glauconite forms as sediments are reworked during transgression. Phosphatic-

rich organic remains collect on the deepening sea floor as the transgressing seaway traps 

sediments near influx points. Only starved ripples representing the most distal deposits of 

the now far away sources reach the Rock Springs Uplift study area. These ripples 

alternate with the deep water silts and muds of Facies H. 

 

2.7 Depositional Model of the Baxter Sandstone 

Facies analysis, core description, and geobody mapping showed that the Baxter 

Sandstone was deposited as part of a deltaic system. The erosion documented during 

stratigraphic analysis in this study provides the final evidence necessary to allow for 

selection of the appropriate depositional model for the Baxter Sandstone. The Prog 2 

package of reservoir quality sandstone at Leucite Hills Field is interpreted to be a 

depositional remnant of a previously more widespread sand. Similar processes were 

documented by Martinsen (2003a and 2003b) and Vakarelov and Bhattacharya (2009) 

throughout the Rocky Mountain region. 
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One question key to the history of the Baxter Sandstone is what controlled where 

Baxter Sandstone was eroded and where Baxter Sandstone was preserved. The isopach of 

the Prog 2 parasequence shows isolated remnants of what was likely a more consistent 

package prior to erosion (Figure 2.22). Some of the thickest remaining sands are found at 

Leucite Hills Field, along the crest of the modern uplift. Changes in rates of uplift on the 

Rock Springs structure during deposition of the Baxter have been documented in this 

study. Martinsen (2003b) showed that the Rock Springs structure was high during 

Ericson time and low during the Almond, thus documenting relatively short order 

changes in direction of motion on the Rock Springs basement faults in younger 

formations. This study suggests that some of the basement faults that set up the Rock 

Springs structure briefly reversed during the Baxter Sandstone Sequence, creating 

pockets of lows and protecting HST sands from the erosional forces of the transgression 

that ended deposition of the Baxter Sandstone.  

  

2.8 Alternate Model of Baxter Sandstone Deposition 

 Facies change from sand to shale represents a second plausible theory for limits 

on preservation/deposition of the Baxter Sandstone Sequence. By this theory, no erosion 

surface or onlapping sediment package exists; sandstones simply graded into shales in the 

distal direction. This study believes the depositional remnant model to be stronger than 

the facies change model for the following reasons:  

 

(1) Erosional energy, the force required by the depositional remnant model, has been 

shown to be active at the top of the Baxter Sandstone by large rip-up clasts in the 
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Facies A transgressive sand body (Figure 2.5). Lateral variations in the depth of scour 

are plausible in a faulted environment and would create depositional remnants. 

 

(2) Correlating the Baxter Sandstone with no erosional surfaces would require Prog 2 

to change from medium sized sand to mudstone over relatively short lateral distances 

(Figures 2.27, 2.29). While such rapid changes in grain size are possible, intermediate 

fine-grained sandstone would be expected to be found. However, well logs indicate 

no intermediate facies are present; their absence suggests the Baxter Sandstone 

Sequence was erosionally truncated. 

 

(3) Key well log markers such as the Baxter 575 are not present in well logs in the 

interpreted eroded areas (Figures 2.27, 2.29). This Facies I volcanic air fall ash is 

interpreted to have been deposited over a wide area. Core analysis of the Leucite Hills 

5-33X indicated Facies I was deposited below wave base at Leucite Hills Field. 

Facies I is missing in the north, the interpreted distal direction, which was also likely 

below wave base, and therefore not subject to re-working. Thus, the absence of the 

Baxter 575 is most easily explained by erosional truncation. 

 

(4) A mudstone succession appears to onlap the interpreted Baxter Sandstone 

erosional surface (Figures 2.27, 2.29). Well log markers within this succession do not 

resemble the markers within the Baxter Sandstone Sequence. If facies change 

determined the extents of the Baxter Sandstone, at least some correlative markers 

would be expected to be found on well logs in the proximal and distal regions. The 
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absence of such correlative markers indicates the northern mudstones were deposited 

as part of a younger sequence. Deposition in two sequences precludes facies change 

and supports erosional truncation.
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Figure 2.1: Baxter Sandstone study wells; cored wells highlighted in red. Structure contours on top Mowry show major uplifts. Blue box shows area of isopach maps. 
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Figure 2.2: Facies successions and their relation to the Baxter stratigraphic packages (discussed in text). Cored intervals identified by blue boxes. Facies interpreted from core are shown in boxes on top of well logs. 

Facies succession patterns shown in arrows and dashed lines. Vertical scale: 2”:100‟. 

Pattern 1: abrupt low energy to high 

Pattern 2: decreasing energy upwards 

Pattern 5: abrupt high energy to low 

Pattern 4: increasing energy upwards 

Pattern 3: vertically unchanging 
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Figure 2.3: Facies successions in the Cedar Creek 12-32 and Green River Bend B-1-1 

cores. These two LaBarge Platform wells were cored in deeper Baxter sands and have 

similar well log profiles to the younger intervals shown on Figure 2.2. Vertical scale: 

3”:100‟.  
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Figure 2.4: Facies A type photo from Leucite Hills 5-33X at 4675‟ MD. Medium-grained 

glauconite-rich sand and large rip-up clasts. Both of these are indications of significant 

depositional energy. 
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Figure 2.5: Facies H over Facies A from Leucite Hills 5-33X at 4675‟ MD . Note 

glauconite and medium sized sand in Facies A. Burrowing organisms have carried Facies 

A material up into Facies H.  
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A)  

 

 

B)  

 

Figure 2.6: Facies B.  

A) Upper fine grain size sand with rip-up clasts from Leucite Hills 5-33X at 4680‟ MD.  

B) Ripple scour pit indicates the presence of currents swift enough to erode into 

underlying beds from Leucite Hills 5-33X at 4685‟ MD. 
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Figure 2.7: Facies C type photo from Termination Draw 1-15 at 4943 – 44‟ MD. Trough 

cross-bedding in an upper fine-grained sandstone. Arrow points to curved contact 

between sets. The scouring and lack of bioturbation indicate significant depositional 

energy.  
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Figure 2.8: Facies D type photo from Cedar Creek 12-32 at 5080‟ MD. 

Preserved laminations suggest low to moderate bioturbation. Arrow points to a 

Palaeophycus burrow.  
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Figure 2.9: Facies E type photo from Leucite Hills 5-33X at 4690‟ MD. 

Facies E consists of alternating erosive-based storm sandstone (white bed in middle) 

alternating with bioturbated clayey fine sandstone and wispy clay laminae.  
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A)  

 

  

B)  

 

Figure 2.10: Facies F. 

A) Facies F type photo is heavily bioturbated with a large Asterosoma burrow as the last 

domicile from Cedar Creek 12-32 at 5068‟ MD. 

B) Erosive-based sandstone with onlapping laminations imply deposition in a storm 

setting. Laminated and bioturbated sands both part of Facies F setting from Dry Basin 1-8 

at 4563‟ MD.  
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Figure 2.11: Facies G type photo from Green River Bend B-1-1 at 5145‟ MD. Some 

rippled sandstone and laminations are preserved from the surrounding bioturbation, 

suggesting currents were sufficiently active at times to kill burrowing organisms. Arrows 

point to Teichichnus, Planolites, and Schaubcylindrichnus ichnofauna. 
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Figure 2.12: Facies G bioturbated sandstones abruply overly Facies H siltstone from the 

Crooked Canyon 33-5 core at 4347 - 4354‟ MD.  
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Figure 2.13: Facies H type photo from Leucite Hills 5-33X at 4662‟ MD. Note the 

starved ripples, which indicate deposition far from sediment inputs. 

 

 

 

 

 

 

1” 



 
   

62  
 

 
 

Figure 2.14: Facies I type photo from Leucite Hills 5-33X at 4707‟ MD. Graded bedding 

suggests particles from a volcanic eruption settled through water to a quiescent sea floor. 

The beds are disturbed by a large Asterosoma burrow.  
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Figure 2.15: Leucite Hills 5-33X well log with the Leucite Hills 5-33X and Crooked 

Canyon 33-5 core descriptions. Two levels of stratigraphic packages are interpreted: 

those visible in core, and those correlative by well logs. The log markers used to correlate 

the packages are shown. Facies are color-filled by the code used in Table 2.2. 
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A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B) 

 

Figure 2.16: Baxter Sandstone sequence stratigraphic models. The well log markers that 

separate these packages are identified in red text. 

 

A) Proposed Baxter Model. The five parasequences make up two parasequence sets, 

which in turn comprise the Baxter Sandstone Sequence. Parasequences Retro 1, Retro 2, 

and Aggro 1 collectively form the lowstand sytems tract (LST), which ends with a 

condensed section (CS). Parasequences Prog 1 and Prog 2 comprise the highstand 

systems tract (HST).  

 

B) In the altnerate model, stacked LST deposits in the Baxter Sandstone were deposited 

in two separate sequences. No HST deposits are present.  
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Figure 2.17: Baxter 550 to 630 (identified on log inset by red dashed lines) isopach with 

Baxter 550 subsea structure overlain in gray. This isopach demonstrates the Baxter 

thinned over the Rock Springs Uplift during the time of Baxter Sandstone deposition. 

This indicates the Uplift was an active feature during Baxter time. Leucite Hills Field 

(text box) and Baxter Sandstone study cross section paths shown.  
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Figure 2.18: Retro 1 Isopach with Baxter 550 subsea structure. Retro 1 is bounded by the 

Baxter 600 and 595 markers (identified on log inset by red dashed lines). During Retro 1 

time, sand is thickest to the south, suggesting a southerly sediment input (identified by 

black arrow). The thin near the top of the Rock Spring Uplift (shown with text box and 

arrow) suggests the structure was active during this time. Baxter Sandstone study cross 

section paths shown.  
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Figure 2.19: Retro 2 Isopach with Baxter 550 subsea structure. Retro 2 is bounded by the 

Baxter 595 and 585 markers (identified on log inset by red dashed lines). The lobate 

geometry of Retro 2 is suggestive of deltaic deposition with a southerly sediment source 

(identified by black arrow). Baxter Sandstone study cross section paths shown. 
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Figure 2.20: Aggro 1 Isopach with Baxter 550 subsea structure. Aggro 1 is bounded by 

the Baxter 585 and 580 markers (identified on log inset by red dashed lines). 

Accomodation created by faulting allowed for deposition of the sediment thick north of 

Leucite Hills Field (text box). Aggro 1 sourced by southerly deltaic sediment input 

(identified by black arrow). Baxter Sandstone study cross section paths shown.  
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Figure 2.21: Prog 1 Isopach with Baxter 550 subsea structure. Prog 1 is bounded by the 

Baxter 580 and 575 markers (identified on log inset by red dashed lines). Prog 1 

documents a southeasterly sourced delta (identified by black arrow). Transgressive 

erosion modifed the distal edge of the Prog 1 parasequence (edge of erosion identified by 

text box and wavy red line). The Rock Springs Uplift was an active paleo-high during 

deposition (shown with text box and arrow). Baxter Sandstone study cross section paths 

shown. 
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Figure 2.22: Prog 2 Isopach with Baxter 550 subsea structure. Prog 2 is bounded by the 

Baxter 575 and Baxter Sandstone markers (identified on log inset by red dashed lines). 

Erosion of Prog 2 of sands has significantly altered the shape of Prog 2 geobodies (edge 

of erosion identified by text box and wavy red line). Thick remaining sands near Leucite 

Hills Field (text box) are interpreted to have been protected from erosion by reversal of 

basement faults. Deltaic sediments sourced from the southeast (identified by black 

arrow). The Rock Springs Uplift was an active paleo-high during deposition (shown with 

text box and arrow). Baxter Sandstone study cross section paths shown. 
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Figure 2.23: Baxter Sandstone to Baxter 567 marker (identified on log inset by red 

dashed lines) isopach map with Baxter 550 subsea structure. This package is thickest 

north and east of Leucite Hills Field (arrow and text box) where erosion (wavy line 

identified by arrow and text box) has created additional accommodation space. 

Mudstones in this succession onlapped against the Baxter Sandstone erosional surface. 

Baxter Sandstone study cross section paths shown. 
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Figure 2.24: Parasequence Set 1 isopach with Baxter 550 subsea structure. Parasequence 

Set 1 is bounded by the Baxter 600 and 580 markers (identified on log inset by red 

dashed lines). Parasequence Set 1 defines the LST and minor TST in the Baxter 

Sandstone Sequence. Deltaic sediment input sourced from the south (identified by black 

arrow). 
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Figure 2.25: Parasequence Set 2 isopach with Baxter 550 subsea structure. Parasequence 

Set 2 is bounded by the Baxter 580 and Baxter Sandstone markers (identified on log inset 

by red dashed lines). Parasequence Set 2 defines the HST in the Baxter Sandstone 

Sequence. Deltaic sediment input sourced from the southeast (identified by black arrow). 

Transgressive erosion modified the shape of the HST sand bodies (edge of erosion 

identified by text box and wavy red line).
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Figure 2.26: Line C. South from Leucite Hills Field. VE = 500x. The Baxter Sandstone and surrounding shales thin to the south (text boxes and arrows). This thinning is interpreted to be controlled by syndepositional 

movement of the Rock Springs Uplift.              
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Figure 2.27: Line A. North from Leucite Hills field. VE = 500x. Line A documents thinning of Retro 1 and 2 parasequences to the north. The anomalous thick in Aggro 1 (text box) is caused by a fault-generated 

increase in accomodation. Prog 1 and 2 thin to the north in a distal direction, and they are modified by transgressive erosion (text box). Relatively flat lying shale markers document onlap (text box) onto the erosional 

surface.              
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Figure 2.28: Line B. West to East across the Rock Springs Uplift. VE = 500x. Prog 1 is thickest in the southeast, towards the interpreted sediment source. Prog 2 is thickest west of Leucite Hills Field (text box), where 

faulting may create additional accommodation. 
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Figure 2.29: Line D. NE from Pine Canyon Field. VE = 500x. Line D documents significant erosion to the northeast of the Rock Springs Uplift (text box). Closer to Leucite Hills Field, incomplete truncation preserved 

all of the Prog 1 parasequence as well as discrete lobes of Prog 2 (text box).
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Table 2.1: Baxter Sandstone core interpreted in this study 

 

Operator Well Name Section Township Range API Top Depth 
Bottom 
Depth 

Age 
Equivalent 
to Leucite 

Hills 5-33X? 

EOG Dry Basin 1-8 8 28N 113W 4903521069 4541' 4588' Yes 

EOG Termination Draw 1-15 15 28N 113W 4903521070 4938' 4977' Yes 

EOG Green River Bend B-1-1 1 26N 113W 4902320702 5088' 5151' Older 

EOG Cedar Creek 12-32 32 27N 113W 4903521068 5026' 5055' Older 

Samson 
Resources 

Crooked Canyon 33-5 5 21N 103W 4903728117 4310' 4425' Yes 

Samson 
Resources 

Leucite Hills 5-33X 33 22N 103W 4903727685 4649' 4712' Yes 
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Table 2.2: Facies characteristics 

 

Facies Facies Name 
Color 
Key 

Composition 
Sedimentological 

Features 
Clay 

Proportion 
Bioturbation 

A 
Skolithos bioturbated glauconitic 

medium-grained transgressive sand 
  

fine to medium-grained 
glauconitic sandstone 

rip-up clasts > 6 cm 20 - 30% 30 - 40% 

B 
Conichnus bioturbated glauconitic 
fine-grained lag 

  
upper fine-grained 
glauconitic sandstone 

rip-up clasts > 3 cm, 
laminations 

10 - 50% 20 - 60% 

C 
Trough cross-bedded veryfine-
grained sandstone 

  
upper veryfine-grained 
sandstone 

trough cross-bedding, lag 
deposits 

15% 10% 

D 
Laminated veryfine-grained 
sandstone 

  veryfine-grained sandstone 
laminations, current 
ripples, erosive-based 
sand beds 

25 - 50% 25 - 60% 

E 
Thalassinoides bioturbated clayey 
fine-grained sandstone 

  
fine-grained clay-rich 
sandstone 

laminations, erosive-based 
sand beds 

40 - 70% 30 - 60% 

F 
Ophiomorpha bioturbated veryfine-
grained sandstone 

  
veryfine to fine-grained 
sandstone with organic-rich 
lags 

erosive-based sands 20 - 50% 30 - 70% 

G 
Cruziana bioturbated veryfine-
grained sandstone 

  veryfine sandstone loading, ripples 50 - 60% 15 - 70% 

H 
Laminated siltstone with isolated 
ripples 

  siltstone 
veryfine-grained ripples, 
laminations, recumbent 
folds 

40 - 80% 15 - 70% 

I Volcanic ash bed   
volcanogenic lower 
veryfine sandstone 

normal grading 60% 30% 
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Table 2.3: Occurrence of ichnofauna by facies and facies by core 
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A 
Skolithos bioturbated glauconitic 
medium-grained transgressive sand   X   X X X                 

 
X           

B 
Conichnus bioturbated glauconitic fine-

grained lag     X     X       X         
 

X     X     

C 
Trough cross-bedded veryfine-grained 
sandstone   X                         

 
        X   

D Laminated veryfine-grained sandstone                 X X         
 

X   X       

E 
Thalassinoides bioturbated clayey fine-
grained sandstone         X X       X       X 

 
X           

F 
Ophiomorpha bioturbated veryfine-
grained sandstone   X   X X   X X X X X X     

 
    X X X X 

G 
Cruziana bioturbated veryfine-grained 

sandstone   X       X   X X X X X X X 
 

  X   X X X 

H 
Laminated siltstone with isolated 
ripples                   X X X   X 

 
X X   X     

I Volcanic ash bed               X             
 

X           
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Table 2.4: Well log markers used in Baxter Sandstone analysis 

 

Marker 
Packages Bound 

by Marker 
Confidence 

of Pick Log Characteristics 
Facies 

Characteristics 

130   High High GR streak Not cored 

550   
High 

Base of a coarsening upwards 
package 

Not cored 

567 
Top of Erosional 

Fill 
Low Resistivity drop Facies H 

Baxter 
Sand 

Top of Prog 2, 
Base of 

Erosional Fill 
High Top of sand in the Baxter 

Facies H over 
Facies A 

575 
Top of Prog 1, 
Base of Prog 2 

High 
Sharp increase in GR and 
decrease in Resistivity 

Facies I 

580 
Top of Aggro 1, 
Base of Prog 1 

High 
Resistivity drop followed by 
coarsening up signature 

Not cored 

585 
Top of Retro 2, 
Base of Aggro 1 

Low High GR streak Facies G 

595 
Top of Retro 1, 
Base of Retro 2 

Medium 
Lower GR and Higher Res 
abruptly overlie High GR and Low 
Res 

Facies G 

600 Base of Retro 1 
High 

Lower GR and Higher Res 
abruptly overlie High GR and Low 
Res 

Facies G over 
Facies H 

630   
High 

Fining upwards below and 
coarsening upwards above 

Not cored 

900   High High GR streak Not cored 
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CHAPTER 3 

BAXTER SANDSTONE PETROGRAPHY AND PROVENANCE 

 

Petrographic analyses yield insights into the provenance of a unit, environment of 

deposition, burial history, and performance as a hydrocarbon reservoir. These outcomes 

are essential to understanding the Baxter Sandstone as a petroleum system (Magoon and 

Dow, 1994). Petrography of the Baxter Sandstone was evaluated through petrographic 

thin section and QEMScan analyses, X-ray Diffraction, and Scanning Electron 

Microscopy (Table 3.1).    

 

3.1  Methods 

Petrographic thin section analysis identified the volumetric proportions of 

framework grains, cements, matrix, and porosity in the Baxter Sandstone. Proportions of 

framework grains can be used to classify sandstones (Folk, 1974), which enables 

interpretation of provenance (Pettijohn et al., 1972, Dickinson and Suczek, 1979). 

 QEMScan analysis uses an SEM array with EDS X-ray detection that moves 

across the sample at a consistent spacing, generally chosen to be significantly smaller 

than average grain size. QEMScan provides automated mineral identification through a 

preset algorithm that classifies samples by combinations of elements. QEMScan analysis 

(1) serves as a check on petrographic thin section interpretations by identifying minerals 

through elemental chemistry; (2) identifies minerals that did not appear in other analyses; 

and (3) makes the fabric of the samples readily apparent in false color images.  
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X-ray Diffraction (XRD) is a tool for bulk mineral identification. It is commonly 

used to determine clay mineralogy, though it also identifies non-clay minerals. The 

results of XRD can be used to estimate burial depths when mixed layer illite and smectite 

are present. 

The Scanning Electron Microscope (SEM) is a microscope that uses a high-

energy beam of electrons instead of optical waves, as in traditional optical microscopes. 

Complementing the modal analyses of thin section and QEMScan petrography, SEM-

EDS provides textural data key to understanding diagenetic changes within the reservoir. 

SEM images are useful for understanding the pore system within the Baxter Sandstone. 

Combined with an Energy Dispersive Spectroscopy system (EDS), SEM provides the 

approximate elemental make up of a sample, which greatly enhances identification of 

minerals in the image. SEM analysis is essential for paragenetic analysis, since relative 

timing of authigenic deposition and dissolution can be inferred from the images 

produced.  

 

3.1.1 Petrographic Thin Section Analysis Methods 

Thirteen rock samples representing Facies A, B, and I, from the Prog 1 and Prog 2 

parasequences and transgressive sand body in the Leucite Hills 5-33X core were prepared 

into slides by National Petrographic Services in Houston, TX. Slides were (blue) epoxy 

impregnated to facilitate porosity estimation and stained for both plagioclase and 

potassium feldspars. All slides were qualitatively examined under microscope for 

stratigraphic and paragenetic relationships. Five slides were chosen to proceed with 

quantitative point count analyses (Table 3.1). These five samples were selected to capture 



 
    

84  
 

porous layers within the reservoir, lower porosity bioturbated reservoir, an inferred 

transgressive surface, and a volcanic ash bed. Slides were analyzed using standard modal 

point count methods consisting of 300 measurements per slide (raw data in Appendix F). 

Samples were then categorized by the Folk (1974) and Dickinson and Suczek (1979) 

methods. The discussion below presents petrographic thin section analysis results for 

framework grains, cements/matrix, and porosity. 

 

3.1.2 QEMScan Methods 

QEMScan analysis was performed on seven samples from the Leucite Hills 5-

33X core (Table 3.1). These samples include the five samples on which petrographic thin 

section point counts were performed, with the addition of a Prog 2 parasequence Facies E 

sandstone and a Facies H siltstone above the Baxter Sandstone TSE. Data generated 

include mineral bulk volumes (Appendix F) and false color images (Appendix C) 

illustrating the distribution of mineral phases within the sample.  

Petrographic thin sections were provided to the Advanced Mineralogy Research 

Center laboratory at the Colorado School of Mines. The slides were carbon coated to 

provide the electrical conductivity necessary for SEM analysis. Data were collected at 20 

micron spacing, well below the 62 micron minimum size of veryfine sandstones. The 

mineral database was optimized to preferentially indentify minerals likely to be found in 

a sedimentary environment and to properly classify boundary phases at grain contacts. 

QEMScan data adds to the understanding of framework grains, cements/matrix, and 

porosity in the Baxter Sandstone. Results of QEMScan analyses are discussed below. 
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3.1.3 SEM-EDS Methods 

The five key samples from the Leucite Hills 5-33X core were again selected for 

SEM analysis (Table 3.1). Rock samples were prepared in standard fashion and coated 

with gold to provide the conductivity necessary for SEM work.  

Minerals were identified in SEM analysis by characteristic shapes and cleavages 

(Appendix E). Minerals lacking diagnostic forms were identified through comparison of 

EDS signatures to standard published signatures (Welton, 1984). Grain sizes were 

approximated by the portion of the image occupied at a known magnification. Conditions 

of pores were noted, whether open and likely permeable to fluid, or filled in with 

authigenic clays and cements. Secondary porosity created by dissolution of framework 

grains was identified. Paragenetic information, such as one authigenic mineral growing 

on top of another, was documented and will be discussed in the paragenesis section. 

 

3.1.4 XRD Methods 

Five rock samples from the Leucite Hills 5-33X core were collected at the same 

depths at which petrographic thin sections were prepared, as well as three additional 

samples in Prog 1 Facies E, Prog 2 Facies I, and Prog 2 Facies E (Table 3.1). Rocks were 

broken into a powder with a ball mill. Powder from each sample was loaded into a 

random orientation packed powder mount and run through the diffractometer at 4° to 40° 

2θ spacing at 1.2° per minute. Net intensity plots were generated by performing 

background subtraction (Appendix B). 

Upon completion of whole rock analysis, air-dried diffractograms were prepared. 

The air-dried diffractograms are useful for identifying clays for two reasons. First, 
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centrifugation size-separates the samples, eliminating non-clay minerals that tend to form 

larger grains. Second, the millipore filter transfer and air-drying techniques helps clays 

orientate parallel with the mounting slides, enhancing reflections during XRD (Moore 

and Reynolds, 1997). The clay-size samples were then run through the diffractometer at 

the same settings used for whole rock analysis. 

The air-dried slides were then solvated with glycol to identify expandable clays. 

The samples were then baked at two temperatures: 375° C to identify mixed layer clays 

and 550° C to address overlapping kaolinite and chlorite peaks. Results are presented in 

the clay discussion below. 

 

3.2 Results  

 The petrographic studies of the Baxter Sandstone provided data on volumes of 

framework grains, cements, matrix, porosity, and clays. These results are presented 

below.  

 

3.2.1 Framework Grains 

 Petrographic thin section (Figure 3.1) and QEMScan analyses (Figure 3.2) 

indicate monocrystalline quartz is the most abundant framework grain in the Baxter 

Sandstone. Rare monocrystalline quartz grains exhibit undulose extinction, possibly 

indicating they have undergone moderate metamorphic stress (Blatt and Christie, 1963). 

Quartz grains were readily identifiable by conchoidal fracture faces in SEM images. 

While most quartz grains in the Baxter Sandstone are sub-angular to sub-rounded, 



 
    

87  
 

QEMScan images documented angular quartz grains in Facies I. These grains are 

interpreted to have been deposited by a volcanic ash fall (Chapter 2). 

Feldspars constitute almost 20% of the bulk volume of all Baxter Sandstone 

samples. Facies A, the transgressive sand body above the Prog 2 parasequence, contains 

the least feldspar (11.0%) (Figure 3.1). Plagioclase is more abundant than potassium 

feldspar in all samples (Figure 3.3 A). 

Lithics comprise a high percentage (22.7%) of Facies A. The abundance of lithics 

is due to a uniquely high percentage of chert. Facies B has moderate proportions of both 

chert and sedimentary rock fragments. Facies I contains no rock fragments and no chert, 

and therefore contains no lithics.  

Other framework grains in the Baxter Sandstone include glauconite, heavy 

minerals, and biotite; of these, glauconite is the most important. Sample 4675.5 (Facies 

A) has the highest percentage of glauconite of any of the samples, at 11.3% of the 

volume. Sample 4711.6 (Facies B) also contains significant volumes of glauconite 

(5.0%). Both samples 4675.5 and 4711.6 are found at the top of progradational 

parasequences, Prog 2 and Prog 1, respectively, where glauconite formation is expected. 

Heavy minerals were identified under microscope by high relief and birefringence colors. 

SEM analysis identified biotites by excellent platy cleavage and EDS signatures, which 

indicated the presence of K, Fe, Al, Si, and Ti.  

Alteration of framework grains is common in the Baxter Sandstone. Feldspars 

show the most degradation, altering to clays, or partially to completely dissolving to form 

secondary porosity (Figure 3.4). Despite the resistance of chert, Baxter Sandstone 

samples contain numerous examples of chert altering to other minerals such as pyrite and 
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clay (Figure 3.5 B). “Bloated” biotite occurs where the biotite grain is being altered along 

cleavage planes and splitting apart in the process (Figure 3.5 A). These alterations 

become the source of cements and are discussed further in the cementation history 

section. Mechanical deformation of framework grains is discussed under the section on 

compaction. 

 

3.2.2 Cements and Matrix 

Carbonates constitute nearly all the cements in the Baxter Sandstone. QEMScan 

analysis identified high concentrations of dolomite (11%) and calcite cements (28%) in 

Facies H above the Baxter Sandstone; these cements are found in lesser proportions in all 

the other samples. Facies A is significantly cemented by calcite, constituting 13.7% of the 

rock volume. SEM-EDS analysis identified minor ankerite cement, a mineral close in 

composition to dolomite, but containing Fe in addition to Mg. Ankerite was found 

coating grains in Facies B (Figure 3.7 C). QEMScan identified much higher volumes of 

dolomite (4% average) than were identified in thin section petrography (trace amounts). 

Rare grain replacement by carbonates was observed in Baxter Sandstone samples. 

Dolomite crystals were identified in petrographic thin section analysis by characteristic 

rhombohedral shapes (Figure 3.6). These dolomite crystals formed within a glauconite, 

documenting incipient grain replacement. Complete grain replacement was observed in 

feldspar-shaped clasts, now composed of calcite. 

Rare quartz, pyrite, and feldspar cements were identified in Facies B. Quartz 

cement (1.3%) was identified by euhedral crystal forms developing into pore space 

(Figures 3.8 A, 3.7 D). Pyrite was identified in petrographic thin section and SEM 
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analysis by a spherical form (Figures 3.5 B, 3.9 B). EDS spectra were employed to 

identify Facies B feldspar cements (Figure 3.7 D). 

Facies I is the only Baxter sample that contains significant volumes of clay matrix 

(Figure 3.10). This is likely because this volcanic ash was deposited below wave base and 

experienced limited winnowing of fines. Additionally, the high proportion of plagioclase 

feldspar provided abundant source material for authigenic clay development.  

 

3.2.3 Porosity 

Porosity in the Baxter Sandstone is approximately evenly divided between 

primary and secondary (Figure 3.10). Primary porosity results from the preservation of 

intergranular pore space in spite of the deleterious effects of compaction and formation of 

authigenic clays and cements. Primary porosity is highest in Facies B, with two samples 

greater than 9%, and lowest in Facies A and I, which contain no primary porosity. 

 Secondary porosity is created by dissolution of early cements and unstable 

framework grains, largely feldspars in the Baxter Sandstone (Figure 3.4). Like primary 

porosity, secondary porosity is also highest in Facies B (as high as 12%). Facies A 

contains little secondary porosity (1.3%) and Facies I has no secondary porosity.  

Fracture porosity and microporosity are minor components of the Baxter 

Sandstone. Petrographic thin section analysis identified microporosity in altered minerals 

(Figure 3.11 B). Microporosity is unlikely to be effectively connected to the surrounding 

pore network. While Facies I has no primary or secondary porosity, it does contain minor 

(2%) fracture porosity.  
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3.2.4 Differences between QEMScan and Point Count Analyses 

Interpretation of QEMScan and petrographic thin section results identified 

significant variations between the techniques (Figure 3.12). Evaluating the areas of 

maximum disagreement yields insights into fundamental differences between the way 

QEMScan and petrographic thin section analyses acquire data, as well as potential errors 

inherent in each methodology. 

QEMScan mass percent calculations of quartz and feldspar are routinely higher 

than those of point count analysis. One reason for this is that QEMScan does not have an 

“altered mineral” category, as was used in petrographic thin section point counts in 

instances where a mineral had undergone too much diagenesis to be reliably identified 

visually. In such cases, the spectroscopic signatures used by QEMScan may more reliably 

pick degraded minerals than is possible using optical techniques.  

Higher quartz and feldspar counts in the QEMScan dataset are also caused in part 

by the inability of QEMScan to identify sedimentary rock fragments. These recycled bits 

of older formations are identified during petrographic thin section analysis by 

incongruous shapes. QEMScan, however, has no ability to recognize context. Therefore, 

any sampling points within a rock fragment will be categorized instead as the constituent 

minerals. Because QEMScan relies on chemical makeup rather than morphology to 

identify minerals, the technique is similarly unable to distinguish between framework 

grains and quartz and feldspar cements, or between the different types of porosity.  

QEMScan and petrographic thin section methods disagree on the volume of 

biotite in Facies I; petrographic thin section analysis yielded 10.7% biotite while 
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QEMScan analysis detected none. However, QEMScan identified anomalously high 

levels of illite/smectite (30%) in Facies I. This study suggests the biotite in this sample is 

retaining the optical properties and morphology of biotite while the chemical formula 

belies a diagenetic alteration to clay. 

The small sample spacing of QEMScan may enable it to identify minerals 

difficult to identify by petrographic thin section analysis. QEMScan identified significant 

quantities of dolomite (4% average) throughout the Baxter Sandstone. Dolomite crystals 

identified in petrographic thin section analysis occupied little of the field of view of the 

microscope even at maximum optical power (400x). Petrographic thin section analysis 

likely failed to adequately sample dolomite because of the small crystal size in the Baxter 

samples. 

 

3.2.5 Clays 

Kaolinite and chlorite present difficulties in XRD analyses because they are 

common in sedimentary rocks and have overlapping peaks on XRD diffractograms. In 

Facies A, the air-dried diffractogram (Figure 3.13) has a chlorite 001 reflection, 

positively indicating the presence of chlorite. The kaolinite 001 and 002 peaks overlap 

with the chlorite 002 and 004 peaks, respectively, making it a challenge to positively 

identify kaolinite. This problem can be addressed to a certain degree by baking the 

sample to 550° C (Moore and Reynolds, 1997). Baking the sample to that temperature 

destroys the structure of kaolinite such that it no longer produces reflections, and at the 

same time enhances the chlorite 001 peak.  These results are seen in the baked 
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diffractogram (Figure 3.13). Thus, chlorite is positively identified, and the presence of 

kaolinite is suspected, but not proved by XRD. 

While XRD analysis was unable to distinguish between kaolinite and chlorite in 

Baxter samples, other methods were definitive. Kaolinite “packets” frequently fill pore 

space in sedimentary rocks (Wilson and Pittman, 1977). This filling of pore space was 

visible in petrographic thin section (Figure 3.11 A) and SEM (Figure 3.9 B) images. 

Chlorite was identified in Facies B petrographic thin section (Figure 3.8 B) and SEM 

images (3.7 A) by needle-like grain-coating texture. QEMScan analysis identified the 

presence of both kaolinite and chlorite by chemical signatures. 

Illite and swelling clays were most easily identified by X-ray diffraction in this 

study. These clays are too small to identify visually by petrographic thin section analysis, 

and in QEMScan analysis, illite, muscovite, and smectite are grouped together because 

the chemical formulas of these minerals are too similar to allow confident discrimination. 

Identification through EDS spectra analysis is possible, though challenging because of 

the wide range of peak heights and large numbers of elements in the chemical formulas 

of these clays (Figure 3.9 C). XRD provides a more repeatable analysis of these clays 

since it measures spacings within the structures of minerals rather than relying on the 

chemical formulas. In Baxter samples, the peak near 8.8° 2Θ indicates the presence of 

discrete illite, glauconite, or perhaps both (Figure 3.13). 

Samples were glycolated during XRD analysis to aid in identification of swelling 

clays. Smectite “shoulders” on the air-dried diffractograms at approximately 7.0° to 9.0° 

2Θ suggested the presence of swelling clays. Glycol occupies the interlayers of swelling 

clays more effectively than water vapor. Therefore, glycolated samples have a more 
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consistent d-spacing than air-dried samples and have sharper and more conclusive 

smectite peaks. The Baxter glycolated diffraction patterns do indeed have sharper peaks 

in the smectite range of 2Θ compared with the air-dried patterns (Figure 3.13 A). This 

indicates the presence of smectite, as other clays are not markedly affected by solvation 

(Moore and Reynolds, 1997). 

Facies A and I glycolated XRD patterns indicate the presence of mixed layer 

clays. Mixed layer clays are most commonly composed of illite and smectite in 

sedimentary rocks (Moore and Reynolds, 1997). In a mixed layer clay, peaks will not be 

present at the d-spacing of the pure end members, but will instead be located between the 

two nearest peak positions. These peaks are referred to as superlattice peaks and are 

labeled 00l*. In Facies A, peaks are located at superlattice spacings rather than at the end 

member positions (Figure 3.14). The concavity of the 001* peak suggests that more illite 

than smectite is present (Moore and Reynolds, 1997). In Facies I, the superlattice peaks 

are markedly increased relative to Facies A due the clay-rich nature of this volcanic-

sourced sample. Again, no peaks are found at the end member spacings, which is strong 

evidence for mixed layering. In Facies B samples, glycolation does not have a 

pronounced effect (Figure 3.13 B). Hence, little to no smectite is present, and therefore 

no mixed layer clays are interpreted. 

Baking samples to 375° C further aids in the identification of mixed layer clays.  

The glycol-solvated curve depicts a “shoulder” caused by the presence of smectite 

between 6.5° and 8.5° 2Θ. Baking to 375° C destroys the structure of smectite, but not 

illite. As expected for a sample containing illite/smectite, the baked sample shows a peak 

resembling pure illite with a 001 peak at 8.8° 2Θ. The diffractograms of an interpreted 
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ash bed illustrate this principle more dramatically (Figure 3.13). Here, the strong smectite 

peak at 6.5° collapses to illite upon baking to 375° C. Thus, the presence of mixed layer 

illite/smectite is confirmed. 

 

3.3 Diagenesis 

Diagenetic analysis of the Baxter Sandstone identifies the complex chemical 

changes that occurred post-deposition. Rising pressures during burial resulted in 

mechanical and chemical changes in the Baxter Sandstone. Interactions between 

interstitial fluids and framework minerals led to dissolution of framework grains. The 

ions made available during this process provided source material for the precipitation of 

authigenic clays and cements.  

 

3.3.1 Cementation History 

Carbonates comprise the vast majority of cements in the Baxter (Figure 3.10, 

Appendix F). Carbonate cements documented in the Baxter include calcite, dolomite, and 

ankerite. Baxter petrographic thin sections display a variety of calcite pore-filling and 

replacement textures. Baxter Sandstone framework grains completely surrounded by 

calcite are “floating”; that is, they are not in contact with other grains. This is not possible 

without dissolution of unstable framework grains or shell tests and subsequent 

replacement by calcite cement. This cement may be derived from the dissolved shells or 

lime beds during burial (Bjørkum and Walderhaug, 1990).  

Analogs to the Baxter Sandstone suggest carbonate cementation occurred early in 

the burial history. Outcrop studies of Cretaceous sandstones in the Book Cliffs document 
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significant, laterally persistent, zones of carbonate cementation developed beneath major 

transgressive surfaces (Taylor et al., 2000). This cementation occurred just after burial as 

transgression slowed deposition and increased residence times in early diagenetic zones. 

Both point count and QEMScan analyses of the Baxter Sandstone show high proportions 

of carbonate at the top of the sequence, decreasing with depth; this profile matches that of 

the Book Cliffs example. Dissolution of early carbonate cements likely contributed to the 

development of secondary porosity in the Baxter. 

The Baxter Sandstone at Leucite Hills Field never reached burial depths at which 

quartz cementation became volumetrically significant (Bjørlykke and Egeberg, 1993). 

Rare quartz overgrowths precipitated from silica-saturated pore fluids likely sourced from 

three processes: (1) dissolution of quartz grains during stylolite formation processes 

where quartz grains came into contact with clay minerals (Lander and Walderhaug, 

1999); (2) intergranular pressure solution due to compaction forces; and (3) clay-mineral 

transformations in surrounding shales (Dutton, 1997). While some workers report early 

quartz cementation in Cretaceous sandstones, studies of sandstones in multiple basins 

find formations buried to less than 9,000 ft have very little quartz cement (cf. Machemer 

and Hutcheon, 1988 and Bjørlykke and Egeberg, 1993). Early quartz cement is rare 

because the processes that generate silica-saturated fluids require temperatures only 

found at significant depths.  

Quartz cementation in the Baxter may have been further hindered by the presence 

of chlorite. Coatings of chlorite and other clays and cements may inhibit quartz 

cementation (Heald and Larese, 1974). Petrographic thin section and SEM images 
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document the presence of such coatings on framework grains in Baxter Sandstone 

samples.  

Other cements in the Baxter include pyrite and feldspar. Pyrite may be sourced 

from the breakdown of biotite (Machemer and Hutcheon, 1988), a process documented in 

Baxter petrographic thin section analysis. Pyrites formed after carbonate cements in the 

Baxter (Figure 3.7 C). Dissolved feldspar framework grains are abundant in the Baxter 

and provide a source of feldspar cements. These cements formed after quartz cements in 

the Baxter (Figure 3.7 D).  

 

3.3.2 Compaction 

Mechanical compaction is the primary cause of porosity reduction in sandstones 

(Houseknecht, 1987). Intergranular volumes (IGV‟s) near the 26% packing limit (Figure 

3.10) suggest Baxter Sandstones are fully mechanically compacted. This is the lowest the 

IGV can fall by packing alone, as framework grains adjust into the most efficient 

geometry due to the pressure of overburden. IGV‟s can be lowered further as ductile 

grains under pressure flow into available pore space. Since IGV‟s have not been 

significantly reduced below the packing limit, it is interpreted that compaction in the 

Baxter has not proceeded to advanced stages where ductile grain flow is more prevalent. 

While IGV‟s suggest only moderate levels of compaction have been reached in 

the Baxter, petrographic thin section analysis provides rare examples of grain 

deformation. Examples of such deformation include bent biotite grains and plagioclase 

lamellae displaced due to contact with adjacent grains.  
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Stylolite formation is initiated by the pressures of burial, and is therefore an 

indicator of compaction. These linear features contain residual material leftover after 

framework grains have dissolved away (Harris, 2006). The dissolution of framework 

grains is indicated by an increase in pitted, partially dissolved grains near stylolites. 

Stylolites tend to be rich in organics and hence have a dark brown appearance. Minerals 

identified within Baxter stylolites include calcite, clays, quartz, pyrite, feldspars, and 

micas. Stylolites make up a significant percentage of Facies A and B (Figure 3.10) 

indicating the Baxter has experienced significant chemical compaction forces. The 

formation of stylolites can lead to further diagenetic changes within arkosic sandstones, 

including formation of authigenic illite, dissolution of quartz, and precipitation of 

carbonates (Harris, 2006); examples of all these changes are found within the Baxter. 

Grain contacts provide additional support for the interpretation of moderate 

compaction forces in the Baxter Sandstone. Long contacts are the most prevalent contact 

type (Figures 3.8 B, 3.4 B). The rarity of point contacts indicates grains have re-oriented 

and deformed under compaction forces. Interpenetrating contacts are also rare, suggesting 

compaction has not proceeded to the point of grain dissolution.  

 

3.3.3 Illite/Smectite as a Geothermometer 

The percentage of illite in mixed layer illite/smectite can be used to estimate 

maximum burial depth. It is possible to estimate the percentage of illite in a mixed layer 

clay through measurement of the distance between the illite/smectite 002* and 005* 

superlattice peaks. In Sample 4707.2 (Facies I), the 005* peak is found at 16.9° 2Θ while 

the 003* peak is at 9.8° 2Θ. Subtraction of the two values yields 7.1° 2Θ (Moore and 



 
    

98  
 

Reynolds Table 8.3). These values suggest illite percentages of approximately 70%, with 

a Reichweite value of one (R1), indicating ordering of the layers in the clay structure, 

rather than random distribution. This interpreted ordering is supported by a 002* peak at 

7.0° 2Θ (Moore and Reynolds, 1997). Workers analyzing Cretaceous shales in the 

Denver Basin found that 70% illite in mixed layer illite/smectite corresponded with 

maximum burial depths of 8,000‟ to 11,000‟ (Elliott et al., 1991). Other studies in the 

Gulf Coast showed that conversion from R0 to R1 ordering occurred at depths of 

approximately 10,000‟ (Hower et al., 1976). While these studies may indicate the Baxter 

was at one time buried deeper than it is presently found, significant variation in smectite 

to illite transformation occurs by basin and formation, due perhaps to differences in 

geochemistry between basins (Moore and Reynolds, 1997). 

 

3.3.4 Paragenesis 

A paragenetic history of the Baxter Sandstone is interpreted from petrographical 

analysis as follows (Figure 3.15): (1) glauconite developed at the top of progradational 

parasequences during flooding events shortly after deposition; (2) carbonate cements 

sourced from dissolution of shell tests formed during early burial; (3) during compaction 

of the Baxter, porosity decreased to the 26% IGV packing limit; (4) mixed-layer 

illite/smectite began converting to illite as formation temperatures increased; (5) 

interstitial fluids super-saturated with calcite led to feldspar framework grain replacement 

by calcite; (6) feldspars preferentially dissolved, creating secondary porosity; (7) biotites 

and feldspars altered to authigenic pyrite, kaolinite, chlorite, illite, and smectite; (8) 

further compaction created stylolites, dissolving quartz grains; (9) quartz overgrowths 
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formed from silica-saturated fluids generated by stylolites; (10) feldspar cements 

precipitated in the pore system; and (11) mechanical deformation of framework grains 

commenced during deepest burial. 

 

3.4 Baxter Sandstone Provenance  

Two Baxter Sandstone provenance types are interpreted from ternary diagrams 

(Figure 3.3) of framework grains using point count data: (1) Facies A and B recycled 

orogen; and (2) Facies I magmatic arc. 

Facies A and B are both sourced from uplifted sediments and basement in the 

overthrust belt to the west of the Cretaceous Western Interior Seaway (Figure 1.3). Such 

a provenance would be expected to produce fluvial/deltaic systems with easterly transport 

directions. However, stratigraphic analysis documented Baxter Sandstone delta lobes 

transporting sediment from south to north (Chapter 2). Such a rotation of delta lobes 

relative to provenance could be the result of a fluvial system sourcing an embayment in 

the Baxter Seaway (Figure 3.16). Modern day examples of such rotations have been 

documented (Suter and Clifton, 1999). Rotations of delta lobes relative to source terrane 

have also been documented in the Western Interior Seaway in settings with strong tidal 

influence (Steel et al., in press). 

The proportion of lithic fragments in these facies (chert and sedimentary rock 

fragments) relative to feldspar (Figure 3.3 C) indicates a recycled orogen provenance, 

which includes fold and thrust belts such as the Sevier thrust belt in the western United 

States (Dickinson and Suczek, 1979, Pettijohn et al., 1972). The presence of moderate to 
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high volumes of potassium feldspar, monocrystalline quartz, and a sedimentary lithic 

fragments (Figures 3.3 A and B) preclude a volcanic origin for Facies A or B. 

While Facies A and B are sourced from similar provenances, the high percentage 

of lithic fragments in Facies A (Figure 3.3 C) indicates it has been subject to more 

reworking than Facies B. This reworking occurred during the interpreted major 

transgression that ended deposition of the Baxter Sandstone Sequence (Chapter 2). Facies 

A lithic fragments are largely composed of chert, a highly resistant mineral often derived 

from Paleozoic carbonates. Chert withstood transgressive reworking better than feldspars, 

which are notably reduced in Facies A. Because of the difference in chert concentrations, 

Facies A and B plot distinctly on the QFL diagram of Folk (1974). Facies A is 

categorized as a litharenite, while Facies B is a lithic arkose (Figure 3.1). 

The moderate to high volumes of feldspar in the Baxter Sandstone support the 

interpretation of a deltaic depositional environment. Such high percentages of relatively 

unstable minerals would not be found in a shoreface or shelf bar system subject to intense 

reworking.  

The interpreted transgression ending the Baxter Sandstone Sequence is supported 

by the presence of biogenic minerals and glauconite in Facies A. QEMScan analysis 

determined Facies A contains significant concentrations of apatite (2%), a component of 

teeth and bones. SEM-EDS analysis indicated the presence of minerals rich in calcium 

and phosphorous, two elements commonly found in organic life forms. High levels of 

accumulated biogenic material would be expected at a transgressive surface where 

limited sedimentation allowed for the concentration of biogenic debris. Glauconite, a 

significant framework grain in Facies A, is found at interpreted transgressive surfaces in 
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other formations such as the Shannon Sandstone of the Powder River Basin (Stonecipher, 

1999). 

The significant volumes of feldspar, especially plagioclase, in Facies I indicate a 

magmatic arc provenance (Figure 3.3 A and C). Facies I also contains high percentages 

of biotite and quartz, both of which are common in volcanic settings. The grains are quite 

angular compared with other depths in the Baxter, as would be expected in an ash fall 

deposited below wave base and subjected to limited transport or wave energy. A 

magmatic arc provenance is consistent with the depositional interpretation of volcanic 

ash bed (Chapter 2). The Facies I ash fall was likely sourced by Cretaceous volcanism in 

Idaho and Montana (Gill and Cobban, 1973). 
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Figure 3.1: QFL Ternary Diagram showing Baxter Sandstone rock type classifications by 

facies. Facies I is an arkose due to its high percentage of volcanic-sourced plagioclase 

feldspar. Facies A is a litharenite because of its significant volumes of chert, here 

categorized as lithics. The Baxter Sandstone reservoir-quality sands are almost all Facies 

B lithic arkoses. These sands have moderate volumes of feldspar which are interpreted to 

source significant secondary porosity in the Baxter. After Folk (1974).  
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A)  

B)    

 

Figure 3.2: QEMScan results 

A) QEMScan mineral percentages by depth. The Facies I ashfall at 4707.2 and high 

proportions of cement at the transgressive surface are readily apparent in this view.  

B) QEMScan false color image of 4681.1, a Facies B sandstone. The large light blue 

pores suggest creation of secondary porosity by grain dissolution. 
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Figure 3.3: Ternary diagrams prepared per Dickinson and Suczek (1979) reveal source 

terranes. Diagrams point to a recycled orogen provenance, which includes foreland fold 

and thrust belts, consistent with the setting for the Baxter Seaway. 

 

A: Monocrystalline quartz, plagioclase, potassium feldspar. Facies I volcanic ash plots 

towards magmatic source terranes due its high plagioclase content. 

 

B: Polycrystalline quartz, volcanic lithics, sedimentary lithics. This diagram distinguishes 

Facies A from other Baxter Sandstone samples by its high chert content, suggestive of 

reworking in a transgressive setting.  

 

C: Monocrystalline quartz, feldspar, total lithic fragments. Facies I again plots towards 

magmatic source terranes, while Facies A is identified as recycled in origin.  
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A)  

 

 

B)  

 

Figure 3.4: Secondary porosity development in Facies B, 4681.1. 

A) Partial dissolution of a feldspar grain. XP 400x.  

B) Oversized pores created through complete mineral dissolution. PL 100x.  
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A)  

 

B)  

 

Figure 3.5: Framework grains altering to clays.  

A) Biotite altering to chlorite. Biotite is “bloated” as it alters along its cleavage planes. 

Facies I, 4707.2. XP 400x.  

B) Chert altering to pyrite and clay. Facies A, 4675.5. PL 100x.  
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Figure 3.6: Dolomite rhombs developing in a glauconite. Facies B, 4681.1. XP 400x.  
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A)  B)  

 

 

C)   D)  

     

Figure 3.7: Baxter Sandstone cements.  

A) Quartz cement after chlorite on a quartz grain from Facies B at 4711.6‟ MD. 1000X.  

B) Potassium feldspar cement from Facies B at 4682.2‟ MD. 1000X.          

C) Ankerite cement coating a grain. Carbonate deposition appears to occur before pyrite 

but after quartz cementation from Facies B at 4682.2‟ MD. 300X. 

D) Feldspar cement on euhedral quartz overgrowth from Facies B at 4682.2‟ MD. 850X. 
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A)  

 

 

B)  

 

Figure 3.8: Cements on framework grains.  

A) Euhedral quartz overgrowth. Facies B, 4681.1. PL 400x.  

B) Grain-coating chlorite. Facies B, 4682.2. PL 400x.  
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A)   B)  

 

 

C)   D)  

 

Figure 3.9: Authigenic clays in the Baxter Sandstone.  

 

A) Kaolinite on a dolomite grain from Facies B at 4682.2‟ MD. 400X.  

B) Close-up of kaolinite packets with framboidal pyrite from Facies B at 4682.2‟ MD. 

2000X.  

C) Grain-coating smectite and illite after quartz overgrowths from Facies B at 4682.2‟ 

MD. 300X.  

D) Authigenic clays in the Baxter Sandstone are likely sourced from the dissolution of 

framework grains such as albite from Facies B at 4711.6‟ MD. 750X.
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Figure 3.10: Intergranular Volume (IGV) calculations from point count analysis. IGV‟s for most samples is close to 26%, indicating 

samples are fully compacted. Facies I has an anomalously high IGV due to its altered clay matrix. Porosity in the Baxter Sandstone is 

approximately evenly divided between primary and secondary, with the highest porosities found in Facies B. Facies A, at the 

transgressive surface, is heavily calcite cemented.  
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A)  

 

 

B)  

 

Figure 3.11: Microporosity. A) Facies B, 4681.1. Pore space occluded by kaolinite 

cement. XP 400x. B) Secondary microporosity in a glauconite grain. Facies B, 4681.1. 

PL 400x.  
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Figure 3.12: Difference between point count and QEMScan measurements. Positive values on the Y-axis (far left) indicate higher 

picks by QEMScan. QEMScan routinely records higher quartz and feldspar counts in this study. Higher quartz values are likely due to 

the inability of QEMScan to recognize rock fragments. Higher feldspar values may be  attributed to different categories used in the 

two techniques (see text for further discussion). 
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A)  

 

B)  

 

Figure 3.13: Smectite in Baxter volcanic ash and sandstone. 

A) The post-baking collapse of a peak near smectite proves the presence of smectite in Baxter samples in Facies I at 4707.2‟ MD. 

B) Not enough swelling clay is present to cause a dramatic difference between the air-dried and EG-treated diffractograms. This 

shows reservoir quality Baxter sands have low volumes of smectite in Facies B at 4681.0‟ MD. 
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Figure 3.14: Mixed-layer illite/smectite from Facies A at 4675.5. The concavity of the 001* superlattice peak is suggestive of an more 

illite than smectite, as well as R1 ordering. The peak positions of the end members are shown to illustrate that the mixed layer 

superlattice peaks are located between the end member spacings. 
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Figure 3.15: Paragenetic history of the Baxter Sandstone. Relative timing is 

diagrammatically illustrated. No length of time is implied. 

 

Glauconite Develops 

Carbonate Cements 

Compaction to Packing Limit 

Illite/Smectite Converts to Illite 

Feldspar Grain Replacement by Calcite 

Secondary Porosity Development 

Alteration of Feldspars and Biotite 

Stylolites Develop 

Quartz Overgrowths 

Feldspar Cements 

Grain Deformation 

Earlier Later 



 
    

117  
 

 
 

Figure 3.16: Paleogeographic map during Baxter time showing an interpreted river 

system feeding Baxter Sandstone deltas. This system is rotated relative to the Sevier 

thrust belt at the edge of the Baxter seaway. Baxter Sandstone identified with text box 

and arrow. Sevier source terrane identified with text box and arrow. Modified from 

McGookey et al. (1972) 

 

 

Baxter Sandstone 

Sevier Overthrust 

Source Terrane 



 
    

118  
 

Table 3.1: Mineralogic evaluations of the LH 5-33X and CC 33-5 cores by depth 

 

Depth Well XRD 
Thin 

Section 
SEM QEMScan SRA Facies Package 

4354.0 CC 33-5 
    

X H 
Below Baxter 

SS 

4368.0 CC 33-5 
    

X H 
Below Baxter 

SS 

4425.0 CC 33-5 
    

X H 
Below Baxter 

SS 

4656.1 LH 5-33X 
    

X H 
Above Baxter 

SS 

4661.9 LH 5-33X 
    

X H 
Above Baxter 

SS 

4666.5 LH 5-33X 
 

qualitative 
 

X 
 

H 
Above Baxter 

SS 

4675.5 LH 5-33X X 
point 
count 

X X 
 

A 
Transgressive 

Sand Body 

4676.9 LH 5-33X 
 

qualitative 
   

A 
Transgressive 

Sand Body 

4681.1 LH 5-33X X 
point 
count 

X X 
 

B Prog 2 

4682.2 LH 5-33X X 
point 
count 

X X 
 

B Prog 2 

4683.2 LH 5-33X 
 

qualitative 
   

B Prog 2 

4684 LH 5-33X 
 

qualitative 
 

X 
 

E Prog 2 

4688 LH 5-33X X 
    

E Prog 2 

4691 LH 5-33X 
 

qualitative 
   

E Prog 2 

4704 LH 5-33X 
 

qualitative 
   

E Prog 2 

4705.7 LH 5-33X 
 

qualitative 
   

E Prog 2 

4707.2 LH 5-33X X 
point 
count 

X X 
 

I Prog 2 

4707.7 LH 5-33X X 
    

I Prog 2 

4709.2 LH 5-33X X qualitative 
   

E Prog 1 

4711.6 LH 5-33X X 
point 
count 

X X 
 

B Prog 1 

 

 

 



 
    

119  
 

 

CHAPTER 4 

 

BAXTER SANDSTONE PETROLEUM SYSTEM AND CONCLUSIONS 

   

 Several of the necessary components of a petroleum system (Magoon and Dow, 

1994) have been addressed in prior chapters of this study: the presence of overburden was 

demonstrated through stratigraphic mapping (Chapter 2), fine-grained sealing rocks were 

documented during facies analysis (Chapter 2), and porous reservoir-quality sandstones 

were found through core interpretation and petrographic studies (Chapters 2 and 3). This 

chapter seeks to address more explicitly the Baxter Sandstone in the context of the 

petroleum system. To achieve this, the quality of source rocks available to charge Baxter 

Sandstone reservoirs will be investigated, the quality of Baxter Sandstone reservoirs will 

be considered in light of porosity and permeability data (Appendix G), and a hydrocarbon 

trapping mechanism at Leucite Hills Field will be determined.  

 Source rock quality and maturity were investigated using a Weatherford source 

rock analysis instrument (SRA). SRA consists of temperature-controlled pyrolysis and 

TOC determination, which together provide data on the potential for the organic matter in 

a source rock to generate hydrocarbons. One outcome of SRA is the proportion of the 

possible hydrocarbons that have been generated through thermal maturation.  
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4.1 Source Rock Analysis Methods 

  Five rock samples were collected from the darkest Facies H shales within the 

Leucite Hills 5-33X and Crooked Canyon 33-5 cores (Table 4.1, Figure 4.1). The rocks 

were crushed with a ball mill in the same manner as XRD powder preparation until a size 

finer than 40-mesh sieve had been achieved. Rock powder was then provided to the 

Source Rock Analysis laboratory at the Colorado School of Mines, where technicians 

proceeded with analysis. Accurately weighed samples were put into a crucible and placed 

in the SRA-Agilent autosampler. Temperature in the crucibles was slowly raised to 325° 

C, followed by rapid heating to 340° C. Rock samples were held isothermally at 340° C 

for 3 minutes, allowing free hydrocarbons (S1) to be volatilized and detected by the 

Flame Ionization Detector. The CO2 liberated during this process was detected by the 

Infrared Radiation cell (S3). After the isothermal heating, the oven temperature was 

increased to 640° C at a programmed constant heating rate of 25 °C/min, during which 

hydrocarbons were generated from the thermal degradation of the kerogen (S2). The S2 is 

reported as milligram (mg) of S2 per gram of rocks and roughly indicates the generative 

potential of source rocks. The SRA also determines the total organic carbon (TOC) of the 

sample and the temperature (Tmax) during the pyrolysis at which the maximum release of 

hydrocarbons occurs from cracking of kerogen. The pyrolysis was carried out under an 

inert helium atmosphere (Ko, 2010). No pyrograms were provided. 

 

4.1.1 Source Rock Analysis Results and Discussion 

Total organic carbon (TOC) values for the Baxter range from 0.96 to 1.39 weight 

percent (Table 4.1, Figure 4.2). Such TOC volumes are adequate to generate commercial 
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volumes of hydrocarbons (Hunt, 1979), but they are relatively lean. S1 values range from 

0.09 to 0.2, indicating immature source rock. When S1 is divided by TOC, the resulting 

ratio gives insights into the proportion of available organic matter converted to 

hydrocarbon, as well as hydrocarbon which has migrated into the system. The very low 

values indicate immature source rock in the Baxter mudstones (Figure 4.2) (Peters, 

1986). 

Production Index (PI) is calculated by dividing the S1 peak by the S1 + S2 peaks. 

Since S1 and S2 represent generated hydrocarbons and potentially generated 

hydrocarbons, respectively, the PI gives an indication of what proportion of possible 

hydrocarbons in a source rock have been generated. Plotting Baxter Shale depths versus 

PI values indicates the Baxter is just entering the oil maturity window at the upper depths 

of the Leucite Hills study area, approximately 4350‟ (Figure 4.2). PI values are under 

0.15 in the Crooked Canyon 33-5 core. Increased depths (4650‟) in the Leucite Hills 5-

33X appear to add enough heat to increase PI values to approximately 0.20, farther into 

the oil window, but well above the wet gas window, which begins at PI values of 

approximately 0.40.  

Tmax values in the Baxter Shale are all very close to 440° C (Table 4.1). 

Comparison of Tmax values in previous studies to known hydrocarbon generation has 

linked Tmax values of approximately 430° to 460° C to the oil window (Hunt, 1979). 

Therefore, Tmax values in shales adjacent to the Baxter Sandstone indicate early thermal 

maturity (Figure 4.2). 

Source Rock Analysis provides a calculated percentage Ro based on a relationship 

to Tmax. This is an attempt to use the peak values generated by SRA and link them to a 
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comparable vitrinite reflectance value for an equally mature rock. The values in the 

Baxter are all very close to 0.75, further confirming the early thermal maturity 

interpretation (Table 4.1). 

The Hydrogen Index (HI) gives an approximation of the ratio of H to C in the 

sample, while the Oxygen Index (OI) gives an approximation of the ratio of O to C. 

Together, these two dividends are plotted for an estimation of positioning on a Van 

Krevelen diagram. Since Van Krevelen diagrams are traditionally populated with data 

generated by elemental analysis rather than pyrolysis, SRA provides a different, but still 

useful analysis. The low HI values in the Baxter samples suggest gas-prone Type III 

source rocks, but the low to nil OI values complicate the analysis (Figure 4.3) (Peters 

1986). The reasons for nil OI values are unknown. 

 

4.1.2 Baxter Sandstone Hydrocarbon Source 

 Source Rock Analysis of shales adjacent to the Baxter Sandstone demonstrated 

that enough organic matter is present to generate hydrocarbons, but that the organic 

matter has not reached adequate thermal maturity to generate significant volumes of gas. 

As wells produce gas from the Baxter Sandstone in Leucite Hills Field at the same depths 

from which the SRA samples were collected, this gas must have been generated in deeper 

and hotter shales. The Line A cross section presented in Chapter 2 demonstrates 

correlative and continuous Baxter Sandstone buried to over 13,000‟ (Figure 2.27). This is 

over 8,500‟ deeper than the Rock Springs Uplift core samples. Such an increase in 

overburden would almost certainly be adequate to take organic matter from the early oil 

window to dry gas generation. Therefore, it is proposed that hydrocarbons generated in 
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Baxter shales deeper in the basin migrated up structure into reservoirs through permeable 

Baxter Sandstone. 

 

4.2 Reservoir Potential of the Baxter Sandstone 

 Facies B is the most important reservoir rock in the Baxter Sandstone. Four of the 

five sandstone intervals with permeabilities greater than one millidarcy are in Facies B 

(Figure 4.4). The excellent permeabilities of these sands (8 - 46 md) can be attributed to 

the lack of matrix available to occlude porosity, as well as abundant primary and 

secondary porosity (Tables 2.6, 3.2).  

Secondary porosity development was essential to the creation of reservoir quality 

rock in Facies B. Facies B sands contain oversized pores (Figure 3.4), which could not 

have survived the compaction processes active during burial to these depths. These pores 

are remnants of partially and completely dissolved feldspar grains (Figure 3.9 D). The 

feldspars in these lithic arkoses likely provided enough unstable minerals to form the 

high volumes of secondary porosity (10.5% average) that are associated with excellent 

permeabilities.  

 Facies B sandstones further benefitted from authigenic clay composition. SEM 

and thin-section petrography documented grain-coating chlorite in Facies B (Figures 3.7 

A, 3.8 B). Chlorite can be beneficial to a reservoir if it prevents the nucleation of pore-

filling quartz cement (Ehrenberg, 1993). Facies B also contains high volumes of 

kaolinite, which does not tend to completely fill pores and therefore does not fully 

destroy permeability (Wilson and Pittman, 1977). X-ray diffraction demonstrated that 
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Facies B does not contain significant volumes of swelling clays, which can harm 

permeability. 

The high levels of bioturbation in Facies E (Figure 4.4) decreased reservoir rock 

quality by mixing silt and clay-size interbeds into clean sands. The resulting wide range 

of grain size sharply reduced permeabilities in Facies E compared to less bioturbated 

Facies B sands. Still, Facies E porosities remain reasonably high (9.3 - 13.7%) such that 

Facies E may contribute to hydrocarbon storage. 

Neither Facies A nor Facies I is likely to make good reservoir rock, but for 

different reasons. The Facies A transgressive sand body contains enough ductile grains, 

such as glauconite and shale clasts, as well as abundant calcite cement, to have reduced 

the porosity to only 1.3%. Volcanogenic Facies I is a veryfine-grained arkose, containing 

high volumes of feldspars that have altered to clays and decreased porosities to negligible 

volumes.  

 

4.3 Hydrocarbon Trapping Mechanism at Leucite Hills Field 

 The Prog 2 parasequence is correlative from deep in the basin to the top of the 

Rock Springs Uplift (Figures 2.26, 2.27); no pinchout is interpreted. However, producing 

gas wells indicate that hydrocarbons are trapped in the Baxter Sandstone at Leucite Hills 

Field. Therefore, this study interprets a change of facies in the Prog 2 package south of 

Leucite Hills Field, from reservoir quality sandstone to impermeable siltstone. The 

gamma ray and SP curves in the left track of the logs demonstrate a reduction in grain 

size and permeability that coincides with the edge of production, supporting an 

interpreted trap caused by facies change. This facies change is apparent in an isopach 



 
    

125  
 

map of reservoir quality Baxter Sandstone (Figure 4.5). South of the dashed line, only a 

few feet of reservoir sand remain, while to the north of the interpreted change, tens of feet 

of reservoir are found in the Leucite Hills Field. 

 The interpretation of a hydrocarbon trap in the Baxter Sandstone completes the 

evaluation of the Baxter as a petroleum system. All the necessary components of a 

petroleum system (overburden, source, migration pathway, reservoir, seal, and 

hydrocarbon trap) have been demonstrated in this study.  

 

4.4 Conclusions 

 Stratigraphic analysis identified the depositional setting and provenance of the 

Baxter Sandstone, while petroleum systems analysis showed all the necessary 

components of a hydrocarbon play are in place on the Rock Springs Uplift. 

 Facies analysis documented a wide-range of energies and bathymetries in the 

Baxter Sandstone, from a graded volcanic ash fall containing offshore Cruziana 

ichnofauna to a medium-grained sandstone transgressive sand body containing Skolithos 

ichnofauna. Facies become increasingly proximal towards the top of the Baxter 

Sandstone.  

 Stratigraphic analysis documented that the Baxter Sandstone forms a sequence 

comprised of five parasequences deposited above a regional lowstand erosional surface. 

These five parasequences form two parasequence sets. The older set, dominated by 

retrogradation, forms a LST and minor TST sourced from the south. The younger set is 

highly progradational and forms a HST sourced from the southeast. Together, these two 

parasequence sets comprise the Baxter Sandstone Sequence. Geobody shapes were 
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modified by syndepositional rise of the Rock Springs Uplift structure, while localized 

sediment thicks were developed in fault-created accommodation.  

 Deposition of the Baxter Sandstone Sequence ended with a major transgression, 

identified through the presence of large rip-up clasts, high proportions of glauconite, 

chert, and phosphorous-rich organic matter, followed by a sharp decrease in grain size 

and the presence of starved ripples. Further evidence was provided by isopach mapping 

of Baxter Sandstone parasequences, which identified significant erosion of the HST 

during this transgression. An onlapping mudstone succession was deposited on the TSE 

as part of a younger sequence. 

 The stratigraphy and origin of the Baxter Sandstone is best described by the 

depositional remnant model of isolated marine sand body formation. The facies present in 

the Baxter Sandstone depict a range of paleo-depths and energies, as would be found in a 

deltaic system. Partial erosion of Baxter delta lobes succeeded by onlapping onto the 

erosional surface is documented in this study and support the depositional remnant 

interpretation.  

 Two Baxter Sandstone provenance types are interpreted: recycled orogen and 

magmatic arc. Recycled orogen sediments were sourced by thrusting of sediments and 

basement to the west of the Cretaceous Western Interior Seaway. The high chert content 

identified at the top of the Baxter Sandstone indicates the Baxter Sandstone HST 

sediments were subjected to reworking during transgression. Volcanism, likely in 

Montana and Idaho, sourced the magmatic arc ash fall, identified by its high plagioclase 

content. 
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 All of the essential elements of a petroleum system are present in the Baxter. 

Isopach mapping documented adequate overburden and a pervasive fine-grained seal 

facies was identified overlying the Baxter Sandstone. Facies B lithic arkoses deposited in 

the HST constitute high quality reservoirs. Porosity is approximately evenly divided 

between primary and secondary porosity, developed from dissolution of feldspars in 

those sands. Facies B contains no swelling clays, which could lower permeability. 

Instead, Facies B contains kaolinite and grain-coating chlorite, which may have protected 

pore space from cementation. 

 The shales surrounding the Baxter Sandstone in Leucite Hills Field have adequate 

volumes of TOC, but are not thermally mature enough to have generated the gas present 

in Baxter Sandstone reservoirs. Correlation of well logs documented continuous sand 

present in the Baxter 8,500‟ deeper into the basin. Shales at those depths are hot enough 

to generate gas, which migrated through permeable Baxter sandstones to the reservoirs 

near the top of the Rock Springs Uplift. A facies change to fine-grained impermeable 

rocks trapped gas at Leucite Hills Field. 
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Figure 4.1: SRA sample depths, identified by green circles, are all located in Facies H 

shales. Samples above the Baxter Sandstone are from the Leucite Hills 5-33X core, while 

the sample below the Baxter Sandstone were taken from the Crooked Canyon 33-5.
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Figure 4.2: Baxter Shale geochemical logs. The Baxter samples have adequate amounts of TOC for hydrocarbon generation. Low HI 

values are typical of gas prone source rocks. S2 and Tmax values indicate immature source rock. PI values also indicate immature 

source rock. PI values suggest the deeper depths of the Leucite Hills 5-33X samples may have provided enough additonal heat to 

slightly increase maturity. Qualitative categorization of all values based upon Peters (1986). See Table 4.1 for Baxter data values.
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Figure 4.3: Baxter Sand HI/OI diagram with kerogen type classifications. This modified 

Van Krevelen diagram shows the low HI values in the Baxter, typical of gas prone Type 

III kerogen. The Baxter also has unusually low OI values, which complicate 

interpretation of the generative capacity of the source rocks. After Hunt (1979). 
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Figure 4.4: Leucite Hills 5-33X core interpretation with porosity and permeability data 

and rock types. Samples with permeability greater than 1 md highlighted in red. All high 

permeability sands are found in Facies B or E.  
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Figure 4.5: An isopach of reservoir-quality Baxter Sandstone shows an up-structure 

decrease in thickness just south of Leucite Hills Field, where the Baxter Sandstone 

produces hydrocarbons. The decrease in reservoir quality sand is coincident with a 

decrease in SP deflection and clean gamma ray. These changes are visible on well logs 

(Figure 2.25). A facies change is interpreted as the hydrocarbon trapping mechanism in 

the Baxter Sandstone.
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Table 4.1: Source Rock Analyzer results. 

 

              Calc.       S1/TOC   
Well Depth TOC S1 S2 S3 Tmax % Ro HI OI S2/S3 *100 PI 

Crooked Canyon 33-5 4354 1.39 0.2 1.25 0 439.4 0.75 89.93 0.00 N/A 14.39 0.14 

Crooked Canyon 33-5 4368 1.32 0.17 1.14 0 439.8 0.76 86.36 0.00 N/A 12.88 0.13 

Crooked Canyon 33-5 4425 0.96 0.09 0.44 0 438.7 0.74 45.83 0.00 N/A 9.38 0.17 

Leucite Hills 5-33X 4656.1 1.1 0.14 0.53 0 438.9 0.74 48.18 0.00 N/A 12.73 0.21 

Leucite Hills 5-33X 4661.9 1.14 0.17 0.68 0.03 439.7 0.75 59.65 2.63 22.67 14.91 0.20 
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