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ABSTRACT 

The natural gas in the San Juan Basin (SJB) is a world-class resource.  Significant contributions 

to both oil and gas production have recently come online from horizontal wells targeting calcareous 

mudstones and marls of the Upper Mancos Shale in the northern San Juan Basin (NSJB), which is 

lithologically similar and generally equivalent to the Niobrara Formation.  Sandier tight-oil reservoir units 

(such as the El Vado Sandstone) within equivalent strata are unconventional targets for operators further 

to the south.  In the northern San Juan Basin, the Niobrara Interval contains a Smoky Hill Member and an 

overlying Cortez Member which is very thick and grades upward into the Mesaverde Group.  Two 

horizontal target zones in the lower Smoky Hill and lowermost Cortez have been recently established and 

tested to show significant production potential.  The majority of the Smoky Hill Member in the northern 

SJB study area is in the dry gas window, except to the west on the Four Corners Platform where it is less 

thermally mature (oil to wet gas generation windows).  The Smoky Hill Member sits just above a regional 

unconformity, below which reservoir and completions quality is drastically reduced.  Numerous horizontal 

wells targeting the San Juan Basin Niobrara Interval have been very successful (initial production rates 

can exceed 600 BOPD or 12 MMCFD).  These unconventional mudrocks are not limited to distinct 

reservoir types, and their production is influenced by lithology, pore style/geometry, fractures, fracture 

type, fracturability, subsurface pressures, structural context (affecting fractures and entrapment), and 

stratigraphic context (affecting organic richness, potential migration pathways, entrapment, and previous 

factors listed).   

This study characterizes the Niobrara Interval with respect to factors relating to production 

potential using outcrop, selected cores, and associated data.  Establishing a sequence stratigraphic 

framework was a key part of this study that vastly enhances the utility of data and predictive potential for 

operators.  The sequence stratigraphic framework also enables correlation of the Niobrara in the northern 

San Juan Basin to other paleoenvironments of the Western Interior Seaway.  Consideration of lateral 

changes within stratigraphically equivalent units is also promoted by the framework.   

Outcrop investigations took place near the northwestern and northeastern margins of the San 

Juan Basin (near Durango, CO and Pagosa Springs, CO).  Primary research cores for this study form an 

E-W transect across the northern San Juan Basin, just above the CO-NM state border.  Characteristics 

from these data and observations were calibrated to well logs to develop detailed cross-sections intended 

to enhance understanding of the stratigraphic variability and distribution of the Niobrara Interval in the 

northern San Juan Basin.  This area is markedly further from the paleoshoreline than the well-studied 

areas to the southwest and is host to a still-emerging Mancos unconventional play.  Understanding 

stratigraphic variability, distribution, and characteristics facilitates the identification of ideal target zones 

and production “sweet spots” in the San Juan Basin. 
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CHAPTER ONE 

GEOLOGIC BACKGROUND AND PREVIOUS WORK 

1.1: Introduction 

The San Juan Basin (SJB) of southwestern Colorado and northwestern New Mexico is known for 

its substantial gas production and has been historically prolific of both oil and gas since 1921 (Figure 

1.01).  In 2009, cumulative gas production from the SJB’s ~40,000 wells totaled 42.7 TCF.  A large 

portion of this gas (~15.7 TCF) is coal-bed methane (CBM) from the Fruitland Formation while the rest is 

produced from fractured sandstone and mudstone reservoirs from a variety of large and small fields.  The 

most gas-productive fractured sandstone reservoirs are the Dakota Sandstone (7.0 TCF), the Mesaverde 

Group (12.9 TCF), and the Pictured Cliffs Sandstone (4.5 TCF).  These production volumes along with 

that of the many smaller fields in the SJB at least partially include contributions from fractured mudstone 

reservoirs in the Mancos and other formations.   

Figure 1.1: Map showing limits of San Juan Basin in relation to the Colorado Plateau.   
The study area for this project is situated in the northern San Juan Basin.  Modified from Craigg (2001). 
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 Fractured mudstone reservoirs in Mancos Shale have also produced decent volumes of oil (> 41 

MMBO) in the northwestern and eastern parts of the SJB, where these reservoir units are often called El 

Vado Sandstone.  Cumulative oil production from the San Juan Basin had reached 381 MMBO by 2009.  

Over 50 MMBO was produced from Dakota Sandstone reservoirs and about 1.5 MMBO from Mesaverde 

Group reservoirs.  Although the Gallup Sandstone has made a relatively small contribution (~23 MMBO) 

to SJB oil production, it is very common for any reservoir unit between the Dakota Sandstone and 

Mesaverde Group (especially fractured Mancos, Tocito Sandstone, and El Vado Sandstone) to be 

incorrectly referred to as “Gallup.”  In actuality, the Tocito Sandstone Lentils unconformably overly 

truncated Gallup Sandstone along a NW-SE trend in NW New Mexico where they are encased in Mancos 

Shale and have produced over 175 MMBO (Fassett, 2014).  Where they are present, Tocito Sandstones 

were deposited on or near the basal Niobrara unconformity and are older than El Vado Sandstone or 

equivalent sandy sections, which were deposited within the overlying Niobrara calcareous mudstones.   

 To the north and east (further from the paleoshoreline) of the conventional Tocito Sandstone 

fields, calcareous mudstones above the basal Niobrara unconformity have organic and pelletal porosity 

and have proven potential to be very productive targets for horizontal drilling.  Since 2011, over 34 

MMBOE have been produced from horizontal wells in this Mancos play.  This section of Mancos Shale 

(below the Mesaverde Group and above the regional unconformity that separates Gallup from Tocito 

sands) is generally equivalent to the Niobrara Formation that is being successfully explored and 

developed in eastern Rocky Mountain basins.  Using nomenclature from Broadhead (2015), the basal 

Niobrara unconformity (BNU) separates the Lower Mancos Shale from the Upper Mancos Shale, thereby 

rendering the Upper Mancos Shale equivalent to the Niobrara Formation.  In industry terminology, the 

‘Mancos C’ refers to the section between the basal Niobrara unconformity and the top of the El Vado-

equivalent sandy section in the northern San Juan Basin, and the lower part of the ‘Mancos B’ includes 

the rest of the Niobrara calcareous mudstones which grade upward into regressive Niobrara argillaceous 

and sandy mudstones of the ‘Mancos A’ (Broadhead 2015, 2018).  This terminology is of limited use for 

development of a sequence stratigraphic framework or consistent section of optimal horizontal target 

zones.  In this report, the Niobrara Formation-equivalent section is called the Niobrara Interval after 

Bottjer & Stein (1994) due to its time-equivalence and lithological similarities to parts of the Niobrara 

Formation (Figure 1.02).  The Niobrara Interval contains the Smoky Hill Member and overlying Cortez 

Member of the Mancos Shale. 
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Figure 1.2: Schematic cross-section highlighting the Mancos Shale.  The continuity, extent, and thickness of the El Vado Sandstone is hugely 
exaggerated in this diagram and follows its subsurface definition by Fassett & Jentgen (1978).  Modified from Ridgley et al. (2013). 
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Only the Smoky Hill Member and lowest part of the Cortez Member actually resemble the 

Niobrara at Pueblo.  And a section equivalent to the Fort Hays Limestone is not represented in most of 

the San Juan Basin due to erosion on the BNU (Figure 1.03).  The western margin of the Western Interior 

Seaway was not conducive for chalk deposition because of siliciclastic dilution.  The unconventional 

reservoir units of the Niobrara Interval in the northern San Juan Basin are primarily calcareous silty 

mudstones with significant variations of clay, silt, fine sand, carbonate, fossil, pelletal, and organic 

content.  Units found just below the basal Niobrara unconformity are often also charged with 

hydrocarbons but are generally too clay-rich and a hindrance to successful well completion.  These units 

include the Juana Lopez Member and overlying Montezuma Valley Member of the Mancos Shale, which 

represent in the initiation of the third-order Niobrara marine cycle and are thus included in the overall 

Niobrara section in the study area. 

 

 
Figure 1.3: Stratigraphic column showing biostratigraphic zonation of Late Cretaceous lithologic units 
between Mesa Verde (representing San Juan Basin) and Rock Canyon (representing DJ Basin).  Green 
arrow shows Niobrara Interval and blue arrow shows entire section from overall Niobrara marine cycle.  
Modified from Lowery et al. (2018). 
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 Technological advancements in directional drilling and multi-stage hydraulic fracturing has hugely 

enhanced the accessibility of hydrocarbons stored in tight reservoirs.  Horizontal wells through the 

Niobrara Interval in NW New Mexico have contributed to increased oil production in the SJB (Figure 

1.04).  Horizontal Gallup and Dakota wells have also contributed to this increased production, but are not 

as productive as the best Niobrara oil wells.  Horizontal gas wells through the Niobrara Interval in the 

northern San Juan Basin have also been quite successful.  Initial production rates have exceeded 12 

MMCFD from several wells in northernmost New Mexico—on the SE margin of the study area in BP’s 

Northeast Blanco Unit and what was formerly WPX’s Rosa Unit (Table 1.01).  

 

 
Figure 1.4: Graph showing increased oil production in San Juan Basin due to application of horizontal 
drilling technologies. 
 

Table 1.1: Select horizontal wells through the Niobrara Interval that have shown successful results. 
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Figure 1.5: Data summary map for this project.  Cross-sections are shown later in this report.
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 This study is focused on the rocks deposited during the Niobrara marine cycle in the northern San 

Juan Basin, primarily on the Colorado side but also including northern New Mexico on occasion (Figures 

1.01 & 1.05).  The geographic study area and stratigraphic study interval for this project will be collectively 

referred to as the ‘study area’ herein.  Three cores near the CO-NM border span the central portion of this 

study area and are focal points of this research (Figure 1.05).  The westernmost core includes the 

Niobrara Interval on the Four Corners Platform, where it is structurally shallower than in the rest of the 

northern SJB.  The middle core includes the Niobrara Interval in the central SJB.  The easternmost core is 

also from the central SJB but was taken from the underlying Juana Lopez and Montezuma Valley.  This 

core provided insightful information for calibration of the unconformable log signature of the basal 

Niobrara section for subsurface recognition in other wells.  These three cores include a host of associated 

analyses pertaining to reservoir and completions quality.  These data were used to study many different 

properties of the Niobrara Interval at several different scales.  The resulting reservoir characterization and 

identified lithofacies were calibrated to well logs for correlation of potential reservoir units across the 

northern San Juan Basin, enabling generation of high-resolution cross-sections and maps.  Reservoir 

quality, geomechanical properties, and facies information were gleaned from the cored intervals to better 

understand the Niobrara Interval.  The cored intervals and well logs were also tied to Mancos outcrops of 

the Niobrara Interval near Pagosa Springs, Piedra, and Durango, CO (Figure 1.05), which were all 

measured and sampled for this project.  The Mancos Shale was described in detail at Mesa Verde 

National Park by Leckie and others (1997).  This thorough description and its associated biostratigraphic 

data provided a foundation for examination of logs, cores, and other outcrops in the northern SJB.  The 

progress made during this study was tremendously accelerated through utilization of the Mancos 

reference section at Mesa Verde NP.   

 By characterizing and correlating the Niobrara Interval in the study area, increased understanding 

of its nature and distribution can aid in the identification of sweet spots, selection of ideal geosteering 

targets, and efficient execution of drilling and completions operations in this unconventional play.  The 

Niobrara-equivalent section of Mancos Shale in the Piceance Basin contains very similar facies to that of 

the SJB.  The USGS estimated the Mancos to contain over 66 TCF of natural gas in that basin (Hawkins 

et al., 2016).  The recent production tests and the similar lithofacies found in the SJB suggest that it too 

could contain a world class resource comparable to that of the Piceance.  

This study was performed by the Niobrara Consortium, led by Dr. Steve Sonnenberg at the 

Colorado School of Mines.  From the 1960’s through the early 1990’s, Dr. Bob Weimer and his students 

(Sonnenberg included) studied Cretaceous stratigraphy and petroleum potential at the outcrop and in the 

subsurface in the Rocky Mountain Region, often with a special focus on the Niobrara Formation.  The 

Niobrara Consortium is a continuation of this academic mission.  Interdisciplinary cooperation of students 

and faculty coupled with a continuous effort to build upon previous studies enables the Niobrara 

Consortium to consistently produce progressive, relevant, and useful research for the Rocky Mountain 

Region.  The Niobrara Consortium is now part of the MUDTOC Consortium, which considers not only 
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Rocky Mountain basins, but all geological formations worldwide in addition to interdisciplinary 

geomechanical and geophysical studies for progression of unconventional research.  This project was 

also made possible by Red Willow Production Company, who magnanimously provided an excellent suite 

of data for the study area, which is primarily located around the Southern Ute Reservation.   

 

1.2: Western Interior Basin Overview 

1.2.1: Introduction 

 From the middle Jurassic to the Eocene, the Cordillera of western North America underwent 

extensive crustal thickening, igneous activity, high-grade metamorphism, and orogenic uplift.  East of the 

Cordillera, the Western Interior buckled downward in response to the same compressional regime that 

uplifted the western margin of the continent.  The resulting Western Interior Basin became host to a large 

epicontinental seaway (hundreds of miles wide and extending from present-day Alaska to the Gulf of 

Mexico) which separated the Cordillera from the tectonically stable craton on the eastern side of North 

America (Figure 1.06).  The Western Interior Basin was an Andean-type foreland basin with a large 

degree of asymmetry from west to east.  The structural basin was deepest along the western margin of 

the Western Interior, while the seaway was deepest in the western-central portion (Kauffman & Caldwell, 

1993).  Abrupt shallowing (structurally and bathymetrically) occurred towards the mountains to the west 

while slow shallowing occurred towards the east (Figure 1.07).   

 Cyclic sedimentary sequences were deposited in the Western Interior Seaway on several orders 

of magnitude as a result of interrelated factors.  Tectonoeustatic changes drive first- through fourth-order 

cyclicity in Cretaceous rocks of the Western Interior.  Climatoeustatic changes and regional climate drive 

fourth- through seventh-order cyclicity (Kauffman & Caldwell, 1993).  Fourth-order cycles seem to be 

driven by an interplay between tectonics and climate.  First-order eustatic cyclicity is reflected in the 

overall flooding of the North American Craton from Late Jurassic through Paleocene time (Vail et al, 

1977). This first-order cycle is not completely preserved because of second- and third-order regressions 

which omit part of the stratigraphic record.  The peak first-order flooding was in Early Turonian through 

Santonian time for North America (Kauffman, 1977; Hancock and Kauffman, 1979), and is represented in 

the central Western Interior Basin by the Greenhorn through Niobrara pelagic carbonate facies.  Second-

order cycles are recorded in Lower and Middle Cretaceous successions worldwide (Vail et al, 1977), but 

are not well expressed in the Western Interior Basin. 
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Figure 1.6: Comparative paleogeographic maps showing magnitude of Niobrara flooding from the Late Turonian (~89.8 Ma) on the left to the 
Middle Coniacian (87.9 Ma) on the right.  Thethyan incursions were of great magnitude during transgressions, while Boreal currents had easier 
and more consistent access to the seaway.  Interaction of these currents created a basin-scale counterclockwise paleocurrent gyre (Locklair, 
2007; Wood, 2018).  Red rectangle encloses study area.  Modified from Blakey (2014).
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Figure 1.7: Simple cross-section of the Western Interior Basin.  The Greenhorn and Niobrara marine 
cycles are represented by distinct formations along the Front Range and by individual members of the 
Mancos Shale further west.  Modified from Lowery et al. (2018). 

 
From the latest Albian to middle Maastrichtian, five third-order tectonoeustatic cycles and 

numerous fourth-order transgressive-regressive cycles are recognized in the Western Interior Basin 

(Kauffman, 1977; Kauffman & Pratt, 1985; Figures 1.09 & 1.10). Third-order sea-level highstands 

occurred in the middle Late Albian (Kiowa-Skull Creek Cycle), the middle Early Turonian (Greenhorn 

Cycle), the Lower Coniacian-Late Santonian (Niobrara Cycle (which contains four discrete fourth-order 

cycles)), the late Early Campanian (Claggett Cycle), and the middle Late Campanian stages (Bearpaw 

Cycle) (Kauffman, 1977; Kauffman & Pratt, 1985).   

 The Cretaceous followed a large change in paleolatitude which induced significant biological 

migration into the Western Interior Seaway.  Its dysoxic and brackish nature prevented many normal 

marine creatures (bryozoans, sponges, corals, etc.) from thriving throughout the Western Interior Seaway 

(Kauffman & Caldwell, 1993).  The seaway was highly dynamic throughout its history in terms of size, 

shape, circulation, stratification, temperature, and chemistry, which varied greatly and episodically in 

concert with climatic, tectonic, and eustatic factors.  This dynamic history affected the ecology and 

biological evolution significantly.  The various factors affecting relative sea level are summarized at the 

end of section 1.2 in Figure 1.18.  

 The Western Interior Basin provides a comprehensive large-scale laboratory for high-resolution 

analysis of basin dynamics at many scales.  The integration of data from all fields has resulted in an 

unprecedented potential for further research.   

 

1.2.2: Tectonic Zones of the Foreland Basin 

 The Western Interior Basin was effectively subdivided into a series of broad longitudinal zones 

which are oriented approximately parallel to the Cordillera (Kauffman & Caldwell, 1993; Figures 1.07 & 

1.08).  These zones were unified in their structural response to changes in the compression tectonic 

regime that created the Cordillera and its foreland basin.  In addition to structural style and timing, each 

tectonic zone can be distinguished on the basis of sediment type, depositional rate, and water depth.  The 
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distinctive features of these tectonic zones were highly developed by Late Cretaceous time as a result of 

the persistent compressional regime and structural modifications (Kauffman & Caldwell, 1993).  

Figure 1.8: A) Extent of Western Interior Seaway and distribution of facies during the Greenhorn marine 
cycle for reference. B) Schematic distribution of tectonic zones in the Western Interior Basin. C) 
Schematic cross-section showing distribution and character of various tectonic zones.  FTB = Cordilleran 
fold-and-thrust belt, FB = foredeep basin, FRB = forebulge zone (represented by a series of differentially-
subsiding old crustal blocks), AB = axial/central basin with greatest water depths, HZ = hinge zone on the 
margin of stable craton, EP = epicontinental/cratonic platform   From Kauffman (1988). 
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 The western foredeep sits just east of the tectonic front of the Cordillera.  The coarsest and most 

abundant sediments accumulated here at high rates.  Subsidence and accommodation were greatest in 

this tectonic zone.  Water depths rapidly increased to the east within this relatively proximal zone.   

 The forebulge (or forebulge zone) was oriented approximately parallel to the Cordillera and is 

comprised of a series of discontinuous arch-like uplifts that lie 100 to 150 miles east of the Cordillera.  

Submarine arches of the forebulge were periodically activated throughout the history of the Western 

Interior Seaway, thereby affecting sediment distribution and thicknesses by differential uplift and 

subsidence.  The SW-NE trending transcontinental arch broadly intersects the forebulge zone around 

southwestern Colorado (Weimer, 1978).  The transcontinental arch contributed to separation of the 

northern and southern arms of the Western Interior Seaway when it occurred before and during the Late 

Albian (Kauffman & Caldwell, 1993).   

 The west-median trough was a broad zone east of the forebulge.  The western portion of the 

west-median trough includes the axis of the foreland basin.  This area is also characterized by significant 

subsidence and the greatest water depths in the Western Interior Basin.  Hemipelagic sediments 

containing interbedded calcareous and relatively less calcareous lithologies were deposited in this zone.  

The carbonate content increases eastward along the shallow-dipping slope that comprises most of the 

west-median trough.  Subsidence often outpaced sedimentation in parts of this tectonic zone.  It also 

contained several other tectonic elements (various arches and uplifts) outboard of the forebulge zone.   

 The east-median hinge is a transition zone between the gently sloping west-median trough and 

the eastern platform on the far eastern side of the Western Interior Basin.  This hinge zone is similar to 

the forebulge zone in that it is underlain by a series of isolated Precambrian crustal blocks which showed 

differential uplift and subsidence through the history of the basin.   

 The eastern platform is unified by its tectonic stability and occupied the eastern margin of the 

Western Interior Basin.  It was characterized by shallow-water environments and minimal subsidence.  

Resulting deposits were thin pelagic carbonates with some interbedded terrigenous material from the 

eastern landmass on the stable craton (Kauffman, 1988; Kauffman & Caldwell, 1993).   

 

1.2.3: Tectonics, Sea Level, and Sedimentation 

 Accelerated seafloor spreading at the mid-oceanic ridges drove accelerated subduction beneath 

the western side of the North American continent.  Swelling and doming of the mid-oceanic ridges literally 

pushed up eustatic sea level by reducing the overall volume of Earth’s ocean basins at the time.  This 

tectonoeustatic rise was coupled with Cordilleran uplift, increased volcanism, increased sedimentation, 

and simultaneous subsidence of the foreland basin.  Downward buckling of the Western Interior Basin 

occurred in response to crustal shortening in the compressional regime.  Maximum bathymetric 

deepening of the seaway occurred during tectonoeustatic rise.  Thus, transgression and basin deepening 

were associated with increased sediment supply and volcanism, though subsidence often outpaced 

sedimentation during transgressions of this large scale (Figure 1.09).   
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Times of decreased tectonic activity were associated with overall regression and generally 

shallower times in the Western Interior Seaway (Figure 1.09).  Reduced seafloor spreading, subduction, 

and crustal shortening in western North America enabled continued erosion of the Cordillera and 

sedimentary filling of the Western Interior Basin, as tectonic subsidence came to an end and viscoelastic 

relaxation began.  Highstand deposition in the WIS included varied distribution and quantities of 

intrabasinal and extrabasinal components while lowstand deposits were dominated by extrabasinal 

siliciclastics and development of unconformities.   

 

 
Figure 1.9: Geochronologic and magnetostratigraphic events with interpreted third-order transgressive-
regressive (T-R) cycles. Note correlation of active tectonism, subsidence, and volcanism with periods of 
active plate spreading and eustatic rises, versus periods of relative tectonic quiescence during eustatic 
fall.  From Kauffman & Caldwell (1993). 
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Figure 1.10: Chart showing relations between first- through third- and fourth-order cycles in the Western 
Interior Seaway to those of global sea level.  Correlative peaks column shows times of especially close 
correlation between the cycles within the Western Interior and the rest of ocean basins.  From Kauffman 
& Caldwell (1993). 
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 Tectonoeustatic influence on sea level created first- through third- or fourth-order depositional 

cycles in the Western Interior Seaway that controlled broad lithologic changes.  Acceleration and slowing 

of seafloor spreading at the mid-oceanic ridges directly affects eustatic sea level by controlling the volume 

of ocean basins.  Relative sea level in the Western Interior Seaway is additionally controlled by 

Cordilleran uplift, basin subsidence, and sedimentation.  The rate of seafloor spreading also indirectly 

dictates these factors by regulating the amount of subduction, compression, and crustal shortening on the 

western side of North America.  Local tectonics also play a role in regulating sea-level changes and can 

act independently of tectonoeustatic influence.  A combination of local tectonics and climate may 

contribute to fourth-order cyclicity in the Western Interior Basin. 

 

1.2.4: Oceanography, Climate, Sedimentation, and Ecology 

 Vast changes in paleogeography resulted from Cordilleran uplift and erosion along with sea level 

fluctuations.  Areal inundation of North America by epicontinental seaways fluctuated by 25-40% during 

Cretaceous transgressive-regressive cycles (Kauffman & Caldwell, 1993).  Paleogeographic changes of 

this magnitude heavily influenced climatic, oceanographic, and ecological characteristics of the continent, 

which were inherently interrelated.  Climate, in addition to the tectonoeustatic influence discussed above, 

also affects sea level, oceanography, erosion, sedimentation, and the ecology.  These relationships 

reflect the many feedback loops between tectonics, climate, ecology, and everything in between that were 

active in the Western Interior. 

 As previously mentioned, tectonoeustatic rise enabled the long-lived connection of the northern 

and southern arms of the Western Interior Seaway across the transcontinental arch from the Late Albian 

to Middle Maastrichtian (Greenhorn through Niobrara time).  Full connection of the seaway enabled open 

migrations and mixing of biota from the Tethyan and Boreal realms.  New oceanographic currents were 

also developed in this connected seaway.  An overall counterclockwise gyre is known to have formed 

near the middle of the Western Interior Seaway as a result of the interaction of the two water masses, the 

basin geometry, and seafloor topography (Locklair, 2007; Wood, 2017).  As transgressive-regressive 

cycles occurred within the overall first-order flooding of the Western Interior Basin, oceanographic 

currents and water chemistry changed.  Sea level changes affected the degree and proportions to which 

Boreal and Tethyan waters could invade the basin and mix.  Higher sea level was especially critical for 

enabling greater access of Tethyan currents to the seaway.  This southerly water mass had to surmount 

more structural highs in the southern parts of the Western Interior Basin to invade and mix in with the 

continental water mass, which was already readily influenced by long-lived Boreal flooding.  Times of 

seaway mixing during higher sea levels alternated with periods of seaway stratification from basin 

restriction during lower sea levels (Figure 1.11; Lowery et al., 2018).  These alternations drove 

alternations in downwelling, displacement, and upwelling of oxygen and nutrients in several areas and 

directions that changed with time. 
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Figure 1.11: Highly schematic north-facing cross-section showing how sea level changes affect the 
degree of mixing between Tethyan and Boreal water masses and how low sea level, basin restriction, and 
lack of mixing can drive anoxia through seaway stratification. Modified from Lowery et al. (2018). 

 

Dysoxic to anoxic environments formed due to stratification, overconsumption of oxygen, or both.  

Stratification certainly occurred in the axial basin during lower sea levels; however, upwelling to relative 

bathymetric highs is also known to have taken place (Leckie et al., 1998; Corbett & Watkins, 2013; 

Elderbak et al., 2014; Lowery et al., 2018).  Upwelling often causes dysoxia to anoxia through 

overconsumption of oxygen to develop an oxygen-minimum zone (OMZ; discussed later; Meissner et al., 

1984; Hart, 2016; Figure 1.12).   

 

 
Figure 1.12: Schematic cross-sections showing various situations that can cause anoxia.  Situations A 
and B pertain to OMZ-development on bathymetric highs, while situation C essentially reiterates Figure 
1.11.  From Meissner et al. (1984). 
 
These low-oxygen environments migrated laterally/geographically through time within the Western Interior 

Seaway as a result of sea level changes and consequent oceanographic adjustments.  The migration of 

low-oxygen environments in the rock record was clearly observed during this study and is a testament to 
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the variety of factors and mechanisms that dictate their development within the Western Interior Seaway 

(Figure 1.12). 

The formation of the Western Interior Seaway along with its history of sea level changes affected 

the climate of North America significantly.  Climate also drove changes in sea level, resulting in fourth- or 

fifth- through seventh-order cycles.  Climatoeustatic change is caused by Milankovitch cycles, which 

create sedimentary patterns even in the total absence of sea ice or glaciation throughout the cycle.  

Milankovitch cycles refer to fluctuating levels of the Earth’s insolation during routine variations in its 

precession (21 k.y.), axial obliquity (42 k.y.), and orbital eccentricity (100 or 400 k.y.) (Figure 1.13).   

 

 
Figure 1.13: Diagram showing Earth’s orbital variations that drive Milankovitch climate cycles.  

 

The Milankovitch-scale changes in insolation result in alternating warmer/colder periods and 

dryer/wetter periods at varying and overlapping scales.  Milankovitch-scale changes in sea level also 

affect sedimentation, but in a differing style from tectonoeustasy: climatoeustatic rise is not necessarily 

associated with Cordilleran uplift, but it can still increase accommodation and/or ‘push back’ 

sedimentation.  Milankovitch-scale shifts to wetter times on the continent were associated with increased 

erosion and sediment supply.  Dry times were associated with less siliciclastic influx and more calcareous 

deposition (Figures 1.14 & 1.15).  Climate depositional cycles were superimposed on larger-scale cycles 

(Figure 1.16). 
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Figure 1.14: Simplified lithologic record of a Milankovitch-scale climate cycle.  From Kauffman (1988). 

 

 
Figure 1.15: Lithologic records of climatic cycles as expressed in different depositional environments 
(distal to proximal).  Consideration of these schematic correlations is useful for comparing lithologic and 
geochemical differences between the DJ Basin and northern San Juan Basin study area.  From Kauffman 
(1988). 

 

 
Figure 1.16: Diagram showing multiscale superimposition of depositional cycles. Factors affecting cyclicity 
decrease in scale from tectonoeustatic, to local tectonic, to climatoeustatic, to local or seasonal climatic.  
From Kauffman (1988).
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The ecology and biological organisms were heavily affected by every component of sea level, 

oceanography, climate, and sedimentation discussed in this section (Leckie, 1985; Sageman, 1989; 

Savrda & Bottjer, 1989; Leckie & Olson, 2003; Lowery et al., 2018).  Sufficiently high eustatic sea level 

was required to adjoin the northern and southern arms of the Western Interior Seaway which enabled 

migration of marine life from both areas.  Tethyan biota typically migrated further northward than did 

Boreal biota southward.  Mixing and migration enhanced biodiversity.  Persistent low-oxygen conditions 

prevented proliferation sponges, corals, and many other types of normal marine organisms in the 

Western Interior Seaway.  Evolution, population size, and activites of the biota that did live in the Western 

Interior Seaway was frequently impacted by drastic changes in the temperature, chemistry, currents, 

depths, extent, geometry, and siliciclastic dilution of the water body (Figure 1.17).  The evolution of 

benthic and planktonic communities was particularly dynamic and often correspond with lithologic 

changes (Walaszczyk & Cobban, 2000, 2006; Leckie et al., 2002; Lowery et al., 2018).  The variety of 

volcanic and impact events also affected the evolution of Late Cretaceous marine life (Kauffman & 

Caldwell, 1993).  

Figure 1.17: Relationships between biodiversity, sea level, productivity, siliciclastic dilution, and lithofacies 
from basin center to margin.  These schematic examples are from the Greenhorn, but similar concepts 
are seen similar in the Niobrara from east to west, especially in the Fort Hays section (King, 1972; this 
study).  From Elder et al. (1994). 
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Figure 1.18: Factors influencing relative sea level in the WIS are shown here.  From Locklair (2007). 
 

1.3: Niobrara Marine Cycle and Niobrara Type Section at Pueblo, CO 

In the late 1800’s G.K. Gilbert first described the Upper Cretaceous section around Pueblo, CO. 

There he observed rhythmic alternations of lithologies in the Greenhorn and Niobrara sections, 

postulating that intermittent transport of terrestrial clay into the seaway diluted biogenic carbonate 

sedimentation. Gilbert believed these patterns likely reflected periodic variations in the Earth’s orbit, now 

known as Milankovitch cycles.  The Pueblo area continued to be the site of monumental Cretaceous 

research due to its extensive outcrops of high quality. Thorough mapping of lithostratigraphically-defined 

formations took place here during the 1960’s to early 1970’s, led by Glenn Scott of the USGS.  

Concurrently, William Cobban collected extensive ammonite and inoceramid assemblages from these 

units, leading to seminal findings on time-stratigraphy, paleogeography, and macrofaunal evolution of the 

Western Interior Cretaceous Seaway.  In the 1970’s, Erle Kauffman defined the series of third-order 

transgressive-regressive cycles for the Cretaceous, including the Greenhorn and Niobrara.  Then during 

the late 1970’s through 1980’s, Kauffman supervised a team of students who studied the lithostratigraphy, 

chemostratigraphy, biostratigraphy, and chronostratigraphy of the Greenhorn and Niobrara cycles in the 

Pueblo area.  This group confirmed Milankovich-driven cyclicity of the limestone-shale bundles, 

recognized systematic changes in organic geochemistry, refined the micro- and macro-biostratigraphy, 

and established a link between limestone-shale couplets and shoreline parasequences.  Cretaceous 

research by Weimer and his students took place at the same time, utilizing extensive subsurface data in 

conjunction with outcrops to enhance stratigraphic understanding across the Rocky Mountain region.  The 

Niobrara type section at Pueblo is described here to provide the foundation of stratigraphic context for this 

study (Figures 1.19 & 1.21), although it differs in particularly significant ways from the section in the study 

area. 
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Figure 1.19: Schematic stratigraphic column of rocks from the Niobrara marine cycle as seen at Rock 
Canyon in Pueblo, CO.  From Barlow & Kauffman (1985). 
 

The Juana Lopez Member represents the first transgressive pulse of the Niobrara marine cycle.  

A major unconformity separates it from the underlying Codell and Blue Hill.  The Juana Lopez is the most 

enigmatic member of the Carlile Shale along the Front Range, where it is much thinner than its equivalent 

in the Mancos Shale to the west.  It was previously considered an uppermost facies of the Codell 

Sandstone in eastern Colorado; often described as a dense, fetid limestone, or calcarenite within the 

Codell. The Juana Lopez varies in thickness from absent to several feet, never greater than six feet in 

southeast Colorado, and considering its relatively thin and elusive nature, it encompasses a wide variety 

of lithologies (Lewis, 2013).  At Pueblo it is only about a foot thick and grades upward from sandy 

mudstone to calcareous sandstone.  Many people refer to it as a calcarenite, but this term and implied 

classification is misleading as the lithology varies.  In many locations the Juana Lopez is more than 50% 

detrital lithic and monomineralic grains, commonly quartz, and should be considered a calcareous 
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sandstone, not a calcarenite.  Usage of the term ‘calcarenite’ for the Juana Lopez beds still occurs 

frequently in this report for the sake of simplicity.  The lowermost Juana Lopez contains several inches of 

an orange to rust-brown, coarse-grained pebble, conglomeratic calcareous sandstone with 

indistinguishable fragments of broken inoceramids, chert, sharks teeth, bone, and reworked fragments 

from the underlying Codell Sandstone.  The upper Juana Lopez consists of a purple to maroon and gray, 

very dense, nearly crystalline, fossil fragment grainstone.  When freshly broken it releases a distinct 

sulfurous odor.  Extensive bioturbation makes the contact between the Juana Lopez and Codell 

Sandstone difficult to distinguish when present.  Similarly, the contact between Juana Lopez and upper 

Fort Hays Limestone is also reworked by bioturbation and often difficult to distinguish (Lewis, 2013).   

The Montezuma Valley, Storm King Mountain, and Sage Breaks names all refer to a relatively 

thin (0 to 75 ft) regressive part of the Niobrara marine cycle that is only well-preserved on the western 

side of the Western Interior Seaway. This section is typically comprised of argillaceous silty shale with 

relatively low TOC.  It is also riddled with septarian concretions which can obscure consistencies in its log 

signature.  These sediments were derived from the Sevier and Mogollan Highlands to the west and 

southwest, and this is represented by general thickening in those directions. The Montezuma Valley thins 

to the east considerably. Along the Colorado Front Range, this regressive interval is either absent or 

represented by a very thin mudstones, often simply called Upper Carlile Shale.  At Pueblo it is less than a 

foot thick.  This unit separates the Juana Lopez from the Fort Hays Limestone of the Niobrara Formation. 

Thus, the upper contact of the Montezuma Valley, Sage Breaks, and Storm King Mountain Members is 

the basal Niobrara unconformity where these units are present. Considerable erosion occurred in the 

transition zone between the Greenhorn and Niobrara marine cycles. This is evident by the relatively thin, 

disparate, and varying nature of the Codell, Juana Lopez, and Upper Carlile—all of which have 

unconformable contacts.  The extreme variation in Montezuma Valley/Sage Breaks/Storm King Mtn. 

thicknesses) also represents notable activity from submarine tectonic structures and potentially limited 

accommodation on the east side of the WIS after deposition of lowstand Codell sands (King, 1972).   

The Upper Cretaceous (Turonian-Campanian) Niobrara Formation has had a complex 

nomenclatural history since first described by Meek and Hayden (1861) from exposures along the 

Missouri River near the mouth of the Niobrara River in Knox County, Nebraska. Based on exposures in 

western Kansas near Old Fort Hays, Williston (1892) formally proposed the name Fort Hays Limestone 

Member of the Niobrara Formation for the basal succession of resistant chalk and limestone beds. Cragin 

(1896) later designated the Niobrara section overlying the Fort Hays as the Smoky Hill Chalk Member, 

from exposures along the Smoky Hill River in Rooks County, Kansas.  

In the Pueblo area, Gilbert (1896) divided the Niobrara into the Timpas Limestone, named after 

Timpas Creek in Otero County, Colorado, and the overlying Apishapa Shale, named for exposures along 

the Apishapa River in the Arkansas Valley of eastern Colorado. The contact between these members was 

located higher in the section than the Fort Hays-Smoky Hill contact. Scott and Cobban (1964), working 

along the Arkansas River sections of Gilbert, retained the Fort Hays-Smoky Hill divisions of the Niobrara 
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Formation and further subdivided the Smoky Hill Chalk Member into seven informal stratigraphic units 

based on predominant lithology. These units are, in ascending order: shale and limestone unit, lower 

shale unit, lower limestone unit, middle shale unit, middle chalk unit, upper chalky shale unit, and upper 

chalk unit in Wattenberg Gas Field, drillers adopted similar lithologic divisions for the Smoky Hill Member, 

but renamed them, in ascending order the D Chalk, C Marl, C Chalk, B Marl, B Chalk, A Marl, and A 

Chalk (Beecher Island Zone).  This latter nomenclature is often used by the oil and gas industry for the 

subsurface Niobrara in Laramide basins that extend from New Mexico to Wyoming.  The distinct climatic 

and tectonoeustatic sea-level changes are expressed differently and sometimes obscured west of the 

Front Range by overall increased siliciclastic input (and associated thickening) from nearby Sevier 

Highlands and local structural activity on the tectonically active western side of the seaway, later to host 

the sites of numerous Laramide uplifts.  For example, the A Chalk is absent in the San Juan Basin and 

northwest of the Hartville Uplift due to its limited depositional extent and the overall regressive nature of 

the upper Smoky Hill (Longman et al., 1998). The peak Niobrara transgressions were also not as 

synchronous as that of the Greenhorn; thus, more facies transitions and regional inconsistencies can be 

observed in the Niobrara.   

The Fort Hays Limestone Member is typically composed of relatively thick, intensely bioturbated 

and organically lean, micritic limestone beds intercalated with very thin, weakly calcareous, organic-rich 

shales. The limestone-shale couplets have been interpreted as climate induced. Each couplet may 

represent a 20-25 Ka Milankovitch cycle; the organization of couplets into larger bundles may signify 100-

125 Ka cycles (Kauffman & Pratt, 1985).  The lowermost Fort Hays often displays broad channel-form 

scours and may be somewhat sandy, containing siliclastic material reworked from the underlying 

intervals. Thin layers of bentonite are often present, but infrequent, in the Fort Hays. This member is 

typically bioturbated; characteristic burrows include Thalassinoides, Planolites, Teichichnus, Zoophycus, 

and Chondrites. Both whole and fragmented inoceramids are common. Often, Psuedoperna congesta, a 

small epibiotic oyster, can be found growing on inoceramid shells or reworked into thin lenses. The 

succession of inoceramid biozones in the Fort Hays indicates it extends from the Late Turonian through 

much of the early Coniacian (Kauffman & Pratt, 1985). The unconformity at the base of the Fort Hays 

(where present) has a variable nature and is sometimes called the basal Niobrara unconformity (BNU). 

Less than 15 miles west of Pagosa Springs, the Fort Hays Limestone grades into calcareous mudstones.  

Further west, this facies thins into a nondepositional area and eventually grades into an erosive area as 

seen in Durango and Mesa Verde.  

Above the Fort Hays Member sits the basal unit of the Smoky Hill Member, the shale and 

limestone unit, which represents the transition to the overlying lower shale unit and the remainder of R7a 

regression after peak flooding within the Fort Hays Limestone.  In this overlying unit, shale and limestone 

couplets that appear similar to those of the Fort Hays are vertically expanded.  Kauffman & Pratt (1985) 

postulated that thickening of the couplets reflects increased sedimentation rates during this time. The 

shale beds are typically dark, laminated, and sparsely burrowed.  Small Planolites and Chondrites can be 
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found.  Each shale grades upward to a limestone bed, with a concomitant increase in carbonate content 

and bioturbation. Thallasinoides burrows are especially common in the limestones. Inoceramid 

biozonation indicates the shale and limestone unit likely extends across the early to middle Coniacian 

boundary (Kauffman & Pratt, 1985). Organic carbon in this section is also very low, typically less than 1% 

(Kauffman & Pratt, 1985). 

The shale and limestone unit transitions upward to the lower shale unit (C Marl). Kauffman & 

Pratt (1985) ascribed this change to a continued fourth-order regression (R7a) during the late Coniacian.  

Longman et al. (1998) further asserted association with a slowing of overall third-order transgression 

which enabled cold southward Boreal currents from the north to dominate the Western Interior Seaway 

and prevented chalk deposition in a starved basin.  The upper parts of the C Marl represent T7b 

transgression (Drake & Hawkins, 2012; Nakamura, 2015).  Across the lower boundary of the unit, 

inoceramids change to very flat, thin-walled species adapted to life on a soft, water-saturated substrate 

(Kauffman & Pratt, 1985). Based on very high carbon content (up to 5%), general lack of burrowing, and 

inoceramid morphology, Kauffman & Pratt (1985) believed the lower shale unit formed during a period of 

oxygen depletion both on the seafloor and in the lower water column. These conditions allowed for high 

levels of accumulation and preservation of organic matter. The lower shale unit acts as the major source-

rock interval within the Niobrara (Kauffman & Pratt, 1985).  

Above the dark gray lower shale unit (C Marl), there is a distinct color change (Figure 1.20). The 

overlying, ledge-forming, light gray to tan interval is the lower limestone unit (C Chalk). Similar to the 

shale and limestone unit, organic content in the C Chalk drops below 1% and shale-limestone bedding 

couplets prevail (Kauffman & Pratt, 1985). Foraminifera are abundant and visible on weathered surfaces 

(Barlow & Kauffman, 1985). Kauffman & Pratt (1985) placed the base of the lower limestone unit at the 

middle to late Coniacian boundary, with deposition culminating in the early Santonian. The lower 

limestone unit represents late transgression and highstand of T7b-R7b (Drake & Hawkins, 2012; 

Nakamura, 2015). 

 The subsequent shift up into the overlying middle shale unit (B Marl) reflects continued R7b 

regression (late highstand to relative ‘lowstand’). This unit correlates with the regressive Dalton 

Sandstone and El Vado Sandstone in the San Juan Basin. The middle shale at Pueblo consists of 

calcareous shale with some sandy shale, shaly limestone, and concretionary limestone beds (Barlow & 

Kauffman, 1985). Kauffman & Pratt (1985) noted that upsection the middle shale unit shows an increase 

in biodiversity, likely reflecting progressively greater influence of subtropical biotas migrating with warm 

Gulfian waters during an ensuing transgression (early T7c).  

The T7c transgression culminated in the peak third-order transgression of the Niobrara marine, 

with deposition of the middle chalk unit (B Chalk). Inoceramid, foraminiferal, and ammonite 

biostratigraphy indicate that deposition of the middle chalk occurred in the late Santonian and extended 

into the late Santonian (Scott & Cobban, 1964).  The T7c-R7c sequence clearly expressed in western 

Rocky Mountain basins from the Powder River to the San Juan. 
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After peak Niobrara transgression (T7c), overall 3rd-order regression begins and is represented 

by the part of the Smoky Hill that’s above the T7c maximum flooding surface (within the B Chalk) and the 

lower part of the Pierre Shale (below and including the Apache Creek Member). 

The upper part of the B Chalk along with the upper chalky shale unit (A Marl) represent the first 

part of this overall regression in the Western Interior Seaway.  Because of its location in the Niobrara 

marine cycle, the A Marl is especially thickened in the western Rocky Mountain Basins with a 

corresponding increase in siliciclastic content (Longman et al., 1998). 

The upper chalk unit (aka A Chalk or Beecher Island Zone) caps the Niobrara Formation. It is 

only present southeast of the Hartville Uplift and marks an interruption in the overall regression and 

progradation of siliciclastics from the west (Longman et al., 1998). The expression of the A Chalk in 

western Rocky Mountain basins is either absent or quite subtle. It is likely represented by a shaly or 

calcareous zone that interrupts the sandy interval that characterizes the middle to upper Cortez Member 

of the Mancos Shale in the San Juan Basin. Carbonate deposition increased to the south so equivalents 

to the A Chalk may be entirely non-calcareous in western Rocky Mountain basins to the north like the 

Powder River.  

Deposition of Pierre Shale up to the lower part of its Apache Creek Member marked the end of 

the Niobrara marine cycle.  

 

 
Figure 1.20: Photograph showing C Marl grade upward into C Chalk of the Smoky Hill at Pueblo.  Note 
the degree of chalkiness, low silt content, lesser thickness in comparison with the Smoky Hill in the 
northern San Juan Basin study area.  Photo from Tofer Lewis. 
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Figure 1.21: Lithofacies of Niobrara Formation from eastern Colorado in context of carbonate, TOC, and sea level changes.  From Locklair (2007).  
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1.4: Stratigraphic Context of Niobrara in Northern San Juan Basin 

1.4.1: Introduction 

The Niobrara Interval is present in the San Juan Basin within the upper half of the Mancos Shale 

(Figure 1.22).  This section is generally equivalent to the Niobrara Formation (although largely lacking 

Fort Hays deposits) along the Colorado Front Range and represents most of the Niobrara transgressive-

regressive marine cycle for the Western Interior Seaway, superimposed on which there are several cycles 

of smaller order (Weimer, 1960; Kauffman, 1969, 1977; Molenaar 1983; Kauffman & Caldwell, 1993).  

The Niobrara marine cycle includes the Juana Lopez Member, the Montezuma Valley Member, and the 

Niobrara Interval (Smoky Hill and Cortez Members).  The Mancos Shale includes the Cretaceous marine 

strata above the Dakota Sandstone and below the Point Lookout Sandstone of the Mesaverde Group 

(Figure 1.22).  Before the San Juan Basin was structurally isolated by adjacent uplifts, it was in 

depositional continuum with other Cretaceous strata deposited in the Western Interior Seaway (Figure 

1.06).   

The Niobrara Interval in the San Juan Basin can be effectively characterized and categorized by 

lithologic properties, sequence stratigraphy, and their relations.  The following stratigraphic unit 

descriptions are derived from a compilation of published studies performed on outcrops and the 

subsurface.  Although the entirety of relevant available literature was considered in the writing of these 

descriptions, the foundation of the sequence stratigraphic framework and lithologic units primarily used in 

these descriptions is derived from several reports specifically relevant to the study area.  These are 

Molenaar, 1983 (summarized major marine cycles in San Juan Basin and adjacent areas along with their 

relations to other basins); Leckie et al., 1997 (measured and described the Mancos Shale at Mesa Verde 

(NW San Juan Basin), often in reference to Molenaar’s marine cycles and other basins) ; Ridgley (2001) 

(developed a preliminary sequence stratigraphic framework for eastern SJB); and Broadhead (2015) 

(provided a straightforward stratigraphic summary in terms of hydrocarbon potential, 2018).  By 

hybridizing the naming schemes and considering all the stratigraphic relationships observed in previous 

studies, an effective stratigraphic nomenclature can be established for the sake of efficiently conveying 

information throughout this report.  This nomenclature is utilized and explained in general relation to 

selected previous works and the Western Interior Seaway. 
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Figure 1.22: Diagram showing general biostratigraphic equivalency between parts of the Mancos Shale and equivalent sections in other basins.  This study is 
focused on relationships between the southern San Juan Basin, northern San Juan Basin study area (represented by Mesa Verde section), and the DJ Basin 
(represented by Rock Canyon).  In the study area, the Niobrara Interval includes the Smoky Hill Member and Cortez Member, while the overall Niobrara marine 
cycle is largely represented by the Juana Lopez, Montezuma Valley, Smoky Hill, and Cortez Members.  Modified from Leckie et al. (1997). 
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The actual nomenclature used here was derived from Leckie et al.’s (1997) thorough description 

of trenched Mancos outcrops at Mesa Verde and the classic map of the Tierra Amarilla Quadrangle from 

Landis & Dane (1967) which originally described the El Vado Sandstone Member of the Mancos Shale.  

The overall Niobrara Interval referenced in this study has been extended up-section (compared to that of 

Bottjer & Stein, 1994) to include all marine strata between the basal Niobrara unconformity and the Point 

Lookout Sandstone, since they are essentially equivalent to the Niobrara Formation along the Colorado 

Front Range (Leckie et al., 1997; Molenaar, 1983).  These strata include three general units: the Smoky 

Hill Member of the Mancos Shale, the El Vado Sandstone Member of the Mancos Shale (within Smoky 

Hill Mbr. where present), and the Cortez Member of the Mancos Shale (Figure 1.22).  Although the El 

Vado Sandstone Member as seen at El Vado Reservoir does not extend across the northern SJB study 

area, distal equivalents are consistently present as relatively clay-rich, silty to sandy sections within the 

middle of the Smoky Hill Member.  The Juana Lopez Member, Montezuma Valley Member, and Niobrara 

Interval collectively represent the Niobrara marine cycle (or Cyclothem), but largely lack a Fort Hays-

equivalent section and are considerably thicker (3-5x) than the equivalent section along the Colorado 

Front Range due to increased accommodation and proximity to sediment input (Kauffman, 1969; 

Molenaar, 1983; Leckie et al., 1997).  

 

1.4.2: Paleogeography and Sediment Sources 

 The Western Interior Seaway deepened to the west, in the direction of increased proximity to the 

Sevier Highlands, increased siliciclastic input, and generally decreased total organic carbon (TOC) due to 

siliciclastic dilution (Figure 1.23).  Carbonate concentration also decreases to the west by dilution and 

depth changes; thus, the chalks and relatively clean limestones are not present in the SJB Niobrara 

Interval.  Instead, the Niobrara in the San Juan, Piceance, Uinta, and Sand Wash Basins is primarily 

represented by marls, calcareous mudstones, and mixed mudstones with varying degrees of 

siltiness/sandiness, fossil, and pelletal content. 

 In the Late Cretaceous, during Niobrara deposition, the area to become the northern San Juan 

Basin was near the western margin of the Western Interior Seaway (Figure 1.06).  The cuspate geometry 

of the shoreline in this area affected sedimentation by enabling influence of multiple sediment sources on 

the San Juan Basin paleoenvironment.  This shoreline feature is called the Utah Bight and partially 

enclosed the Sand Wash, Piceance, Uinta and San Juan Basins during much of the Late Cretaceous.  

The Sevier Highlands to the west and northwest along with Mogollan Highlands to the southwest and 

south provided ample siliciclastic input to the San Juan Basin at varying rates throughout the Late 

Cretaceous.  Detrital zircon data confirm the Mogollan Highlands as a major provenance during Niobrara 

time (Stopka et al., 2015; Pecha et al., 2018; Figure 1.25).  The significance of siliciclastic contribution 

from the Mogollan Highlands is also demonstrated by the abundance of sand in the middle part of the 

Niobrara in the Raton Basin (Scott et al., 1986; Figures 1.24 & 1.27).   A comparable degree of sandiness 

is not seen in the middle of the Niobrara in the San Juan Basin or at Mesa Verde National Park (Leckie et 
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al., 1997).  Submarine uplifts around the San Juan Basin could have also contributed to the sediment 

supply and affected the distribution in this area by diverting siliciclastics outboard of the paleohighs.  

Submarine uplifts not only influenced accommodation and sediment distribution but could also provide 

local sources of sediment upon winnowing or erosion.  Paleocurrents in the Western Interior Seaway 

influenced environmental conditions and sediment distribution.  In general, warm currents came into the 

seaway from the south and colder currents from the north (Longman et al., 1998; Figure 1.26).  This 

generated a large-scale convection cell or paleocurrent gyre (counterclockwise) in the central portion of 

the Western Interior Seaway.  This gyre contributed to southward and southeastward paleocurrents along 

the western margin of the Seaway in the Late Cretaceous, which are readily observable in parts of the 

Mancos Shale (Bottjer & Stein, 1994).  

 Local tectonics and climate of the Utah Bight area superimposed on the large scale 

transgressive-regressive cycles that affected the entire Western Interior Seaway controlled 

erosion/deposition and paleoecology within the San Juan Basin paleoenvironment.  

 

 
Figure 1.23: Schematic map showing generalized depositional trends in the Western Interior Seaway.  
From Sonnenberg (2011). 
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Figure 1.24: Schematic map showing distribution of Santonian siliciclastics in the WIS. Note how SW 
Colorado is not in the main sandy fairway. From Locklair (2007). 
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Figure 1.25: Map showing paleogeographic sediment sources from detrital zircon data.  The Mogollan 
Highlands were an important source of terrigenous sediments in addition to the Sevier Highlands for the 
SJB paleoenvironment.  From Pecha et al. (2018). 
 

 
Figure 1.26: Map showing influx of Tethyan and Boreal water masses during the Coniacian.  From 
Lowery et al. (2018).   
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Figure 1.27: Schematic cross-section running approximately north-south to northwest-southeast through the Niobrara section.  The entire cross-
section is situated east of the study area refer to Figure 1.24 for schematic map view, but Pueblo and the Raton Basin are closest to the northern 
San Juan Basin.  The sand distribution in the Coniacian-Santonian interval reflects sedimentary influence from the Mogollan Highlands.  The study 
area did not receive as much sand as the Raton Basin paleoenvironment and may have been situated between major deltas at the time.  Modified 
from Locklair (2007).
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Figure 1.28: Diagram pertaining to the following section that shows how the Niobrara marine cycle is represented in the Mancos Shale of the 

northern San Juan Basin. The stratigraphic column is the summary of the Mancos reference section at Mesa Verde (Leckie et al., 1997). Cycles 

are from Kauffman & Caldwell (1993).  B=bentonite, M=bench-forming marlstone; D=dolomitic mudstone bed.  Compiled and modified from Drake 

& Hawkins (2012) and Leckie et al. (1997).   
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Figure 1.29: Diagram pertaining to the following section that shows how the Niobrara marine cycle is represented in standard log signatures 
(gamma and resistivity). This outcrop-to-subsurface correlation is from the Mancos reference section at Mesa Verde to wells shown in the data 
summary map in Figure 5 (wells 1,2,3,4). The green letters (A, B, and C) signify approximate equivalency to A, B, and C chalks in the DJ Basin 
based on biostratigraphic correlation from Leckie et al. (1997) and sequence stratigraphic correlation from this study. The top of the Juana Lopez 
Member is marked by an orange line and the tops of calcareous units within the Niobrara are shown by light blue lines (note how upper calcareous 
unit extends up into lower Cortez Member). The upper and lower calcareous units are separated by a middle argillaceous and sandy unit (A&S).  
The upper calcareous unit is overlain by an upper argillaceous and sandy unit that generally coarsens upward into Point Lookout Sandstone.  
B=bentonite, M=bench-forming marlstone; D=dolomitic mudstone bed.  Modified from Leckie et al. (1997). 
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1.4.3: Stratigraphic Units of Niobrara Marine Cycle 

 Figures 1.28 and 1.29 summarize the stratigraphy of the northern San Juan Basin study area as 

seen at Mesa Verde National Park, where the section is similar to that of rest of the study area.  Figures 

1.33 and 1.34 show a cross-section ~25 miles southeast of the study area from the Jicarilla Reservation 

(Ridgley, 2001).  It features a well-developed version El Vado Sandstone Member of the Mancos Shale 

however, the calcareous parts of the Niobrara are thinning to the south and southwest in this area.   

 

Juana Lopez Member, Mancos Shale 

 West of the Front Range the Juana Lopez Member is part of the Mancos Shale and thickens to 

over 100 feet in SW Colorado.  It ranges in thickness from 55 to 135 feet in the San Juan Basin, although 

it typically exceeds 100 feet in most areas (Dane et al., 1966).  The unit is marked by basal resistant 

calcareous sandstone beds, overlain by a sequence of organic-rich calcareous shale with many thin 

calcareous sandy beds and lenses, which is all capped by a series of thickening ‘calcarenite’ beds.  

These beds are highly fossiliferous and actually quite heterolithic.  They weather to a rusty orange-brown 

color and are distinctive in the field (smelling like hydrocarbons upon breakage).  These calcareous 

sandstone beds often represent transgressive lags.   

The Juana Lopez Member represents the first transgressive pulse (early T7a transgression of 

Kauffman, 1977 or T-2 of Molenaar, 1983) of the Niobrara marine cycle. A major unconformity separates 

it from the underlying Codell and Blue Hill.  In these western areas, Semilla Sandstone is 

contemporaneous with the Codell and is sometimes very thin, but can be easily differentiated from the 

basal calcareous sandstones of the Juana Lopez Member, as long as both can be located.  The top of the 

Juana Lopez Member is easily identified in outcrop and well logs in most western areas due to the 

prominence of the uppermost calcareous sandstone beds, which are very resistive in log and outcrop.  

The Juana Lopez Member as seen in the study area is upper Turonian in age (Leckie et al., 1997). 

 

Montezuma Valley Member, Mancos Shale 

The Montezuma Valley Member is upper to uppermost Turonian in age at Mesa Verde (Leckie et 

al., 1997).  Its thickness ranges from 0 to 350 feet throughout the entire basin.  In the northern San Juan 

Basin study area, the thickness varies from 15 to 75 feet.  The upper contact of the member is 

diachronous across the San Juan Basin since it is variably incised by the overlying basal Niobrara 

unconformity.  This is reflected by the prominent thickness variations in the Montezuma Valley Member 

across the region.  The member is also characterized by the presence of septarian concretions which 

typically feature well-developed and highly mineralized septarian fractures. Septarian fracture fills can 

record numerous stages of carbonate mineralization, consequently preserving the carbon and oxygen 

isotopic signature of successive seafloor and diagenetic environments (i.e. Coniglio et al., 2000; Dale et 

al., 2014).  There is also a consistent concentration of bentonites at the base of the member and others 

scattered throughout its remainder.   
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The Montezuma Valley Member is a local unit that is either absent or of minimal thickness east of 

the San Juan Basin.  It is present in other western Rocky Mountain basins and goes by other names such 

as Sage Breaks, Storm King Mtn., or Upper Carlile.  The member was deposited during the overall 

transgression that began with the Juana Lopez Member (T7a of Kauffman, 1977), but locally it is 

considered regressive (R-2 of Molenaar, 1983) due to its high sediment supply and wedge-shaped 

architecture that developed during tectonoeustatic transgression.  The frequent volcanic ashes and hiatal 

to erosional surfaces within and above this member are indicative of rapid tectonic subsidence (outpacing 

sedimentation in eastern parts of the basin) coupled with simultaneously active submarine uplifts to the 

west during initial development of the Niobrara sea. 

 

Basal Niobrara Unconformity (‘Tocito Unconformity’) 

The Niobrara Interval sits directly above an unconformity of regional extent in the San Juan Basin 

(Dane, 1960).  Utilizing the straightforward nomenclature from Ron Broadhead (2015), this basal Niobrara 

unconformity (McCubbin, 1969) separates the Lower Mancos Shale from the Upper Mancos Shale.  An 

important distinction needs to be made about the basal Niobrara unconformity: Gallup Sandstone and 

distal Gallup equivalents always lie below this surface.  The “Gallup” is often incorrectly listed on 

numerous scout cards, drilling reports, IHS tops, and well logs in reference to several other different sand 

bodies and sandy sections (including Tocito and El Vado sands along with high-resistivity calcareous 

sections) above the BNU. 

 Incision by the Basal Niobrara unconformity generally deepens to the north and northeast in the 

San Juan Basin; however, deepest incision occurs in the northwestern part of the Basin south of the CO-

NM state line and just southwest of the Horseshoe Field in a localized NW-SE trend.  The unconformity 

reaches the Juana Lopez in this area, having progressively truncated the Gallup Sandstone, distal Gallup 

equivalents, and the rest of the interfingering and underlying Upper Carlile Shale.  This zone of deepest 

incision likely represents the crest of a relatively local paleostructure that was active in the Late 

Cretaceous (Fassett, 1976; Nummedal & Riley, 1999).  The most distinctive paleostructure was named 

the Waterflow Anticline by Nummedal & Riley (1999) and was active above a NW-trending basement 

fault.  It was one of several NW- and NE-trending structures present along the tectonically active western 

margin of the seaway subjecting the Mancos seafloor to submarine erosion (Plint, 1988).  Throughout 

Niobrara transgression, the Waterflow Anticline and similar structures enhanced submarine erosion and 

greatly influenced erosion of the Carlile section, distribution of Tocito Sandstone, and thicknesses 

overlying Smoky Hill sediments.  Stratigraphic relief on the Basal Niobrara unconformity is up to 400 feet, 

which could be partially attributed to preexisting Gallup depositional relief in addition to the tectonic uplift 

(Bottjer & Stein, 1994).  

The unconformable surface then begins to stratigraphically rise with respect to the Juana Lopez 

further to the east and northeast, away from Horseshoe Field.  It is well-developed in Durango and 

Piedra.  At these locations, the time of Fort Hays deposition is essentially represented by erosion of the 
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Montezuma Valley Member, nondeposition, and/or reworking of the sandy basal glauconitic unit which is 

distally equivalent to the Tocito Sandstones.  Further east, at Pagosa Springs, a thin version of the Fort 

Hays Limestone (~8 chalk beds) is present just above the Montezuma Valley Member, and the contact is 

disconformable, but perhaps to a lesser degree.  The development of the BNU at the base of the Fort 

Hays at Pagosa Springs has been questioned in favor of another unconformity several feet above the 

Fort Hays there (King, 1974).  This unconformable surface at Pagosa Springs caps the section equivalent 

to the shale & limestone unit of Scott & Cobban (1964), which is called the ‘Canon Bonito’ section or unit 

(after King, 1972) in this report for the sake of salvaging simplicity. 

The basal Niobrara unconformity actually consists of multiple stacked and convergent 

disconformities to unconformities which have been identified for the Tocito sequences (Jennette & Jones, 

1995; Bottjer & Stein, 1994).  Within the basal glauconitic unit, at least three unconformities seem to be 

compositely represented through ongoing erosion, deposition, and/or reworking.  At Pagosa Springs, 

there is a disconformity at the base of the Fort Hays, at the top of the Fort Hays, and at the top of the 

‘Canon Bonito’ section.  The BNU is also less pronounced or only present as a disconformity (or entirely 

absent) in the southeastern portion of the San Juan Basin.  This is likely due to less tectonic uplift in that 

area in the late Turonian through Coniacian (Nummedal & Riley, 1999).  The oldest macrofossils reported 

from deposits directly above the basal Niobrara unconformity in the northwestern portion of the San Juan 

Basin were in the range of Inoceramus (Cremnoceramus) erectus, indicating an early Coniacian age for 

the unconformity in this area.  Magadiceramus stantoni (Upper Coniacian) is the youngest inoceramid 

species reported from deposits directly above the unconformity, indicating an Upper Coniacian age for the 

youngest (southwesternmost) parts of this surface.  Leckie et al. (1997) reported a Lower to Middle 

Coniacian age for the basal Niobrara unconformity in the western part of the study area at Mesa Verde.    

 

 
Figure 1.30: Schematic cross-section (south of study area) showing the composite nature of the basal 
Niobrara unconformity with multiple Tocito sequences overlain by Niobrara calcareous mudstones. 
Erosional surfaces are labeled ES-1, ES-2, and ES-3. Incision is greater above paleostructures, locally 
reaching the Juana Lopez Mbr.  Upper Carlile is the Montezuma Valley Mbr. here. The datum shown in 
the Niobrara Interval correlates to a surface that caps the lower calcareous unit from this study. Niobrara 
downlap surface falls on and eventually merges with the T7c MFS.  From Bottjer & Stein (1994).
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Figure 1.31: Core photos from the 148 M San Juan 28-6 well about 25 miles south of the central portion of the NSJB study area.  This core 
actually features a septarian concretion in the Montezuma Valley Member and a basal Niobrara unconformity (BNU) with overlying Tocito sandy 
parasequences.  This Tocito Sandstone is overlain by transgressive surface of erosion (TS) with a reworked glauconitic zone immediately above 
that. (upper 6 feet of core shown)  This transgressive surface is interpreted to correlate with erosional surface 2 (ES-2) of Bottjer & Stein (1994).  
This core reflects the dynamic changes that occurred in the basal Niobrara section, where the depositional times of the Fort Hays Limestone and 
the shale and limestone unit are recorded by erosion, sandy deposition, and reworking.  Orange numbered lines show parasequence tops picked 
by Genovese (2017).  Annotated from Genovese (2017).
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Smoky Hill Member, Mancos Shale 

An overall transgressive wedge of rocks, ranging from 50 to 400 feet in thickness, rests upon the 

basal Niobrara unconformity and generally thickens to the northeast in the paleo-basinward direction 

(Ridgley, 2001).  This unit is mainly comprised of calcareous mudstone, makes up the lower portion of the 

Niobrara Interval in the San Juan Basin and is called the Smoky Hill Member of the Mancos Shale.  This 

terminology comes from Leckie et al. (1997), who described the unit as lithologically similar and partly 

correlative to the Smoky Hill Member of the Niobrara Formation along the Colorado Front Range.  The 

Smoky Hill Member in this study is generally equivalent to the C Marl, C Chalk, B Marl, and lower B Chalk 

of the Niobrara Formation along the Colorado Front Range (Figure 1.22).  It is also equivalent to the 

Mulatto Tongue and lowermost part of the Satan Tongue of the Mancos Shale (Molenaar, 1983; Leckie et 

al., 1997).  The Smoky Hill Member is Coniacian through middle Santonian in age.  The time of Fort Hays 

deposition is largely unrepresented in most of the San Juan Basin due to erosion and nondeposition upon 

the basal Niobrara unconformity, but Longman (1998) also noted an approximate equivalence between 

the basal unit of the Smoky Hill Member (Tocito Sandstone or sandy mudstone equivalent) and the Fort 

Hays Limestone.  Landis & Dane (1967) originally included the Smoky Hill Member within the “middle 

shale unit” of the Mancos Shale.  Somewhat inconveniently, this middle shale unit includes the basal 

Niobrara unconformity and the underlying Carlile/Montezuma Valley section, which is genetically 

unrelated to the overlying section and not historically productive of petroleum.  For this reason, the Smoky 

Hill terminology is favored for clarity and efficiency of the report.   

The relatively proximal portion of the Smoky Hill Member contains the historically oil-productive 

Tocito Sandstone Lentils either right at its base or a few feet (<40 ft) above the BNU.  These sands are 

not present in the majority of the study area because it was too far from the paleoshoreline; however their 

detrital influence is seen in the basal glauconitic unit at the bottom of the Smoky Hill Member.  The Tocito 

formed several elongate sand lenses trending northwest-southeast, essentially parallel to the 

paleoshoreline.  The origin of these sands has been relatively controversial for decades; however, their 

orientation certainly represents the influence of varying paleocurrents and active local structures along 

the western margin of the Western Interior Seaway.  The tremendous relief on the BNU along with 

research on the Tocito points to a complex sedimentological and structural history for the entire San Juan 

Basin paleoenvironment.  Since paleostructural activity and associated depositional changes could have 

resulted in lateral heterogeneity of Niobrara, it is beneficial to consider this research in the context of 

more distal facies in the northern San Juan Basin.  Southwest of the study area, Tocito Sand Lentils sit 

within different stratigraphic intervals at the base of the Smoky Hill Member and are separated by minor 

unconformities (Bottjer & Stein, 1994; Jennette & Jones, 1995).  The Tocito Sandstone Lentils become 

younger from NE to SW as they overstep each other to the SW, stratigraphically climbing up the basal 

Niobrara unconformity (Figure 1.30).  Southeastward paleocurrent directions dominate in the Tocito 

(Bottjer & Stein, 1994).  These paleocurrents combined with Niobrara transgression and local structural 
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activity (such as the Waterflow Anticline) along this margin of the Western Interior Seaway heavily 

influenced Tocito deposition.   

Although discrete Tocito sand bodies are most well-developed in the western and northwestern 

parts of the San Juan Basin and on the Four Corners Platform, partially-developed Tocito Sandstone 

Lentils can occasionally be observed as local areas of increased sandstone concentration with frequent 

shale interbeds further east in the basin (Ridgley, 2001).  Where Tocito Sandstone is entirely absent (as 

in the majority of the NSJB study area), the basal few feet of the Smoky Hill Member is characterized by 

mudstone containing disseminated glauconite and an elevated fraction of detrital quartz silt and sand 

(Bottjer & Stein, 1994; Jennette & Jones, 1995; Leckie et al., 1997).  This mineralogical detail can be 

useful for locating the basal Niobrara unconformity when it is not readily observable.  The glauconitic 

zone is called the basal glauconitic unit (BGU) in this report and marks the base of the Smoky Hill 

Member and Niobrara-equivalent section of Mancos Shale (Niobrara Interval).  The rest of the Smoky Hill 

Member is primarily laminated calcareous silty mudstones with silty to sandy and/or calcarenitic interbeds 

of varying thickness and frequency.  Foraminifera and calcareous fecal pellets vary in abundance along 

with degree of lamination versus bioturbation.  Silty/sandy lenses are often bioturbated but can clearly 

represent wave ripples, current ripples, scour surfaces, and a variety of graded beds.  Inoceramid 

fragments and other forms of detrital calcite are common along with framboidal pyrite (sometimes in cm-

scale lenses).  These components also vary in abundance.  Bentonites are not uncommon.  The member 

primarily features an inverse relationship between carbonate and clay content, varying degrees of 

bioturbation versus lamination, and varying fossil abundances.   

Leckie et al. (1997) reported two zones within the Smoky Hill Member through lower Cortez 

Member which contain relatively resistant marlstone benches that stand out in the field and subsurface 

resistivity logs.  These zones are relatively calcareous due to their high fraction of foram tests and 

calcareous fecal pellets preserved in laminated to massively-bedded mudstone facies.  Their resistance 

to weathering is also enhanced by high silt content.  These two calcareous zones are referred to as the 

lower calcareous unit (LCU) and the upper calcareous unit (UCU) of the Niobrara Interval in this report.  

The most common calcareous/‘marly’ facies in these two calcareous units is laminated pelletal silty 

mudstone.  The LCU is typically 90 to 120 feet thick in the northern San Juan Basin study area and is less 

prominent in the field.  The UCU is much thicker and more prominent (120 to 300 feet thick) and extends 

upward into the Cortez Member up until the top of calcareous mudstone facies, which are highly resistive 

in subsurface logs.  
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Figure 1.32: Photo looking southwest showing the top of the Smoky Hill Member north of Mesa Verde National Park as assigned by Leckie et al. 
(1997).  The top of the cliff shown here may not exactly coincide the parasequence top that forms the prominent and blocky resistivity kick in 
subsurface logs (Figure 1.29); however, they are generally correlatable.   
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The top of the Smoky Hill Member sits within the upper calcareous unit.  At Mesa Verde National 

Park, Leckie et al. assigned the top of the Smoky Hill to the top of a prominently mappable marlstone cliff 

(Figure 1.32).  This top in the field generally correlates with the top of the high resistivity blocky zone that 

marks the Smoky Hill top in logs (Figure 1.29); however, the top of the cliff at Mesa Verde seems to 

extend up and above the parasequence top that actually forms the Smoky Hill top based on detailed 

correlations.  The UCU and LCU are separated by a relatively argillaceous, sandy, and bioturbated 

section ranges in thickness from 90 to 130 feet in the study area.  This section is less calcareous and is 

called the middle argillaceous and sandy unit (MASU) herein.  The silt and sand in this unit is more 

frequently comprised of extrabasinal quartz silt than in adjacent units, but still includes many intrabasinal 

calcareous grains.  This zone approximates to the ‘distal’ or ‘interdelta’ equivalent of the El Vado 

Sandstone, which is discussed in the following section.   

Sand and other siliciclastic material were not only provided from the Sevier Highlands to the west 

and north, but also from Mogollan Highlands to the south (Ridgley, 2001; Stopka et al., 2015; Pecha et 

al., 2018).  These sediments were reworked primarily by tidal, storm, bottom current, and biologic 

processes.  Further basinward in the paleoenvironment, the sand fraction decreases and is portrayed by 

a decreased thickness and frequency of sand layers/lenses.  Tidal influence is lessened further out into 

the basin (north and northeast SJB) and primary depositional mechanisms are storms, bottoms currents, 

and a variety of turbidity flows.  Intrabasinal supply of foram tests and calcareous pellets was tremendous 

at times in the northern San Juan Basin, and these components often make up most of the silt and sand. 

 

 
Figure 1.33: Map showing contextual location of cross-section from Figure 1.34.
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Figure 1.34: Cross-section shown in Figure 1.33.  About 30 miles south of the northern San Juan Basin study area, the Niobrara calcareous units 
can be seen onlapping on to the BNU.  The El Vado Sandstone is well-developed between the calcareous units here but not in the study area.   
Modified from Ridgley (2001). 
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El Vado Sandstone Member, Mancos Shale 

The El Vado Sandstone Member of the Mancos Shale is present within the middle to upper-

middle part of the overall Smoky Hill Member throughout much of the San Juan Basin.  This unit was first 

recognized by Landis & Dane (1967) as 90 to 100 feet of interbedded sandstone, silt, and shale at the El 

Vado Reservoir outcrop, and later redefined in the subsurface by Fassett & Jentgen (1978) to include the 

entire section between the Tocito Sandstone Lentils and the top of increased resistivity on well logs below 

the Mesaverde Group.  The thinner version of El Vado Sandstone from Landis & Dane (1967) is used in 

this report.  This unit can be 90 to 150 feet thick in the subsurface and is characterized by a higher sand 

fraction (thicker sand beds/lenses at higher frequency) than the underlying transgressive deposits of the 

Smoky Hill Interval (but still contains frequent shaly interbeds).  Sedimentary structures are generally 

more developed than in surrounding intervals and represent deposition influenced by storm and tidal 

action (Broadhead, 2015).  The El Vado is distally equivalent to the regressive Dalton Sandstone Member 

of the Crevasse Canyon Formation (Ridgley et al., 2013), but must also contain transgressive parts.  

Where present, the El Vado has been interpreted a regressive to aggradational section of relatively 

consistent thickness within the overall transgressive Smoky Hill Member (Ridgley, 2001; Figures 1.33 & 

1.34).  Sand and other siliciclastics were sourced primarily from the south (Hedayati, 2008). 

The El Vado Sandstone has not yet been extensively mapped in the northern San Juan Basin 

study area.  However, consideration of an El Vado-equivalent section is important for development of a 

sequence stratigraphic framework for the northern San Juan Basin.  The Smoky Hill Member includes this 

equivalent section as a relatively argillaceous and sandy zone where robust expressions of the El Vado 

Sandstone are absent (Leckie et al., 1997; this study).  A robust distribution of El Vado Sandstone has 

been reported throughout Jicarilla Indian Reservation (which borders the study area to the southeast; 

Figures 1.33 and 1.34), and everywhere south of the study area in New Mexico (Hedayati, 2008; Wood & 

Hedayati-Benavidez, 2017).  Cheney (2018) extended this mapped area slightly northward across the 

CO-NM border to include the middle core from this study (‘Hat Park’), and this confirmed that much of the 

mapped thickness of El Vado Sandstone in that area is actually comprised of argillaceous to calcareous 

silty to sandy mudstones.  In NSJB study area, the El Vado-equivalent section delineated by Cheney 

(2018) in the Hat Park well is not interpreted as regressive.  Instead, data and correlations suggest it was 

deposited in the early stages of transgression (LST-early TST), during a relatively shallow and/or proximal 

time.  Throughout the study area, the El-Vado equivalent section grades upward from relative ‘lowstand’ 

deposits (bioturbated calcareous sandstone or sandy mudstone) to relative ‘highstand’ deposits with 

porosity in organic matter and calcareous fecal pellets (laminated pelletal/calcareous silty mudstones with 

silt being mostly of foraminifera tests).  The interpretation of El Vado deposition is discussed later and 

demonstrated throughout observations from this study. 
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Cortez Member, Mancos Shale 

The section of Mancos Shale above the Smoky Hill Member and El Vado Sandstone (where 

present) and below the Point Lookout Sandstone ranges from 300 to over 1100 feet in thickness in the 

San Juan Basin (Ridgley, 2001).  This section has been called the “unnamed” upper unit of the Mancos 

Shale by Landis & Dane (1967), Ridgley (2001), and Ridgley et al. (2013).  It is called the Cortez Member 

of the Mancos Shale in this report after outcrop descriptions of the unit by Leckie et al. (1997) at Mesa 

Verde.  This sequence of interbedded mudstone and sandstone becomes notably shalier and less 

calcareous than the Smoky Hill Member, with which it has a gradational contact.  The upper part of the 

Cortez Member becomes increasingly sandy as it grades into the overlying Point Lookout Sandstone of 

the Mesaverde Group.  The Cortez Member is upper Santonian to lower Campanian in age (Figure 1.22).  

In the northern San Juan Basin, Scaphites hippocrepis I & II occur in the uppermost part of the Cortez 

Member, rendering it approximately equivalent to the A Chalk of the Niobrara Formation at Pueblo, CO 

(Figure 1.22).  The Cortez Member is also equivalent to the middle through upper parts of the Satan 

Tongue of the Mancos Shale, which is overlain by the Point Lookout Sandstone (Leckie et al., 1997; 

Molenaar, 1983). 

The Cortez Member is a regressive interval containing two broad coarsening-upward sequences.  

The lower part of the member contains a continuation of the upper calcareous unit and is characterized 

by calcareous mudstones with abundant calcareous fecal pellets.  There are several very resistant 

dolomitic mudstone beds at or near the transition between the upper calcareous unit and the overlying 

argillaceous and sandy mudstones.  Resistivity decreases in the subsurface above this transition, but 

eventually increases again when sand content is great enough to enable development of intergranular 

porosity.  The rest of the Cortez Member above the dolomitic mudstone beds is dominated by 

argillaceous sandy mudstones with interbedded sandstones and is called the upper argillaceous and 

sandy unit (UASU) in this report.  The base of the second coarsening upward cycle correlates with an 

interruption in regression of Point Lookout Sandstone south of the study area (Molenaar, 1983).  The 

Cortez Member contains large septarian concretions and elongated pod-like concretions in the UASU.  

These are not as continuous as the dolomitic mudstone beds seen at or near the upper part of the upper 

calcareous unit.  For a thorough treatment on the Cortez Member, refer to its description and 

measurement at Mesa Verde NP by Leckie et al. (1997).  Here the Cortez Member is very similar to what 

is seen at Durango and Piedra.  Although the internal stratigraphy will vary laterally, some event beds are 

demonstrably correlatable (Kauffman, 1988).  The dolomitic mudstone beds and an oyster-inoceramid 

biostrome near the base of the Cortez Member are interpreted to have interbasinal extent (Leckie et al., 

1997).   

 

1.5: Structural Context of Niobrara in Northern San Juan Basin 

The San Juan Basin (SJB) is a structural depression that occupies the east-central portion of the 

Colorado Plateau (Figure 1.01).  It is primarily located in northwestern New Mexico and southwestern 
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Colorado, but also technically includes the southwestern corner of Utah and a sliver of northeastern 

Arizona (Craigg, 2001).  The San Juan Basin is roughly circular with a width of ~140 miles, a length of 

~200 miles, and an area of ~21,600 square miles.  It is also highly asymmetric, being deepest in its 

northern half (Figure 1.36).  Structural relief between the deepest parts of the San Juan Basin and the 

various uplifts that surround and confine it can exceed 20,000 feet but is typically around 5,000 to 10,000 

feet (Craigg, 2001; Lorenz & Cooper, 2003).  The majority of this structural relief occurs on the Hogback 

Monocline, an arcuate structure that opens to the south and steeply dips inward towards the center of the 

northern half of the Basin.  The Hogback Monocline dips away from the various structural highs that 

formed it and bound the inner portion of the Basin: these include of the Four Corners Platform to the west 

through northwest, the San Juan Uplift to the north, the Archuleta Anticlinorium/Arch to the northeast, and 

the Nacimiento Uplift/Fault to the east (Figure 1.35).  These structural boundaries confine most of the 

Central Basin, from which much of the gas has been produced.  The extent of Central Basin within the 

overall San Juan Basin is shown in Figure 1.35.  This inner portion of the Basin is relatively structureless 

(Lorenz & Cooper, 2003), but is still underlain by numerous fault-bounded basement blocks which have 

remained somewhat stable during SJB formation. These faults generally strike NW-SE and NE-SW and 

are shown in Figure 1.37.  Although the basement blocks and faults within the Central Basin do not form 

features as pronounced as the basement structures that bound it, many broad folds and significant fault 

zones have formed from relatively minor movement along the central basement faults (Lorenz & Cooper, 

2003).  Tectonic activity within the Central Basin has not only influenced structures and fracture patterns, 

but is also shown to have episodically influenced sediment distribution at the time of deposition 

throughout the greater San Juan Basin (Fassett, 1976; Weimer, 1978; Kauffman 1988; Kauffman & 

Caldwell, 1993; Nummedal & Riley, 1999; Ridgley, 2001). 

 

 
Figure 1.35: Map showing major structural features in/around the San Juan Basin. Blue dots are cored 
research wells.  Modified from Lorenz & Cooper (2003). 
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Figure 1.36: Structure map of the San Juan Basin drawn on top of Greenhorn (Bridge Creek) Limestone.  
Modified from Craigg (2001). 
 

 
Figure 1.37: Map showing basement faults in the San Juan Basin from compiled sources (Huffman & 
Taylor; Fassett). Note the concentration of faults on the Four Corners Platform.  From Ridgley (2013). 

48



 Unlike the relatively stable basement blocks that underly the Central Basin, many of the structural 

features that bound the San Juan Basin stem from deep-seated basement faults that were tectonically 

active by late Paleozoic time, long before the current structural configuration was developed (Kelley, 

1951).  The San Juan Basin and the features that comprise its borders reached their present 

configuration primarily as a result of Laramide tectonics (Woodward & Callender, 1977; Craigg, 2001).  

Some additional structural fabrics were superimposed by laccolithic intrusive activity and tectonism 

associated with development of the Eocene-Oligocene Rio Grande Rift and the early Miocene Basin and 

Range Province (Lorenz & Cooper, 2003).  The primary structural features were originally described by 

Kelley (1950).  These features do not enclose the basin entirely, and there are some peripheral basins or 

sags that connect the San Juan Basin to adjacent basins.  Additionally, the structural and topographic 

steepness of the Basin’s boundaries can vary considerably. 

 The Chaco Slope is a homoclinal platform of strata dipping to the north and northeast, away from 

the northwest-trending Zuni Uplift which forms the southern boundary of the San Juan Basin.   The upper 

Precambrian core of the Zuni Uplift is overlain by upper Paleozoic strata that dip to the northeast and 

southwest.  The northeast-dipping strata transition into the Chaco Slope as the dip decreases, while the 

southwest-dipping strata form the Nutria Monocline.  Further towards the middle of the basin, the dip of 

the Chaco Slope increases to form the southern border of the Central Basin, mentioned earlier in this 

section.  The San Juan Basin is bordered on the southeast by the Rio Puerco Fault Zone, comprised of 

west-dipping normal faults.   To the southwest, the basin is bordered by the northwest portion of the Zuni 

Uplift and the southern portion of the Defiance Uplift.  The Defiance Uplift is a north-trending structure and 

its steeply-dipping eastern limb is called the Defiance Monocline, which forms the western margin of the 

San Juan Basin.   

 To the north, the Defiance Monocline steps to the east to become the Hogback Monocline and 

continues to the northeast and around the top of the San Juan Basin (Lorenz & Cooper, 2003).  As 

previously mentioned, the Hogback Monocline is an arcuate structure present throughout the west-

northwestern, northern, and eastern margins of the San Juan Basin; however, it does not comprise the 

formal northwestern boundary of the San Juan Basin since the Four Corners Platform is included in the 

overall basin.  The true northwestern boundary is comprised of the laccolithic Carrizo Mountains, 

Sleeping Ute Mountain, and La Plata Mountains.  Southeast of the Four Corners Platform, the Hogback 

Monocline dips to the east and southeast until it takes a turn to dip to the south.  At this location, it forms 

the northern rim of the San Juan Basin as it dips away from the San Juan Uplift, the northern boundary of 

the basin.  Maximum structural relief for the San Juan Basin exists between the San Juan uplift and Basin 

center, which is over 20,000 feet.  The northeast boundary of the San Juan Basin is the Archuleta 

Arch/Anticlinorium.  The Hogback Monocline dips to the southwest at this location and forms the 

northeastern rim of the San Juan Basin.  On the eastern side, the San Juan Basin is bordered by the 

Nacimiento Uplift.  In this area, the Hogback Monocline dips steeply to the west and is occasionally 

overturned.  It is buttressed against a major fault zone controlled by the Nacimiento Fault and the Pajarito 
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Fault, which are essentially northern and southern segments (respectively) of the same major thrust fault.  

At the surface, this fault generally dips to the east and becomes vertical at depth. 

 Fractures in the San Juan Basin consist of multiple sets; however, the dominant fracture set is 

comprised of vertical extension fractures striking north to north-northeast (Lorenz & Cooper, 2003).  This 

is the oldest through-going fracture set present in Cretaceous outcrops and can be consistently observed 

on a regional scale throughout the basin (Figure 1.38).  Lorenz and Cooper (2003) provided an excellent 

regional report of fractures in the Dakota Sandstone and Mesaverde Group, utilizing measurements from 

their own field work and from those who have also studied fractures in the San Juan Basin.  In the report 

from Lorenz and Cooper (2003), the compiled data was analyzed to highlight the oldest through-going 

fracture system since it is most likely to be present in the subsurface.  Their observations of a dominant 

fracture system striking north to north-northeast is supported by previous subsurface fracture 

investigations (Ortega & Marrett, 2000; TerBest, 1997; Lorenz et al., 1999).   

 This fracture system is an indirect result of Laramide tectonics, since the local maximum 

horizontal stress direction at the time (S-SW to N-NE) did exactly not match the Laramide regional 

structural trend of northeast-southwest.  Rather, the north-northeast maximum horizontal stress direction 

resulted from compression by structures responding to Laramide stress.  The Laramide Orogeny had a 

large scale structural influence on virtually all Cretaceous strata deposited in the Western Interior 

Seaway.  Concurrent indentation by the San Juan Uplift from the north and Zuni Uplift from the south 

brought about shortening of the San Juan Basin in a north-south to north northeast-south southwest 

direction.  Vertical extension fractures parallel to that shortening represent the direction of maximum 

horizontal stress in that tectonic environment (Figure 1.39).  The current maximum horizontal stress is 

generally of the same orientation, with local variations, throughout the basin (Lorenz & Cooper, 2003).  

Overpressuring from Eocene to Oligocene time, likely due to deep burial and gas generation, also favored 

fracturing in the Cretaceous strata in the San Juan Basin (Bond, 1984), since high pore pressures lead to 

easier failure in mudrocks.  Huffman and Taylor (1999) additionally noted an increased frequency of 

fractures above periodically-shifting basement faults, most of which strike northeast-southwest and 

northwest-southeast in the San Juan Basin (Figure 1.37).  Offset along these basement faults would have 

occurred in response to Laramide and later tectonics (Huffman & Taylor, 1999; Lorenz & Cooper, 2003).  

Increased fracture frequencies are also present in areas of high curvature, such as the monoclinal folds 

that surround the Central Basin along with other local structures (Ridgley, 2001; Broadhead, 2015).  

Superimposed on the regional structure is a variety of folds and faults derived from continuing Laramide 

tectonics, local uplifts, and extensional tectonics relating to the Rio Grande Rift and/or Basin and Range 

tectonics. 
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Figure 1.38: Map showing measured fracture orientations in SJB.  The black data represent the oldest 
through-going fractures.  Blue dots are cored research wells.  From Lorenz & Cooper (2003). 
 

 
Figure 1.39: Map showing primary fracture orientation as an indirect result of Laramide tectonics.  Note 
orientation of BP horizontal well, shown in yellow.  From Lorenz & Cooper (2003). 
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The study area sits across several local and major structural features, most of which were 

periodically reactivated by the variety of tectonics that have impacted the region.  The basement block 

faults mentioned above are highly concentrated on the Four Corners Platform but have not been 

extensively mapped in the northernmost (Colorado) part of the Central Basin.  However, the same 

northwest-southeast and northeast-southwest trends can likely be projected to this area from the New 

Mexico side of the San Juan Basin.  Indeed, the Hogback Monocline strikes northeast along much of the 

Four Corners Platform and northwest along Archuleta Arch, corresponding with regional basement 

structure.  Other local structures in the study area include the Red Horse Syncline (in the Red Mesa Field) 

and Ignacio Anticline (in the Ignacio-Blanco Field).  The regional maximum horizontal stress orientation of 

north-south to north northeast-south southwest can be generally applied to the whole San Juan Basin, but 

local structures may affect fracture orientations and patterns. 
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CHAPTER TWO 

DATA LOCATIONS AND METHODS 

2.1: Project Data Locations 

2.1.1: Cored Wells 

Greer Well 

The Greer 34-3 well is located about 25 miles southeast of Mesa Verde National Park and about 

20 miles southwest of Durango, CO.  The Greer well was drilled in the summer of 2011 among many 

historical wells on the ranchland of the Red Mesa Field, just southeast of Redmesa, CO.  Structurally, it is 

located on the Four Corners Platform immediately outside the Hogback Monocline and northwestern 

margin of the San Juan Basin.  The Greer well successfully provided a 285-foot core from depths of 

2566.5 ft to 2851.1 ft in the subsurface (Gr2566.5—Gr2851.1).  Stratigraphically, it covers the lowest few 

feet of the Cortez Member through part of the basal glauconitic unit of the Smoky Hill Member.  It does 

not contain the basal Niobrara unconformity; however, the Greer well was used as the type log for this 

study because its resistivity log features the characteristically abrupt drop that marks the top of the Smoky 

Hill Member from Leckie et al. (1997); it also contained all key parts of the northern San Juan Basin 

Smoky Hill Member.  The Greer core is associated with a large suite of measured data, which was 

geologically and petrophysically calibrated to logs measured beyond the cored interval for expansion of 

the high-resolution dataset.  XRF measurements were taken every 6 inches on this core to accompany its 

suite of previous measured and projected core data.  The API number of the Greer well is 

05067098640000 and its map location is shown in Figure 1.05. 

 

Hat Park Well 

The Southern Ute 32-9 well is also known as the “Hat Park” well due to its proximity to Hat Park 

Canyon in southernmost Colorado.  The location is on the Southern Ute Reservation and surrounded by 

many historical wells amidst the rugged canyons and mesas south of Durango, about half a mile from the 

border with New Mexico.  This pilot hole was drilled by Red Willow Production Company in November 

2014.  Structurally the well is in the middle of the Central Basin.  A 302-foot interval (7521-7823.5 ft) of 

Smoky Hill Member through lowermost Cortez Member was cored very successfully and provided a large 

suite of data, which was geologically and petrophysically calibrated to logs measured beyond the cored 

interval for expansion of the high-resolution dataset.  This core is in extremely good condition and 

provided considerable insight for analysis of facies and data patterns.  This core also has outstanding 

potential to contribute much more to studies of unconventional reservoirs, Niobrara stratigraphy, and the 

Western Interior Seaway overall due to the high quality and abundance of its data paired with its unique 

location in the paleogeography.  As previously mentioned, the northern San Juan Basin is in a critically 

dynamic transitional zone in terms of structure, sedimentology, and facies distribution in the Niobrara 

Sea.  XRF measurements were taken every 6 inches on this core to accompany its large suite of previous 
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measured and projected core data.  The API number of the Hat Park well is 05067099120000 and its 

map location is shown in Figure 1.05. 

 

Lark Well 

The Lark 33-5 well is about 11.3 miles south-southeast of the Smoky Hill exposure at Piedra.  

The pad is just north of Arboles, CO and 2.75 miles east of Piedra Peak.  It is one of several located 

along the west side of the Piedra River in the valley downstream from Piedra.  The proximity of the Lark 

well to the Piedra measured section is a testament to the rapid plunging of Cretaceous strata from the 

Hogback Monocline to the Central Basin.  Structurally, the well is located in the eastern part of the Central 

Basin and is about 20 miles east-northeast of the Hat Park well.  The Lark well provided a 148-foot core 

(7167-7315.15 ft) containing the upper 58 feet of the Juana Lopez Member and all but the very top of the 

Montezuma Valley Member.  The original core run for this well was intended to capture the lower 

calcareous unit and basal Niobrara unconformity; however, equipment issues on site and lack of core 

breakage between connections unfortunately resulted in loss of the first core.  The second core run was 

successful and provides valuable insight on the Juana Lopez Member and the Montezuma Valley 

Member, which crops out poorly.  The Lark core was described but no XRF measurements were taken.  

Previous laboratory work provided a suite of data for this core (geochemical included), which, along with 

data from other Smoky Hill cores, was calibrated to the well logs and used to represent much of the 

overlying section.  The API number of the Lark well is 05007063230000 and its map location is shown in 

Figure 1.05. 

 

2.1.2: Measured Outcrop Sections 

Pagosa Springs 

The map location of Pagosa Springs, CO is shown in Figure 1.05.  Pagosa Springs data locations 

are shown in Figure 2.01 and Figure 2.02.  This Colorado town is surrounded by the San Juan Mountains 

and topography from associated uplift.  Resulting high relief combined with incision by the San Juan River 

system through Pagosa Springs has exposed many outcrops of Mancos Shale in and around town.   

Notable outcrops include the Bridge Creek Member at the SW corner of Light Plant Rd (location 

3), the Blue Hill Member where S 6th St follows the San Juan River (location 3b), the Juana Lopez 

Member at Hickory Ridge Apartments (location 4), the Fort Hays Limestone NW of Juanita St and 

Cemetery Rd (location 5), the lower Smoky Hill Member at the veterinarian’s office (location 7), the middle 

Smoky Hill Member across the creek from the vet (location 8), the Smoky Hill Member along the San 

Juan River at the end of 2nd St (location 9), the Smoky Hill and Cortez Members along the San Juan 

River behind the First Inn (location 10), and the Cortez Member at the Junction Restaurant (location 11).  

The majority of the outcrops east of the hot springs (including most of Reservoir Hill) are of the Smoky Hill 

Member and the Cortez Member, which is continuously exposed along the San Juan River, as it gently 

dips upstream to the northeast (location 12).   
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Figure 2.1: Map of data locations in and around Pagosa Springs. 
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Figure 2.2: Map of data locations in Pagosa Springs (zoomed in from previous map).
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Fort Hays Limestone is additionally exposed on the south side of Reservoir Hill (on Levine Ranch 

around location 2), along McCabe Creek north of town on the east side of Cemetery Rd (location 6), and 

at several locations west and northwest of town where permitted by the interplay of uplift and erosion.  

Location 13 is a very thin Fort Hays outcrop right along the road on the east side of Thatcher Reservoir.   

All locations were extensively photographed (including aerial with drone) for comprehensive 

(contextual and detailed) stratigraphic analysis.  Location 2 underwent extensive trenching from the 

Juana Lopez Member through the Fort Hays and lower part of the Smoky Hill Member.  Gamma 

measurements were made every foot at location 2 and samples were taken every foot for XRF analysis 

and slabbing for further analysis of lithofacies and biofacies.  Locations 5 (Fort Hays) and 10 (Smoky Hill) 

were sampled for petrographic analysis.  Fracture spacing was measured at locations 5, 6, 10, and 11.      

Piedra 

The map location of Piedra, CO is shown in Figure 1.05.  Piedra data locations are shown in 

figure 2.03.  Highway 160 follows the Hogback Monocline along the northeastern margin of the San Juan 

Basin.  The Piedra River cuts through the steeply dipping beds of the Hogback Monocline and has 

national forest roads on either side of it—First Fork Road on the east and Lower Piedra Road on the 

west.  These roads provide direct or trailhead access to data locations 14 through 20 of this study.   

First Fork Road contains a very extensive exposure of the Niobrara-equivalent Mancos Shale and 

Point Lookout Sandstone (locations 18-20) but requires a lot of hiking in difficult terrain.  This exposure 

was sampled on a 5-foot interval from the top of the Juana Lopez Member through the first dolomitic 

mudstone bed of the Cortez Member (about 400 feet).  Every foot was sampled from the section between 

the Juana Lopez Member and lower calcareous beds of the Smoky Hill Member.  The vast majority of the 

Smoky Hill Member and the entire Cortez Member are well-exposed on the east side of the Piedra River 

here.  This outcrop underwent extensive drone reconnaissance for visual analysis of lithostratigraphic 

changes in areas requiring climbing gear.  Fracture spacing was measured at several spots in different 

units around location 19.   

Along Lower Piedra Road on the west side of the Piedra River, the Point Lookout Sandstone and 

uppermost Cortez Member are immediately visible (location 14).  Further up the road, the part of the 

upper calcareous zone containing the oyster-inoceramid biostrome can be observed: this is the transition 

between the Cortez and Smoky Hill Members (location 15).  And even further, the Bridge Creek Member 

of the Mancos Shale and the Dakota Sandstone are readily observable (location 16).  The Morrison 

Formation is also exposed just before reaching the Lower Piedra Campground (location 17). 
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Figure 2.3: Map of data locations around Piedra, CO

58



 
Figure 2.4: Map of data locations around Durango, CO.
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Durango 

The map location of Durango, CO is shown in Figure 1.05.  Durango data locations are shown in 

Figure 2.04.  Two locations were trenched for gamma ray, XRF, and lithofacies analysis (locations 22 and 

23).  The top of the Juana Lopez Member through the middle of the Smoky Hill Member was trenched 

around the northwestern outskirts of town (location 22), near the Rockridge neighborhood.  Practically the 

entire upper calcareous zone of the upper Smoky Hill and lower Cortez Members was trenched at 

location 23, just outside of town halfway between Perin’s Peak and the western outskirt.  Gamma 

measurements were taken every foot along with samples for XRF analysis and slabbing.   

All parts of the Mancos Shale crop out in Durango, CO, and the Niobrara-equivalent section is 

especially viewable and accessible.  The exposure situation at location 21 also provides clarifying views 

of the Blue Hill through Cortez Members and Point Lookout Sandstone, about 2 miles north of Perin’s 

Peak (location 21).  From Florida Rd below Fort Lewis College (location 25), the upper Smoky Hill and 

lower Cortez Members are visible.  Further down Florida Road the top of the Juana Lopez Member and 

the entire Smoky Hill Member are exposed along Whistling Horse Trail (location 26) as it climbs a hill 

south of Florida Road.  Location 24 enables detailed examination of upper Smoky Hill through lower 

Cortez Members along Roosa Avenue near Schneider Park.   

2.2: Methods 

2.2.1: Characterization 

The rocks deposited during the Niobrara marine cycle can be characterized in a variety of 

contexts using numerous different methods.  This part of the study mainly focuses on the concepts 

pertinent to sequence stratigraphic correlation and geologic reservoir characterization, which overlap with 

depositional characterization in many significant ways.  Steps for characterization include the following: 

• Examination of cored intervals at a ‘zoomed-out’ scale to identify major changes, significant surfaces,

and initial development of facies categories

• Examination of cored intervals via petrographic thin sections and scanning electron microscope to

characterize mineralogy, compaction, cementation, clay type, organic content, porosity, permeability

(matrix and fracture), and other relevant features (pelletal textures, bioturbation, etc.)

• Examination of cored intervals in context of provided XRD data

• XRF measurements taken every 6 inches on Niobrara cored intervals (Figure 2.05)

- XRF instrumentation and methodology follows that of Nakamura (2015)

• Crossplotting of XRD, XRF, and other data to reveal trends

• Identification of various lithofacies, relationships between them, and facies associations in cored

intervals along with generation of high-resolution descriptions for cored intervals (Greer, Hat Park, and

Lark)

- Special attention will be paid to natural fractures, sedimentary structures, key stratigraphic surfaces,

and stacking patterns
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• Examination of cored intervals in context of source and reservoir quality and completions quality data 

- These include TOC, porosity, measurements of Young’s Modulus and Poisson’s Ratio, pyrolysis, 

and other data (both calculated and measured included in Schlumberger lab reports) relating to 

hydrocarbon production potential 

• Description and measurement of outcrop sections at three locations across the northern San Juan 

Basin (in/near Pagosa Springs, CO, Piedra, CO, and Durango, CO) 

- Trenching of sections to expose unweathered strata was preformed where necessary 

- Level measurements were taken with Jacob Staff and every 5 feet flagged during description   

- Sections were thoroughly described and related to identified lithofacies and overall units from the 

Niobrara marine cycle  

- Key stratigraphic surfaces identified, such as maximum flooding surfaces, maximum regressive 

surfaces, and event beds (biostromes, storm beds, bentonites, etc.)  

- Various reservoir types identified 

- Hand-held gamma ray measurements were taken every foot on measured outcrop sections for 

calibration of the various lithofacies to the gamma curve  (Fig. 2.06) 

- Samples were also taken every foot on measured sections for indoor XRF analysis of outcrop 

samples 

- XRF samples at Piedra were taken every 5 feet 

- Most outcrop samples were also sectioned with a rock saw for detailed mudrock facies analysis 

and photographing  

• Integration of the variety of measured and proved data for outcrop and cored sections, Niobrara 

reservoir types will be identified and interpretations will be made regarding provenance, depositional 

environment, style, and rate, and bottom-water redox conditions (overall facies associations)   

• Calibration of reservoir data to lithofacies in cores enabled projection of reservoir data to outcrop (using 

geologic context) after lithostratigraphic and chemostratigraphic correlations were accurately refined. 

• Biostratigraphy provides foundational guidance for stratigraphic correlations that comprise the 

sequence stratigraphic framework for the Niobrara marine cycle in the northern San Juan Basin 

- Ammonites and inoceramid bivalves along with a few species of oysters and baculites were utilized 

establish age constraints for the Niobrara units observed in the northern San Juan Basin study area  

• The sequence stratigraphic framework provides the template for accurate characterization and 

correlation of reservoir and non-reservoir units in the Niobrara 
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Figure 2.5: Photo of the handheld XRF used for chemostratigraphic analysis at CO School of Mines.  
Photo taken in original core room of Green Center. 

Figure 2.6: Photo of the handheld gamma-ray spectrometer being used on the upper part of the Smoky 
Hill Member in Durango, CO.   
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2.2.2: Correlation 

 The facies and reservoir types identified through the above steps were calibrated to the available 

well logs and correlated (where possible) across the study area using Petra software to better understand 

the stratigraphic architecture of the Niobrara marine cycle.  Finding at least a majority of relevant logs to 

build a useful Petra database was the first step for this part of the study.  A huge number of wells in the 

northern San Juan Basin target the very shallow Fruitland Formation and have no relevance for 

correlating or analyzing the Niobrara Interval.  The IHS and MJ databases were thoroughly perused to 

ensure maximum log recovery and the best possible Petra database for the study area.  Many relevant 

logs exist that were not attained not due to access limitations but difficulty finding decent copies of the 

logs themselves.  This severely limited the quality of Petra maps generated during this study.  Regional 

cross-sections and general thickness trends were nonetheless established successfully.  The resistivity 

log was of primary utility in conjunction with the gamma-ray log for correlating Late Cretaceous units 

around the northern San Juan Basin: this simple log suite was very effective.  Correlations were also 

successfully tied to outcrop using lithofacies character, distribution, and thicknesses in conjunction with 

measured chemostratigraphic and geophysical data.  Integration of all provided and measured data 

enabled these outcrop-to-subsurface correlations.   
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CHAPTER THREE 

KEY NIOBRARA FACIES 

3.1: Ichnofacies: Selected Trace Fossils for Depositional Characterization 

General Note for Mudrock Ichnology 

Bioturbation and trace fossils often have an indistinct character in deep marine settings due to the 

unstable and soupy sediments which are abundant at the seafloor here.  Benthos would swim through 

this soupy sediment leaving only disruptive traces with no clear outlines, shapes, or patterns (Lazar et al., 

2015).  This can result in homogenization of the sediment or other biodeformational structures.  ‘Mantle 

and swirl’ is an example of a relatively distinct biodeformational structure that occurs in soupy to soft 

sediment (Figure 3.01).  Many of the benthic creatures were microscopic and could disrupt a local area 

within a single lamination or even entirely homogenize it without disrupting those below or above.  

Bioturbation across multiple laminasets and thin beds is also common in these mudrocks, even by 

microscopic benthos.  The frequently dysaerobic nature of the deeper environments restricted diversity 

and complexity of residing benthonic communities, but favored faster reproduction.  Storm deposits, 

wave-enhanced sediment gravity flows, and turbidites would bring in dissolved oxygen, nutrients 

(advected organic matter and dissolved nutrients), and relatively firm substrates (silty to sandy lenses or 

beds) for biological colonization (Uchman & Wetzel, 2011).  Even the soupiest of sediments will undergo 

compaction with burial and time, and will thus display a succession of trace fossils that progressively 

changed with the firmness of the substrate (Lazar et al., 2015).   

Figure 3.1: Examples of ‘mantle & swirl’ features in the Smoky Hill Member (Greer core). 

Chondrites 

The smallest well-defined burrow seen in the study area is Chondrites.  These burrows are 

always less than 2 mm in diameter and filled with silt to very fine-grained sand that is lighter in color than 

the surrounding mudstone matrix (Figure 3.02).  They often occur with Planolites but are several orders of 

magnitude smaller.  Chondrites burrows sometimes occur in dispersed groups in the study area.  The 
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burrows represent feeding or mining relatively deep beneath the sediment surface and can be associated 

with low oxygen.  The ethological/behavioral category of Chondrites is chemichnea.  It burrows deep 

down into the sediment and branches out in several directions.  Chondrites can commonly occur by itself 

in laminated rocks with minimal bioturbation. 

Figure 3.2: Photo of Chondrites burrows from the lower part of the Smoky Hill Member (Hat Park core).  
Slightly larger Planolites burrows are also present here.  Note the pyritized ripple near the bottom of the 
scale bar. 

Nereites 

Nereites are horizontal to subhorizontal elongated elliptical burrows or trails.  They occur in tight 

disrupted clusters and commonly overlap with other biodeformational structures.  The individual burrows 

are typically 0.5 to 1.5 cm wide with a much smaller height (~0.5 cm after compaction) and occur within a 

lobe of disrupted sediment in cross-section view (Figure 3.03).  Nereites is the trace of a pascichnion—it 

was a meandering grazer.  In plan-view Nereites displays articulate meandering patterns which can be 

tightly spaced concentric loops, or just a labyrinth of winding trails.  Nereites was most commonly 

observed in the Montezuma Valley Member for this study area.  Helminthoida and Scalarituba are 

commonly found in the literature and are considered informal synonyms to Nereites (Knaust, 2017).  

Nereites and a wide range of other traces amalgamate to create the indistinct homogenized texture of 

bioturbated mudrocks.  Nereites is the name for both the trace fossil and the ichnofacies most commonly 

associated with deep marine environments.  
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Figure 3.3: Photo of Nereites traces in the lowermost part of the Smoky Hill Member (Piedra, CO). 

Planolites 

Planolites is a horizontal to inclined tubular burrow with an active fill (Figure 3.04).  Branching is 

rare and the burrows do not typically occur in tight clusters when viewed in cross-section, unless 

bioturbation is very high.  The Planolites burrows are larger than Chondrites but have a wide size range.  

Both trace fossils are very common.  Planolites is found throughout parts of the Juana Lopez Member, 

Montezuma Valley Member, and Niobrara Interval.  Planolites is relatively round in cross-section, and 

ranges widely in size.  The burrows have a relatively homogenous active fill that is distinctly lighter in 

color than the surround dark mudstone matrix due to its tightly packed silt and sand content.  This is a 

characteristic feature of Planolites and represents its formation in somewhat firm to stable substrates.  

Planolites is the product of fodinichnia, which processed the sediment for organic-matter as it burrowed—

it was a deposit feeder (Knaust, 2017).  Chondrites usually occurs with Planolites in mildly to moderately 

bioturbated sections.  This assemblage occurs with increasing bioturbation and siliciclastic content for the 

study area. 
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Figure 3.4: Photo showing a relatively ostensible Planolites burrow in the middle argillaceous and sandy 
unit of the Smoky Hill Member (Hat Park core). 

Schaubcylindrichnus 

Schaubcylindrichnus is a recognizable trace fossil which is rendered unique by its white-walled 

burrows that resemble a compressed donut (oriented with bedding).  In the NSJB study area, this lined 

burrow is mainly common the Montezuma Valley Member (Figure 3.05).  It did not exceed 0.5 cm in 

diameter.  It also did not frequently occur in clusters; thus, it is interpreted to dominantly represent the S. 

freyi ichnospecies.  Individual tubes are called Palaeophycus heberti, but are still technically considered 

an ichnospecies of Schaubcylindrichnus.  It was made by a funnel-feeder that preferred silty to sandy 

substrates and formed in a wide variety of depositional environments (Knaust, 2017).   

Teichichnus 

Teichichnus is a vertical to subvertical spreiten burrow that ranges widely in size.  It is commonly 

associated with or connected to other traces in the study area (Figure 3.06).  Planolites, Zoohpycos, and, 

Nereites can transition into Teichichnus if conditions change (i.e. escape traces).  A very wide range of 

size was observed for this trace fossil in the study area, the largest of which were present in the 

Montezuma Valley Member (~1.5 inches wide).  Teichichnus are known to be often associated with 

flooding surfaces, and this was observed in the Smoky Hill Member.  Deposit feeding and escape 

behaviors are the primary causes of Teichichnus in data locations from this study.   
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Figure 3.5: Photo showing Schaubcylindrichnus in the Montezuma Valley Member (Lark core).  This trace 
occurred most often in relatively ‘proximal’ and oxygenated environments. 

Figure 3.6: Photo showing Teichichnus (with Zoophycos?) below a significant flooding surface in the 
upper Smoky Hill Member (Hat Park core).  Teichichnus transitions from a horizontal burrow and 
resembles an escape behavior, likely from chemical conditions that developed with the flooding surface. 

Thalassinoides 

Thalassinoides is a subhorizontal to subvertical unlined burrow.  Well-developed Thallasinoides 

from a network or boxwork of horizontal burrows and interconnecting vertical shafts; however, this 

extensive version was not observed and only individual burrows were noted but distinguished by their 

size (Figure 3.07).  The burrow commonly exceeds 4 cm in diameter and can exhibit either passive or 
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active fill.  Thalassinoides from the study area had passive fill of homogenized sediment.  This trace fossil 

is not common for the deeper marine to slope settings which characterize the study area, but producers 

of Thalassinoides were often swept from more proximal settings by storms and were also decently 

adapted to a variety of environments, resulting in multiple ichnospecies with different behaviors (Uchman 

& Wetzel, 2011).  This is the largest trace fossil observed in the study interval and is associated with the 

most highly bioturbated intervals.  Thalassinoides burrows are the result of dwelling (domichnial) 

behaviors, but the shrimp that made the burrows are suspension feeders (Knaust, 2017).    

Figure 3.7: Photo of a rare and subtle Thalassinoides burrow in the Smoky Hill Member (Hat Park core). 

Tisoa 

Tisoa is a unique trace fossil that mostly occurs in firmgrounds and hardgrounds.  The burrows 

form in pairs and can have any shared orientation (subhorizontal to subvertical).  Tisoa is also 

characterized by a U-turn at one end connecting the paired burrows (Figure 3.08).  This U-turn segment 

of the overall burrow is not often observed due to the commonly long length of the Tisoa, which can be 

tens of feet long (Knaust, 2017).  These burrows are often encased in carbonate concretions or cemented 

layers where they are found (Knaust, 2017; Figure 3.09).  Producers of Tisoa prefer very hard substrates 

with very high organic matter and can even be found around hydrothermal vents.  The passive fill usually 

undergoes sulfide mineralization.  The burrows are highly rounded due to the firmness of their substrate 

and range from 1 to 3 cm in diameter.  Tisoa is a trace of domichnia which mainly partook in dwelling 

behaviors (Knaust, 2017).   
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Figure 3.8: Photo showing example of horizontal Tisoa from Upper Cretaceous mudrocks in Norway.  
Note the pyritization and variety of outcrop expressions/shapes.  From Knaust (2017). 

Figure 3.9: Photo of laterally extensive cemented horizon in Durango with what appear to be paired Tisoa 
burrows.  Several U-turns were observed and many were pyritized before weathering out. 
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Zoophycos 

Zoophycos is a horizontal to subhorizontal spreiten burrow with an active fill.  It has vast 

morphological variability and size range, but most burrows are about 1 cm in diameter.  Zoophycos can 

form many elaborate shapes including coils and tree-like structures.  Zoophycos can also be mistaken for 

Phychosiphon in the Niobrara; however, the latter prefers siliciclastic lithologies with less calcite content 

than what is seen in the Smoky Hill Member (Knaust, 2017).  Zoophycos is the trace of a deposit feeder 

and many different organisms can create the various versions.  Most of them are thought to be vermiform.  

In the study area Zoophycos occurs with increased bioturbation and coarse material (Figure 3.10).    

Figure 3.10: Photo showing potentially coiled Zoophycos burrows (Greer core). 

3.2: Lithofacies 

3.2.1: Laminated & Thin-Bedded Group 

Laminated argillaceous silty mudstone (Figure 3.11) 

This facies is clay-rich with variable silt content.  Laminations are less faint with increasing silt 

content but are still typically harder to see here than in other laminated facies.  The rock is very dark 

overall with minimal disseminated foraminifera or other calcareous grains.  Parallel laminations are 

common and often discontinuous, along with current-driven sedimentary structures, such as starved 

ripples.  There is a minimal fraction of calcareous material in the starved ripples, although some is usually 

present.  In thin-section, laminations are comprised primarily of quartz silt grains, organominerallic 

flocculates (mud aggregates), detrital muscovite, and illitic clays.  Bioturbation is typically low, rendering 

laminations and other sedimentary structures very distinct.  Silt grains are more disseminated with 

increasing bioturbation.  This facies is not resistant to weathering and crops out recessively or forms 

covered slopes at field locations. 
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Figure 3.11: Laminated argillaceous silty mudstone (Hat Park core). 

Ripple-laminated argillaceous silty mudstone (Figure 3.12) 

This facies is clay-rich with relatively high silt content.  It is dominantly comprised of a mixture of 

wavy and parallel laminations with an abundance of starved current ripples.  Laminations are commonly 

thicker (mm range) and some ripples can be part of a laterally continuous set, indicating higher supply of 

silt grains, both siliciclastic and calciclastic.  Quartz silt is accompanied by foram tests and Inoceramus 

fragments/prisms in laminations and ripples.  Bioturbation is typically low to moderate.  Thin beds are 

commonly seen in this facies, such as those representing wave-assisted sediment gravity flow (WESGF).  

The key feature of this facies is the abundance of current-driven sedimentary structures in an overall 

argillaceous, undisrupted (laminated and minimally bioturbated) mudstone.   

Figure 3.12: Ripple-laminated argillaceous silty mudstone (Hat Park core).  
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Laminated calcareous silty mudstone (Figure 3.13) 

This facies is dominated by parallel laminations that are calcareous and silty, but do not contain 

preserved calcareous fecal pellets.  Calcareous silt grains are primarily foram tests and shell fragments.  

Laminations and thin beds are usually internally bioturbated by microscopic benthonic swimmers. 

Figure 3.13: Laminated calcareous silty mudstone (Hat Park core). 

Faintly laminated pelletal silty mudstone (Figure 3.14) 

This facies is calcareous due to the abundance of preserved calcareous fecal pellets; however, 

they are laminated in an overall argillaceous texture.  Laminations are harder to see with due to 

comparatively low siltiness, but some quartz silt and foram tests are still present.  Disseminated pyrite is 

abundant in this facies at several scales.   

Figure 3.14: Faintly laminated pelletal silty mudstone (Hat Park core). 
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Laminated pelletal silty mudstone (Figure 3.15) 

This calcareous facies is dominated by parallel silty laminations containing calcareous fecal 

pellets, quartz silt, foram tests, and scattered other calcareous grains.  Laminations are readily visible and 

thin beds can also be common.  Pelletal thin beds are very parallel and speckled.  They represent a 

single algal bloom and have a massively bedded texture internally.   

 

 
Figure 3.15: Laminated pelletal silty mudstone (Hat Park core). 

 
Heavily laminated pelletal silty mudstone (Figure 3.16) 

This facies is siltier and sometimes more frequently laminated than the previous facies.  

Laminations are very prominent from the abundance of quartz silt and forams.  Foram tests typically make 

up a higher fraction of the increased siltiness observed in this facies.  Pelletal thin beds can also occur in 

this facies.   

 
Figure 3.16: Heavily laminated pelletal silty mudstone (Hat Park core). 
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Wispy-laminated to massively bedded pelletal silty mudstone (Figure 3.17) 

 This calcareous facies is dominated by laminated to massively-bedded pelletal mudstone 

containing laminated to scattered foram tests and quartz silt.  The wispy texture can either from partial 

bioturbation of the pelletal fabric by discontinuous clay-filled horizontal burrows, or from the discontinuous 

nature of some pelletal laminations which also appear hydraulically reworked.  Bioturbation is generally 

minimal.  This facies often reflects rapid sedimentation.  Foram tests are typically abundant with along 

with slightly lesser quartz silt.  Disseminated oyster shells are sometimes present. 

 

 
Figure 3.17: Wispy-laminated to massively bedded pelletal silty mudstone (Hat Park core). 

 
Pelletal packstone (Figure 3.18) 

 For a pelletal packstone this is a very argillaceous facies.  It may not be technically considered a 

pelletal packstone by universal standards; however, it is extremely pelletal compared to all other Niobrara 

facies from this northern San Juan Basin study area.  The size and abundance of calcareous fecal pellets 

are significantly increased in comparison to those of the laminated or thin-bedded silty mudstones.  

Bioturbation can vary in this facies and primarily impacts the outer margins of calcareous fecal pellets.  

This facies can locally be highly foraminiferal, but is generally quite lacking in quartz grains. 

 

 
Figure 3.18: Pelletal packstone (Durango, CO). 
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Interbedded calcareous silty mudstone (Figure 3.19) 

 This calcareous facies is mostly calcareous mudstone with frequently interbedded lenses and 

layers of calcareous siltstone.  The siltstone beds are variably disrupted by soft-sediment deformation and 

bioturbation.  In thin-section they contain both abundant quartz silt, foram tests, and other calcareous 

grains.  A variety of thin beds along with wavy laminations can occur in this facies.  Current-driven 

sedimentary structures, such as scoured surfaces or current ripples, are typically common if graded beds 

and other laminated thin beds are not abundant.   

 

 
Figure 3.19: Interbedded calcareous silty mudstone (Hat Park core). 

 

Interbedded calcareous muddy siltstone (Figure 3.20) 

 This facies is dominated by calcareous siltstone to sandstone with interbedded argillaceous and 

calcareous mudstones.  It also contains a variety of visible sedimentary structures if the facies has not 

been heavily disrupted by soft-sediment deformation or bioturbation.  Siltiness and sandiness in this 

facies are from both siliciclastic and calciclastic grains.  

 

 
Figure 3.20: Interbedded calcareous muddy siltstone (Hat Park core). 
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3.2.2: Bioturbated & Disrupted Group 

Churned glauconitic sandy mudstone (Figure 3.21) 

 This facies is mostly sandy mudstone but can contain small sand bodies that appear structureless 

and highly deformed.  These small ‘palimpsest’ sand bodies have been extensively disrupted by 

depositional reworking and bioturbation.  The most distinctive feature of this facies is the disseminated 

glauconite, which can be quite conentrated in sandy burrows or the small sand bodies.  Glauconite that 

formed in-situ or underwent minimal transportation has a darker green color and less polished texture 

than that of detrital advected glauconite. 

 

 
Figure 3.21: Churned glauconitic sandy mudstone (Greer core). 
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Disrupted argillaceous silty mudstone (Figure 3.22) 

 This facies has been at least partially disrupted by bioturbation; some relict laminations are 

usually still present, but are difficult to see due to the high clay content.  It is clay-rich and silty, rendering 

it nonresistant to weathering in the field.  The dark gray to black-gray color of the rock makes it difficult to 

differentiate it from laminated argillaceous silty mudstone (especially if silt content is very low). 

 
Figure 3.22: Disrupted argillaceous silty mudstone (Hat Park core). 

 

Churned argillaceous silty mudstone (Figure 3.23) 

 No relict bedding, lamination, or sedimentary structures have been spared from bioturbation in 

this facies and it is entirely homogenized.  Inoceramus fragments can still occur along with the 

disseminated silt grains of quartz, foram tests, and other small calcareous fragments (mostly Inoceramus 

prisms). 

 

 
Figure 3.23: Churned argillaceous silty mudstone (Hat Park core). 
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Disrupted calcareous silty mudstone (Figure 3.24) 

 Bioturbation has partially disrupted the laminations and thin beds in this facies, but relict bedding 

is readily visible due to adequate siltiness.  Both calcareous and siliciclastic grains comprise the silt 

content in this facies.  These are both more abundant than in the argillaceous mudstones; thus, the 

overall color of the rock is lighter (medium dark gray to medium gray), disseminated grains are more 

concentrated and visible, and preserved laminations are more visible. 

 

 
Figure 3.24: Disrupted calcareous silty mudstone (Hat Park core). 

 

Churned calcareous silty mudstone (Figure 3.25) 

 This facies has been entirely homogenized by bioturbation.  It has a consistent medium-gray 

color due to the even scattering of silt grains.  These grains are both calcareous and siliceous, but more 

abundantly calcareous (foram tests and Inoceramus fragments with lesser occurrences of oyster 

fragments). 

 
Figure 3.25: Churned calcareous silty mudstone (Hat Park core).   
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3.3: Geochemical Facies: Selected Elements for Chemostratigraphy and Correlation 

3.3.1: Detrital Elements 

Aluminum 

 Aluminum is present in detrital clay minerals and other silicates.  It is a reliable proxy for 

terrigenous sediment input due to its mineralogic occurrences and relative diagenetic stability.  

Terrigenous sediments and bentonites were the only source of aluminum in the distal Niobrara 

depositional system (O’Neal, 2015), thereby increasing its reliability for chemostratigraphic analysis of the 

NSJB study area.  Authigenic aluminum is commonly observed filling foram tests; however, this was often 

locally redistributed from those original sources. A crossplot of aluminum and another element can be 

used to determine whether or not the other element is detrital.  A negative correlation with aluminum can 

represent an intrabasinal, authigenic (not local), or diagenetic source for the element in question.  In 

calcareous hemipelagic sediments, increasing aluminum usually represents increasing proximity to the 

source of terrigenous sediment (shallower or more proximal times) or a general increase in terrigenous 

sediment supply.  A decrease in aluminum usually represents decreasing proximity to the terrigenous 

sediment source (deeper or more distal times) and/or a decrease in terrigenous sediment supply.  This is 

not the case in a sand-shale system, where increasing aluminum is associated with decreasing silica and 

carbonate is not significant in the equation. 

 

Potassium 

 Abundant in illite and potassium feldspars, potassium is an effective proxy for terrigenous 

sediment input.  Potassium feldspars are primarily derived from the weathering of felsic igneous rocks.  

Potassium is also a primary component of illite, the most common terrigenous clay mineral in the Niobrara 

Interval.  In calcareous hemipelagites increasing potassium usually represents increasing proximity to the 

source of terrigenous sediment (shallower or more proximal times) or a general increase in terrigenous 

sediment supply.  Likewise, decreasing potassium usually represents decreasing proximity to the 

terrigenous sediment source (deeper or more distal times) and/or a decrease in terrigenous sediment 

supply. 

 

Silica 

 The silt- to sand-sized quartz grains in the Niobrara are entirely made of silica, aside from 

impurities and inclusions (Fe, rutile, etc.).  This silica is detrital and terrigenous as confirmed by the 

positive correlation between Si and Al.  All silicates contain a major silica fraction in their structure; thus, 

clay minerals (phyllosilicates) are also represented by measured silica concentrations in mudrocks.  In 

both proximal (sand-shale) and calcareous hemipelagic (shale-calcareous mudstone), increasing silica 

usually represents increasing proximity to the source of terrigenous sediment (shallower or more proximal 

times) or a general increase in terrigenous sediment supply.  Decreasing silica usually represents 
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decreasing proximity to the terrigenous sediment source (deeper or more distal times) and/or a decrease 

in terrigenous sediment supply.  The generation of biogenic silica changes these generalizations.   

 

Zirconium 

 Zirconium is the main cation of the silicate mineral zircon, which is exclusively derived from 

igneous rocks, both intrusive and extrusive.  Rocks weathered from igneous rocks also contain zircon and 

comprise a majority of terrigenous sediments.  Zirconium often shows distinct trends that differ slightly 

from those of the other detrital elements in the Niobrara.  In all settings, increasing zirconium represents 

increasing proximity to the source of terrigenous sediment (shallower or more proximal times) or a 

general increase in terrigenous sediment supply.  Decreasing zirconium usually represents decreasing 

proximity to the terrigenous sediment source (deeper or more distal times) and/or a decrease in 

terrigenous sediment supply.   

 

3.3.2: Carbonate Elements 

Calcium 

 Relative changes in calcium are the most effective representations of changing carbonate content 

in calcareous mudrocks.  The primary cation in most common carbonate minerals (calcite, aragonite, and 

dolomite) is calcium.  Abundant foram tests, calcareous fecal pellets, and calcareous shells are the main 

sources of calcite in the Niobrara.  This intrabasinal source for calcium is confirmed by its negative 

correlation with aluminum and other detrital elements.  Detrital calcite also often occurs in the Niobrara 

and the northern San Juan Basin is no exception.  Other detrital elements will typically increase in the 

intervals with abundant detrital calcite.  These intervals also occur at systematic sequence stratigraphic 

positions (i.e. near sequence boundaries).  Increasing calcium usually represents increasing intrabasinal 

influx and a corresponding decrease in dilution by terrigenous sediments.  This can relate to an intermix 

between increasing relative sea level, subsidence of the seafloor (deeper or more distal times), and 

decreasing terrigenous sediment supply.   

 

Strontium 

 It is common for strontium to replace calcium in aragonite; thus, strontium depends on the 

presence of calcium for enrichment and therfore follows the calcium trend with some minor differences.  

Strontium does not typically occur in calcite so its enrichment specifically represents increasing aragonite, 

which occurred in small quantities within benthic bivalve shells.  Relative changes in strontium track with 

changes in calcium.  Diagenesis can also result in strontium enrichment (O’Neal, 2015).   

 

Manganese 

 Manganese is a carbonate element which can replace calcium in the calcite crystal lattice, 

precipitate as oxides and/or oxyhydroxides, or mineralize as with rhodochrosite under the correct 
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conditions.  Preservation and enrichment of Mn in the rock record is very complicated and often involves 

a mixture of the mechanisms just mentioned.  The original source of periodically abundant manganese in 

the Western Interior Seaway is also somewhat enigmatic.  For a thorough treatment on the sources of 

manganese for the Niobrara sea, refer to O’Neal (2015) and Wood (2017).  Consideration of these 

previous studies combined with observations from this study support an interpretation of manganese 

influx to the WIS to be from submarine thermal vents (i.e. ‘black smokers’) which became more active 

with increased seafloor spreading and corresponding tectonoeustatic rise as discussed in Chapter 1.  

Manganese concentrations decrease to the south (Wood, 2017), but are still elevated in the Fort Hays 

Limestone and the shale and limestone unit of Pagosa Springs (northern San Juan Basin).  Deposits 

equivalent to the shale and limestone unit extend farther west than the Fort Hays Limestone and also 

continue to be distinguished by moderate Mn enrichment.  It is difficult to preserve manganese in the 

water column because it is highly soluble under reducing conditions, which were extremely common in 

the Niobrara sea.  Analyses of the Fort Hays Limestone suggest Mn was trapped in the sediments during 

rapid deposition and subsequently incorporated into the calcite crystal lattice by a delicate series of early 

diagenetic processes which were dictated by oceanographic changes during both Fort Hays and Smoky 

Hill deposition (O’Neal, 2015; Wood, 2017).  Trace amounts of rhodochrosite may have also formed if 

certain supersaturation conditions occurred.  Manganese enrichment gradually decreases upwards in the 

shale and limestone unit as it was dissolved and recycled back into the sea with the onset of more 

reducing conditions.  Manganese is utilized as a correlation tool in this study on the basis of its distinctive 

signatures at the base of the Niobrara Interval; however, it is not particularly useful as a submarine 

paleoenvironmental indicator (Tribovillard et al., 2006). 

 

3.3.3: Redox Elements 

Vanadium 

 Vanadium is a distinctive redox-sensitive element for Niobrara chemostratigraphy.  Its enrichment 

primarily represents dysoxic to anoxic conditions, as opposed to euxinia, although these conditions can 

all virtually coincide in geologic time.  Vanadium tends to adsorb onto Fe- and Mn-oxyhydroxides, 

enabling it to be transported to the seafloor.  Under reducing conditions (i.e. around/on organic matter), 

V5+ is reduced to V4+ precipitating vanadyl hydroxide compounds that are preserved in the rock record 

(Tibovillard et al., 2006; O’Neal, 2015).   

 

Molybdenum 

 Molybdenum concentrations increase under euxinic conditions and fluctuate distinctly in Niobrara 

rocks.  Similar to vanadium, molybdenum latches onto Mn-oxyhydroxides in anoxic to dysoxic waters to 

be transported to the seafloor.  Under euxinic conditions, molybdenum can be preserved the sediment by 

forming organic thiomolybdates (Mo-S organic compounds) and Mo-Fe-S complexes, which are then 
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incorporated into authigenic pyrite and sulfur-rich organic molecules (Tribovillard et al., 2006; O’Neal, 

2015). 
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CHAPTER FOUR 

SEQUENCE STRATIGRAPHY FROM OUTCROP AND CORE 

4.1: Integrated Sequence Stratigraphic Framework for Niobrara Marine Cycle in SW Colorado 

4.1.1: Pieces of the Puzzle 

The section of Mancos Shale deposited in the San Juan Basin area during the Niobrara marine 

cycle has suffered from a convolution of nomenclature over the years.  Nomenclatural variations are 

inherent to stratigraphy owing to the spatial heterogeneity and complexity of rocks.  Petroleum geology is 

particularly riddled with nomenclatural variations because the rocks are encountered in a variety of 

different ways (outcrops vs cores vs well logs), and by a variety of different people (drillers, engineers, 

and geologists).  Establishing and applying a sequence stratigraphic framework to any section creates 

consistent reference standards for communication and research.  Once applied, this stratigraphic 

framework can be used to predict the distribution of reservoir facies, non-reservoir facies, and baffles or 

barriers to subsurface stress, fractures, and fluid flow.  The study area is far from the Niobrara type 

section at Pueblo.  The Pueblo area is the foundation of Niobrara research and correlations which extend 

through a network of outcrops and subsurface data in the Rocky Mountain region.  Correlating the 

Niobrara in the NSJB to this wealth of data enables enhanced regional understanding of the Western 

Interior Seaway.  To do this, relevant data from background literature were compiled, related to each 

other, and normalized to eliminate nomenclatural disparity and confusion (and to make background 

literature useable).  Lithologic descriptions and associated biostratigraphic data from Mesa Verde (Leckie 

et al., 1997) promoted identification of lithologic units in the study area (Figures 4.1 & 4.2) and their 

general age.  Within these age constraints, sequence stratigraphic surfaces were selected and 

interpreted in the context of regionally established third- and fourth-order cycles for the Western Interior 

Seaway (Figure 4.3).  Distinctive high-resolution geochemical and lithostratigraphic data collected during 

this study (Figure 4.4) enabled refinement of a contextual/comprehensive sequence stratigraphic 

framework for this area.  Recognition of these significant sequence stratigraphic surfaces facilitates 

intermountain correlation to other Niobrara locations despite massive thickness and facies changes. 

 

4.1.2: T7a-R7a Sequence 

 This sequence records the T7a-R7a transgressive-regressive cycle that occurred throughout the 

Upper Turonian and into the Middle Coniacian—a relatively long duration for Niobrara fourth-order 

cyclicity.  In the northern San Juan Basin study area, this sequence includes the Juana Lopez Member of 

the Mancos Shale, the Montezuma Valley Member of the Mancos Shale, the basal glauconitic unit of the 

Smoky Hill Member of the Mancos Shale, the Fort Hays Limestone (only eastern part of study area), and 

the ‘Canon Bonito’ section at the base of the lower calcareous unit of the Smoky Hill Member of the 

Mancos Shale (only eastern part of study area).   
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Figure 4.1: Data summary map for this project shown for quick reference in this chapter.  Two additional cross-section lines are also shown which 
are pertinent to the remainder of this report.  Cross-section C includes the locations with extensive XRF data, while cross-section D emphasizes 
the lateral heterogeneity in the basal Niobrara section.  Angel Peak B-37 well is featured in Bottjer & Stein (1994). 
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Figure 4.2: Cross-section B from the previous figure (4.1), extending from well #1 (Leckie et al., 1997) to the Red Willow research wells provided 
for this project.  The red colorfill marks the upper argillaceous and sandy unit in the upper majority of the Cortez Member. 
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Figure 4.3: Sequence stratigraphic type log (Greer cored well) for Niobrara marine cycle in study area in context of established third- and fourth-
order depositional cycles for the Western Interior Seaway.  Locations of sequence stratigraphic surfaces are interpreted from observations and 
data from this study in the context of existing data and publications.  Green letters indicate general equivalency to highstand deposits of the A, B, 
and C chalks in eastern Colorado. The two calcareous units are shaded in blue, MASU and UASU are shaded in orange-brown, and the BGU is 
shaded in green. 
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Figure 4.4: Cross-section C from Figure 4.1 featuring geochemical data from this project. Geochemical facies and units correlate well across the 
study area and correspond with identified lithostratigraphic units and lithofacies. Anoxic to euxinic conditions were ostensibly developed during 
deposition of the two calcareous units.  Thickening of the lower calcareous unit in Piedra is at least partially caused by including the ‘Canon Bonito’ 
section within it.  Datum is set on the top of the Juana Lopez Member.  The UCU and LCU are shaded in blue, the MASU is shaded in orange-
brown, and the BGU is shaded in green. 
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Figure 4.5: Cross-section D from Figure 4.1 featuring complex lateral heterogeneity in the basal Niobrara section from Pagosa Springs to the more 
proximal areas just SE of Farmington, NM. Depositional cycles recorded by Fort Hays carbonate parasequences in Pagosa Springs are recorded 
by siliciclastic sequences further southwest.  The bases of parasequences (ES-1, ES-2, ES-3) are marked by abundances of glauconite, which 
was distributed during times of erosion to nondeposition and reworking.  A higher fraction of detrital glauconite is seen in the Pagosa Springs 
location.  The Tocito well is Angel Peak B37 featured in Bottjer & Stein (1994).  Labels on the right: FH=Fort Hays Limestone, ‘CB’=’Canon Bonito’ 
section (equivalent to shale & limestone unit & included within LCU of Smoky Hill Member in this report), SH=Smoky Hill Member (only the lower 
calcareous unit was measured at Pagosa Springs).  The blue line within ‘Canon Bonito’ unit marks the top of the highly resistant calcareous beds 
in the lower part of the unit.   They do not make it to Durango either due to more onlapping or a facies change. 
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 The T7a-R7a sequence is laterally heterogeneous within the study area, demonstrating 

significant internal nondepositional to erosional surfaces and facies changes (Figure 4.05). 

The T7a-R7a lower sequence boundary (SB) is situated at the base of the Semilla Sandstone Member of 

the Mancos Shale.  This is also the maximum regressive surface (MRS) for the R6 regression, most of 

which is recorded by the Blue Hill Member of the Mancos Shale.  The Semilla Sandstone represents the 

lowstand in this system, and the ‘calcarenites’ at the base of the Juana Lopez Member represent the first 

major transgression of the third-order Niobrara marine cycle.  Sediments deposited during the T7a 

transgression are thick in the NSJB and continue through the Juana Lopez Member, Montezuma Valley 

Member, and lower part of the Fort Hays Limestone, if present.  The relatively great thickness in the study 

area results from uplift and increased sediment supply on the western side of the WIS that occurred 

simultaneously with the tectonoeustatic events that drove third-order Niobrara transgression (Kauffman & 

Caldwell, 1993).  Increased seafloor spreading at the mid-oceanic ridge (MOR) caused swelling of the 

MOR which literally pushed up eustatic sea level.  Increased seafloor spreading also accelerated 

subduction, which drove tectonic uplift in the Sevier highlands and subsidence in the Western Interior 

Basin.  Submarine uplifts just offshore from the highlands also occurred along the western margin of the 

WIS during tectonically active times in association with Cordilleran uplift.  These submarine structures 

were active during the T7a transgression, which took place shortly after maximum R6 regression and 

represents a relatively shallow high-energy transgression.   

In most of the study area, deposition of the Montezuma Valley gave way to subsequent erosion 

that locally scoured down as far as the Juana Lopez where submarine uplift was greatest.  On the 

western side of the study area, the T7a-R7a cycle is only represented by the Juana Lopez, the 

Montezuma Valley, and at least the lower part of the basal glauconitic unit (end of T7a and entire R7a 

represented by BGU).  Where developed on the western side of the study area, the BGU along with the 

unconformities bounding it and within it represent late T7a-R7a and earliest T7b.  The basal glauconitic 

unit is a palimpsest zone that underwent extensive reworking during both T7a and T7b transgressions.  

From Durango to Piedra, the BGU splits into two sandy glauconitic zones separated by the ‘Canon 

Bonito’ section of bioturbated calcareous sandy mudstones at the base of the lower calcareous unit.  

Further east at Pagosa Springs, the lower of the two split glauconitic zones seen at Piedra has split yet 

again into two separate glauconitic zones (at the base and top of Fort Hays Limestone).  Moreover, from 

west to east, the BGU splits into three total zones containing disseminated glauconite (largely detrital); 

thus, these three zones are condensed within the single continuous BGU seen at Durango.  Further 

southwest near Farmington, NM, the three surfaces become more clearly separated by two sequences of 

Tocito Sandstone and all three surfaces are considered unconformable.  In ascending stratigraphic order, 

ES-1 overlies the Montezuma Valley Member (if not entirely eroded away), ES-2 overlies Tocito sequence 

1 (equivalent to Fort Hays Limestone in Pagosa Springs), and ES-3 separates Tocito sequence 2 

(equivalent to ‘Canon Bonito’ section at base of LCU in Pagosa Springs) from the calcareous mudstones 

(equivalent to rest of LCU at Pagosa Springs). 
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The eastern extent of major submarine uplift sits somewhere between Piedra and Pagosa 

Springs, CO (only 15 miles apart).  The western extent of Fort Hays Limestone also occurs in this area 

and it can be seen onlapping onto the submarine structure(s) west of Pagosa Springs, as the surface 

becomes more disconformable to the west from increasing uplift in that direction.  A lesser amount of 

hiatus and/or erosion separates the Fort Hays Limestone from the underlying Montezuma Valley Member 

at Pagosa Springs, so a relatively complete T7a-R7a sequence is represented there.  In Pagosa Springs, 

the sequence becomes a bit more calcareous near the top of the Montezuma Valley and is sharply 

overlain by beds of Fort Hays Limestone (‘chalks and marls’).  The third and fourth chalk beds are the 

thickest and purest; thus, the maximum-flooding surface (MFS) is within or between one of those beds.  

Elemental analysis constrains selection of the T7a-MFS (discussed later). 

 In Pagosa Springs, the R7a regression is recorded by the upper half of the Fort Hays Limestone 

and the overlying ‘Canon Bonito’ section of the LCU of the Smoky Hill Member.  There is disseminated 

glauconite at the base of the ‘Canon Bonito’ and in all but the middle few feet of the Fort Hays Limestone.  

The upper Fort Hays beds are from the earliest part of the highstand and the overlying ‘Canon Bonito’ 

section is from subsequent shallower highstand episodes that occurred throughout R7a.  The ‘Canon 

Bonito’ section contains a few highly cemented calcareous beds in vertical succession with the Fort Hays 

beds along with some noncalcareous siliciclastic sandy parts.  These lithologies paired in one section 

represent episodic slow sedimentation in a productive yet relatively proximal area.   

Further west of Pagosa Springs (Piedra or Lark well) the ‘Canon Bonito’ section of the LCU 

(partial R7a) sits directly upon the basal glauconitic unit and the underlying Montezuma Valley.  At these 

locations, the time of Fort Hays deposition recorded at Pagosa Springs is represented by the basal 

glauconitic unit and the erosional surface below it.  An unconformity has been biostratigraphically 

identified at the top of the ‘Canon Bonito’ section at Pagosa Springs and elsewhere (King, 1972; 1974).  

The contact is interpreted as an R7a maximum regressive surface and was observed at Pagosa Springs 

again during this study.  Increased siliciclastic sand content just below the contact and glauconite above 

supports the sequence stratigraphic interpretation as an MRS.  The presence of an unconformity at this 

stratigraphic position (R7a-T7b contact) was also acknowledged by Weimer (1978) and Molenaar et al. 

(2002).  Although covered at Piedra, this unconformable surface at the top of R7a likely also caps the 

‘Canon Bonito’ section of bioturbated calcareous sandy mudstones there and eventually merges into the 

basal glauconitic unit further west in the study area (Figure 4.05) , forming a discrete singular unit 

containing the composite basal Niobrara unconformity (ES-1, ES-2, and ES-3 from Bottjer & Stein, 1994).  

Composite unconformities are known to occur in this zone and were observed during this project.  Some 

of T7a and all of R7a are represented by the basal glauconitic unit and basal Niobrara unconformity in the 

western half of this study area.   
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4.1.3: T7b-R7b Sequence 

 The T7b-R7b sequence records the second fourth-order cycle of the Niobrara marine cycle in the 

northern San Juan Basin.  This sequence includes some of the basal glauconitic unit and all of the lower 

calcareous unit of the Smoky Hill Member except for the ‘Canon Bonito’ section (included in R7a) where it 

is present in the eastern parts of the study area.  The basal glauconitic unit was extensively reworked, 

episodically eroded or winnowed, and often contains numerous hiatal surfaces.  Much time is ‘missing’ in 

this unit; it is interpreted to represent initial T7b transgression along with much of the preceding T7a-R7a 

cycle.  From west to east across the study area, the basal glauconitic unit splits or expands into three 

zones.  At Pagosa Springs, disseminated glauconite occurs in the lower Fort Hays Limestone, upper Fort 

Hays Limestone through the base of the overlying lower LCU bioturbated calcareous sandy mudstones, 

and again at or just above the T7b-R7b lower sequence boundary (correlates to ES-3 from Bottjer & 

Stein, 1994).  At least some of the glauconite at this location was detritally sourced from the basal 

glauconitic unit further west and indicates time equivalency between the BGU to the west and the section 

from the Fort Hays Limestone through the lowermost part of the LCU with bioturbated calcareous sandy 

mudstones at Pagosa Springs.   

The basal glauconitic unit is sharply overlain by laminated calcareous silty mudstones from the 

LCU.  At Pagosa Springs and Piedra these laminated sediments overly the ‘Canon Bonito’ section, which 

is also capped by glauconitic sandy mudstones.  This contact marks the change from a relative lowstand 

systems tract to the main transgressive systems tract of the T7b-R7b sequence.  Sedimentation was 

relatively continuous for most of the Niobrara marine cycle after the onset of T7b laminated mudstone 

deposition.  T7b is characterized by an upward gradation from laminated argillaceous silty mudstones to 

laminated pelletal silty mudstones.  Near the middle of the LCU, the laminated pelletal silty mudstones 

are interrupted by a laterally extensive condensed section of highly fossiliferous (mostly with inoceramids) 

mudstones, which is interpreted to represent the T7b MFS.  The R7b regression is recorded by the 

laminated pelletal silty mudstones that follow the condensed section, which grade back into laminated 

argillaceous silty mudstones for the upper part of the sequence (all relatively calcareous throughout LCU).  

The top of the T7b-R7b sequence is always visibly scoured and seems to occupy a consistent 

stratigraphic position throughout the study area.  This scoured surface is interpreted to be the R7b MRS, 

the lower sequence boundary for T7c-R7c, and correlates to the datum used by Bottjer & Stein (1994).  

This surface was coincidentally often used as a datum for this study also.  The LCU is interpreted be 

slightly shallower and/or more proximal than the upper calcareous unit based on the high frequency of 

vertical facies changes including common bioturbated and argillaceous lithologies, along with its relative 

abundance of detrital/advected calcareous grains and current-driven sedimentary structures (starved 

ripples, imbricated shell fragents, etc.).  Low bioturbation and XRF results (enriched Mo, V, & Cr) indicate 

at least episodic anoxia to euxinia for most of the LCU in the study area. 
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4.1.4: T7c-R7c Sequence 

 The T7c-R7c fourth-order cycle is represented in the northern San Juan Basin by the middle 

argillaceous and sandy unit of the Smoky Hill Member and upper calcareous unit which extends from the 

Smoky Hill to the lower part of the Cortez Member of the Mancos Shale.  An extensive and continuous 

record of the T7c-R7c fourth-order cycle can be seen as a series of ~10 correlatable parasequences 

(Ps1-Ps10) throughout the overall sequence.  The gradational contact between the MASU and UCU 

occurs in the middle of the fifth parasequence due to the significant upward increase in carbonate seen in 

this parasequence.  This increase in carbonate is accompanied by an increase in preserved calcareous 

fecal pellets and redox elements (Mo, V, and Cr).  The lowest 5 of these parasequences in T7c-R7c 

correlate with the parasequences that comprise El Vado Sandstone as described by Hedayati (2008) and 

Cheney (2018).  The El Vado Sandstone is generally equivalent to the Dalton Sandstone.  The sand 

content in these lower 5 parasequences in greatly diminished in the NSJB study area; however, some of 

the parasequences are very silty to sandy in certain geographic locations (usually not in middle of study 

area).  The calcareous sandstone that immediately overlies the scoured T7c-R7c lower sequence 

boundary has a variable distribution: it was not observed in the Hat Park well in the middle of the Central 

Basin and was minimally present at Piedra.  The lack of sand here above this SB could relate to the 

numerous recurrent submarine uplifts associated with the Transcontinental Arch and/or the WIS 

Forebulge in this area.  The following three parasequences (Ps2-Ps4) are included in the MASU along 

with parasequence 1 (Ps1) due to their generally argillaceous and terrigenous nature.  Bioturbation is also 

elevated in the MASU along with detrital elements.  Redox elements are suppressed here and indicate an 

increase in dissolved oxygen during the early parts of T7d transgression in the NSJB.  Calcareous silty 

laminations are greatly increased in the upper part of Ps5 (which continues out of the MASU and into the 

UCU) along with elemental proxies for anoxia and preserved pellets, rendering this gradational contact 

the base of the UCU.  This unit continues from the upper Smoky Hill Member into lower Cortez Member of 

the Mancos Shale and records a very deep and extensive time for the Niobrara Sea.  The extensive 

western and northern distribution of calcareous mudstone facies that greatly exceeds that of the Fort 

Hays Limestones suggests this unit could represent maximum flood for the whole Niobrara marine cycle 

(Longman et al., 1998; Locklair, 2007).  The MFS for the third-order Niobrara marine cycle, of course, 

coincides with that of the third-order T7c-R7c cycle and is interpreted to occur at or near a laterally 

extensive oyster-inoceramid biostrome (fossil-hash bed) that occurs within the fifth resistant bench of the 

UCU (Ps9 of T7c-R7c).   

 The lower three resistant benches in the UCU (Ps5-Ps7) are very silty, calcareous, and 

laminated.  The top of the third bench (Ps7) marks the top of the Smoky Hill Member in the subsurface as 

seen by the abrupt resistivity decrease in many wells (Greer type log included).  The whole UCU has 

elevated resistivity, but the lowest 3 benches (Ps5-Ps7) in the unit form blocky resistive benches in log 

and outcrop.  In the following bench (Ps8) leading up to the oyster-inoceramid biostrome (OIB), the 

pelletal silty mudstones become more wispy-laminated to massively bedded with apparently lower 
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resistivity.  In Ps9 the OIB is encased in highly foraminiferal pelletal mudstones.  Internally, the OIB 

contains a diverse concentration of foraminifera, oysters, and inoceramids.  The diversity of foraminifera 

is very ostensible in thin-section, along with the presence of very small pyrite framboids (<5 microns) 

disseminated and sometimes amalgamated throughout the OIB (Figure 4.32).  This style of pyrite 

indicates the occurrence of a persistently anoxic-sulfidic water column that was supersaturated in sulfate 

and iron (Lazar et al., 2015).  Shells were mostly intact (except from compaction) and many of the 

inoceramids were very large) and often stacked.  Textural, biological, and geochemical characteristics of 

the OIB suggest it was brought about by a pause in sedimentation during deep seaway conditions that 

ultimately permitted an ecological population explosion, which was winnowed to concentrate the fossils.  

This type of population boom could be caused by deep seaway conditions that somehow enabled more 

access waters that were favorable for production (in terms of nutrients, oxygen, and temperature).  

Regardless, production would have been favored by the minimal to zero siliciclastic input (or sediment 

bypass) which enabled concentration of the calcareous fossils in the OIB.  Shell beds have been shown 

to occur at or near maximum flooding surfaces and subsequent downlap surfaces in other studies 

(Kidwell, 1991; Zecchin & Catuneanu, 2012).  These shell bed situations are summarized by Figures 4.09 

& 4.10.  Based on these previous models, the fossiliferous calcareous sandstones at the base of the 

MASU (T7c lower SB) is considered an ‘onlap shell bed’ while the OIB in the UCU is considered a 

‘downlap shell bed’ possibly mixed with a ‘backlap shell bed’ (Zecchin & Catuneanu, 2012).  Another 

hiatal surface occurs 15 to 20 feet below the OIB near the top of the underlying parasequence (Ps8).  

This surface may be restricted to the west side of the study area.  It is seen in Durango as a thin (<1 foot) 

calcite-cemented horizon containing inch-scale amorphous pyrite, which can be ‘orbicular or tubular’ in 

form.  A cemented horizon of this type (nonferroan calcite and pyrite) represents persistently low 

sedimentation rate, abundant OM and Fe input, and reducing sulfidic conditions (Lazar et al., 2015).  XRF 

results also indicate frequent anoxia and intermittent euxinia through most of the UCU.  Moreover, anoxia 

and intermittent pauses in sedimentation occurred at and near the OIB, which is interpreted to contain the 

MFS for T7c-R7c and the overall Niobrara marine cycle.   

There is a major bentonite at the base of Ps6 (bench 2 of UCU) that correlates with unit MV372 

(from Leckie et al., 1997) at Mesa Verde NP.  This ash bed is derived from the increased volcanic activity 

associated with transgression (Kauffman & Caldwell, 1993).  The next major bentonite is in the 

foraminiferal pelletal mudstone just above the OIB in Ps9.  Pellet size and abundance increases 

significantly in Ps10 and the facies starts to resemble that of a normal Niobrara argillaceous chalk in this 

upper part of the UCU.  The top of the UCU contains 5 cemented horizons (dolomitic mudstone beds) that 

either occur through the top of Ps10, or represent Ps10 along with an additional subsequent 

parasequence that was not identified.  Cemented horizons often occur at the tops of parasequences 

(more time for diagenesis just beneath flooding surface).  The occurrence of these 5 cemented horizons 

could represent a series of sedimentation pauses leading up to the top of the UCU in the Mancos Shale.  

The Niobrara marine cycle is overall regressive above the OIB, so these dolomitic mudstone beds could 
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be related to stillstands in the overall regression as carbonate content waned and the system shifted from 

calcareous mudstone deposition to one of argillaceous and siliciclastic mudstone deposition.  The T7c-

R7c cycle likely extends into the overlying upper argillaceous and sandy unit of the Cortez Member.  

Above the dolomitic mudstone beds is a succession of decreasingly calcareous and increasingly 

siliciclastic facies which somewhere contain the MRS for R7c.  This most likely occurs near the top of the 

first broad coarsening-upward parasequence in the Cortez Member described by Leckie et al. (1997).   

 

4.1.5: T7d-R7d Sequence 

 The T7d-R7d transgressive-regressive cycle is the last fourth-order cycle of the overall third-order 

Niobrara marine cycle (T7-R7).  The stratigraphic sequence recording the T7d-R7d cycle includes much 

the upper argillaceous and sandy unit of the Cortez Member (UASU) and possibly some of the overlying 

Point Lookout SS.  This UASU is dominated by siliciclastics and is very thick, often exceeding 1000 feet.  

The considerable thickness is due to the overall regressive nature of the seaway during late Niobrara time 

(Middle Santonian through early Lower Campanian).  The occurrence of Scaphites hippocrepis in the 

uppermost parts of the UASU confirms the Niobrara age of all the Cortez Member throughout its great 

thickness (Leckie et al., 1997). 

 The UASU from this study begins above the dolomitic mudstone beds at the top of the upper 

calcareous unit.  Leckie et al. (1997) subdivided the Cortez Member above the dolomitic mudstone beds 

into two broad coarsening-upward parasequences on the scale of hundreds of feet.  The frequency and 

thickness of sandstone beds increases upward in these parasequences.  More work needs to be done to 

identify a lower sequence boundary and an MFS for T7d-R7d in the NSJB outcrops; however, the laterally 

extensive and distinct parasequences seen at Durango and Piedra could make this a straightforward 

task.  The first broad coarsening-upward parasequence is likely a continuation of R7c until an unidentified 

SB within the coarse upper part of the parasequence, overlain by lowstand sandstones at the base of 

T7d-R7d sequence.  In this interpretation, the shaley base of the second broad coarsening-upward 

parasequence marks the transgressive surface for T7d.  Leckie, Elder, and Kirkland also reported a slight 

increase in calcareousness and carbonate concretions in the section above this transgressive surface 

and likely contains the T7d-R7d MFS.  The rest of the second broad parasequence of the UASU 

coarsens upward through the Cortez Member and into the Point Lookout Sandstone of the Mesaverde 

Group.  The R7d fourth-order maximum regressive surface is contained within the lower part of the Point 

Lookout and marks the end of the third-order Niobrara marine cycle.  Recent correlations and previous 

reports confirm the downlapping stratigraphic architecture of the UASU (Molenaar & Baird, 1989; Bottjer 

& Stein, 1994; Figures 4.06-4.08).  Downlapping clinoforms have an average compacted slope gradient of 

0.33 degrees (Molenaar et al., 2002) and downlap on (or become asymptotic with) the upper part of the 

upper calcareous zone. 
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Figure 4.6: Locations of cross-sections (B-B’ & C-C’) from the following figures in context of Hogback Monocline, study area, and the Southern Ute 
Reservation.  Modified from Molenaar & Baird (1989). 
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Figure 4.7: Cross-section B-B’ from the map in Figure 4.06.  Note the downlapping stratigraphic architecture of the upper argillaceous and sandy 
zone in the Cortez Member.  Downlapping clinoforms toe out on a zone near the top of the upper calcareous unit, possibly coinciding with the 
oyster-inoceramid biostrome (OIB).  Depositional dip was greatest going away from the southwestern paleoshoreline.  Cross-sections oriented E-
W show less depositional dip.  Modified from Molenaar & Baird (1989). 
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Figure 4.8: Cross-section C-C’ from the map in the Figure 4.06.  This is a reiteration of examples shown in the previous figure (4.07).  Note the 
downlapping stratigraphic architecture of the upper argillaceous and sandy zone in the Cortez Member.  Downlapping clinoforms toe out on a zone 
above the Smoky Hill Member near the top of the upper calcareous unit, possibly coinciding with the OIB.  Depositional dip was greatest going 
away from the southwestern paleoshoreline.  Cross-sections oriented E-W show less downlapping angle.  Modified from Molenaar & Baird (1989). 
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Figure 4.09: Simplified sequence stratigraphic context of various extensive shell beds. There seems to be 
both an onlap shell bed (base of T7c) and a downlap/backlap shell bed (near T7c MFS) in the northern 
San Juan Basin study area.  From Zecchin & Catuneanu (2012).  
 

 
Figure 4.10: Schematic cross-sections (left) and block diagrams (right) of various shell bed situations in 
stratigraphic context. The situations shown in cross-sections A and B likely pertain to the Niobrara on the 
western side of the WIS.  Observations from this study and others are particularly reflective of cross-
section B, which is portrayed in the two block diagrams on the right. B1 is earlier in time than B2. There 
seems to be both an onlap shell bed (base of T7c) and a downlap/backlap shell bed (near T7c MFS) in 
the northern San Juan Basin study area.  BSB=backlap shell bed, DLS=downlap surface, DLS=downlap 
shell bed, LFS=local flooding surface MFS=maximum flooding surface, OSB=onlap shell bed, 
RS=ravinement surface.  Modified from Zecchin & Catuneanu (2012). 
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The following section presents lithostratigraphy, chemostratigraphy, and relevant observations for the 

Niobrara marine cycle from data locations in this study.  A comprehensive depositional interpretation is 

also provided for each data location. 

 

4.2 Pagosa Springs, CO 

4.2.1: Introduction 

 The town of Pagosa Springs is surrounded by the San Juan Mountains and topography from 

associated uplift (Figure 4.11).  The resulting high relief combined with incision by the San Juan River 

system through Pagosa Springs has exposed numerous outcrops of Mancos Shale in and around town.  

Indeed, the Dakota Sandstone along with every member of the Mancos Shale are well-exposed within a 

two-mile radius of the hot springs (central part of town).  Notable outcrops include the Bridge Creek 

Member at the SW corner of Light Plant Rd (location 3), the Blue Hill Member where S 6th St follows the 

San Juan River (location 3b), the Juana Lopez Member at Hickory Ridge Apartments (location 4), the Fort 

Hays Limestone NW of Juanita St and Cemetery Rd (location 5), the Smoky Hill Member along the San 

Juan River at the end of 2nd St (location 9), the Smoky Hill and Cortez Members along the San Juan 

River behind the First Inn (location 10), and the Cortez Member at the Junction Restaurant (location 11).  

The majority of the outcrops east of the hot springs (including most of Reservoir Hill) are of the Smoky Hill 

Member and the Cortez Member, which is continuously exposed along the San Juan River, as it gently 

dips upstream to the northeast (location 12).  Fort Hays Limestone is additionally exposed on the south 

side of Reservoir Hill (at location 2 on Levine Ranch; Figures 4.14 & 4.15), along McCabe Creek north of 

town on the east side of Cemetery Rd (location 6), and at several locations west and northwest of town 

where permitted by the interplay of uplift and erosion.  Considerable thinning and lessening of the Fort 

Hays Limestone beds can be seen west and northwest of the airport (i.e. location 13 at Hatcher 

Reservoir). 

 Niobrara sections have been described as such in the Pagosa Springs vicinity by Rankin (1944), 

Lamb (1968, 1973), and  King (1972, 1974).  A wide variety of thicknesses was reported by these authors 

for the Juana Lopez, upper Carlile (before named ‘Montezuma Valley’), and Fort Hays sections.  George 

Lamb also visited Piedra during his work and intermixed measurements between Pagosa Springs and 

Piedra to form a composite section for the overall area.  Although they are only 17 miles apart, these two 

locations are very different due to the structural uplift and erosion that occurred immediately west of 

Pagosa Springs, rendering Fort Hays Limestone absent at Piedra and reducing the thickness of the 

Montezuma Valley Member by ~30 feet.  Observations from this report emphasize the differences in the 

basal Niobrara section between Pagosa Springs and Piedra.  

The lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Pagosa 

Springs section are displayed in Figure 4.13.   
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Figure 4.11: Map of data locations in and around Pagosa Springs.  Location 1b is the Brown Federal 1-17 well used in official USGS cross-
sections (Molenaar et al., 2002). 
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Figure 4.12: Map of data locations in Pagosa Springs (zoomed in from previous map). 
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Figure 4.13: Diagram summarizing the lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Pagosa Springs 
section.  Measured section extends from the uppermost calcareous sandstone of the Juana Lopez to the middle of the LCU in the Smoky Hill. 
Sample frequency was every 1 ft except for the interval 25 to 75 ft from the top of the section, which was on a 5 ft sample frequency. 
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Figure 4.14: Panoramic photo showing the extent of Mancos Shale featured at Levine Ranch. Much of the biostratigraphic data for the basal 
Niobrara section are from location 1 shown in the background on the right side (King 1972, 1974; Molenaar et al., 2002). 

 

 
Figure 4.15:  Aerial drone photo of Levine Ranch measured section taken months after trenching. Geologist circled in red.
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4.2.2: Juana Lopez Member 

Field Observations 

In comparison to outcrops in eastern Colorado, the Juana Lopez Member of the Mancos Shale is 

of considerable thickness around the San Juan Basin, and Pagosa Springs is no exception.  Full 

exposures of the unit are present at Levine Ranch on the south side of Reservoir Hill (location 2) and 

along the driveway of Hickory Ridge Apartments (location 4).  At both locations, one can see the key 

characteristics of the Juana Lopez Member: the flaggy resistant beds which cap the unit and weather to a 

rusty orange-brown, and the very dark organic-rich mudstone which comprises the majority of the unit 

(and is the possibly darkest seen in the Mancos Shale).  The flaggy beds are interbedded with the 

mudstone and are mainly comprised of heterolithic calcareous muddy siltstones and sandstones (Figure 

4.16).  The characteristic rusty orange-brown color is only present after surficial weathering.  A similar 

group of flaggy beds also occurs at the base of the Juana Lopez and this can be seen at Pagosa Springs, 

where a distinct series of interbedded calcareous muddy sandstones is seen just above the Blue Hill 

Member (Figs. 4.16-18).  The thickest beds are at the top of this lower sequence.  Close observation at 

Hickory Ridge reveals the presence of carbonate concretions in the uppermost bed (Figure 4.17).  The 

lowermost “calcarenitic” sequence of the Juana Lopez Member at Mesa Verde contains a similar 

concretionary horizon in the uppermost bed (Leckie, et al., 1997).  This is another example of 

concretionary zones being highly continuous and extensive, and occurring beneath flooding surfaces / 

capping parasequence boundaries (Hampson et al., 1999; Taylor et al., 2000; Coniglio et al., 2000; 

McBride et al., 2003; Dale et al., 2014).  Isolated carbonate concretions can also occur throughout the 

Juana Lopez Member.  The upper contact is marked by the final bed of calcareous muddy sandstone and 

is sharply overlain by the mixed mudstones of the Montezuma Valley Member.   

 The thickness of the Juana Lopez Member at Pagosa Springs has been erroneously reported 

throughout the history of Mancos nomenclature in the San Juan Basin.  Rankin (1944) noted the 

uppermost series of calcareous sandstone beds but excluded the lower majority of the member in his 

Juana Lopez section.  King (1972) reported a thickness of 5 feet at Pagosa Springs and may have only 

been measuring the same series of beds as Rankin.  Lamb (1968) doubted the presence of the Juana 

Lopez at Pagosa Springs, but later (1973) recognized the presence of “some platy beds” in the correct 

biostratigraphic position amidst the shaley slopes.  Relatively recent roadcut excavations at and around 

Hickory Ridge and at Levine Ranch make recognition of the full Juana Lopez Member easier than it used 

to be in Pagosa Springs.  Although the unit was not measured during this study, the numerous local 

outcrop and subsurface observations suggest a thickness of 75 to 100 feet.  This is within the thickness 

range of 90 to 135 feet reported by Dane et al. (1966) for the Juana Lopez Member throughout the San 

Juan Basin. 
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Figure 4.16: Photo showing interbedding of calcareous silt/sandstone with organic-rich mudstones at 
location 2. 

Figure 4.17: Photo showing calcareous sands at the base of the Juana Lopez Mbr. at Hickory Ridge (L4). 
These beds are either just above or synonymous with the distal equivalent of the Semilla Sandstone 
reported by Leckie et al. (1997). 
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Figure 4.18: Drone ‘floater’ photo of the outcrop shown in Figure 4.16.  Note the dark color and significant 
thickness of the Juana Lopez Mbr., which is not entirely shown here.  This this the lowermost portion of 
the Juana Lopez at location 2.  
 

 
Figure 4.19: Photo from location 4 of the resistant calcareous beds at the top of the Juana Lopez 
Member.   
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4.2.3: Montezuma Valley Member 

Lithostratigraphy 

 The Montezuma Valley Member is 44 feet thick where it was measured at Levine Ranch (location 

2), on the south side of Reservoir Hill in Pagosa Springs.  Similar to most localities, it does not crop out 

well here and except along road cuts in the hill, where the unweathered dark gray color can be observed.  

The highly argillaceous, silty to sandy mixed mudstones that comprise the bulk of the Montezuma Valley 

sharply overly the uppermost calcareous sandstone bed of the Juana Lopez Member.  The sandiness 

decreases in the Montezuma Valley about 20 feet above the Juana Lopez Member and then becomes 

increasingly indurated and calcareous, especially in the uppermost 10 feet.  Bioturbation can be 

prominent in the Montezuma Valley Member; however, some sections are well-laminated in the lower half 

of the member.      

The sharp contact at the base of the Montezuma Valley Member can be contextually observed in 

town at location 7, where a pavement outcrop of Juana Lopez sits beneath a robust exposure of 

Montezuma Valley and Fort Hays Limestone.  The numerous septarian concretions that characterize the 

Montezuma Valley Member are readily observable at this location (Figure 4.20).  It is also possible to see 

the laterally extensive zonal occurrences of these concretions along with their variable mineralization 

here.  The concretionary zones are most abundant in the middle of the member up until about 9 feet 

(LR35) below the overlying Fort Hays Limestone (Figure 4.22).  They commonly occurred within relatively 

sandy zones.  Surficial gypsum on bedding and fracture planes of argillaceous silty mudstone is most 

abundant 20 feet above the Juana Lopez Member (LR20).   

At Pagosa Springs, the uppermost Montezuma Valley Member (LR35-LR43.5) is heavily 

bioturbated and becomes increasingly indurated and foraminiferal moving upwards to the top of the 

member.  Thus, sand content increases but it is highly calcareous and variably heterolithic.  This upper 

section also contains the highest concentration of bentonites observed in the study interval (Figure 4.21).  

The lowermost bentonite in this section is 8.5 feet below the Fort Hays Limestone (LR34.5) and is 4 

inches thick.  This prominent ash layer is overlain by 5 to 7 lesser bentonites in the ~8 feet remaining 

below the Fort Hays Limestone.  Further down-section is another prominent bentonite that lies 7 feet 

above the Juana Lopez Member (LR7).  The upper contact of the Montezuma Member is very sharp 

texturally and lithologically.  The change across the contact is less drastic in terms of mineralogy due to 

the sandiness of the basal marly chalk beds of the Fort Hays Limestone at Pagosa Springs.  An increase 

in calcareous cementation, ichnofacies diversity, heterolithic grains, and the presence of disseminated 

glauconite marks the change from uppermost Montezuma Valley to lowermost Fort Hays.     

 

Chemostratigraphy 

 The chemostratigraphy of the Montezuma Valley Member in Pagosa Springs is summarized in 

Figure 4.13.  Measurements for this section are from Levine Ranch, on the south side of Reservoir Hill 

(Location 2). 
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Carbonate elements are suppressed in the lower 10 feet of the Montezuma Valley Member.  This 

is accompanied by a prominent manganese increase for the upper half of this basal 10 feet, which also 

contains a relatively thick (2-3 inch) bentonite.  Detrital elements are comparatively high in this basal 

section and a potassium spike indicates sampling of the bentonite here.  Molybdenum is somewhat 

elevated yet dynamic in this section while vanadium also dynamic, but noticeably high just above the 

bentonite.  The redox elements are then somewhat low yet dynamic in the following 15 feet up-section in 

the Montezuma Valley Member.  This zone is characterized by moderately elevated carbonate elements 

along with upward-increasing manganese until the upper 6 feet of the zone, where the element is very 

suppressed.  Detrital elements are suppressed and undulatory in this 15-foot section, although a steady 

increase in zirconium can be observed.  Similarly, a less distinct upward-increasing trend can be seen in 

potassium and aluminum, but silica shows no increasing trend in this zone. 

The upper ~20 feet of the Montezuma Valley Member shows an undulatory increase in calcium 

and strontium accompanied by generally elevated manganese with a few obvious spikes.  Overall 

manganese shows a mild decreasing pattern starting in the upper 10 feet of the Montezuma Valley and 

continuing upward through the base of the overlying Fort Hays Limestone.  The detrital elements 

inversely complement the carbonate elements by showing an undulatory decrease upward through the 

upper 20 feet of the Montezuma Valley Member.  Potassium is an exception to this trend and is 

consistently suppressed until the top 5 feet of the member.  The other detrital elements also show an 

increase in this top section within an overall roughly decreasing trend.  The detrital increase at the very 

top of the MVM likely relates to the visible increase in detrital micas and other volcanic grains (largely 

andesitic).  Redox elements are generally elevated in the until the upper 8 feet of the Montezuma Valley 

Member.  Molybdenum first drops off 8 feet below the Fort Hays while vanadium decreases about 6 feet 

below the Fort Hays.  The redox elements show the least change across the Montezuma Valley-Fort 

Hays contact.  Calcium shows a drastic increase and the detrital elements a similar decrease; however, 

this change occurs over a 3-foot interval bracketing the contact.  The two beds of Fort Hays marly chalk 

are sandy, glauconitic, and have lower calcium content than the third bed, which shows the drastic 

increase.  These lower two beds of marly chalk are distinctly different from the Montezuma Valley which 

sharply underlies the lowest bed of Fort Hays.  
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Figure 4.20: Photo showing septarian concretions in the Montezuma Valley Member at location 2. 

Figure 4.21: Photo of numerous bentonites (6 to 7) in the upper part of the Montezuma Valley Member at location 5. 
Lithofacies do become increasingly calcareous below the Fort Hays, but the contact is very sharp, both lithologically and 
geochemically.  
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4.2.4: Fort Hays Limestone 

Lithostratigraphy 

 The base of the Fort Hays Limestone is a sharp contact at Pagosa Springs (Figure 4.24).  The 

unit is 20 to 25 feet thick and contains 7 to 8 marly chalk beds in town and where it was measured on 

Levine Ranch (Figure 4.22).  Rapid westward thinning of the Fort Hays Limestone was observed in the 

Pagosa Springs area.  Near Hatcher Reservoir, less than 10 miles west-northwest of town, only 4 to 5 

beds of argillaceous sandy (marly) chalk seem to be present.  These beds weather to a very light gray to 

grayish-tannish white color and form very resistant blocky benches in outcrop.  Fractures are prominent in 

this unit (Figure 4.23).  Sawn/sectioned samples from the Fort Hays marly chalk beds reveal a churned 

texture, a variety of intrabasinal and extrabasinal grains, along with an unweathered color of medium gray 

to medium light gray (depending on the amount of argillaceous dilution).  The carbonate content and bed 

thickness are highest in the third marly chalk bed, which is ~1.5 feet thick.  Detrital grains and forams are 

fine-grained and well-sorted in this bed.  The overlying 4 to 5 beds show a successive decrease in 

thickness and carbonate content.  Detrital components are most heterolithic and poorly sorted in the 

lowest and uppermost beds of marly chalk; however, the lowermost bed is noticeably the sandiest (Figure 

4.24).  The presence of disseminated glauconite in the lower 3 beds and upper 3 beds of marly chalk is 

also noteworthy because of its unique and distinctive nature in this area and throughout the Mancos 

Shale in the San Juan Basin.  Calcareous fecal pellets are not preserved in this section.  The upper 

contact of the Fort Hays is gradational as the marly chalk beds are successively replaced by highly 

resistant sandy calcareous mudstone beds with high foraminiferal content (described in section 4.2.5; 

Figure 4.25). 

The calcareous mudstones between the marly chalk beds of the Fort Hays are very silty to sandy 

and bioturbated (BI=4 to 5).  Sand content in both the Fort Hays calcareous sandy mudstones and marly 

chalks is commonly heterolithic: including quartz, calcareous grains, feldspar, micaceous flakes (mainly 

phlogopite and muscovite), and other igneous grains (amphibole, volcanic glass, etc.).  The intervening 

calcareous sandy mudstones become increasingly foraminiferal with less siliciclastic grains above the 

third Fort Hays marly chalk bed at Pagosa Springs.  

Glauconite is disseminated in the calcareous sandy mudstones between the upper and lower 3 

marly chalk beds that also contain the mineral. It is not present in the fourth or fifth bed of marly chalk or 

the calcareous mudstone between.  Glauconite is additionally present near the top of the overlying 40-

foot interval of calcareous silty to sandy mudstone, but seems to be more sparsely disseminated 

(mentioned and discussed in following sections).  Both rounded and angular grains were observed.  

Round grains generally had a darker forest green color while the majority of the angular grains had more 

of a bluish-emerald color and appeared polished.  The majority of grains appeared detrital. 
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Chemostratigraphy 

The chemostratigraphy of the Fort Hays Limestone in Pagosa Springs is summarized in Figure 

4.13.  Measurements for this section are from Levine Ranch, on the south side of Reservoir Hill (Location 

2).  

Carbonate elements calcium and strontium are elevated throughout both the marly chalks and 

intervening calcareous sandy mudstones of the Fort Hays Limestone at Pagosa Springs while 

manganese continues its undulatory downward trend that began in the upper Montezuma Valley Member.  

There are a few manganese spikes, with the most prominent one being in the sandy calcareous 

mudstones either just above the Fort Hays Limestone, or between the uppermost 2 marly chalk beds.  In 

general, manganese is most elevated in the lower 3 beds of marly chalk, then roughly decreases and 

undulates through the rest of the Fort Hays.  As expected, calcium levels are quite high in the samples 

taken from the actual marly chalk beds of the Fort Hays.  Calcium sharply increases above the contact 

with the Montezuma Valley Member and then very drastically increases between the second and third 

marly chalk beds of the Fort Hays.  The lowest 2 marly chalk beds have noticeably lower calcium content 

than all the others.  The highest calcium content is seen in marly chalk beds 3 and 5, then calcium levels 

slowly decrease in the overlying marly chalk beds continuing into the other resistant calcareous beds of 

the overlying section.  Strontium increases towards the fifth marly chalk bed, which has a very high 

strontium reading, and then decreases towards the top of the Fort Hays Limestone in Pagosa Springs.  

While strontium and calcium increase and decrease together, the signatures are far from identical 

 Detrital elements are much lower in the marly chalks than in the intervening calcareous sandy 

mudstones throughout the Fort Hays.  Zirconium levels in the upper half of the Fort Hays show less 

fluctuation with an overall decreasing-downward trend.  Zirconium levels are highest in the calcareous 

sandy mudstones between the lower 3 to 4 marly chalk beds, where the sand content is dominated by 

mixture of siliciclastic grains.  As foram tests increase within the sand fraction in the upper Fort Hays, 

fluctuations between marly chalk beds and intervening calcareous sandy mudstones become less drastic.  

Silica, potassium, and aluminum are elevated in the middle and uppermost parts of the Fort Hays 

Limestone.  These three elements show a dissimilar trend to zirconium with the exception of being 

generally suppressed in the marly chalk beds.  

 Redox elements are generally suppressed and undulatory in the Fort Hays Limestone.  No 

molybdenum was detected in the Fort Hays Limestone except in the calcareous sandy mudstone 

between the 4th and 5th marly chalk beds, near the base of where the intervening mudstones become 

less sandy and heterolithic.  This sample was relatively foraminiferal and organic-rich.  Vanadium is lower 

in the marly chalk beds and relatively suppressed in the whole Fort Hays Limestone, until the very top 

where it shows an increase in the uppermost marly chalk and calcareous sandy mudstone beds.   
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Figure 4.22: Photo showing the upper part of the Montezuma Valley Member and most of the Fort Hays 
at location 5. Note the zonal occurrence of septarian concretions in the MVM. 

 

 
Figure 4.23: Photo showing fracture orientation in the Fort Hays Limestone from various locations in 
Pagosa Springs (location 6 on the left, location 5 on the right). 
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Figure 4.24: Photo showing basal contact of Fort Hays Limestone at location 5.  The lower contact is 
sharp.  Glauconite content is also high in the argillaceous sandy chalk beds at the lower and upper parts 
of the Fort Hays. 

 

 
Figure 4.25: Photo showing the gradational upper contact of Fort Hays at location 6. A section equivalent 
to the  shale and limestone unit is represented at Pagosa Springs as bioturbated calcareous sandy 
mudstones with some resistant beds.

114



4.2.5: Lower Calcareous Unit (Smoky Hill Member) 

Lithostratigraphy 

 In this study, approximately half of the lower calcareous unit of the Smoky Hill Member (LCU) was 

measured at Pagosa Springs.  Examination of the nearby Brown Federal 1-17 well (location 1b) suggests 

a thickness of about 150 feet for the entire LCU in the area.  Lithofacies within the unit generally grade 

upward from churned calcareous sandy mudstones to laminated argillaceous silty mudstones to 

laminated pelletal silty mudstones, which are highly calcareous but minimally bioturbated. 

 The lower 35 to 40-foot section of the lower calcareous zone at Pagosa Springs is characterized 

by churned calcareous sandy mudstones, which are well-indurated despite their bioturbation (high degree 

of cementation with abundant forams).  This section occasionally exhibits nodular or concretionary 

weathering of the mudstone.  The nodular texture seems to be derived from differential distribution and 

weathering of carbonate cement.  In some separate cases, distinct concretions that are visually identical 

to their surrounding matrix can be seen just above the Fort Hays Limestone in town (Figure 4.26).  

However, some of the most distinct “concretions” from this section were lithologically sandier than the 

surrounding mudstone and seemed to be thoroughly bioturbated and affected by soft-sediment 

deformation.  Thus, some of the “concretions” from this lower section are essentially isolated sand bodies 

which have been reworked hydraulically (soft-sediment deformation) and biologically.  The lower 35 to 40 

feet of the LCU contains a unique mudstone facies for the study interval because it is heavily bioturbated 

yet very hard and resistant to weathering.  The base of the Smoky Hill at Piedra contains a similar 

lithofacies, but it was not noticed further west in the study area.    

 

 
Figure 4.26: Differences in concretions between the Montezuma Valley and lower Smoky Hill (location 5). 
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At Levine Ranch, the 38-foot section of bioturbated calcareous sandy mudstones is very 

foraminiferal and calcareous in its lower half, although the siliciclastic sand content does increase in the 

basal 5 feet of the unit.  A few of the beds in the lower 15 feet are particularly resistant and form benches 

that seem to be in a vertical succession with the underlying marly chalk beds of the Fort Hays Limestone.  

In the absence of surficial weathering and sun exposure, the lowest of these resistant beds can be 

difficult to differentiate from the uppermost Fort Hays beds in trenched sections.  With sun exposure the 

marly chalk beds of the Fort Hays weather to a much lighter color than the overlying resistant calcareous 

mudstone beds.  Sawn samples of these resistant beds show abundant foraminifera and extensive 

carbonate cementation (Figure 4.27); however, they are texturally dissimilar from Fort Hays marly chalks, 

which are micritic, less argillaceous, lighter in color, and more homogenized with minimal compactional 

fabric.  The first highly resistant bed of the sandy calcareous mudstones at the base of the LCU actually 

occurs between the 2 uppermost beds of marly chalk within the Fort Hays.  This further suggests a 

vertical (and lateral?) gradation between these two units.  Most of the upper half of this section with 

bioturbated calcareous sandy mudstones is still calcareous, but towards the top it becomes more 

argillaceous with upward-increasing silt/sand content.  Sand content becomes very siliciclastic and 

heterolithic about 28 feet above the Fort Hays on Levine Ranch (LR90).  The lithofacies then becomes 

more argillaceous and calcareous 2 feet above that (LR92) and sparsely disseminated glauconite 

reappears in the mudstone.  At LR95 the mudstone becomes very sandy and heterolothic with advected 

oysters and more obviously scattered glauconite.  Bioturbation and siliciclastic sand content start to 

steadily decrease about 38 feet above the Fort Hays Limestone (above LR100) at Pagosa Springs. 

 

 
Figure 4.27: Sectioned sample of highly resistant calcareous sandy mudstone bed (fraction of total bed 
thickness) featuring high foraminiferal content, chalcopyrite, and thorough bioturbation (Nereites?). 

cpy 
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 As bioturbation and siliciclastic sand content begin to decrease above LR100, foraminifera 

become more abundant and laminations slowly become more developed.  The outcrop also becomes 

increasingly platy and blocky.  The highest occurrence of disseminated glauconite was observed at 

LR105, where it is extremely sparse.  Laminated argillaceous silty mudstones dominate for about 20 feet 

above the bioturbated sandy section (LR105-LR125).  The first robust pelletal laminations are clearly 

visible ~ 63 feet above the Fort Hays Limestone (LR125).  These laminations often show a coarsening-

upward pattern with increasing pellet size, foraminifera, and quartz silt.  Pelletal thin beds and laminations 

become increasingly abundant towards the top of the section measured at Levine Ranch (extending to 

LR148, which is 148 feet above the Juana Lopez Member).   

 The middle and uppers part of the lower calcareous unit, which were not measured, are partially 

exposed at the Pagosa Springs Veterinary Clinic (location 7).  The recent excavation on their lot provides 

a relatively fresh exposure of this part of the LCU (Figure 4.28).  This section is dominated by a laminated 

pelletal silty mudstone facies.  The distinctive dark bluish gray to black color with white weathering 

precipitates represents the high organic content of the laminated pelletal silty mudstones here.  Quite a 

few inoceramids are also seen, and many are pyritized and/or chalcopyritized.  High degree of lamination 

is accentuated by rain and sun exposure as they lighten the color of the calcareous content in the 

laminations.  The upper contact of the lower calcareous zone was not observed in Pagosa Springs, but it 

is undoubtedly exposed somewhere just north of town and potentially somewhere on/around Reservoir 

Hill. 

 

 
Figure 4.28: Photos showing outcrops of laminated calcareous silty mudstones with abundant preserved 
calcareous fecal pellets and organic matter. High organic content is reflected by photo 1.  This photo also 
features abundant fractures, pyrite, and chalcopyrite (rarely preserved in field). The calcareous content of 
this facies can cause it to weather white in the sun as shown in photo 2. The combination of fracturing 
and weathering make laminations easy to see in this photo.  Both photos from location 7 (Pagosa Vet). 
 

1 2 
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Chemostratigraphy 

The chemostratigraphy of the lower calcareous unit of the Smoky Hill Member in Pagosa Springs 

is summarized in Figure 4.13.  Measurements for this section are from Levine Ranch, on the south side of 

Reservoir Hill (Location 2). 

Carbonate elements are elevated near the base of the LCU and generally decrease upward with 

some fluctuation for about 50 feet.  They then show a slow increase for the remaining ~40 feet of the LCU 

that was measured at Levine Ranch.  Manganese does not increase upward in the upper 40 feet like 

strontium and calcium, but does show a prominent spike in the sandy mudstones containing abundant 

heterolithic siliciclastic grains and disseminated glauconite, about 40 feet above the Fort Hays (above the 

basal section of churned calcareous sandy mudstones). 

Detrital elements show an overall increasing trend in the lowest part of the LCU at Pagosa 

Springs.  They are highest in the churned sandy glauconitic mudstones about 40 feet above the Fort 

Hays Limestone.  Detrital elements then decrease upward with the onset of laminated mudstones that 

become increasing calcareous.  

Redox elements are suppressed in the lower 55 feet of the of the LCU section measured at 

Levine Ranch (location 2).  They increase significantly in the upper part of the measured section with the 

onset of laminated calcareous silty mudstones.   

4.2.6: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Field and Log Observations 

The middle argillaceous and sandy unit of the Smoky Hill Member (MASU) does not crop out well 

in Pagosa Springs and was not measured here during this study.  The unit was observed at location 8, on 

the east side of Mill Creek behind the Pagosa Springs Veterinary Clinic.  The color of the unit appears 

lighter more calcareous (or siliceous?) than at other locations.  The MASU is 50 to 75 feet thick based on 

examination of gamma and resistivity logs from a well about 5 miles east of Pagosa Springs (L1b), where 

the top of the MASU sits at ~3470 feet in the subsurface. 

4.2.7: Upper Calcareous Unit (Smoky Hill – Cortez Member) 

Field and Log Observations  

The upper calcareous unit of the Smoky Hill Member (UCU) was not measured or sampled for 

chemostratigraphy during this study in Pagosa Springs.  Estimates from the nearby Brown Federal 1-17 

well suggest a thickness of ~225 feet for the UCU in the area.  This well is 5 miles east of Pagosa 

Springs, where the base of the UCU sits at a depth of ~3470 feet in the subsurface.  Many observations 

and photographs were taken along with a few thin sections that confirmed the typical characteristics of 

the UCU observed at other locations.  The most common facies are laminated pelletal silty mudstones 

with varying degrees and styles of lamination.  Some of the pelletal sections are wispily to massively 

bedded with soft sediment deformation and partial, yet low bioturbation.   
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Two recognizable parasequences of pelletal silty mudstone separated by intervening beds of 

bioturbated argillaceous silty mudstone were observed behind the First Inn of Pagosa Springs (location 

10), where they together form a large gray cliff along the San Juan River (Figures 4.29 & 4.30).  These 

two parasequences can be correlated at least as far as Durango (benches 3 and 4 of location 23; Fig. 

4.63), although the shaley base of the lower parasequence (bench 3) is poorly exposed at location 10 in 

Pagosa.  The upper parasequence in the cliff contains some visible sandy sections featuring soft-

sediment deformation.  It contains more wispy-laminated to massively bedded pelletal mudstones, while 

just laminated pelletal silty mudstone are more prominent in the lower parasequence (Figure 4.30).  Some 

of the lower portion of the UCU is exposed on the north side of reservoir hill along the San Juan River.  A 

partial, yet robust exposure of this section can be seen at the from the end of 2nd Street (location 9).  

High quality inoceramid fossils are present here.  This exposure likely represents bench 2 and possibly 

some of bench 1 (westernmost side of outcrop). 

The oyster-inoceramid biostrome is easily recognizable about 30 feet up the hill above the cliff 

behind the First Inn (Figure 4.31) and at the same stratigraphic location at the Junction Restaurant.  The 

bed contains large flat-lying inoceramus valves, which are occasionally stacked and generally intact.  

Many of the oysters do have a random orientation and are broken; however, imbrication is not apparent in 

the bed, and the oyster fraction appears to be piled at the Junction Restaurant (Figure 4.32).  The 

Junction Restaurant exposure is highly fractured and provides a clear view of textures in the Oyster-

inoceramid biostrom (OIB) along with other facies present.  The fractures at the Junction Restaurant have 

a dominant orientation of N 20 E.  The highly pelletal chalky section located above the OIB is not clearly 

exposed at the Junction Restaurant; however, it can likely be seen along San Juan River further 

upstream from the First Inn.  Alternatively, thick chalky deposits may have not accumulated on top of the 

OIB at this location. 

 
Figure 4.29: Photo showing one of several layers of argillaceous and bioturbated mudstone interrupting 
the calcareous cliff at location 10 behind the First Inn. Full cliff face shown in the next figure (4.30). 
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Figure 4.30: Panoramic photo (looking north) of the cliff at location 10 behind the First Inn of Pagosa Springs. Thin-sections confirm the high 
pelletal content of the two parasequences from the UCU (upper calcareous unit) shown here, but also revealed some differences. The upper 
parasequence generally contains less laminations and larger pellets than the lower parasequence.  Carbonate in all outcrop thin-sections stained 
blue (not pink) either due to ferroan calcite or ankeritic dolomite. This was not observed in all core thin-sections; thus, it may relate to alteration at 
shallow depths.  OIB=oyster-inoceramid biostrome (Leckie et al. (1997). 
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Figure 4.31: Photos of OIB in Pagosa Springs. Distinct beds are discernable along fracture face in bottom 

right photo. 
 

 
Figure 4.32: Photomicrographs of oyster-inoceramid biostrome. Photos A and B show general texture, 
photo C shows a phosphate(?) concretion with septarian fractures, and photo D shows diversity of forams 
and disseminated pyrite (tiny). 

A B 

C D 
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4.2.8: Upper Argillaceous and Sandy Unit (Cortez Member) 

Field and Log Observations  

The upper argillaceous and sandy unit (UASU) of the Cortez Member is continuously exposed 

along the north side of the San Juan River on the ranches upstream of Pagosa Springs.  This unit is at 

least 600 feet thick based on examination of gamma and resistivity logs from the nearby Brown Federal 

1-17 well (location 1b).  This well encountered the base of the UASU and the top of the upper calcareous 

zone at a depth of ~3200 feet.  Highly cemented beds and zones containing large, tan to rusty brown 

concretions are readily visible in the Cortez Member northeast of Pagosa Springs (location 12).  The 

Mesaverde Group sands did not prograde this far and the Cortez Member is relatively thin here in 

comparison with the western parts of the study area.  Refer to Molenaar et al. (2002) for a visual 

representation of the stratigraphic architecture of the upper argillaceous and sandy unit in Pagosa 

Springs.   

 

4.2.9: Depositional Interpretation at Pagosa Springs 

 The measured section at Pagosa Springs includes much of the extensive T7a transgressive 

sequence, all of the R7a regressive sequence, and the lower part of the T7b transgressive sequence.  

Outcrops around Pagosa Springs represent the entire Niobrara marine cycle, beginning with the sandy 

section (equivalent to Semilla Sandstone Member) at/near the top of the Blue Hill Member and continuing 

to a stratigraphic point in the transition from the Cortez Member of the Mancos Shale to the Lewis Shale.  

The Point Lookout Sandstone did not prograde as far east as Pagosa Springs; however, its eastern 

extent was nearby as confirmed by the thick accumulation of Point Lookout sands at Piedra, just 18 miles 

further to the west-southwest.    

In ascending stratigraphic order T7a transgressive sequence at Pagosa Springs includes the 

portion of the Semilla Sandstone Member above the R6 maximum regressive surface (which was not 

identified in this study), the Juana Lopez Member, Montezuma Valley Member, and approximate lower 

half of the Fort Hays Limestone.  The Juana Lopez and Montezuma Valley make up a relatively thick 

succession which was at least partially derived from enhanced local uplift of sediment-source areas 

(terrestrial and submarine) that coincided with subsidence of the Western Interior Basin and 

tectonoeustatic transgression as discussed in section 1.2.3 of Chapter 1.  Tectonic activity is confirmed at 

the minimum by the prominent abundance of bentonites in the Montezuma Valley Member at Pagosa 

Springs.  Local uplift was common near the western margin of the of WIS during Niobrara transgression 

and provided the sediment supply for the Montezuma Valley Member, which is very restricted in its 

eastern extent (Molenaar, 1983).  A lack of accommodation in eastern Colorado after Codell deposition 

may have also contributed to the paucity of Juana Lopez and Montezuma Valley (Carlile) sediments in 

that area (King, 1972).   

While the Niobrara fourth-order cycles are considered to be largely climatoeustatic to regionally 

climatic in origin (Kauffman & Caldwell, 1993), the T7a transgression is superimposed on, if not 
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synonymous with the overall beginning of the third-order Niobrara marine cycle, which was 

tectonoeustatically driven as discussed in Chapter 1.  This relationship to the third-order Niobrara 

transgression explains why T7a was a relatively long fourth-order transgression leaving thick sediments 

with a uniquely prominent and abundant series of internal cycles and internal disconformities.  The basal 

Niobrara unconformity seems to be developed, at least to a minor degree, above the Montezuma Valley 

Member at Pagosa Springs and is a testament to the effects of erosion, sediment bypass, and/or potential 

depositional hiatus all due to the interplay between submarine uplift (differential subsidence in actuality) 

and transgression.  The significance of this disconformity has not yet been precisely quantified by 

biostratigraphy at Pagosa Springs, which is why its presence has been previously doubted or possibly 

misinterpreted (King, 1972, 1974; Molenaar et al., 2002).   

The interpretation of a disconformable surface separating the Montezuma Valley Member from 

the overlying Fort Hays Limestone at Pagosa Springs is based on three lines of evidence: 1) the abrupt 

chemostratigraphic change across the surface in both carbonate, detrital, and redox-sensitive groups of 

elements, 2) the disseminated glauconite in the lower half of the Fort Hays Limestone, much of which 

appears to be detrital, indicating its origin from equivalent hiatal/reworked to erosive areas further west of 

Pagosa Springs (including the Tocito sequences), and 3) the numerous and wide variations in thickness 

reported for the Montezuma Valley Member.  Even before it was given a formal name, the section 

between the top of the Juana Lopez and base of the Fort Hays has been measured to thicknesses of 90 

feet (Rankin, 1944), 5.7 feet (King, 1972), and around 30 to 40 feet (Lamb, 1968).  The most recently 

reported thickness of the Montezuma Valley Member at Pagosa Springs is 12 feet (Molenaar et al., 

2002).  The exact location of this measurement was specified (location 1) and is less than a mile east of 

the trenched section for this study (location 2), at which the Montezuma Valley Member was measured to 

a thickness of 44 feet.  Additional observations from this study at location 5 indicate a thickness of less 

than 40 feet for the Montezuma Valley Member there, adding further local variation for this unit.  This 

thickness variation could be derived from dynamic erosive action combined with locally dynamic seafloor 

topography from uplift of submarine structures, which are known to have been tectonically active in the 

San Juan Basin paleoenvironment.  The Montezuma Valley is heavily bioturbated, but shows some 

enrichment of redox-sensitive elements, representing moderate to waning oxygenation before Fort Hays 

deposition.  Minimal bioturbation, high organic-content, and abundant lag surfaces seem to represent low 

oxygenation from rapid subsidence and water stratification in the Juana Lopez Member.   

The rest of the T7a transgression in Pagosa Springs was deposited after the hiatus and/or 

erosion that occurred upon the basal Niobrara disconformable surface and is represented by the lower 

part of the Fort Hays Limestone.  The fourth bed of argillaceous chalk has the lowest siliciclastic sand 

content and contains no disseminated glauconite.  It is interpreted to represent the T7a MFS while the 

overlying three beds of Fort Hays get progressively thinner with increasing sand and glauconite content, 

representing the initiation of R7a during highstand deposition.  Glauconite generation occurred upon the 

basal Niobrara unconformity during nondeposition and reworking of relative lowstand deposits, such as 
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the Tocito sands around Farmington, NM or the glauconitic sandy mudstones of the BGU from this study.  

The BGU is present where Tocito Sandstones are absent until a few miles east of Piedra, CO.  More uplift 

(from differential subsidence) and erosion upon submarine structures also occurred during relative 

lowstands and early transgressions.  These structures could shed glauconitic sediments if the mineral 

was generated or arrived detritally before uplift.  Many of the glauconite grains in the Fort Hays beds 

appear polished and detrital.  Increasing glauconite influx to the Fort Hays beds represents relatively 

shallow times and/or increased submarine uplift with nondeposition/erosion, which is confirmed by the 

positive correlation between glauconite and siliciclastic sand content.  Detrital glauconite was sourced 

from Tocito lowstand deposits to the southwest and the extensively reworked basal glauconitic unit of the 

Smoky Hill Member, which contains both detrital Tocito glauconite and in-situ glauconite.  One particular 

submarine uplift was distinctly active during Fort Hays deposition 18 miles west of Pagosa Springs, and 

was emphasized by observations from this study.  The structure intersects the Piedra area where the 

Montezuma Valley Member has been eroded down to a few feet and is overlain by a thin basal 

glauconitic unit with resistant calcareous beds immediately above that.  This nearby structure was a likely 

a source of detrital glauconite to the Fort Hays in the Pagosa Springs area during times of uplift and/or 

relatively shallow water.   

Glauconite abundances occur in three parts of the basal Niobrara section at Pagosa Springs.  

The first (oldest) one is in the lowermost part of the Fort Hays just above the Montezuma Valley.  The 

basal Niobrara surface (Carlile-Niobrara contact) and the overlying few Fort Hays beds may correlate with 

erosional surface 1 (ES-1) and immediately overlying Tocito Sandstones described by Bottjer & Stein 

(1994) near Farmington, NM.  The Tocito mudstone sequence above that correlates with the middle part 

of the Fort Hays Limestone at Pagosa, during deepest flooding.  The second basal Niobrara glauconite 

abundance at Pagosa Springs occurs in the upper part of the Fort Hays Limestone and continues up into 

the lowermost part of the 38-foot section of bioturbated calcareous sandy mudstones in the lower Smoky 

Hill.  This glauconitic transition correlates with ES-2 and the immediately overlying second tier of Tocito 

Sandstones delineated by Bottjer & Stein (1994).  ES-2 may have also resulted from local uplifts along 

the western margin of the WIS.  Above the second tier of Tocito Sandstones southeast of Farmington, the 

second Tocito mudstone sequence correlates to the remaining majority of the 38-foot section of highly 

bioturbated calcareous mudstones seen at Pagosa Springs, which represents the rest of R7a regression.  

At both locations, these intervals are capped by erosional surface 3 (ES-3, Bottjer & Stein, 1994) which is 

overlain by the third glauconitic zone followed by typical laminated silty mudstones of the Smoky Hill 

Member that become increasingly calcareous.  The upper contact of bioturbated calcareous mudstones 

at Pagosa Springs is a significant unconformity from biostratigraphy that precisely correlates with the 

unconformable top of the shale and limestone unit in eastern Colorado (King, 1972, 1974).  This upper 

contact forms the base of the third glauconitic zone and represents the maximum regressive surface for 

R7a.  Thus, in Pagosa Springs the 38-foot section of bioturbated calcareous mudstones stratigraphically 

correlates to the shale and limestone unit of Scott & Cobban (1964).  This equivalent unit in Pagosa 
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Springs has a comparable degree of bioturbation and also correlates to the shale and limestone unit on 

the basis of biostratigraphy from Pagosa Springs (King, 1972, 1974; Molenaar et al., 2002), the Raton 

Basin (Scott et al., 1986), and Pueblo, CO (Scott & Cobban, 1964).  Although this unit at Pagosa Springs 

has a few highly resistant calcareous beds in its lower 15 feet and has the bioturbated texture, it does 

look quite different from the actual shale & limestone unit at Pueblo.  For this reason, King (1972) called it 

the Canon Bonito Member of the Mancos Shale at Pagosa Springs and other relatively western locations.  

This name will be used herein as the ‘Canon Bonito’ unit for efficiency.  The Canon Bonito unit of the 

Mancos Shale is generally equivalent to the shale & limestone unit of the Niobrara Formation.  Both units 

are overlain by the unconformable sequence boundary that separates R7a from T7b (transgressive 

surface of erosion).  The Fort Hays Limestone and Canon Bonito unit are thoroughly bioturbated, 

unlaminated, and represent relatively oxygenated times in comparison with the overlying Niobrara 

section.  The Canon Bonito and overlying relatively argillaceous section were included in the lower 

calcareous unit of the Smoky Hill Member even though they are only present in the eastern part of the 

study area and differe significantly from the remainder of the LCU.    

The third glauconitic zone (above the sequence boundary formed by R7a MRS) was deposited 

and reworked under relatively shallow ‘lowstand’ conditions—the last of this magnitude for a long time.  

As the seaway deepened during the T7b transgression, laminated argillaceous silty mudstone deposition 

took place above the third glauconitic zone at Pagosa Springs, and dissolved oxygen levels began 

decreasing in the Western Interior Seaway.  As the laminated mudstones became increasing calcareous 

and organic-rich, anoxic and euxinic conditions undoubtedly developed as evidenced by the preservation 

of fecal pellet laminations and enrichment of redox-sensitive elements (Mo, V+Cr).  The laminated 

calcareous mudstones (lower calcareous unit) at the top of the trenched section at Pagosa Springs shows 

robust enrichment of both anoxic and euxinic proxies.  The lower calcareous unit was deposited during 

relatively deep conditions that followed the T7b transgressive systems tract that included the third 

glauconitic zone and section of laminated argillaceous mudstones.  The MFS for this T7b-R7b sequence 

may be represented somewhere within the organic-rich and inoceramid-rich LCU outcrop at the Pagosa 

Springs Veterinary Clinic (location 7).  The rest of the R7b regression is marked by highstand deposits of 

the LCU at Pagosa Springs, which is sharply overlain by a scour surface that forms the R7b MRS and 

lower sequence boundary for the next T7c-R7c sequence.  This surface was not identified in Pagosa 

Springs but could be seen on a nearby well-log (Brown Federal 1-17) where it is signified by a blocky 

section in the curve with low gamma and high resistivity.  This section likely represents the sandy section 

seen above the R7b MRS elsewhere in the study area, which is highly calcareous, fossiliferous, and was 

deposited under relatively shallow or ‘lowstand’ conditions.  This sandy section contains way less quartz 

than the glauconitic and heterolithic sands further down-section. 

The middle argillaceous and sandy unit of the Smoky Hill Member was not observed in outcrop at 

Pagosa Springs but appears relatively thin on logs.  This thinning may be due to the distal nature of the 

Pagosa Springs area, allocating less extrabasinal material to the area during relatively shallow (or high 
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sedimentation) times.  Above this section, the upper calcareous unit is well-represented in Pagosa 

Springs outcrops.  The various benches of laminated pelletal silty mudstones in the UCU seen around 

town (locations 9, 10, & 11) were deposited during relatively deep and productive times with low bottom-

water conditions to enable the preservation of calcareous fecal pellets and organic matter observed in 

thin-section and outcrop (Figure 4.30).  The extensively correlatable oyster-inoceramid biostrome (OIB) is 

consistently present in the upper-middle part of the UCU at Pagosa Springs.  It is relatively thin at this 

location since it is further from the proximal source of oysters.  No calcareous benches were observed 

above the OIB at Pagosa Springs and the rest of the overlying Niobrara-equivalent Mancos is clearly 

regressive with increasing argillaceous and siliceous content.  The upper argillaceous and sandy unit of 

the Cortez Member is relatively thin at Pagosa Springs for the same reason the Point Lookout Sandstone 

was unable to prograde that far: decreased extrabasinal input with increasingly distal location.  

Submarine structures west of Pagosa Springs could have also contributed to the geographic limitation of 

terrigenous sediments.   

 

4.3: Piedra, CO 

4.3.1: Introduction 

 One can drive west out of Pagosa Springs and onto the Southern Ute Reservation via Highway 

160.  The scenery is rustic and rugged and features various members of the Mancos Shale along the 

way.  After an excellent view of Chimney Rock National Monument from the highway (capped by Pictured 

Cliffs Sandstone), the highway curves northward and begins to follow the Hogback Monocline along the 

northeastern margin of the San Juan Basin.  The Piedra River cuts through the steeply dipping beds of 

the Hogback Monocline and has national forest roads on either side of it—First Fork Road on the east 

side and Lower Piedra Road on the west.  First Fork Road contains a very extensive exposure of the 

Niobrara-equivalent Mancos Shale and Point Lookout Sandstone, but requires a lot of hiking in unfriendly 

terrain (locations 18, 19, & 20; Figure 4.33 & 4.34).  This exposure was sampled on a 5-foot interval from 

the top of the Juana Lopez Member through the first dolomitic mudstone bed of the Cortez Member 

(about 400 feet).  Almost every foot was sampled from the section between the Juana Lopez Member and 

lower calcareous beds of the Smoky Hill Member.  Thorough trenching was required to access this 

section due to weathering.  A thin basal glauconitic zone overlies about 15 feet of Montezuma Valley 

Member at Piedra.  The other parts of the Smoky Hill and Cortez Members are well-exposed on the east 

side of the Piedra River here.  Along Lower Piedra Road on the west side of the Piedra River, one can 

immediately see the Point Lookout Sandstone and uppermost Cortez Member.  Further up the road, the 

part of the upper calcareous zone containing the oyster-inoceramid biostrome can be observed.  Further 

up the road, the Bridge Creek Member of the Mancos Shale and the Dakota Sandstone are readily 

observable.  The Morrison Formation is also exposed just before reaching the Lower Piedra 

Campground, and there is a neon greenish blue pond lined with very fine clays between the Morrison 

outcrop and the road.  Travelers and campers were seen swimming in this pond numerous times during 
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fieldwork for this study; however, most geologists familiar with the uranium content of the Morrison 

Formation would not swim in this pond.   

 George Lamb visited Piedra numerous times in preparation for his classic publications in 1968 

and 1973.  He was working mostly along Lower Piedra Road on the west side of the Piedra River, where 

the middle and lower Smoky Hill are virtually not exposed or able to be trenched.  Charles Rankin (1944) 

also worked in Piedra as part of his efforts to assemble a composite Mancos section for the Pagosa 

Springs area.  It is unclear how much of the reported Niobrara section was measured at Piedra; however, 

his basal Niobrara section is certainly from Pagosa Springs due to the presence of Fort Hays Limestone, 

which is not present at Piedra.  Extensive hiking and drone work made full characterization of this outcrop 

possible.  It is believed that the deep-woods section of the Mancos exposure east of Piedra River 

(locations 18-20) had not been previously measured or observed in terms of Niobrara geology.  There are 

still extensive unexplored outcrops in the area between Piedra and Haystack Mountain featuring 

Greenhorn and Niobrara rocks. 

The lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Piedra 

section are displayed in Figure 4.35. 

 
4.3.2: Juana Lopez Member 

Field Observations  

The uppermost rusty brown flaggy beds of the Juana Lopez Member are barely exposed for a few 

feet about 1.5 miles into the woods east of Piedra River along the Hogback Monocline (location 18).  This 

convenient exposure and the very recognizable rusty brown float fragments that smell like hydrocarbons 

upon breakage enabled confident stratigraphic orientation at this complex outcrop of the Mancos Shale.  

The Bridge Creek Member and Dakota Sandstone were located further up the arroyo beyond where it 

becomes very heavily vegetated.  Observations from Google Earth suggest that there are extensive 

Bridge Creek and Juana Lopez exposures in the valleys farther east between Devil Mountain and 

Haystack Mountain.  Both the Bridge Creek Member and Dakota Sandstone are robustly exposed on the 

opposite (western) side of the Piedra River (around location 16).  On the east side of the river at location 

18, the top of the Juana Lopez Member marks the base of the Piedra measured section.  The Juana 

Lopez features the very dark organic-rich mudstone facies between the calcareous muddy siltstone-

sandstone (‘calcarenite’) beds that cap the member.  The upper calcareous sandstone bed of the Juana 

Lopez Member marks the base of the measured section at Piedra.  This bed demonstrated clear low-

angle cross-stratification here (Figure 4.36). 
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Figure 4.33: Map showing data locations in the Piedra area. 
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Figure 4.34: Drone aerial photo (looking east) of the exposure on the east side of the Piedra River.  The vast majority of the Niobrara Interval is 
included in this picture and the broad color changes that distinguish the calcareous units from the argillaceous and sandy units are visible.  
LCU=lower calcareous unit, MASU=middle argillaceous and sandy unit, UCU=upper calcareous unit, UASU=upper argillaceous and sandy unit. 
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Figure 4.35: Diagram summarizing the lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Piedra section.  
Measured section extends from the top calcareous sandstone of the Juana Lopez to the first dolomitic mudstone bed in the lower Cortez Member. 
Sampling interval was every 5 ft. 
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4.3.3: Montezuma Valley Member 

Lithostratigraphy 

 The Montezuma Valley Member is 15 feet thick where it was measured and described one mile 

east of the Piedra River (Location 18).  The member was not exposed here before trenching.  Steeply 

dipping beds allowing easy access for meteoric water combined with the nonresistant nature of the 

member have resulted in thorough weathering of the member.  The visually distinctive septarian 

concretions are present but not prominent at this location due to the abundance of talus and soil 

development.  Incision beneath the basal Niobrara unconformity has also gone below most of the 

concretionary zones here.  Complete weathering and dissolution of septarian concretions was often 

observed at this location, which was surprising in the early part of this fieldwork.  The trench for this unit 

reached a depth of 4.5 feet near the top of this unit, and still did not expose fully unweathered mudstone.  

The presence of concretionary zones in this interval was unable to be confidently confirmed before this 

depth of trenching, yet a few pieces of sparry calcite and barite from the septarian fracture-fills were 

present at the base of the weathered arroyo slope.  The septarian fracture-fill and Juana Lopez 

calcarenite float assisted tremendously with locating the base of the Smoky Hill Member at Piedra.  

 Argillaceous silty mudstones to mixed sandy mudstones make up most of the MVM at Piedra 

(Figure 4.36).  Bioturbation and siliciclastic sandiness increase upward through the Montezuma Valley. 

The lower 5 feet is less bioturbated, somewhat laminated, and relatively calcareous.  This interval 

underlies a prominent bentonite about 4 inches thick.  There are several lesser bentonites just above the 

Juana Lopez Member.  The sand content is increasingly abundant, heterolithic, and unconsolidated (less 

calcareous cementation) near the top of the section.  Even upon trenching, the upper contact with the 

overlying Smoky Hill Member is extremely difficult to see.  The lithofacies above and below the contact 

are both very sandy and bioturbated. 

 

Chemostratigraphy 

 The chemostratigraphy of the Montezuma Valley Member in Piedra is summarized in Figure 4.35.  

Measurements for this section were taken about 1.25 miles east of the Piedra River (Location 18).  The 

geochemical sampling frequency of 5 feet is not adequate to characterize changes in the Montezuma 

Valley Member at Location 18 since it is so thin.  However, the XRF measurements that were taken 

corresponded with lithofacies observed and did not present data aberrations.  Carbonate elements are 

generally low while detrital elements were elevated.  Manganese seems to increase from the top of the 

Juana Lopez, through the MVM, and into the lowermost Smoky Hill Member.  Molybdenum is sporadic 

while vanadium in the MVM is elevated in comparison to the immediately underlying and overlying 

sections.   
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4.3.4: Basal Glauconitic Unit (Smoky Hill Member) 

Lithostratigraphy 

The basal glauconitic unit of the Smoky Hill Member (BGU) is very thin at Piedra.  It is comprised 

of 3.5 feet of sandy mudstones with patches of disseminated to accumulated glauconite (Figure 4.36).  

The percentage of glauconite in the rock is very small, but several orders of magnitude greater than that 

of Pagosa Springs.  The siliciclastic sand fraction is heterolithic and contains oyster fragments.  One of 

the resistant calcareous beds that characterize the base of the overlying section is present within the 

glauconitic sandy mudstones near the top of the unit.  The sandy mudstones that characterize this unit 

here and elsewhere are very unconsolidated and crumbly. 

 
Chemostratigraphy 

The chemostratigraphy of the basal glauconitic unit of the Smoky Hill Member at Piedra is 

summarized in Figure 4.35.  Measurements for this section were taken about 1.25 miles east of the 

Piedra River (Location 18).  The geochemical sampling frequency of 5 feet is not adequate to 

characterize changes in the basal glauconitic unit at Location 18 since it is so thin.  However, the XRF 

measurements that were taken corresponded with lithofacies observed.  Low carbonate elements, high 

detrital elements, and low redox elements characterize this unit.  Manganese and the other carbonate 

elements seem to increase while the detritals seem to decrease.   

 

4.3.5: Lower Calcareous Unit (Smoky Hill Member) 

Lithostratigraphy 

 The lower calcareous unit of the Smoky Hill Member at Piedra has been constrained to a 

thickness range of 120 to 160 feet from field measurements taken at locations 18 and 19.  The lower part 

of the unit is poorly exposed or completely covered around location 18 (Figure 4.37).  Elsewhere in the 

study area (Pagosa Springs, Hat Park, Durango), the covered section approximately correlates with an 

interval of disrupted to laminated argillaceous silty mudstones that quickly grade upward into the 

laminated calcareous silty mudstones with high pelletal content that typify the LCU.  At Piedra, the LCU 

generally contains a succession from very resistant and calcareous bioturbated sandy mudstones to a 

covered (likely argillaceous and siliceously sandy) section, to laminated pelletal silty mudstones that form 

steeply-dipping benches due to their calcareousness. 

 The lowest part of the lower calcareous zone at Piedra is an 18-foot section of heavily bioturbated 

(if not churned) calcareous sandy mudstones.  A few of the beds are extremely indurated and jut out from 

the otherwise poorly exposed section (location 18).  There are 9 highly resistant beds in total.  They are 

calcareous foraminiferal sandy mudstones that seem to have undergone extensive calcareous 

cementation.  A sawn example of resistant beds from this part of the LCU is shown in Figure 4.36.  The 

highly resistant calcareous mudstone beds in the lower part of the LCU here is very similar to the 

bioturbated calcareous mudstones containing highly resistant beds seen just above the Fort Hays at 

Pagosa Springs.   
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Figure 4.36: Panoramic photo of trenched basal Niobrara unconformity and surrounding section at Piedra (location 18).  The succession of facies 
is also roughly summarized from the Juana Lopez, Montezuma Valley, basal glauconitic unit, and lowermost part of the Smoky Hill Member 
(comprised of churned calcareous sandy mudstones with a few highly resistant beds, one of which is shown on the left).  
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Figure 4.37: Drone aerial photo (looking southwest) of the measured section at Piedra showing the complexity of the exposure along the Hogback 
Monocline.  LCU=lower calcareous unit, MASU=middle argillaceous and sandy unit, UCU=upper calcareous unit, UASU=upper argillaceous and 
sandy unit. 
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 The covered section forms the floor and lower walls of a steep heavily vegetated valley/arroyo.  

The amount of missing section here would be very difficult to accurately estimate by an unaccompanied 

geologist due to this biological and topographical context.  A bench of laminated calcareous silty 

mudstones emerges on the opposite side of the valley from where the lowermost Smoky Hill was 

described.  The rest of the Mancos Shale is continuously exposed above this bench east of the Piedra 

River (locations 19 and 20).  An additional 98 feet of the lower calcareous unit was measured above the 

covered section (Figure 4.37).  It contains at least 4 parasequences of upward increasing carbonate and 

resistance to weathering.  There is a carbonate concretionary zone in the first exposed bench above the 

covered section.  The concretions are homogeneously calcareous and weather to a bright grayish white 

color.  They are very different from the septarian concretions found elsewhere Montezuma Valley and 

Cortez Members.  The bench with a concretionary zone occurs near the top of a parasequence 

comprised of heavily laminated pelletal silty mudstones with some interbedded calcareous muddy 

siltstones (Figure 4.38).  This bench contained an abundance of starved current ripples and very thin silt-

sand beds (Figure 4.38).  Isolated carbonate concretions were observed higher up-section in the LCU.  

These were much more irregular in shape and occurrence.  The laminated calcareous silty mudstones 

become relatively argillaceous in the upper middle part of the LCU at Piedra.  The upper part of the LCU 

at Piedra has 2 more parasequences of laminated calcareous silty mudstones, mostly with high pelletal 

content.  The upper contact of the lower calcareous zone is marked by the onset of concentrated 

calcareous sand and oyster beds, which are included in the overlying middle argillaceous and sandy unit.  

Drone photos help display this contact and the bulk visual differences between the lower calcareous unit 

and the overlying unit.   

 

 
Figure 4.38: Photos showing laminated calcareous silty mudstones the lowermost resistant bench of the 
LCU at Piedra.  Left photo shows carbonate concretions and right photo features high detrital silt to sand 
content.  Siliciclastic grains weather yellow to orange while calcareous grains weather light gray to white. 
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Chemostratigraphy 

The chemostratigraphy of the lower calcareous unit of the Smoky Hill Member at Piedra is 

summarized in Figure 4.35.  Measurements for this section were taken about 1.25 miles east of the 

Piedra River (Location 19).  The 5-foot geochemical sampling frequency was adequate to generally 

characterize the lower calcareous unit.  As expected, the XRF measurements were useful for correlation 

of the LCU, but only marginally effective for resolving or representing its various parasequences at this 

sampling frequency.   

Carbonate elements, calcium and strontium, are elevated in the bioturbated calcareous sandy 

mudstones in the lower part of the lower calcareous unit.  Manganese is sporadic in this interval but is 

prominently elevated in the lower middle part of the LCU immediately above the covered section.  From 

here manganese roughly decreases upward through the LCU.  Calcium and strontium are generally 

elevated and show a slight increasing upward pattern through the lower calcareous unit.   

Detrital elements are sporadic yet seem to be suppressed throughout the lower calcareous unit.  

The exception occurs in the upper ~20 feet of the LCU where detrital elements are notably increased.  

The overall pattern for detrital elements is aggradational to slightly increasing upward in the lower 

calcareous unit. 

Redox elements are recognizably elevated in the lower calcareous zone.  They are especially 

increased in the middle and upper parts of the unit.  Vanadium and molybdenum sometimes showed 

inverted trends in the context of overall enrichment.  The log of vanadium + chromium levels is also 

distinctively elevated in the lower calcareous zone.   

   

4.3.6: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Lithostratigraphy 

The middle argillaceous and sandy unit is anywhere between 50 and 75 feet thick on the east 

side of the Piedra River.  This thickness is poorly constrained due to the complexity of the Piedra 

exposure and the typically gradational nature of the upper contact with the overlying upper calcareous 

zone.  At the very least the MASU is identifiable on the basis of being nonresistant to weathering and 

cropping out poorly.  The lower carbonate content and higher clay content result in a darker color of 

weathered mudstone than the underlying or overlying sections.  The lower part of the MASU is an 

exception to this generalization and has a lighter color due to the large amount of detrital calcite in the 

sands of this interval.   

The lower contact of the MASU at Piedra is marked by several thin beds of calcareous sandstone 

fraught with advected oysters, foram tests, inoceramus fragments, and quartz grains.  Calciclastic 

material is highly disaggregated in these beds.  The lowermost bed of calcareous sandstone is practically 

a fossil hash and forms a white band on the ridges near location 19.  The overlying section of the MASU 

is mostly laminated and ripple-laminated argillaceous silty mudstones with some intermittent bioturbation.  

The upper contact is gradational with the overlying upper calcareous unit and is marked by the onset of 
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increasing carbonate content and silty pelletal laminations.  Calcareous fecal pellets are minimally 

present in the middle argillaceous and sandy unit.  

 

Chemostratigraphy 

The chemostratigraphy of the middle argillaceous and sandy unit of the Smoky Hill Member in 

Pagosa Springs is summarized in Figure 4.35.  Measurements for this section were taken about 1.25 

miles east of the Piedra River (Location 18).  The 5-foot geochemical sampling frequency was adequate 

to generally characterize the lower calcareous unit.  As expected, the XRF measurements were useful for 

correlation of the LCU, but only marginally effective for resolving or representing internal changes at this 

sampling frequency.   

Carbonate elements show a sharp increase at the bottom of the MASU because of abundant 

detrital calcite in the form of advected shells and foram tests.  The rest of the MASU shows suppressed 

carbonate elements with a few manganese and strontium spikes.  There is also a steady increasing-

upward trend for the carbonate elements that continues from the MASU into the overlying upper 

calcareous zone.  This trend is easily noticeable in calcite and slightly less so in strontium. 

Detrital elements are very low at the bottom of the middle argillaceous and sandy unit owing to 

sampling calciclastic material.  Thus, elevated calcium and strontium are a masked indicator for increased 

detrital material here.  Though generally elevated in the MASU, detrital elements also show a steady 

decrease upward through the unit that continues into the overlying upper calcareous zone.  

Redox elements, vanadium and molybdenum, are consistently low through most of the middle 

argillaceous and sandy unit.  However, they also show a steady increase, along with calcium, that 

continues into the overlying unit.  

 

4.3.7: Upper Calcareous Unit (Smoky Hill — Cortez Member) 

Lithostratigraphy 

 The upper calcareous unit of the Smoky Hill Member is 175 to 185 feet thick at Piedra.  The 

upper ~30-foot section of calcareous mudstone (containing 5 dolomitic mudstone beds) was not 

measured, but was described and extensively photographed.  Thus, it is included in this descriptive 

section and was able to be correlated to other locations.  Several parasequences (6 to 7) are visible in the 

UCU and are seen as individual or composite benches along the steeply-dipping Piedra outcrop at 

location 19 (Figure 4.37).   

 The lower contact of the UCU is gradational with the underlying middle argillaceous and sandy 

unit and this was observed at Piedra.  The MASU becomes very silty and sandy in its uppermost 5 to 10 

feet.  The base of the upper calcareous unit is taken at the appearance of abundant calcareous fecal 

pellets within the silty laminations and sedimentary structures.  Above this point the lithofacies become 

fraught with pellets.  The lowest parasequence contains the highest silt fraction with visibly advected 

calcareous pellets.  Silt content is of foram tests and quartz, which is commonly laminated within the 
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pelletal texture.  The upper 5 to 10 feet of the lowest parasequence is heavily laminated pelletal silty 

mudstone, which is then sharply overlain by a relatively argillaceous facies containing a thick bentonite 

(6.5 inches).  Above this bentonite the laminated argillaceous silty mudstones coarsen upward into 

laminated pelletal silty mudstones again (Figure 4.39).  This next parasequence is relatively prominent 

and particularly features the ‘steel blue-gray’ color that characterizes the calcareous Smoky Hill in the 

northern San Juan Basin and elsewhere.  The lower 2 parasequences have sharp tops and form well-

defined individual benches while the following three parasequences form a larger composite bench 

containing relatively gradational contacts.  The pelletal content in the upper calcareous zone becomes 

increasingly thin-bedded to wispily and massively bedded in the next four parasequences seen at Piedra.  

Parasequences 3 and 4 show an upward gradation from laminated facies to thin beds and wispy 

laminations.   

 

 
Figure 4.39: Prominent bentonite (MV372) at base of second parasequence in the UCU at Piedra. 

 
As observed elsewhere in this project, the wispy pelletal texture seems to result from partial 

bioturbation and soft-sediment deformation (which can be interrelated).  The top of the third 

parasequence is taken as the top of the Smoky Hill Member from lithostratigraphic correlation with work 

from Leckie et al. (1997).  Foraminiferal content is quite high throughout the upper calcareous zone and 

especially so in the middle and upper parts.  There is a 1.5-foot bed of fossil hash containing mainly 

oysters, inoceramids, and foram tests just above the or at the top of the fourth parasequence in the UCU 

on the east side of the Piedra River (location 19).  This bed was also ostensibly located along Lower 
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Piedra Road on the west side of the river, where it was identical in character and stratigraphic position.  

This oyster-inoceramid biostrome (OIB) is 1.5 feet thick at Piedra.  While both contacts for this bed 

appear to be somewhat gradational, the upper is more so than the lower since fossil content decreases 

upward above the concentrated bed.  The inoceramids are vastly outnumbered by oysters and forams, 

but those that are present are very large, flat-lying, intact, and often stacked (Figures 4.40 & 4.41).  The 

character of the bed seems to be piled or winnowed and not transported too violently.  Large inoceramids 

do not appear to have been advected.  As at Pagosa Springs and Durango, very fine-grained (<5μ) pyrite 

is disseminated throughout the OIB and occasionally accumulated in foram tests and other previous 

voids.  Thin-sections were also taken immediately above and below the OIB at Piedra to reveal a 

pronounced concentration of foraminifera and fecal pellets in wispily- to massively-bedded pelletal silty 

mudstones with intermittent bioturbation.  Quartz makes up a minimal fraction of the silt grains in the 

samples near this oyster bed.  

 

 

Figure 4.40: Photo of the OIB (oyster-inoceramid biostrome) in the woods east of the Piedra River 
(location 19).  It was located at the identical stratigraphic position at all locations. 
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Figure 4.41: Photo of the OIB along Lower Piedra Rd. on the west side of the Piedra River (location 15). 

 
A significant increase in the abundance and size distribution of fecal pellets was observed in the 

two parasequences overlying the OIB, which are part of the Cortez Member (Leckie et al., 1997).  Highly 

foraminiferal pelletal silty mudstones are immediately above the OIB in the fifth parasequence, which then 

grade into massively-bedded pelletal mudstones in the sixth parasequence.  The average pellet size is 

much larger in this parasequence.  Silt content (mostly forams) varies as does partial bioturbation (mainly 

visible on margins of pellets) in the sixth parasequence, which was measured up to the first dolomitic 

mudstone bed encountered in the section.  There are 5 dolomitic mudstone beds (cemented horizons?) in 

the basal Cortez Member above the OIB.  The Piedra measured section from this study extends to the 

lowest cemented horizon; however, extensive aerial and ground photography made the distinct character 

of these beds easily recognizable (Figure 4.42).  These beds consistently weather to a rusty orange-tan 

and are very continuous.  They are especially well-exposed at Piedra owing to steep dips and differential 

weathering.  A thick bentonite occurs just above the third dolomitic mudstone bed.  These cemented beds 

are highly fossiliferous and frequently feature large inoceramus species.  Fractures are especially 

prominent throughout the upper calcareous unit at Piedra and are especially abundant in the dolomitic 

mudstone beds.  Although the pelletal content of the mudstones encasing the upper four cemented 

horizons was not confirmed, that calcareous and resistant nature of these beds can be confirmed from 

drone photos.       
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Figure 4.42: Drone aerial photo (looking west-southwest) of the upper part of the UCU on the east side of 
the Piedra River. The lower part of the UASU can be seen far in the background. Tan beds in the 
foreground include the dolomitic mudstone beds and two or three prominent bentonites.  These beds 
occur in the transition between the UCU and overlying UASU. 
 
Chemostratigraphy 

 The chemostratigraphy of the upper calcareous unit of the Smoky Hill Member in Piedra 

is summarized in Figure 4.35.  Measurements for this section were taken about 1.25 miles east of the 

Piedra River (Location 19).  

Carbonate elements show an overall increasing-upward pattern toward an interval in the middle 

of the UCU, and then decrease upwards for the remainder.  Carbonate elements plateau around the OIB 

and show a rough decrease of that plateau in the rest of the section measured at Piedra (up to lowest 

dolomitic mudstone bed of Cortez Member).  A prominent calcium plateau represents the third 

parasequence of the UCU and the Smoky Hill top in the subsurface.  Carbonate elements look like they 

start to increase again at the top of the section with the overlying yet unmeasured section with other four 

dolomitic mudstone beds.  Fluctuations can be expected from this section, but the Cortez Member always 

eventually becomes more argillaceous (decreased carbonate and redox elements with increased 

detritals) in the overlying upper argillaceous and sandy unit. 

 Detrital elements show the inverse trend to carbonate elements.  They decrease most of the 

through the parasequences and are lowest in the middle of the UCU as measured at Piedra.  Detrital 

elements clearly begin to increase in the upper ~60 feet of the measured section and start to decrease 

towards the very top of the measured section.  In comparison to the other detritals, aluminum shows 

minimal trend in the UCU at Piedra other than an increase near the top of the measured section and 

abrupt decrease at the very top.   
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 Redox elements are elevated in the upper calcareous unit.  Vanadium seems to peak or plateau 

near the middle of the UCU while molybdenum begins to plateau just above that point and continues to 

do so through the measured section at Piedra.   

 

 
Figure 4.43: The first siliciclastic sand bed of the Cortez Member is seen in the section containing 
dolomitic mudstone beds as the upper calc. unit transitions into the upper argillaceous and sandy unit. 
 

4.3.8: Upper Argillaceous and Sandy Unit (Cortez Member) 

Field Observations 

 The upper argillaceous and sandy unit was not measured or sampled at any location for this 

study, but its entire substantial thickness is magnificently exposed east of the Piedra River (around 

location 20).  Drone photographs and other aerial imagery enable a rough estimate of ~1000 feet for the 

thickness of this unit at Piedra.  Other features of the UASU are clearly demonstrated around location 20.  

Numerous coarsening upward parasequences can be observed along with laterally continuous zones 

containing septarian concretions.  This section contains some very large, occasionally car-sized, 

concretions (Figure 4.44).  They generally don’t have as many septarian fractures as the concretions from 

the Montezuma Valley Member.  The largest concretions in the Cortez Member are second in size only to 

those of the upper Blue Hill Member in the Mancos Shale.  The UASU also contains super elongated and 

thin carbonate pod concretions which can also be seen at location 20.  The unit is generally comprised of 

two coarsening-upward packages, that internally contain numerous parasequences and that all together 

form one overall coarsening-upward package to the Point Lookout Sandstone.  The middle and upper 

parts of the unit are the sandiest and the tops of internal parasequences can be quite sandy with the 

thickest beds in the upper half of the unit (Figure 4.45).  Sand content in the UASU is dominantly 

siliciclastic and noncalcareous with many current-driven sedimentary structures and occasionally 

pronounced bioturbation (Figure 4.46). 
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Figure 4.44: Ground photo of the UASU at Piedra featuring septarian concretions. 
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Figure 4.45: Drone photos (looking east-southeast) showing the upward gradation from the Cortez 
Member into the Point Lookout Sandstone on the east side of the Piedra River (location 20).  Note the 
degree of sandiness.  
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Figure 4.46: Photos showing robust current ripples and burrowing in the siliciclastic sands of the UASU in 
Piedra. Location is in arroyo between the Piedra River and location 19.  

 

4.3.9: Depositional Interpretation at Piedra 

 The Mancos outcrops at Piedra represent almost all of the Niobrara marine cycle.  Parts of the 

T7a interval are covered, which include the Semilla Sandstone-equivalent section (if present) and the 

majority of the Juana Lopez Member.  The measured section which began at the top of the Juana Lopez 

Member also contains a covered section that obscures the upper part of the R7a interval and lower part 

of the T7b interval.  The remainder of T7b-R7b sequence, along with the majority of the T7c-R7c 

sequence were measured.  The Point Lookout Sandstone marks the end of the Niobrara marine cycle at 

Piedra and is prominently visible on both sides of the Piedra River.  The T7d-R7d sequence is 

represented by the upper argillaceous and sandy unit of the Cortez Member below the Point Lookout and 

above the dolomitic mudstone beds near the top of the upper calcareous unit.  As previously mentioned, 

the section at Piedra was measured up to the first of these dolomitic mudstone beds.   

 The Montezuma Valley Member is only 15 feet thick where it was measured on the east side of 

the Piedra River (location 18).  Lithostratigraphic and bentonite correlations confirm that the basal 

Niobrara unconformity as eroded down into the sandy lower portion of the Montezuma Valley Member.  It 

is immediately overlain by a thin basal glauconitic unit followed by the ‘Canon Bonito’ section (equivalent 

to shale & limestone unit of Niobrara Fm.) of bioturbated calcareous mudstones with some highly 

resistant beds also seen at Pagosa Springs.  Fort Hays Limestone is absent at Piedra and has apparently 

onlapped onto the paleohigh that is responsible for erosion and nondeposition of the Montezuma Valley 

Member here.  Progressive onlap from east to west (or northeast to southwest) is suggested by rapid 

thinning of the Fort Hays between Pagosa Springs and Piedra which can be observed at Hatcher 

Reservoir, where there are only four beds of argillaceous sandy chalk.  Interestingly, the ‘Canon Bonito’ 

section extends out over this paleostructure and contains more highly resistant calcareous beds at Piedra 

than Pagosa Springs, so the lower few of these resistant beds may laterally grade into some of the Fort 

Hays argillaceous chalk beds in Pagosa Springs.  Regardless, the ‘Canon Bonito’ section at Piedra was 

deposited under productive and oxygenated conditions as indicated by the tremendous foraminiferal 
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content and high level of bioturbation.  This matches the situation in Pagosa Springs.  The maximum 

flood of T7a is represented by erosion and/or non-deposition upon the basal Niobrara unconformity at 

Piedra and was thereby not distinctively recorded.  As the Western Interior Seaway reached the T7a-R7a 

highstand, the bioturbated calcareous mudstones of the ‘Canon Bonito’ section record this highstand and 

the rest of the R7a regression.  The R7a maximum regressive surface was covered and vegetated 

(practically untrenchable) at Piedra.  Upward increasing argillaceous and siliceous content in the rocks 

occurs with increasing proximity to provenance during later stages regression.  This factor likely relates to 

the unfortunate geomorphology of the late R7a deposits here. 

 The base of the T7b-R7b sequence is also covered by deep soil and vegetation at Piedra.  The 

covered section likely includes a sandy glauconitic zone just above the R7a maximum regressive surface, 

which is a significant unconformity from biostratigraphy (King, 1972, 1974).  The glauconitic sandy zone 

represents depositional reworking by hydraulic activity during relative lowstands.  Bioturbation is also 

more prevalent in shallower times along the western margin of the WIS due to its proximity to incoming 

oxygenated waters and mixing, both from Boreal and terrigenous currents.  A section of laminated 

argillaceous silty mudstones was observed above the Canon Bonito, R7a MRS, and immediately 

overlying glauconitic zone at Pagosa Springs, where it grades upward into the bench-forming parts of the 

LCU as it becomes increasingly calcareous and resistant.  This section represents of the T7b 

transgressive systems tract and is also completely covered at Piedra.  Resistant benches of laminated 

calcareous silty mudstones abruptly emerge out of the soil.  These benches represent T7b-R7b 

highstand—a deeper time promoting biological productivity and decreasing siliciclastic dilution of 

organics.  Anoxia and euxinia are implied by enrichment of redox elements, lack of bioturbation, and 

preservation of calcareous fecal pellets (associated with OM-preservation).  As at other data locations, 

the relative abundance of starved ripples and thin sand lenses in the LCU (compared to the UCU) seems 

to represent a higher influx of detrital material during the T7b-R7b cycle in the study area.  The T7b-R7b 

sequence has a scoured upper contact that represents the R7b MRS at Piedra.  Erosion occurred to 

create this scour during a relatively shallow time during late R7b regression, but did not deposit proximal 

sediments until after development of this sequence boundary.    

 The base of the T7c-R7c sequence typically contains the coarsest section in the Smoky Hill 

Member just above the sequence boundary (R7b MRS).  These interbedded to massive calcareous 

muddy sandstones and siltstones are ‘lowstand’ sediments which were deposited immediately after the 

shallowing and erosion that took place during R7b to create the sequence boundary.  The sands contain 

many quartz grains and oyster fragments transported from locations more proximal to the shoreface.  

Above this sandy section, transgression begins with the middle argillaceous and sandy unit.  Many 

parasequences are visible within the MASU, which forms the argillaceous to siliceous base of the T7c-

R7c sequence.  The parasequences become increasingly pelletal and calcareous near the top of the 

MASU and this represents the transition from a shallower to a deeper seaway.  With transgression, 

nutrient influx increased, paleoproductivity increased, and siliciclastic dilution decreased.  This resulted in 
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a relatively calcareous mudstone, which would contain enriched organic matter if bottom-water was not 

oxygenated or if organic deposition simply outpaced its destruction and dilution (which can result in 

anoxia in itself).  This was the case for the upper calcareous unit at Piedra and elsewhere in the study 

area.  The successions of laminated pelletal silty mudstones in the T7b-R7b sequence become 

significantly more developed and organic-rich above the prominent bentonite in the lower part of the 

upper calcareous unit.  As at other locations where this bentonite was found, it correlates with bentonite 

MV372 at Mesa Verde (Leckie et al., 1997) and signifies tectonoeustatic transgression.  Carbonate and 

redox elements reach a plateau in the upper-middle part of the upper calcareous unit, bracketing the 

extensive oyster-inoceramid biostrome.  Pelletal deposition becomes increasingly massive upward 

towards the OIB, above which the facies changes to a more classic Niobrara ‘marly chalk’ with less quartz 

silt, more forams, and much larger and more abundant pellets.  This resembles further acceleration of 

biological productivity and further deceleration of siliciclastic dilution.  This ‘chalky’ section is followed by 

the series of dolomitic mudstone beds at the top of the upper calcareous unit as it grades into the upper 

argillaceous and sandy unit.  Due to the chemostratigraphic and lithostratigraphic context, the OIB and 

overlying chalky section are interpreted to represent a T7c MFS and subsequent highstand, respectively.  

The dolomitic mudstone beds fit the character of diagenetically-cemented horizons which often occur at 

the top of parasequences (Bohacs, 2018).  These parasequence caps are interpreted to occur near the 

T7c MRS, which was not identified in this study.   

 The T7d-R7d cycle occurred during overall regression (R7) of the Niobrara marine cycle.  For this 

reason, the sedimentation rate was higher than before and the sediment sources closer as the sea-level 

dropped, the basin filled, and progradation ensued.  Within this overall regression, the T7d-R7d cycle left 

a signature along with numerous smaller cycles.  The concretionary zones and cemented horizons are a 

testament to significant changes in sea-level and sedimentation rate, in addition to the many individual 

coarsening-upward packages that can be seen along the outcrop at Piedra.  In general, the two main 

coarsening-upward packages were deposited during the T7d-R7d cycle.  The T7d MFS is likely 

somewhere within the shaley base of the upper package, which then coarsens upward into the Point 

Lookout Sandstone to end the R7d and the Niobrara marine cycle.  The R7d MRS was not precisely 

identified, but is assumed to be the base of the thickest bed of Point Lookout Sandstone.   

  

4.4: Lark Well 

4.4.1: Introduction 

 The Lark 33-5 well is about 11.3 miles south-southeast of the Smoky Hill exposure at Piedra.  

The pad is just north of Arboles, CO and 2.75 miles east of Piedra Peak.  It is one of several located 

along the west side of the Piedra River in the valley downstream from Piedra.  The proximity of the Lark 

well to the Piedra measured section is a testament to the rapid plunging of Cretaceous strata from the 

Hogback Monocline to the Central Basin.  Structurally, the well is located in the eastern part of the Central 

Basin and is about 20 miles east-northeast of the Hat Park well.  The Lark well provided a 148-foot core 
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containing the upper 58 feet of the Juana Lopez Member and all but the very top of the Montezuma 

Valley Member.  The original core run for this well was intended to capture the lower calcareous unit and 

basal Niobrara unconformity; however, equipment issues on site and lack of core breakage between 

connections unfortunately resulted in loss of the first core.  The second core run was successful and 

provides valuable insight on the Juana Lopez and the Montezuma Valley, which crops out poorly.  The 

Lark core was described but no XRF measurements were taken.  Previous lab work provided a suite of 

data for this core (geochemical included), which, along with data from other Smoky Hill cores, was 

calibrated to the well logs and used to represent much of the overlying section (Figure 4.47).  

4.4.2: Juana Lopez Member 

Lithostratigraphy 

The Lark core contains the upper 58 feet of the Juana Lopez Member.  The member extends 

about 40 feet below the cored interval, based on estimates from gamma and resistivity logs.  The primary 

mudstone facies in the Juana Lopez portion of the core is very organic-rich (3-5 wt%) and has a 

noticeably darker color, almost jet black, in comparison with the Smoky Hill or Montezuma Valley 

mudstones.  Frequently interbedded with the organic-rich mudstone are thin lags, lenses, and beds of 

calcarenite and other fossiliferous and heterolithic grains.  These thin calcareous beds are most abundant 

in the lower half and uppermost part of the Juana Lopez in the cored section of the Lark well.  More 

‘calcarenites’ are known to occur at the bottom of the Juana Lopez Member and are represented as high 

resistivity kicks in the Lark well, below the cored section.  Small rounded carbonate concretions, 1 to 3 

inches across, were captured near the top of the Juana Lopez Member (Figure 4.48) and near the bottom 

of the cored interval.  High-angle fractures with calcite fill also occur near the top of the Juana Lopez and 

low-angle fractures with calcite fill at the bottom of the cored interval. The calcareous siltstone beds are 

generally thicker and more abundant at the top of the Juana Lopez Member, where they are sharply 

overlain by argillaceous silty to sandy mudstones of the Montezuma Valley Member.  The Montezuma 

Valley is noticeably more bioturbated and diluted by detrital (both siliceous and calcareous) grains than 

the Juana Lopez (Figure 4.48).     
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Figure 4.47: Diagram summarizing lithostratigraphy, stratigraphic context, and sequence stratigraphic 
interpretation of the Lark cored well. 
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Figure 4.48: Core photos of Juana Lopez – Montezuma Valley contact (orange line) in the Lark well. Note the carbonate concretions (blue boxes), 
en echelon high-angle fractures (green arrows), and interesting ash beds(?) (red boxes) in comparison with the typical bentonite (purple box). 
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Figure 4.49: Core photos of the Montezuma Valley Member in the Lark well. Bioturbation is prominent in this section and much of the rest of the 
MVM in this core. 
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4.4.3: Montezuma Valley Member 

Lithostratigraphy and Log Character 

 The Lark core features 91 feet of the Montezuma Valley Member.  The total thickness of the 

member is approximately 105 feet in the Lark well, so only the upper 14-foot section was not cored.  The 

MVM is thoroughly bioturbated, if not churned, throughout almost all of its thickness in the Lark core.  

Some laminated argillaceous silty mudstones are present near and at the top of the cored interval 

(Lk7189.7—Lk7174.6 and Lk7167.8—Lk7167, respectively).  There are a few thin fossiliferous lags in 

these laminated sections, one containing visible phosphate and all being at least mildly pyritized.  

Inoceramus and oyster fragments are also more common in the upper half of the MVM interval in the Lark 

core.   

All of the MVM bioturbated mudstones are silty to sandy in the Lark core, but they become 

especially sandy and calcareous in a few zones, which appear as additional high resistivity kicks above 

the Juana Lopez Member (Figure 4.49).  There is at least one prominent bentonite near the base of the 

Montezuma Valley Member.  The other three bentonite candidates are also near the base of the MVM but 

appear as abnormally crumbly and fissile zones in the core.  They lack the tan to green color and 

mineralization of most bentonites observed during this project (Figure 4.48). 

 

4.4.4: Basal Glauconitic Unit (Smoky Hill Member) 

Log Observations and Thickness 

 The basal glauconitic unit is about 10 feet thick in the Lark well.  It is marked by stagnantly low 

resistivity and low-amplitude gamma with high-frequency undulations.  The top of the underlying 

Montezuma Valley Member is marked by a gamma spike that abruptly drops into the BGU across the 

basal Niobrara unconformity. 

 

4.4.5: Lower Calcareous Unit (Smoky Hill Member) 

Log Observations and Thickness 

 The lower calcareous unit is about 115 feet thick in the Lark core.  The resistivity log shows a 

sharp blocky increase above the underlying BGU and stays elevated for the following ~30 feet with high 

amplitude undulations.  This elevated resistivity bench has low gamma at the base and just above it 

where it the resistivity abruptly decreases for a few feet.  It likely correlates with the bioturbated 

calcareous sandy mudstones seen just above the Fort Hays Limestone in Pagosa Springs and above the 

BGU at Piedra.  The outcrop at Piedra provides an analogous section for the Lark well.  Resistivity 

abruptly increases again above the bench at the base of the LCU and stays increased (with slow 

downward trend) for the remainder of the LCU in the Lark well.  Gamma is cyclic yet indistinct.  
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4.4.6: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Log Observations and Thickness 

 The thickness of the middle argillaceous and sandy unit is ~90 feet thick in the Lark well.  A high-

resistivity section at the base of the MASU abruptly overlies the lower calcareous unit in the Lark well.  

Calibrated petrophysical mineralogy logs confirm this to be a sandstone, which would be equivalent to 

that seen in the Greer well.  This high-resistivity bench is accompanied by low gamma and is around 10 

feet thick.  Gamma increases above this point and shows distinct cycles for the remainder of the MASU 

while resistivity drops and is very stagnant and indistinct.  Low resistivity is associated with argillaceous 

sections in the study area and the MASU is not exception in the Lark well.  Petrophysical logs do show a 

relatively high fraction of quartz in the MASU here in comparison with the Hat Park well. 

 

4.4.7: Upper Calcareous Unit (Smoky Hill – Cortez Member) 

Log Observations and Thickness 

The upper calcareous unit of the Smoky Hill Member and lower part of the Cortez Member is 

about 160 feet thick in the Lark well.  Upper and lower contacts for this unit are gradational as seen in the 

resistivity log.  Resistivity values are elevated in this UCU and reach a plateau near the middle of the unit.  

The top of the Smoky Hill Member is interpreted to occur at the top of a bench of high gamma and 

resistivity that occurs 6829 feet in the subsurface (Lk6829).  Gamma increases at the base of the UCU 

and is overlain by a prominent bentonite spike there.  It is then elevated in the upper part of the Smoky 

Hill Member and lowest part of the Cortez Member, and then starts to decrease through the top of the 

UCU and into the overlying upper argillaceous and sandy unit. 

 

4.4.8: Upper Argillaceous and Sandy Unit (Cortez Member) 

Log Observations and Thickness 

 The upper argillaceous and sandy unit is about 990 feet thick in the Lark well.  The base of this 

unit is marked by a decrease in resistivity from the underlying upper calcareous unit.  Resistivity continues 

to decrease for about 200 feet into the UASU.  It then increases and is rather dynamic for about 350 feet 

in the middle of the unit.  It is suppressed and stagnant in the upper part of the UASU as it slowly 

increases toward the Point Lookout Sandstone. The gamma signature is less distinct than usual.  It does 

show a broad and slow decrease towards the middle of the UASU in the Lark well.  It then starts to 

increase in the upper-middle part of the unit, then followed by an upward decrease as it coarsens upward 

into the Point Lookout Sandstone     

 

4.4.9: Depositional Interpretation of Lark Well 

 The Lark core represents a significant portion of the initial Niobrara transgression.  This T7a 

transgression includes the Juana Lopez Member and Montezuma Valley Members.  The contact between 

these units is well-displayed in the cored interval.  The Juana Lopez Member contains many 
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transgressive lags from rapid subsidence during initial 3rd-order Niobrara tectonoeustatic transgression, 

resulting in a recurrent sediment-starved environment.  High preservation of organic matter and a lack of 

bioturbation reflect anoxic to euxinic bottom-water conditions in the Juana Lopez Member.  The member 

is often characterized by very high TOC.  In comparison with the overlying organic-rich rocks in the 

Niobrara, the Juana Lopez has relatively high clay content with relatively low calcareous content in the 

mudstone fraction.  On the basis of these lithologic differences, anoxia appears to have developed in a 

different fashion from that of the overlying Niobrara-Mancos source rocks in the study area.   

As the T7a transgression continued to deposit mudrocks in the study area, the Lark core confirms 

that the Montezuma Valley Member was deposited under relatively oxygenated conditions.  This is 

evidenced by the heavy bioturbation immediately above the uppermost calcareous lag surface that caps 

the Juana Lopez Member.  The concentration of bentonites observed in the Lark core and other data 

locations near the base of the MVM signify acceleration of tectonic activity during this time.  The high 

degree of siliciclastic dilution in the Montezuma Valley Member relates to uplift of sediment-source areas 

driven by the tectonics of tectonoeustatic transgression discussed in section 1.2.3 of chapter 1.  

Variations in paleoproductivity and terrigenous influx can be seen in the Montezuma Valley Member with 

vertical changes in its calcite content.  There are also a few calcareous zones that seem to correlate with 

concretionary zones.  Although no discrete concretions were captured, these highly cemented calcareous 

zones do occur between concretions and below relative flooding surfaces (Hampson et al., 1999; 

Raiswell & Fisher, 2000, Coniglio et al., 2000, Taylor et al., 2000; McBride et al., 2003; Dale et al., 2014).  

The laminated section at the top of the Montezuma Valley Member in the Lark core represents deepening 

and calming of the seaway in the Lark well paleoenvironment.  Some similar laminated mudstones are 

seen in the upper half of the Montezuma Valley at Pagosa Springs as it becomes a bit more calcareous 

moving upward towards the Fort Hays.  A similar increase in calcareousness is not seen at Piedra where 

the MVM has been deeply incised (where incision has exceeded the depth of this calcareous part of the 

upper MVM). 

Chalky lithologies of the Fort Hays Limestone are not present in the Lark well, but it does seem to 

have the ‘Canon Bonito’ section of bioturbated calcareous mudstones just above the MVM and basal 

Niobrara unconformity.  The ‘Canon Bonito’ forms a blocky yet high-amplitude section of elevated 

resistivity and suppressed gamma.  The highly resistant calcareous beds are likely driving the high-

amplitude undulations.  As at other locations where it is present, the ‘Canon Bonito’ section is equivalent 

to the shale & limestone unit and was included with the lower calcareous unit (LCU) of this study.  The 

remainder of the Smoky Hill and Cortez Members record the remainder of the Niobrara fourth-order 

cycles (T7b-R7b, T7c-R7c, and T7d-R7d) with the same lithostratigraphic succession seen at Piedra 

(section 4.4).  It should be noted that the low-resistivity section immediately overlying the ‘Canon Bonito’ 

section is interpreted to represent the laminated argillaceous silty mudstones seen in the T7b 

transgressive interval at Piedra and Pagosa Springs.  This log signature is distinctive and its calibration to 

lithofacies units is important for development of the sequence stratigraphic framework. 
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4.5: Southern Ute 32-9 (Hat Park) Well 

4.5.1: Introduction 

The Southern Ute 32-9 well is also known as the “Hat Park” well due to its proximity to Hat Park 

Canyon in southernmost Colorado.  The location is on the Southern Ute Reservation and surrounded by 

many historical wells amidst the rugged canyons and mesas south of Durango, about half a mile from the 

border with New Mexico.  This pilot hole was drilled by Red Willow Production Company in November 

2014.  Structurally the well is in the middle of the Central Basin.  A 302-foot interval of Smoky Hill Member 

through lowermost Cortez Member was cored very successfully and provided a large suite of data, which 

was geologically and petrophysically calibrated to logs measured beyond the cored interval for expansion 

of the high-resolution dataset.  This core is in extremely good condition and provided considerable insight 

for analysis of facies and data patterns.  This core also has outstanding potential to contribute much more 

to studies of unconventional reservoirs, Niobrara stratigraphy, and the Western Interior Seaway overall 

due to the high quality and abundance of its data paired with its unique location in the paleogeography.  

As previously mentioned, the northern San Juan Basin is in a critically dynamic transitional zone in terms 

of structure, sedimentology, and facies distribution in the Niobrara Sea.  XRF measurements were taken 

every 6 inches on this core to accompany its large suite of previous measured and projected core data.      

 The lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Hat 

Park core are displayed in Figure 4.50.    

 

4.5.2: Juana Lopez Member 

Log Observations and Thickness 

In the Hat Park well (Figure 4.50), the Juana Lopez Member appears to be 90 feet thick, which 

places the top of the member at a low-gamma, high-resistivity kick just below a thin high-gamma section.  

The uppermost ‘calcarenite’ of the Juana Lopez Member is usually immediately overlain by a series of 

bentonites at the base of the Montezuma Valley Member and this is portrayed by the log signature here.  

Throughout the Juana Lopez Member gamma values show drastic fluctuations in an overall upward-

decreasing trend, while the resistivity is noticeably elevated in an overall upward-increasing trend capped 

by prominent high-resistivity kicks. 

 

4.5.3: Montezuma Valley Member  

Log Observations and Thickness 

 The estimated thickness Montezuma Valley Member is 112 feet from Hat Park well logs.  The 

resistivity log shows and overall upward-increasing pattern while the gamma log shows an upward-

decreasing pattern through the member.  There are some abrupt high-resistivity kicks near the base and 

upper part of the member present in the Hat Park well. 
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Figure 4.50: Diagram summarizing the lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Hat Park core. 
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4.5.4: Basal Glauconitic Unit (Smoky Hill Member) 

Log Observations and Thickness 

 The basal glauconitic unit is about 25 feet thick in the Hat Park well.  It is characterized by low 

resistivity and roughly decreasing-upward gamma values.  There is one section of elevated resistivity 

(about 5 feet thick) in the lower-middle part of the unit in the Hat Park well.  Further west in the Greer 

core, a thin section of elevated resistivity in the same stratigraphic position represents some laminated 

mudstones that interrupt the churned basal glauconitic unit.  Although the BGU is not represented in the 

Hat Park core, its log signature correlates closely with the equivalent section in the Greer core. 

 

4.5.5: Lower Calcareous Unit (Smoky Hill Member) 

Lithostratigraphy 

 The Hat Park core does not contain the basal Niobrara unconformity.  The base of the core starts 

right in the laminated calcareous silty mudstones of the lower calcareous unit of the Smoky Hill Member 

(LCU).  Characteristic signatures from the resistivity log indicate that the base of the Hat Park core is 12 

feet above the top of the basal glauconitic unit of the Smoky Hill Member and 35 feet above the basal 

Niobrara unconformity.  The lower calcareous unit has a thickness of 101.5 feet and spans depths of 

7734 to 7835.5 feet in the Hat Park well (HP7734 to HP7835.5).  As seen at the base of the core 

(HP7821.5), the majority of the lower calcareous unit is represented by laminated calcareous silty 

mudstones, most of which are also pelletal.  The laminated and calcareous, yet nonpelletal sections are 

concentrated in the upper portion of the LCU.  An extremely fossiliferous zone spanning about 2 feet 

represents a condensed section in the middle of the lower calcareous unit (Figure 4.52).  Fragments and 

intact valves of inoceramus are especially abundant in this condensed section but are also present 

throughout the LCU (Figure 4.51) as isolated pieces, in lags, in lenses (some of which can be visibly 

imbricated), or even in large peloids (not from copepods; Figure 4.53).  Examples of Pseudoperna 

congesta encrusting the outside of inoceramus valves can be seen throughout the LCU.  Replacive, 

displacive, and diffuse pyritization can also be seen in the LCU.  Pyritization seems to be more frequent in 

the lower half of the LCU as represented in the Hat Park core.  This core captured one prominent 

bentonite in the lower half of the LCU.  This bentonite is noteworthy because it can be correlated around 

the study area and also distinctly shows a natural fracture terminating upon its top due to contrasts of 

geomechanics and subsurface stresses.  Another key characteristic of the LCU that can be easily seen in 

the Hat Park core is the relative abundance of detrital grains (mostly an increase in inoceramus fragments 

and quartz silt) in comparison to the upper calcareous unit.  This is accompanied by more frequently 

observed shell imbrication, current ripples, and other current-driven sedimentary structures. 
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Figure 4.51: Well-preserved juvenile inoceramid in the LCU.  Over 75 inoceramids were photographed 
and depth-logged in the Hat Park core. 
 

The lower part of the LCU is composed of about 5 to 6 parasequences that generally fine upward 

on the scale of one or two core boxes (10 to 20 feet) with increasing intrabasinal laminations and 

decreasing current-driven sedimentary structures towards the condensed section.  The lower two 

parasequences have the most silty material, more lags and scour surfaces, along with the largest 

fragments of inoceramus.  They also have the most current ripples.  The overlying parasequences 

become more laminated and more gradational and symmetrical.  This change in stacking pattern is 

accompanied by an increase in laminations.  Smooth undulations between calcareous and argillaceous 

laminated lithologies occur until the condensed section.  The base of this zone is marked by an abrupt 

increase in fossil content while the laminated to disrupted calcareous mudstones become progressively 

less fossiliferous upsection.  Moreover, the upper contact is more gradational than the lower for this 

condensed section.  The LCU in the Hat Park core contains a higher abundance of pyrite below this 

condensed section along with several good examples of euhedral marcasite growing along bedding 

planes (Figure 4.52). 
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Figure 4.52: Hat Park core photos of the lower calcareous unit.  The condensed section is shown here (7779-7781 ft). Euhedral marcasite is 
circled in green. 
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Figure 4.53: Hat Park core photos of the scoured top of the LCU (blue box). Large peloid is circled in green. Facies grade upward from heavily 
laminated pelletal silty mudstones to laminated argillaceous silty mudstones below the LCU-MASU contact. Above the contact, the base of the 
middle argillaceous and sandy unit is churned with much higher clay and quartz content.   
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 The lower calcareous unit of the Smoky Hill Member in the Hat Park Core continues for an 

additional 45 feet (HP7779 to HP7734) above the extremely fossiliferous interval.  The laminated 

calcareous silty mudstones of this section are only pelletal for the first 7 feet above the extremely 

fossiliferous interval and in another 12-foot sequence (HP7759 to HP7747) near the top of the LCU 

(definite bench-formers in field).  Calcareous fossil content consisting mainly of inoceramus fragments 

and P. congesta is increased for 18 feet (HP7779 to HP7761) above the extremely fossiliferous interval.  

Several lags and lenses of advected shells also occur in this 18-foot section.  Bioturbation increases 2 

feet below a thin and abrupt coarsening-upward sequence from HP7769.5 to HP7768.5.  This is sharply 

overlain by much more argillaceous facies that slowly becomes less fossiliferous and increasingly 

laminated with upward-increasing foram, pellet, and quartz silt content for the next 22 feet.  Thus, the 

laminations coarsen upward in both intrabasinal and extrabasinal components.  There is a uniquely large 

and consolidated peloid of inoceramus fragments, possibly from a ptychodontid shark (i.e. Ptychodus 

mortoni), at the top of this heavily laminated pelletal silty mudstone sequence.  The LCU then becomes 

increasingly argillaceous with more calciclastic material and is capped by two scour surfaces.  The first is 

overlain by a sandy section containing advected oysters which fines upward for two feet and then 

coarsens back to another sandy section of identical interbedded calcareous muddy siltstones with 

advected oysters which is then capped by the second scour surface at the top of the LCU in the Hat Park 

core.  This surface is overlain by the bioturbated silty to sandy argillaceous mudstones of the overlying 

middle part of the Smoky Hill Member.   

 

Chemostratigraphy  

Carbonate elements, calcium and strontium, are elevated through most of the lower calcareous 

unit present in the Hat Park core.  There is a decrease in these elements in the upper ~35 feet of the LCU 

(above HP7770) that accompanies the decrease in pelletal facies also seen there.  This carbonate 

decrease is interrupted by the 15-foot bench of laminated and heavily laminated pelletal silty mudstones 

near the top of the LCU in the Hat Park core.  In comparison with the overlying portion of the Hat Park 

core, manganese is suppressed through all of the lower calcareous unit.  The exception is in the bottom 

25 feet of the cored LCU section, where manganese is elevated and two prominent spikes occur.  The 

largest concentration of zero values for manganese occurs the middle to upper-middle part of the LCU in 

the Hat Park core.    

 Detrital elements are actually elevated in the lower 25 feet of the LCU in the Hat Park core.  From 

the bottom of the cored interval, they increase upward for about 10 feet (to HP7810) and then decrease 

upward until the upper-middle part of the LCU (around HP7775, just above extremely fossiliferous zone).  

Detrital elements then increase upward through the remainder of the lower calcareous unit and into the 

middle argillaceous and sandy unit of the Smoky Hill Member.    

 Redox elements, vanadium and molybdenum, are elevated throughout the LCU in this core.  

Vanadium does contain a suppressed zone in the nonpelletal facies (disrupted calcareous silty 
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mudstones and poorly laminated calcareous silty mudstones) but is elevated in the overlying pelletal 

bench near the top of the LCU here.  Molybdenum is dynamic but distinctly high through all of the LCU.  

All redox elements begin to decrease slightly in the upper 15 feet of the LCU above the uppermost 

pelletal bench; however, this slow downward trend accelerates abruptly at the scoured upper contact of 

the LCU.  Redox elements show a rapid drop across this surface in the Hat Park core. 

 

4.5.6: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Lithostratigraphy 

The middle argillaceous and sandy unit of the Smoky Hill Member (MASU) is 97 feet thick in the 

Hat Park core.  This unit is characterized by elevated clay, quartz, and other detrital components.  There 

are also more starved ripples and interbedded siltstones to sandstones with current-driven sedimentary 

structures.  Silt and sand content are both siliciclastic and calciclastic.  Many grains are of inoceramus 

fragments and foram tests in addition to quartz and feldspar.  Oysters are sparsely scattered, yet 

relatively frequent in this unit.  The clays are primarily illitic and aligned from compaction and deposition if 

not bioturbated.  Bioturbation is highest and most frequent in the middle argillaceous and sandy unit of 

the Hat Park core.  Laminations, pellets, and other intrabasinal features are correspondingly less 

abundant.  All of these features are key characteristics of the MASU and are well exemplified in the Hat 

Park core despite the fragile and subtle nature of the unit.  The majority of the middle argillaceous and 

sandy unit is also relatively fragile and potentially crumbly in comparison to the calcareous units above 

and below, requiring extra caution upon moving and viewing core boxes.  The interbedded siltstones and 

sandstones of the MASU are much more resistant and less fragile in core.  The middle argillaceous and 

sandy zone in the Hat Park core is comprised of 4 coarsening-upward parasequences with a variety of 

contacts.   

The churned argillaceous silty to sandy mudstone immediately above the scour surface that caps 

the underlying lower calcareous unit of the Smoky Hill Member has a brown color that is not observed 

elsewhere in the Hat Park core.  This color is representative of very high clay content and the core is 

especially fissile, delicate, and crumbly here.  The core is moderately to heavily bioturbated in the first 29-

foot parasequence seen in the MASU.  The ~2 feet of churned argillaceous sandy mudstones just above 

the scour surfaces first fine upward to a highly argillaceous laminated section with some moderately 

bioturbated parts and a pyritized ripple (not in bioturbated mudrock).  This 11-foot section is fossiliferous 

of inoceramid valves and fragments, P. congesta, and other oysters.  These laminated argillaceous silty 

mudstones then coarsen upward into ripple-laminated argillaceous silty mudstones and eventually 

interbedded muddy siltstones and sandstones (Figure 4.54).  Sedimentary structures become much more 

obvious as this section coarsens upward for 16 feet above the highly argillaceous section; however, 

bioturbation also increases and eventually disrupts and churns the structures.  This parasequence is 

capped by a small fossiliferous lag. 
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The next parasequence is much more laminated than the first and is about 27 feet thick.  

Overlying the lag are ripple-laminated argillaceous silty mudstones that seem to be aggradationally 

stacked for 11 feet.  Then bioturbation increases and the facies fines further into laminated argillaceous 

mudstones only to abruptly coarsen into 7 feet of interbedded calcareous muddy siltstones.   

The third and fourth parasequences of the MASU are shorter and coarser, but bioturbation is 

higher in the third.  Both of these parasequences contain an abundance of current ripples with upward-

increasing silt and sand supply.  Bioturbation is prominent in the base of the fourth parasequence; 

however, it is relatively low in the coarser facies at the top.  This provides an excellent view of many 

sedimentary structures in the mudrock, including a variety of graded beds and thin beds.  Within and 

above the upper part of the fourth parasequence is an increase in graded beds.  The next few overlying 

parasequences coarsen upward in a similar fashion to those of the MASU; however, they are highly 

pelletal and are thus included with the upper calcareous unit of the Smoky Hill Member.  This core 

features many ‘textbook’ sedimentary structures for mudrocks in the MASU portion. 

 

Chemostratigraphy 

Carbonate elements are noticeably suppressed in the middle argillaceous and sandy unit of the 

Hat Park core.  They start to increase near the top of the unit as it grades into the upper calcareous unit.  

They are also dynamic in the upper half of the unit because of the calcareous sands in the frequent 

ripple-laminated and interbedded facies there.  Manganese is slightly elevated in the lower half of the 

MASU.   

Detrital elements are generally elevated in the MASU but show differing trends.  The clay proxies, 

potassium and aluminum, continue to increase from the upper part of the LCU and plateau in the middle 

of the MASU.  They then show a decreasing trend in the upper half of the MASU.  Zircon increases 

through the lower half of the MASU and continues to do so even above the point where clay proxies 

decrease.  Zircon does start to decrease near the top of the MASU and has noticeably cyclic nature in the 

whole MASU that corresponds with the various parasequences observed.  Silica is generally elevated 

throughout the MASU and shows a cyclic nature at varying scales. 

Suppression of redox elements is clearly visible in MASU in the Hat Park core.  Cyclicity and 

intermittent increases are observed through the unit, but as a whole it is distinctively lacking in the 

enrichment of redox-sensitive elements observed in the calcareous units below and above.  Although 

suppressed, redox elements show a general trend of steady and slow increase through the MASU that 

increases abruptly (but continues to steadily increase above) at the onset of pelletal facies at the base of 

the overlying upper calcareous unit.   
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Figure 4.54: Hat Park core photos of the middle argillaceous and sandy unit.  These two core photos are not continuous, but both feature high 
siliciclastic content, frequently prominent bioturbation, and abundant current-driven sedimentary structures. 
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4.5.7: Upper Calcareous Unit (Smoky Hill – Lower Cortez Member) 

Lithostratigraphy 

 The upper calcareous unit is ~171 feet thick in the Hat Park well, the upper ~45 feet of which are 

above the cored interval.  Resistivity of this section is increased and shows increasing-upward patterns 

with the parasequences seen in the core.  Four parasequences of pelletal mudstones can be seen in the 

UCU and are capped by an extremely fossiliferous zone in the Hat Park core.  The lower three 

parasequences are mainly comprised of laminated to heavily laminated pelletal silty mudstones (Figure 

4.55).  Laminations contain a relatively high fraction of both quartz silt and foram tests amongst the 

abundant pellets in the lower majority of the unit.  Laminations in the UCU are very parallel and are 

seldom associated with starved ripples or other current-driven sedimentary structures, which are less 

abundant here than in the underlying units.  In an additional comparison with the underlying lower 

calcareous unit, most of the UCU has significantly less detrital material (including imbricated inoceramid 

fragments) with the exception of finely laminated quartz silt that is often associated with pellets.  Pelletal 

thin beds are also abundant in the lower three parasequences of the UCU here. 

The parasequences in the UCU show upward increasing carbonate content in the Hat Park core: 

this is typical of the parasequences in the rest of the core.  The parasequences also coarsen upward, 

since increasing carbonate content is associated with increasing size and abundance of pellets, foram 

tests, and quartz silt.  This trend of coincident increases between these three components is also 

observed on the scale of laminations and thin beds in this core and other data locations.  Pellets are 

larger and more abundant toward the top of laminations, which also coarsen upward with increasingly 

abundant foram tests and angular quartz silt.   

The fourth parasequence in the UCU seen in the Hat Park core contains more wispy-laminated to 

massively bedded pelletal silty mudstone facies and minimal parallel pelletal laminations or thin beds.  

This section is speckled with foram tests and quartz silt, which increase upward toward the top of this 

parasequence (about 6 feet below top of core).  There is a highly fossiliferous zone containing many 

oysters, thick inoceramids, and foraminifera at the top of the Hat Park core.  Oysters and inoceramids are 

largely flat-lying but some have random orientation and are disarticulated.  In other data locations from 

this study area, the oyster-inoceramid bed that occurs in the upper-middle part of the UCU is much more 

condensed and less muddy than this version.  The Hat Park core is capped by a few inches of laminated 

calcareous silty mudstones overlain by an indurated bentonite containing altered booklets of kaolinite.  

This bentonite may actually be a reworked sandstone.  Disseminated pyrite is very abundant throughout 

the upper calcareous unit in the Hat Park core.  The upper few core boxes are even noticeably heavier 

than the others. 
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Chemostratigraphy 

 Carbonate elements are elevated in the UCU from the Hat Park core.  They increase upward with 

parasequences and track with resistivity, at least in the cored interval.  They seem to reach a plateau 

above the first parasequence seen in the UCU, and the turnaround point is either right at the top of the 

cored interval or somewhere above it.  Manganese is fairly indistinct and aggradational in the UCU of the 

Hat Park core. 

 Detrital elements are somewhat suppressed in the upper calcareous unit with some variation.  

Potassium and aluminum are slightly elevated in the fourth parasequence, but decrease toward the top of 

the core (except in bentonite/reworked sandstone).  Zircon is highest in the first parasequence and then is 

somewhat aggradational and indistinct along with silica.  Both may show a very slow decrease upward 

through the UCU in the Hat Park core. 

 Redox elements are distinctively elevated throughout the UCU in the Hat Park core.  Both 

vanadium and molybdenum show a cyclic overall increasing trend upward to the base of the fourth 

parasequence.  They then begin to plateau in the fourth parasequence until the oyster-inoceramid zone, 

where they increase abruptly and the highest molybdenum is seen. 

 

4.5.8: Upper Argillaceous and Sandy Unit (Cortez Member) 

Log Observations & Thickness 

 The upper argillaceous and sandy unit of the Cortez Member is about 960 feet thick in the Hat 

Park well (Figure 4.50).  The base of this unit is 45 feet above the top of the cored interval.  The base of 

the UASU is marked by a bulk decrease in resistivity occurring at the top of the upper calcareous unit.  

This decrease is abrupt and well-defined in the Hat Park resistivity logs.  Isolated high-resistivity kicks are 

likely from concretions or other cemented beds in the Cortez Member, and usually occur with abrupt low 

gamma kicks.  Elevated resistivity values that are clustered occur near the tops of upward-decreasing 

gamma cycles and are caused by sands.   

There are two broad coarsening upward packages seen in the UASU from the gamma-ray log.  

These are very thick and contain numerous internal sequences at differing scales.  In general, gamma-

ray API values decrease in the upper part of the upper calcareous unit and continue to decrease for about 

550 feet into the upper argillaceous and sandy unit.  Gamma then increases for the following 250 feet and 

then again decreases upward for the upper 200 feet of the Cortez Member.  The overlying contact with 

the Point Lookout Sandstone is gradational, but there is an abrupt gamma drop at the base of the first 

blocky sand in the Hat Park well.   
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Figure 4.55: Hat Park core photos of the top of the third parasequence in the UCU, which correlates with 
the Smoky Hill top as defined by Leckie et al. (1997). 
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4.5.9: Depositional Interpretation of Hat Park Well 

The Hat Park core contains most of the T7b-R7b and T7c-R7c sequences which account for most 

of the Niobrara calcareous facies in the study area.  Individual parasequences show cycles on a smaller 

scale, which were largely climate-driven.  Argillaceous sections of parasequences represent wetter times 

or increased proximity to sediment source, while increased intrabasinal carbonate represents dry and/or 

distal/deep times.  Coarsening upward cycles can show increasing siliceous and detrital calcite 

(shallowing) or increasing pellet size and foram abundance, which is often corresponds with an upward 

increase in quartz silt from the parasequence to lamina scale.  This could be a tectonoeustatic signature 

and is especially prevalent in the upper calcareous unit (T7c-R7c highstand).  Core TOC measurements 

are consistently higher in the LCU and UCU in comparison with the more clay-rich and bioturbated 

MASU.  TOC enrichment corresponded with elevation of redox-sensitive elements, vanadium, chromium, 

and molybdenum.  Deposits from the rest of the Niobrara marine cycle are well-represented in the Hat 

Park well logs.  Their interpretation does not differ significantly from the situation at Durango, which is fully 

portrayed on the surface with some trenching. 

The T7b-R7b fourth-order cycle is recorded by the lower calcareous unit in the Hat Park core.  

The lower portion of this unit was not cored; thus, part of T7b transgressive systems tract is not present in 

Hat Park.  The condensed section in the middle of the LCU is interpreted to contain the MFS for T7b and 

seems to correlate with the inoceramid-rich zone seen in the middle of the LCU at other data locations.  

The T7b-R7b sequence was deposited in a relatively deep Niobrara sea and oxygen levels in the 

benthonic realm, despite great biologic productivity in the photic zone.  This is confirmed by enrichment of 

redox elements, good preservation of calcareous fecal pellets and TOC, and minimal bioturbation.  A 

shallower environment is interpreted for the T7b-R7b highstand than that of the T7c-R7c highstand due to 

the relative abundance of detrital calcite and current-driven sedimentary structures in the LCU in 

comparison with the upper calcareous unit.  Regressive scouring in a rapidly shallowing environment 

resulted in a sharp upper contact (R7b MRS) for the LCU in the Hat Park core and elsewhere.  

 The base of the T7c-R7c sequence in the Hat Park core did not contain the ‘lowstand’ calcareous 

sandstone seen at most other data locations from the study area.  However, the equivalent section 

immediately above the scoured R7b MRS was heavily bioturbated (churned) and contained the most 

detrital quartz grains seen in the core.  This section forms the base of the middle argillaceous and sandy 

unit, which represents generally shallower times during the early stages of T7c transgression.  

Consistently increased clays, detrital calcite, and siliceous grains reflect a relatively proximal environment.  

Bioturbation is also associated with shallower or more proximal times in the study area.  Ease of mixing 

and oxygenation can be promoted at shallower depths with nearby terrigenous water influx.  Mixing was 

also be promoted if Boreal currents were flowing parallel to and near the western side of the WIS, since 

the cold, oxygenated water would sink and mix.   

 From the middle argillaceous and sandy unit to the upper calcareous unit, the rocks continue to 

reflect seaway deepening with increasing intrabasinal carbonate content and decreasing extrabasinal 
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material (distinctly confirmed by detrital elements).  The T7b transgression attains a certain level of depth 

or seaway geometry at the point when calcareous fecal pellets abruptly appear at vast quantities.  This 

degree and amount of pellet preservation requires depletion of oxygen in the benthic realm below a highly 

productive water column.  It is interpreted that climatoeustatic to tectonoeustatic transgression provided 

renewed access of Tethyan waters to the WIS (Kauffman & Caldwell, 1993); thus, bringing in more 

nutrients and promoting paleoproductivity in the study area.  Rapid deposition of organic matter caused 

initial overconsumption of oxygen which prevented further bioturbation.  The bentonites in the UCU 

support the interpretation of a tectoneustatic influence during the T7c-R7c cycle.  The zone with abundant 

oysters and foram tests at the top of the Hat Park core undoubtedly represents a highly productive time 

and seems to occur near the peak of carbonate and redox-sensitive elements.  If this zone correlates with 

the oyster-inoceramid biostrome observed in the field at a similar stratigraphic location, then it represents 

an area where some of the mud was transported to after winnowing elsewhere.   

 

4.6: Durango, CO 

4.6.1: Introduction 

All parts of the Mancos Shale crop out in Durango, CO, and the Niobrara-equivalent section is 

especially viewable and accessible (Figure 4.56).  Much of downtown and west Durango is situated in the 

Smoky Hill Member.  Fort Lewis College sits on top of a mesa rendered by a bench in the lower Cortez 

Member.  From Florida below Fort Lewis College (location 25), one can view the benches of the upper 

calcareous zone along with some dolomitic mudstone beds, large elliptical concretions, and elongated 

pod-like concretions in the lower Cortez Member.  Further down Florida Road the top of the Juana Lopez 

Member and the entire Smoky Hill Member are exposed along Whistling Horse Trail (location 26) as it 

climbs a hill south of Florida Road.  On the opposite sides (west and north) of town there are humongous 

exposures of the Niobrara-equivalent section that were about as ideal as mudrocks can be for 

measurement.   

Two locations were trenched for gamma ray, XRF, and lihthofacies analysis (locations 22 and 

23).  The top of the Juana Lopez Member through the middle of the Smoky Hill Member was trenched 

around the northwestern outskirts of town (location 22), near the Rockridge neighborhood.  Practically the 

entire upper calcareous unit of the upper Smoky Hill and lower Cortez Members was trenched at location 

23, just outside of town halfway between Perin’s Peak and the western outskirt.  These large trenching 

locations are all in Overend Mountain Park west of Durango, also known as the Test Tracks to many.  All 

of the popular mountain bike trails here (Ned’s Hill, Star Wars, etc.) and the Durango Skatepark are in the 

upper calcareous zone of the Smoky Hill Member.  Dr. Rob Blair from Fort Lewis College was fully 

familiar with the landscape west of Durango and noted impressive erosional/slumping fissures in Overend 

Mountain Park which can literally be a hiking and biking hazard.  The Smoky Hill and Cortez Members 

here are very correlatable with Mesa Verde National Park other data locations from this project.  All 

components of the Smoky Hill and Cortez Member reported by Leckie et al. (1997) are demonstrated at 
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numerous localities in and around Durango.  An additional feature—a laterally extensive carbonate 

cemented horizon—was observed in the upper calcareous zone for miles around Durango.     

The geomorphological situation at location 21 provided clarifying views of the Blue Hill through 

Cortez Members and Point Lookout Sandstone about 2 miles north of Perin’s Peak (Figure 4.57).  The 

lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Durango measured 

sections are displayed in Figure 4.58.    

 

4.6.2: Juana Lopez Member 

 The Juana Lopez Member is well-developed in Durango and likely exceeds a thickness of 100 

feet from field observations and drone photography.  The dark gray to faded black color of the weathered 

organic-rich mudstone in the Juana Lopez covers large areas on the slopes west and northwest of 

Durango.  It is clear just from the weathered slope color that the thickness of the Juana Lopez greatly 

exceeds that of the overlying Montezuma Valley Member (56 feet thick).  The approximate base of the 

Juana Lopez Member can be discerned from drone photography because the mudstones of the 

underlying Blue Hill Member literally have a dark blue hue that can be seen northwest of Durango.  At the 

top of the Juana Lopez Member, the flaggy beds that weather to a rusty orange-brown are recognizable 

in arroyos west and northwest of Durango.  They are nicely displayed at location 22 near Rockridge 

(Figure 4.59).  As at other locations, platy fragments of these beds can be found as float where the 

member is buried.  These plates are always calcareous, fossiliferous, heterolithic, and smell like 

hydrocarbons upon breakage.  Only the uppermost calcareous bed of the Juana Lopez Member was 

sampled and also marked the base of the measured section at Durango, as at other outcrop locations.   

 
4.6.3: Montezuma Valley Member 

Lithostratigraphy 

 The Montezuma Valley Member is 56 feet thick where it was measured around the northwestern 

outskirts of Durango (location 22).  The most common lithofacies are bioturbated, argillaceous to mixed, 

silty to sandy mudstones.  The member is sandiest in the lower 20 to 25 feet and upper 10 feet, where it 

is also somewhat foraminiferal.  The upper middle part of the MVM is relatively argillaceous for about 20 

feet above a 5-inch bentonite that occurs 23.5 feet above the Juana Lopez Member (D23.5).  Two lesser 

bentonites occur just above and below this prominent bentonite.  There is another group of bentonites (6 

total) in the lowermost 7 feet of the MVM.  The second one above the Juana Lopez is the thickest at 3 

inches. 
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Figure 4.56: Map of data locations in Durango, CO. 
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Figure 4.57: Drone aerial photo (looking north-northeast) of location 21 featuring the entire Niobrara Interval.  BNU=basal Niobrara unconformity. 
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Figure 4.58: Diagram summarizing the lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Durango measured 

sections. 
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Intermittently very sandy, heterolithic, unconsolidated, relatively uncalcareous zones were observed in the 

Montezuma Valley Member around Durango.  They form tan bands on the slope which are often host to 

the septarian concretions (Figure 4.59).  There are 5 to 7 of these zones.  The septarian concretions 

showed abundant fractures here like as at other data locations for the MVM.  Float fragments of septarian 

fracture fill (calcite, barite, and ferroan calcite) assisted with stratigraphic orientation, especially at 

vegetated and covered outcrops, throughout fieldwork in and around Durango. 

 
Chemostratigraphy 

 Carbonate elements are generally suppressed throughout the Montezuma Valley Member where 

it was measured in Durango (Location 22).  They show a strong decreasing-upward trend in the lower 40 

feet of the MVM.  This is followed by an abrupt calcium increase ~40 feet above the Juana Lopez 

Member within the Montezuma Valley Member in the section churned calcareous sandy mudstones.  

Strontium shows a similar trend with less amplitude.  Manganese shows somewhat of a cyclic pattern. 

 Detrital elements increase upward through the Montezuma Valley Member and reach a peak that 

spans the uppermost sandiest part of the Montezuma Valley and overlying basal glauconitic unit.  Zircon 

follows this trend but its suppressed in the upper few feet of the MVM. 

 Redox elements are very low in the Montezuma Valley Member, but vanadium does show a slight 

increasing trend that continues into the basal glauconitic unit.   

 

4.6.4: Basal Glauconitic Unit (Smoky Hill Member) 

Lithostratigraphy 

 The basal glauconitic unit of the Smoky Hill Member is at least 19 feet thick where it was 

measured at location 22 (Figure 4.59).  About 20 feet above the basal Niobrara unconformity, the churned 

sandy mudstones of this give way much more calcareous and organic-rich facies, which are assigned to 

the overlying lower calcareous unit.  The upper contact with the LCU appears to be gradational, 

especially in terms of bioturbation.  The lower contact is sharp although the acutal surface has been 

heavily disrupted by burrowing and reworking.  The basal Niobrara unconformity like the sands in the 

BGU is mottled if not homogenized.  The contact is difficult to see, but the onset of glauconite in deep-

enough trenched sections can be very apparent on a sunny day.  Glauconite is most concentrated in 

small mottled sand bodies and sand-filled burrows.  Distinct burrow boundaries are seldom preserved in 

the BGU. 
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Figure 4.59: Drone photo of location 22 (looking north with San Juan Mountains in background) featuring the Juana Lopez through lower half of 
the lower calcareous unit.  The tan banding in the Montezuma Valley represents relatively sandy zones which usually contain septarian 
concretions.  Some tan bands are bentonites.  The bench-forming parts of the lower calcareous unit are not as thick or prominent as those of the 
upper calcareous unit.  Note the darker color of the Juana Lopez Member and its flaggy beds at the top.  Also note how resistant parts of the 
Juana Lopez and LCU form significant breaks in the overall slope on the right side of the photo.   
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The basal glauconitic unit was trenched several times around Durango, enabling observation of 

lateral variability in this unit.  Aside from lateral changes in thickness, sand content, and glauconite 

distribution, variable weathering hugely affects the appearance of this unit.  The glauconite grains can 

weather quickly to jarosite and are sometimes hard to find without deep trenching.  This is the case at 

Whistling Horse Trail (location 26), where the Smoky Hill is exposed as steeply dipping beds along the 

Hogback Monocline outside town.  Location 26 demonstrates the nonresistant nature of the basal 

glauconitic unit and Montezuma Valley Member along with that of the middle argillaceous and sandy zone 

further up-section and up the hill at Whistling Horse Trail.  The lower and upper calcareous zones bench 

out in comparison to these relatively siliciclastic units.   

 

Chemostratigraphy 

 Carbonate elements are suppressed in the BGU.  The base of the unit is marked by an abrupt 

decrease in calcium from the upper part of the underlying Montezuma Valley Member.  A prominent 

manganese spike occurs near the top of the unit. 

 Detrital elements are highest in the lower part of the BGU where it is sandiest.  Zirconium abruptly 

increases at the base of the BGU from where it is suppressed at the top of the Montezuma Valley 

Member.  All of the detrital elements show a decreasing upward trend that reaches a nadir in the lower 

part of the overlying lower calcareous unit of the Smoky Hill Member. 

 Redox elements are low in the BGU, although vanadium is continuing its gradual increase that 

began in the MVM and continues upward into the lower calcareous unit.   

 

 
Figure 4.60: Photo of glauconitic sandy mudstone from Durango. 
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4.6.5: Lower Calcareous Unit (Smoky Hill Member) 

Lithostratigraphy 

 The lower calcareous unit is ~110 feet thick where it was measured at location 22.  Laminated 

pelletal silty mudstones make up most of the LCU at Durango.  There are also intervening sections of 

disrupted to laminated argillaceous silty mudstone and disrupted calcareous silty mudstone.  Vertical 

facies changes are relatively frequent and the unit is more fossiliferous than other parts of the Smoky Hill, 

on average.  Inoceramus valves and fragments are more common towards the middle of the unit.  There 

are also numerous bentonites in the lower calcareous unit at Durango, but the three that were logged 

were the most prominent and continuous west of town.   

 The disrupted calcareous silty mudstones at the base of the LCU in Durango appear to be in a 

rushed gradation with the underlying churned sandy mudstones of the basal glauconitic unit.  They are 

significantly more calcareous than the BGU, but are relatively bioturbated and coarse-grained in 

comparison to the rest of the lower calcareous unit.  Interbedding of calcareous mudstone and thin 

calcareous siltstones becomes less disrupted along with sedimentary structures as bioturbation 

decreases moving upward in the lowest part of the LCU.  Laminated calcareous mudstones appear about 

40 feet above the basal Niobrara unconformity.  Pelletal laminations and thin-beds become abundant a bit 

further up-section and occur throughout the rest of the lower calcareous zone.  Two resistant benches 

can be seen in the field within the LCU; however, it contains at least three or four highly calcareous and 

pelletal intervals, each exceeding 10 feet in thickness.  The LCU is sharply overlain by calcareous 

sandstone of the lowermost part of the middle argillaceous and sandy unit.   

 

Chemostratigraphy 

 Carbonate elements are relatively elevated in the lower calcareous unit at Durango.  They 

increase significantly above the basal glauconitic unit and this change is most evident in calcium, which is 

highest in the lower half of the LCU.  It decreases slightly in the upper half of the unit.  Strontium shows 

an overall increasing-upward trend through the entire LCU.  Manganese shows a significant increase in 

the middle of the unit.   

Detrital elements are somewhat suppressed in the lower calcareous unit.  They decrease upward 

from BGU and are still relatively elevated in the lower part of the LCU.  After reaching a minimum in the 

lower-middle of the lower calcareous unit, they increase upward through the remainder and into the 

overlying unit.  The detritals seem to be lowest near the base of the pelletal section seen here. 

 The redox elements are significantly elevated in the upper majority of the LCU at Durango.  The 

occurrence of laminated pelletal silty mudstones corresponds with both vanadium and molybdenum 

enrichment in this unit.  Vanadium shows an overall increasing trend that almost seems to continue 

upward through the upper calcareous zone, after a bulk decrease in the middle argillaceous and sandy 

unit that separates them.  Molybdenum shows a few very prominent spikes and is highest in the middle of 

the LCU. 
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4.6.6: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Lithostratigraphy 

 The middle argillaceous and sandy unit of the Smoky Hill Member is about 101 feet thick where it 

was measured at location 22.  This unit is known to be nonresistant to weathering and usually poorly 

exposed—Durango is no exception.  West of town it can be recognized as the slope-forming unit between 

the bench-forming calcareous units (Figure 4.62).  It also has a darker brown-gray color in comparison to 

the steel blue-grays and lighter grays of the calcareous units.  This recessive weaterhing profile for the 

MASU is especially prevalent at Whistling Horse Trail (location 25) due to steep dips.  Bioturbation is 

relatively elevated and current-driven sedimentary structures, especially starved ripples, were more 

abundant in this unit at Durango.   

 There is about 5 feet of massive to interbedded calcareous muddy sandstone at the base of the 

MASU in Durango (Figure 4.61).  This sandy interval continues to fine upward for ~15 feet and forms the 

lowest observed parasequence in the unit.  Four to five parasequences were observed at this scale (20 to 

30 feet) throughout the MASU at location 22.  The lower parasequences fine upward while the upper 

ones coarsen upward.  They become increasingly laminated moving upward and a bit more calcareous at 

the top of the unit where bioturbation kicks up.  The parasequences in the upper part of the MASU in 

Durango are in a succession with the those in the lower part of the upper calcareous unit.  A significant 

increase in calcareous laminations and pelletal content marks the top of the MASU but occurs in the 

middle of the uppermost ‘coarsening-upward’ parasequence in the unit.  Thus, the upper part of the 

middle argillaceous and sandy unit is in depositional continuum with the lower part of the upper 

calcareous unit.   

 

 
Figure 4.61: Photo from location 23 of the base of the MASU featuring a fossiliferous calcareous sandy 
section which is also seen in the Greer core.  This calcareous sandstone is a relative ‘lowstand’ deposit. 
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Figure 4.62: Photo from location 23 showing the recessive weathering profile of the middle argillaceous and sandy unit.  Vegetation is usually 
more abundant on this clay-rich unit in comparison with the adjacent calcareous units.  The calcareous units are relatively resistant and form 
breaks in the overall slope. 
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Chemostratigraphy 

 Carbonate elements are somewhat suppressed in the middle argillaceous and sandy unit.  The 

abundance of silty to sandy beds and lenses contain calcareous fragments along with siliciclastic grains; 

thus, calcium and strontium are dynamic and elevated in parts of the MASU.  There interbedded and 

churned calcareous muddy sandstones occur at the base of the MASU, resulting in elevated carbonate 

elements in the lower part of the unit.  Manganese is also elevated in the lower part of the MASU at 

Durango.  Carbonate elements are lowest in the middle of the MASU and show a slow increasing-upward 

trend through the rest of the unit that continues into the overlying upper calcareous unit.  The upper 

contact of the MASU is gradational, which is demonstrated by calcium. 

 The detrital elements are highest in the middle and lower parts of the MASU.  A slow decreasing 

trend is visible in the upper half of the unit that continues into the overlying section.    

 Redox elements are noticeably lower in the MASU than in the calcareous units below and above.  

There is a section of relatively elevated molybdenum and vanadium in the middle of the MASU that 

occurs in laminated argillaceous silty mudstones.  Both elements are generally quiet and low above that 

middle section.  The top of the middle argillaceous and sandy unit is distinctively marked by a significant 

increase in redox elements that occurs with the onset of laminated pelletal silty mudstones.   

 

4.6.7: Upper Calcareous Unit (Smoky Hill — Cortez Member) 

Lithostratigraphy 

 The upper calcareous unit is about 200 feet thick in Durango, and a 185-foot section was 

measured and sampled at location 23 (Figure 4.63).  As at other locations, the upper calcareous unit 

spans from the upper Smoky Hill Member well into the lower part of the Cortez Member that contains the 

five cemented horizons (dolomitic mudstone beds).  The measured section at location 23 extends up to 

the second cemented horizon in the lower Cortez Member.  Measurement, description, and sampling at 

this section only required light trenching due to the vertical nature of the outcrop.  The UCU crops out 

extensively around location 23 between Durango and Perin’s Peak, where it forms steel gray to light gray 

blocky benches.  Systematic vertical fractures were observed at all UCU outcrops at Durango, driving the 

blocky and stepped appearance of benches.  Laminated pelletal silty mudstones comprise the bulk of the 

upper calcareous unit in Durango, but laminations and quartz silt decrease in the upper part of the unit 

(Figure 4.64).  Six parasequences with upward-increasing carbonate are observable from location 23, 

each forming resistant benches within the overall cliffside.  These benches have varying upper and lower 

contacts.  Excellent exposures of the upper calcareous unit are also viewable at Whistling Horse Trail 

(location 26) and looking southeast from the bridge crossing the Animas River at the Rotary Park, near 

the Animas Brewing Company.  The latter exposure can also be seen from Florida Road (location 25).   

 The oldest parasequence of the UCU at Durango is by far the siltiest.  The top forms a resistive 

bench made of heavily laminated pelletal mudstones containing an abundance of both quartz silt and 

even more foram tests (Figure 4.64).  The lower part of this parasequence is included in the underlying 
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middle argillaceous and sandy unit because it is argillaceous, siliceously sandy, and nonpelletal.  The 

onset of significant pelletal content in this laminated parasequence marks the base of the upper 

calcareous zone.  This parasequence is sharply overlain by laminated argillaceous silty mudstones 

containing a prominent bentonite about 6 inches thick.  This next parasequence then coarsens upward 

into a robust succession of laminated to thin-bedded pelletal silty mudstones.  This parasequence forms 

the most prominent bench in the Smoky Hill Member here, and features the characteristic steel gray color.  

It is sharply overlain by parasequence 3, which has a gradational upper contact with parasequence 4.  

These two parasequence of laminated to thin-bedded pelletal silty mudstones form a composite bench 

bisected by three or four thin yet continuous zones of bioturbated argillaceous silty mudstone.  There is a 

calcite cemented horizon near the top of parasequence 4 that can be traced for miles around Durango 

(Figure 4.65).  This horizon is usually 4 to 8 inches thick and is almost entirely composed of micritic 

calcite with amorphous globular, tubular, or even orbicular pyrite in the middle.  This cemented horizon 

differs in color and mineralogy from the dolomitic mudstone beds further up-section.  Where the 

concreted horizon is not continuous, it can be traced by the presence of concretions with similar character 

in the exact same stratigraphic position.  These concretions are very different from those in the 

Montezuma Valley Member or Cortez Member.  They are much lighter in color (weathering almost white 

with the sun) and do not contain thick septarian fractures.   

The base of parasequence 5 may also be gradational; however, it marks a drastic increase in 

wispy- to massively-bedded pelletal mudstones with intermittent or partial bioturbation and increased 

foraminiferal content.  The laterally extensive oyster-inoceramid biostrome is in the middle of 

parasequence 5 with a thickness of almost 2 feet (Figure 4.66).  It is very resistant in the cliffside.  Above 

the OIB, highly foraminiferal unlaminated pelletal mudstones persist until another argillaceous section that 

forms the base of parasequence 6.  Pellet size and abundance increases significantly in this 

parasequence, which resembles that of a more typical argillaceous chalk facies from the Niobrara 

Formation (Fig. 4.64).  Parasequence 6 generally shows undulations between foraminiferal pelletal 

mudstones and pelletal packstones with variable bioturbation that can be seen on the margins of pellets.  

Three more dolomitic mudstone beds overly the one that caps the measured section at location 23.  

These are dispersed through an additional 20 to 30 feet of upper calcareous unit facies as it grades 

upward into the rest of the Cortez Member, which is more argillaceous and sandy. 
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Figure 4.63: Photo (looking west) showing the upper calcareous unit at location 23. The first through fourth parasequences show upward-
increasing carbonate content while fifth and sixth parasequences seem to be more symmetrical to decreasing-upward. The sixth parasequences is 
very chalky with larger pellets and may actually contain two parasequences. Laminations decrease above parasequence 3 (which correlates with 
the Smoky Hill top) toward the top of this outcrop and organic matter noticeably decreases above the fifth parasequence here.  Calcium content is 
from XRF measurements taken every foot.  Yellow dots correspond to locations of thin-sections from the following figure (4.64).  Thin-section 1 
(TS1) shows the degree of lamination and siltiness in the first parasequence.  Thin-section 2 shows high clay and silt content of the argillaceous 
base of the second parasequence.  Current ripples, scour, and truncation are shown in photomicrographs from TS2.  Thin-section 3 shows 
decreasing laminations in a pelletal silty texture from the middle of parasequence 4.  Photomicrographs of thin-section 4 show a much chalkier 
lithofacies near the top of this outcrop.  TS4 also contains some partial bioturbation despite the significant size and abundance increase in pellets 
(Figure 4.64).  
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Figure 4.64: Photomicrographs from various thin-sections shown in prev. figure. There is an upward 
increase in pellets. 
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Figure 4.65: Photo of diagenetic carbonate-cemented horizon in the UCU at Whistling Horse Trail 
(location 26). 
 

 
Figure 4.66: Photo of the oyster-inoceramid biostrome at location 23 in Durango. The bed is over two feet 
thick here. 

184



Chemostratigraphy 

 Carbonate elements show a clear increasing trend towards the oyster-inoceramid bed near the 

middle of the UCU section measured at Durango (location 23).  Distinct increases are also visible with 

each parasequence observed in the field.  Manganese is not included with this trend and is relatively 

indistinct, still, and suppressed at the scale of these major lithologic units.  There is a prominent strontium 

spike in the fourth parasequence.  Above the OIB, the carbonate elements decrease through the fifth 

parasequence.  They show one more increasing-decreasing cycle in the sixth parasequence of the UCU 

seen at Durango.  This cycle is relatively ‘chalky’ and more symmetrical than the underlying 

parasequences. 

 Detrital elements generally show an inverse trend from carbonate elements.  They also show a 

cyclic nature that corresponds with parasequences.  After cyclically decreasing to a low around the oyster 

bed, the detrital elements increase upward through the remainder of UCU section measured in Durango.  

 The redox elements are distinctively increased throughout the UCU in Durango.  The beginning of 

a significant increase in redox elements occurs with the onset of pellet preservation as the laminated 

facies become increasingly calcareous moving upward out of the middle argillaceous and sandy unit.  

The increase in redox elements marks the base of the UCU.  They then continue to increase upward 

through the laminated pelletal silty mudstones in the first 4 parasequences of the UCU.  Molybdenum is 

highest in the third parasequence while vanadium is highest in the fourth parasequence just below the 

OIB.  Redox elements decrease slightly above the OIB but stay relatively elevated with undulations.  They 

generally increase with carbonate.  The upper calcareous unit has higher average molybdenum and 

vanadium enrichment than the lower calcareous unit.   

 

4.6.8: Upper Argillaceous and Sandy Unit (Cortez Member) 

Field Observations 

 The upper argillaceous and sandy unit of the Cortez Member is continuously exposed below the 

Perin’s Peak and at location 21 northwest of Durango.  The unit is very thick here (~1000 feet), as at 

other locations.  It is not resistant to weathering.  Although this unit was not visited closely or described in 

detail at Durango, it has been thoroughly characterized at nearby Mesa Verde National Park by Leckie et 

al. (1997), and the rocks have not changed much since then. 

 

4.6.9: Depositional Interpretation at Durango 

 The entire Niobrara marine cycle is clearly and often continuously displayed around Durango, 

CO.  Most of the T7a-R7a, T7b-R7b, and T7c-R7c sequences were measured and sampled.  The T7a 

transgression is recorded by the Juana Lopez Member and Montezuma Valley Member at Durango.  The 

MFS for this transgression was not preserved due to erosion below the basal Niobrara unconformity, 

which is well-developed at Durango.  Instead, erosion, nondeposition, and reworking of the coarse-

grained basal glauconitic unit took place in Durango during coeval deposition of the Fort Hays Limestone 
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and overlying ‘Canon Bonito’ section (representing R7a) at Pagosa Springs.  More section of Montezuma 

Valley Member has been eroded here, although the unit is thicker than at Pagosa Springs due to 

depositional thickening.  The concretionary zones in the Montezuma Valley Member are interpreted to 

have formed as a result of prolonged diagenesis that occurs in sediments that sit for a long time below 

flooding surfaces or zones with slow sedimentation rates, such as the basal Niobrara unconformity and 

basal glauconitic unit.  Correlation with work done further southwest into the San Juan Basin (Bottjer & 

Stein, 1994) confirms that the basal glauconitic unit contains a composite unconformity comprised of its 

upper contact with the LCU, an internal disconformity, and its lower contact with the MVM).   

 The T7b-R7b sequence unconformably overlies the basal glauconitic unit, as confirmed with 

correlations to works of King (1972, 1974) along with that of Bottjer & Stein (1994).  The gradation from 

disrupted calcareous silty mudstones to laminated pelletal silty mudstone within the LCU represents a 

deepening-upward succession (T7b transgression).  The T7b MFS is represented within the zone of 

increased inoceramid fragments in the middle of the LCU.  The abundance of preserved calcareous fecal 

pellets and enrichment of redox-sensitive elements imply anoxic to euxinic conditions during much of the 

T7b-R7b highstand, which is represented by the middle and upper parts of the LCU.  As at other data 

locations, the top of the LCU is scoured by the R7b maximum regressive surface and marks an abrupt 

litholological and geochemical change.   

 The R7b MRS forms the lower sequence boundary for the T7c-R7c sequence.  This surface 

marks a paleonvironmental change to a shallower and more oxygenated time here.  Relative ‘lowstand’ 

calcareous sandstones were deposited, reworked, and bioturbated atop the scoured surface at the base 

of the middle argillaceous and sandy unit.  Overlying lithofacies from the MASU are also relatively 

‘proximal’ and received more input of terrigenous clays, siliceous grains, and detrital calcite than the 

calcareous units.  As the seaway deepened during T7c transgression, carbonate content increased and 

eventually calcareous fecal pellets began being preserved.  The abrupt onset of preserved calcareous 

fecal pellets to mark the base of the upper calcareous unit was observed in Durango and signifies a major 

change in oceanography, productivity, and water chemistry in the study area.  It should be noted that 

Kauffman (1977) often emphasized the speed with which anoxia could appear or vanish.  The large 

bentonite above the first parasequence of the UCU signifies a tectonoeustatic influence on T7c and 

correlates with bentonite MV372 at Mesa Verde (Leckie et al., 1997).  The parasequences within the UCU 

turned out to be very distinctive and correlatable across the study area, and they are well-displayed west 

of Durango at data location 23 (Figure 4.63).  Upward-increasing carbonate content is observed within 

individual parasequences and overall throughout the UCU until at or just above the oyster-inoceramid 

biostrome in parasequence 5.  A plateau in carbonate content is seen as the relatively ‘chalky’ section 

above the OIB, although the remainder of parasequence 5 and overlying parasequences within this 

chalky section show decreasing-upward to aggradational carbonate content leading up to the top of the 

measured section at Durango.  The lithofacies quickly become more argillaceous and sandy above the 

measured section, reflecting regressive sedimentation.  There are two dolomitic mudstone beds within the 
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chalky section above the OIB, the second of which caps the measured section at Durango.  The transition 

between calcareous and argillaceous to sandy mudstones occurs somewhere within or just above the 

additional three dolomitic mudstone beds that overly the measured section.  The spacing of these upper 

three beds at Durango was not confirmed; however, the spacing reported by Leckie et al. is comparable 

to that of individual parasequences observed during this study.  The maximum regressive surface for R7c 

is interpreted to be located at the top of the fifth dolomitic mudstone bed (where it was cemented below a 

T7d flooding surface), or it is alternatively situated at the top of the first coarsening upward package of the 

middle argillaceous and sandy unit in the Cortez Member (Leckie et al., 1997).   

The context of the oyster-inoceramid biostrome in parasequence 5 here supports its interpretation 

as a condensed section occurring due to sediment starvation and/or bypass during maximum T7c 

transgression.  This type of shell bed is similar to the hybrid result of ‘backlap’ and downlap described by 

Kidwell (1991), which was also adopted and clarified by Zecchin & Catuneanu (2012), among other 

authors.  The carbonate-cemented horizon near the top of parasequence 4 also represents sediment 

starvation and/or bypass.  As is the case for many cemented horizons, bacterial activities in low-oxygen 

conditions are the primary source of carbonate.  The mineralogy of nonferroan calcite and pyrite observed 

in this diagenetic bed support an interpretation of its formation in persistently low-oxygen conditions in the 

shallow zone of sulfidic reduction with abundant bioavailable organic matter (Lazar et al., 2015).  The 

pyritized Tisoa borings in the bed confirm its early cementation.   

 The T7d-R7d sequence is noticeably more argillaceous than the underlying sequences and 

becomes increasingly sandy upsection, with a few interruptions.  This sequence is entirely contained 

within the upper argillaceous and sandy unit in the Cortez Member.  Maximum flooding and highstand for 

the T7d-R7d cycle are likely represented by the shaley base of the second overall coarsening-upward 

package in the Cortez Member, which grades upward into the Point Lookout Sandstone.   

 

4.7: Greer Well 

4.7.1: Introduction 

The Greer 34-3 well is located about 25 miles southeast of Mesa Verde National Park, about 20 

miles southwest of Durango, CO and about 20 miles west-northwest from the Hat Park well.  The Greer 

well was drilled in the summer of 2011 amongst many historical wells on the ranchlands of the Red Mesa 

Field, just southeast of Redmesa, CO.  Structurally, it is located on the Four Corners Platform 

immediately outside the Hogback Monocline and northwestern margin of the San Juan Basin.  The Greer 

well successfully provided a 285-foot core from depths of 2566.5 ft to 2851.1 ft in the subsurface 

(Gr2566.5—Gr2851.1).  Stratigraphically, it covers the lowest few feet of the Cortez Member through part 

of the basal glauconitic zone of the Smoky Hill Member.   
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Figure 4.67: Diagram summarizing the lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation for the Greer core. 
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It does not contain the basal Niobrara unconformity; however, the Greer well was used as the 

type log for this study because its resistivity log features the characteristically abrupt drop that marks the 

top of the Smoky Hill Member from Leckie et., al (1997); it also contained all key parts of the Smoky Hill 

Member as seen in the study area.  The Greer core is associated with a large suite of measured data, 

which was geologically and petrophysically calibrated to logs measured beyond the cored interval for 

expansion of the high-resolution dataset.  XRF measurements were taken every 6 inches on this core to 

accompany its suite of previous measured and projected core data.       

The lithostratigraphy, chemostratigraphy, and sequence stratigraphic interpretation of the Greer 

core are displayed in Figure 4.67.    

 

4.7.2: Juana Lopez Member 

Log Observations and Thickness 

 The Juana Lopez Member is about 87 feet thick in the Greer well (Fig. 4.67).  Its log signature 

shows distinctly elevated resistivity with clear upward-increasing pattern.  The base of the member is also 

marked by an increase in the petrophysical TOC log, which shows a rough upward-decreasing trend.  

Gamma values are very high amplitude with an overall upward-decreasing trend, somewhat mirroring that 

of resistivity.    

 

4.7.3: Montezuma Valley Member 

Log Observations and Thickness 

 The Montezuma Valley Member is about 80 feet thick in the Greer well, depending on where the 

basal Niobrara unconformity is interpreted.  The depth of the BNU here was selected using local 

correlations and contextual geologic knowledge from data locations at Durango and Mesa Verde (Leckie 

et al., 1997).  Above the Juana Lopez Member, gamma-ray values show a bulk increase, but then 

continue a decreasing trend upward through the Montezuma Valley Member.  Resistivity is highest in the 

upper-middle part of the member, possibly due to increasing carbonate and laminated facies as seen in 

the Lark core and Durango outcrops.  The very abrupt and prominent high-resistivity, low-gamma spike in 

the middle of the Montezuma Valley was undoubtedly caused by scanning of a septarian concretion in the 

Greer well. 

 

4.7.4: Basal Glauconitic Unit (Smoky Hill Member) 

Lithostratigraphy 

 The Greer core contains 14 feet of the basal glauconitic unit of the Smoky Hill Member at its 

lowermost part.  The basal Niobrara unconformity at the base of the BGU is ~15 below the bottom of the 

cored interval, at Gr2866.  The vast majority of the BGU is very sandy and bioturbated (if not churned).  

Disseminated glauconite is present the Greer core throughout the BGU (Figure 4.68) and is concentrated 

in sand-filled burrows and sedimentary structures that have been heavily disrupted by hydraulic reworking 
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and/or bioturbation.  There is an isolated interval (0.7 ft thick) of laminated calcareous silty mudstone 

within the basal glauconitic zone near the base of the cored interval.  Laminated facies do not appear 

again until the top of the BGU, which becomes increasingly argillaceous and less sandy in its upper 2 

feet.  A fossiliferous, pyritized, phosphatic, and glauconitic lag is well-displayed at the top of the BGU in 

the Greer core (Figure 4.69). 

   

Chemostratigraphy 

 Carbonate elements, redox elements, and TOC are very low in the basal glauconitic unit and 

increase abruptly in the overlying lower calcareous unit.  There is one small isolated section of laminated 

calcareous silty mudstone that shows elevated carbonate and redox elements amidst the churned 

glauconitic sandy mudstones of the BGU.  Detrital elements are elevated and dynamic in the BGU section 

of the Greer core. 

 

 
Figure 4.68: Photomicrograph of glauconitic sandy mudstone from the BGU in the Greer core. 
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Figure 4.69: Greer core photos showing upper part of basal glauconitic and the base of the lower calcareous unit. Note the transgressive lags 
containing pyrite, glauconite, phosphate, fossils, and other relatively coarse material.  
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4.7.5: Lower Calcareous Unit (Smoky Hill Member) 

Lithostratigraphy 

 The lower calcareous unit of the Smoky Hill Member is 101 feet thick in the Greer core.  It is 

dominated by laminated calcareous silty mudstones with varying clay and pelletal content (Figure 4.72).  

Most of the undisrupted calcareous intervals are comprised of laminated pelletal silty mudstones.  Pelletal 

laminations and thin beds frequently ‘coarsen upward’ with quartz silt and foram test abundance as pellet 

size and abundance also increases upward.  The LCU is frequently fossiliferous with inoceramid valves 

and fragments, both isolated and in beds or lenses.  Bivalve fragments in lenses or ripples are commonly 

imbricated (Figure 4. 71).  Like the Hat Park core, there is a uniquely fossiliferous interval with a 

condensation of inoceramus valves and fragments near the middle of the LCU (Figure 4.70).  These 

shells are both flat-lying and chaotically incorporated into lenses and lags.  This extremely fossiliferous 

interval spans about 11 feet (Gr2799.2—Gr2810.5).  Pyritized starved ripples, framboids, and diffuse 

pyritization occur throughout the LCU in the Greer core.  There are also two thick (>2 inches) bentonites 

in the lower half of the LCU in the Greer core.  The lower is significantly more crumbly and less indurated 

than the upper bentonite. 

 The base of the lower calcareous unit is a pyritized heterolithic lag containing oyster fragments, 

phosphate, glauconite, and other siliciclastic and calciclastic grains (Figure 4.69).  There are several 

similar lags in the lower few feet of the LCU.  Four parasequences on the scale of 10 to 20 feet can be 

observed below in the extremely fossiliferous zone in the LCU.  The lower two are scour-based with lags, 

and then grade from laminated calcareous silty mudstones to laminated argillaceous silty mudstones.  

The following two parasequences have gradational contacts and grade from laminated argillaceous silty 

mudstones to laminated calcareous and pelletal silty mudstones.  The three parasequences that 

comprise the extremely fossiliferous zone also have gradational contacts.  Laminated argillaceous silty 

mudstones grade into thicker successions of laminated pelletal silty mudstone in the upper part of the 

LCU.  This can be seen occurring over about five or six parasequences.  The parasequence just above 

the condensed section remains relatively fossiliferous, has a pyritized lag at its base, and it is overlain by 

two fossiliferous and phosphatic lags that form the base of the next parasequence.  The middle two or 

three parasequences are heavily laminated and relatively thick.  The upper two parasequences then 

become more argillaceous, while the top one is truncated by a much sandier facies of the overlying unit.  

Pyritized starved ripples, framboids, and diffuse pyritization occur throughout the LCU in the Greer core. 
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Figure 4.70 Greer core photos showing a uniquely fossiliferous zone in the lower calcareous unit.  Detrital material, including imbricated 
inoceramid fragments, are also featured.  Laminated pelletal silty mudstones form the bulk of the core box shown, but it is relatively argillaceous 
towards the middle. 
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Figure 4.71: Photos of imbricated inoceramus fragments reflecting active bottom currents in laminated 
mudstones. 

 

 

 
Figure 4.72: Photomicrographs of various calcareous mudstones in the LCU. Images A & B are well-
laminated, but B is more argillaceous and less pelletal than A. Note how quartz silt, foram tests, and 
pellets all coarsen upward together within laminations in Images A & B.  Calcareous fecal pellets are still 
largely preserved in Image C comparison with Image D, but both are relatively bioturbated. 

A B 

D C 
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Chemostratigraphy 

 Carbonate elements are highest in the lower half of the lower calcareous unit in the Greer core.  

Both calcium and strontium show a decreasing-upward trend in the upper half of the LCU.  Manganese is 

relatively suppressed yet dynamic. 

 The detrital elements decrease towards the lower-middle part of the lower calcareous unit and the 

increase upwards for the remainder of the unit.  They are relatively low and less dynamic compared to the 

overlying unit. 

 Redox elements are elevated throughout the LCU in the Greer core.  Molybdenum is very 

dynamic but drastically increased in the upper-middle part of the LCU, while vanadium shows an 

increasing-upward trend.  Both elements then decrease upward in the upper few feet of the unit, and 

drastically decrease across the upper contact.  TOC is relatively elevated in this section as well and 

shows a steady increasing trend with a spike where molybdenum is increased (Figure 4.67). 

 

4.7.6: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Lithostratigraphy 

 The middle argillaceous and sandy unit is 84 feet thick in the Greer core and spans Gr2736.2—

Gr2655.  In comparison to the overlying and underlying calcareous units, it is very sandy with higher 

average clay content where it is not sandy.  The core was also noticeably less consolidated in the MASU 

and seemed to have suffered from extra crumbling upon coring, slabbing, and transportation.  Thin-

sections from the Greer core also confirm the silt and sand content to contain a much higher fraction of 

quartz than calcareous grains, unlike that of the upper and lower calcareous zones (Figure 4.74).  And 

abundance of current-driven sedimentary structures and less parallel laminations can be observed in this 

unit.  Calcareous fecal pellets were generally not deposited or preserved.  Silt and sand content is highly 

calcareous, including many foram tests and inoceramus prisms; however, a higher fraction of siliciclastic 

grains was also observed.  The Greer core shows significantly more bioturbation in the MASU than in the 

calcareous units.  About five or six parasequences make up the MASU in the Greer core. 

 The sharp base of the middle argillaceous and sandy unit is marked by the abrupt onset of 

churned calcareous muddy sandstone containing many advected oysters.  This grades into interbedded 

calcareous muddy siltstones that fine upward into ripple-laminated argillaceous silty mudstones (Figure 

4.73).  The overlying parasequence is also scour-based and fines upward in a similar fashion.  The 

overlying MASU parasequences have gradational contacts in the Greer core and become siltier and more 

ripple-laminated moving upward.  The uppermost parasequence of the MASU in the Greer core contains 

numerous graded beds. 
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Figure 4.73: Greer core photos of the top of the LCU and sandy base of the MASU. This is the coarsest facies seen in the Smoky Hill Mbr. in the 
study area. 
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Figure 4.74: Photomicrographs showing various characteristics of the MASU as seen in the Greer core: 
bioturbation, current-driven sedimentary structures, high clay content, and high quartz content. Image A 
shows a single burrow while Image B is more generally bioturbated.  Image C shows silty cross-
stratification at a fine scale.  Image D shows bioturbation within silty argillaceous laminations. 

 
Chemostratigraphy 

 Carbonate elements are very undulatory, dynamic, and somewhat elevated at times in the middle 

argillaceous and sandy unit of the Greer core.  These frequent high carbonate values are caused by 

calcareous grains in the detrital silts and sand of the MASU.  This core features the sandy section that is 

present at the bottom of the MASU in many cores and outcrops.  Calcite and strontium are especially 

elevated from the shell fragments and foram tests in these churned calcareous sandstone beds.  

Carbonate elements start to steadily increase near the top of the MASU from the return of calcareous 

laminations. 

 Detrital elements are noticeably increased in the lower calcareous unit of the Greer core.  They 

also have a highly dynamic nature due to the numerous detrital calcareous layers and lenses that dilute 

the siliciclastic material (which is elevated in this unit).  The abundance of detrital (calciclastic and 

siliciclastic) current-driven sedimentary structures was noted in the previous lithostratigraphy section and 

it is clearly represented in the core and its XRF data. 

A 

C 

B 

D 
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 Redox elements are suppressed in the MASU.  Some of the laminated argillaceous silty 

mudstones near the middle of the unit have increased molybdenum.  Vanadium, although generally low, 

shows a broad increasing-decreasing pattern through the lower majority of the MASU.  All redox elements 

start to increase in the upper few feet of the MASU and continue do so upward into the overlying upper 

calcareous unit in the Greer core. 

 

4.7.7: Upper Calcareous Unit (Smoky Hill — Cortez Member) 

Lithostratigraphy 

 The thickness of the upper calcareous unit, spanning the upper Smoky Hill and lower Cortez 

Members, is ~180 feet in the Greer well (Gr2475—Gr2655).  The Smoky Hill portion of the upper 

calcareous unit is contained in the Greer core, and happens to be a perfect example of why the top of the 

Smoky Hill is in the middle of a lithologically similar interval.  The resistivity log for the Greer well shows 

an abrupt blocky increase moving downhole across the top of the Smoky Hill Member.  This signature is 

very distinct and visible in quite a few wells throughout the northern San Juan Basin.  In core the contact 

is very subtle, but the resistivity drop is driven by the change from laminated and thin-bedded pelletal silty 

mudstones at the top of one parasequence to the more argillaceous pelletal facies at the bottom of the 

overlying parasequence (Figure 4.76).  There are three parasequences of laminated pelletal silty 

mudstones in the UCU interval of the Greer core.  The gamma and resistivity logs indicate that several 

other parasequences overlie the cored interval, the uppermost of which should contain some highly 

cemented horizons.  Laminated to thin-bedded pelletal silty mudstones dominate the lower calcareous 

unit as seen in the Greer core (Figure 4.77). 

 The lowest UCU parasequence in the Greer core is the siltiest and most heavily laminated 

(Figure 4.75).  The abundance of calcareous fecal pellets is accompanied by silt of foram tests and 

quartz.  Foraminifera are especially abundant in this parasequence.  It is also overlain by a thick bentonite 

that was not cored but left a prominent and correlatable high-gamma kick (Figure 4.75).  The following 

two parasequences coarsen upward from faintly laminated pelletal silty mudstones to laminated, heavily 

laminated, and thin-bedded pelletal silty mudstones.  There are several pyritized lags and bentonites in 

these parasequences.  The top parasequence in the Greer core is overlain by an 8-foot section of 

laminated argillaceous silty mudstone or faintly laminated pelletal silty mudstone that is technically 

assigned to the Cortez Member (Figure 4.76).  Although resistivity drops abruptly here, it stays relatively 

elevated for almost 100 feet above the cored interval and shows 3 internally elevated zones on the scale 

of the underlying parasequences and those observed in the field in the equivalent section.  The gamma 

log shows decreasing upward cycles of a higher frequency than the parasequences mentioned here.    
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Figure 4.75: Core photos and photomicrograph showing heavily laminated pelletal silty mudstones in the first (lowest) parasequence in the upper 
calcareous unit.  Although this parasequence is relatively silty, carbonate content still increases upward because silt content is largely of foram 
tests in addition to quartz.  Pellets often coarsen upward with silt.  Calcareous fecal pellets become abundantly preserved in the middle lower-
middle part of this parasequence and this marks the base of the UCU. A prominent bentonite (MV372) was encountered by this well but was not 
captured in the cored interval. It would have been just above this core box and its corresponding gamma spike is marked on the log. 

199



 

Figure 4.76: Greer core photos of the top of the Smoky Hill Member.  The subtle top of this parasequence coincides with a drop in resistivity, 
calcite, and TOC (and a corresponding increase in clay content).  Laminated pelletal silty mudstones give way to wispy-laminated and massively 
bedded pelletal silty mudstones.    
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Figure 4.77: Photomicrograph of pelletal silty mudstone within a single thin bed. V-shaped material in 
center of image may be pyritized organic matter that was previously a large organominerallic flocculate. 
 

Chemostratigraphy 

 Carbonate elements increase upward through the portion of the upper calcareous unit captured in 

the Greer core.  This increase is a continuation from the upper part of the MASU, although calcium and 

strontium content increase significantly with the onset of pellet preservation in the laminated calcareous 

silty mudstones.  Carbonate elements track closely with parasequences observed, showing increasing-

upward patterns on the parasequence scale (10-50 feet).  Calcium and strontium abruptly drop at the top 

of the third parasequence seen in the UCU in the Greer core.  This mimics the drastic resistivity drop 

seen at the top of the Smoky Hill Member in the subsurface, which is featured in resistivity logs from 

many wells including this one.   

 Detrital elements are relatively suppressed in the UCU of the Greer core.  Potassium and 

aluminum are much more dynamic than zirconium and silica; however, they all show a decreasing upward 

pattern with parasequences.   

 Redox elements are elevated in the upper calcareous unit in this core.  They increase rapidly 

through the first parasequence and plateau through the second and third parasequences in the Greer 

core.  Molybdenum and vanadium track fairly well here, but both contain some unshared high readings.   
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4.7.8: Upper Argillaceous and Sandy Unit (Cortez Member) 

Log Observations and Thickness 

 Examination of the gamma and resistivity logs enables an estimate of ~815 feet for the upper 

argillaceous and sandy unit of the Cortez Member in the Greer well.  Resistivity decreases about 300 feet 

below the Point Lookout Sandstone for about 110 feet (Gr1910-Gr2020) and gamma is increased in this 

interval.  This thick section shows numerous internal cycles that can be seen at many scales on the 

gamma log.  Prominent resistivity kicks cap most of the minor parasequences seen in the gamma log.  

The resistivity kicks are at least an order of magnitude higher than the rest of their underlying 

parasequences.  They most likely represent the diagenetically cemented zones commonly found at the 

tops of parasequences in the Cortez Member (Bohacs, 2018).  As at other data locations large septarian 

carbonate concretions, elongated pod-like carbonate concretions, and laterally extensive carbonate-

cemented horizons characterize most of the Cortez Member at Mesa Verde (Leckie et al., 1997), 

Durango, and Piedra.   

 

4.7.9: Depositional Interpretation of Greer Well 

 The Greer well logs display a classic record of the Niobrara marine cycle for the northern San 

Juan Basin study area.  This is typified by the replacement of late T7a through R7a deposits (uppermost 

Montezuma Valley, Fort Hays, and ‘Canon Bonito’) with erosion to nondeposition below a well-developed 

basal Niobrara unconformity along with reworking of the basal glauconitic zone, which also underwent 

periods of erosion to nondeposition.  The basal Niobrara section along with the entire Niobrara sequence 

is very similar to what is seen around Durango, CO.  The Greer core specifically represents latest T7a-

R7a through middle T7c-R7c cycles, which are discussed here. 

 The top of the isolated section of laminated mudstones within the churned BGU in the Greer core 

is interpreted to be an internal disconformity that correlates with the top of the Fort Hays Limestone at 

Pagosa Springs and erosional surface 2 (ES-2) of Bottjer & Stein (1994).  Although heavily bioturbated, 

the BGU shows significant vertical changes within the Greer core that represent changes in sea level and 

sedimentation throughout the period of general non deposition and reworking.  Bioturbation and 

geochemical data confirm that the BGU was deposited under oxygenated conditions, similar to the Fort 

Hays Limestone and overlying ‘Canon Bonito’ section (equivalent to shale & limestone unit).  The contact 

between the BGU and overlying lower calcareous unit can be interpreted as the maximum regressive 

surface for R7a if it is not located somewhere within the BGU itself.  

 Above the basal glauconitic unit, argillaceous silty mudstones of the lower calcareous unit quickly 

grade upward into thicker successions laminated calcareous silty mudstones and represent the T7b 

transgression.  Two prominent bentonites near the base of the LCU signify tectonoeustatic transgression.  

Abundant preserved calcareous fecal pellets and organic matter are preserved in the calcareous parts of 

the LCU, representing T7b-R7b highstand.  The inoceramid-rich zone in the middle of the LCU is 

interpreted to represent some sort of maximum flood during this highstand and likely correlates with the 
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fossiliferous zones observed at other data locations in the equivalent stratigraphic position.  Minimal 

bioturbation, preserved laminations of calcareous fecal pellets, high TOC, and XRF data suggest 

productivity near the surface with anoxic to euxinic conditions in the bottom-waters of the study area 

during the T7b-R7b highstand of the WIS.  As at other data locations, highstand laminated calcareous 

silty mudstones of the lower calcareous unit have been scoured at their upper contact by R7b regressive 

action.   

 Immediately overlying the R7b MRS and the LCU, fossiliferous calcareous muddy sandstone and 

interbedded muddy siltstones were deposited in a relatively shallow or ‘lowstand’ environment.  This 

sandy section is well-developed in the Greer core and characteristically forms the base of the middle 

argillaceous and sandy unit.  Initiation of the T7c transgression is represented by the clay-rich and 

detritally influenced rocks of the MASU, which were deposited during a relatively shallow or proximal time.  

As at other data locations, increasing siltiness near the top of the MASU is actually driven by increasing 

foraminiferal content, which represents increasing paleoproductivity as the seaway deepened and 

nutrients were brought in at greater magnitudes.  The preservation of calcareous fecal pellets at vast 

quantities begins in a laminated silty parasequence that immediately underlies the most recognizable 

bentonite in the study area (MV372 of Leckie et al., 1997).  This bentonite is a signal for tectonoeustatic 

transgression and is encased in argillaceous mudstones that form the base of the next parasequence, but 

this section was not recovered in the Greer core, likely due to the bentonite and clay content.  The silty 

pelletal parasequence below this bentonite is taken to be the first parasequence of the upper calcareous 

unit and seems to correlate to other data locations.  Indeed, all parasequences of the upper calcareous 

unit seem to correlate around the study area.  Most show upward-increasing carbonate content, and this 

is the case with the three UCU parasequences that are fully displayed in the Greer core.  The top of 

parasequence 3 shows the drastic drop in resistivity that marks the top of the Smoky Hill Member from 

logs (Leckie et al., 1997).  This change is visually subtle in core and outcrop; however, it is accompanied 

by a significant decrease in pelletal carbonate content, increase in clay content, decrease in laminations, 

and decrease in TOC as the logging tool moved upward out of the Smoky Hill Member and into the 

Cortez Member of the Mancos Shale.   
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CHAPTER FIVE 

GEOLOGIC RESERVOIR CHARACTERIZATION 

5.1: Niobrara Petroleum Geology in Northern San Juan Basin 

5.1.1: Petroleum System Summary 

 A petroleum system events chart is essential to understanding any petroleum system.  The chart 

shown in Figure 5.01 covers events for the Niobrara petroleum system in the San Juan Basin.  Source 

rocks were deposited in cycles from the Turonian through the Santonian (Juana Lopez, LCU, and UCU of 

Smoky Hill and Cortez).  Organic-rich calcareous mudstones are both source and reservoir rocks in this 

system.  This geologic reservoir characterization is focused on the lower calcareous unit of the Smoky Hill 

Member and the upper calcareous unit of the Smoky Hill Member which extends into the lower part of the 

Cortez Member (described in Chapters 1 & 4).  These calcareous units are seen as two high-resistivity 

intervals above the Juana Lopez and have been broadly established as horizontal target zones in the 

northern San Juan Basin.  The lower calcareous unit is 100 to 125 feet thick and the upper calcareous 

unit is typically around 200 feet thick, so this chapter is intended to provide more foundation for 

constraining potential target windows for geosteering down to a practical range (10 to 50 feet).  There are 

significant benefits to establishing intentional geosteering targets that land in the best reservoir rocks and 

stay in similar lithology throughout the wellbore. 

Mudrock porosity in this Niobrara system primarily occurs in organic matter, calcareous fecal 

pellets, and natural fractures.  Sandstone reservoirs with intergranular and fracture porosity were also 

sometimes deposited and are largely restricted to the New Mexico portion of the basin.  These are 

stratigraphically located at the base of the Smoky Hill Member (Tocito, Cooper Arroyo, and others), 

middle of the Smoky Hill Member (El Vado), and in the upper half of the Cortez Member (unnamed).  

There are distal equivalents of these sands in the northern San Juan Basin, though they have largely lost 

their porosity to increasing clay content and calcareous cementation.  The sands in the upper Cortez 

Member extend much further, though they have not been sampled for reservoir properties.   

Burial of Niobrara source and reservoir rocks by continued WIS sedimentation occurred through 

the end of the Cretaceous and was then structurally enhanced by Laramide and later (Tertiary) tectonics.  

In the northern San Juan Basin, oil generation began in the early Eocene, and gas generation in the early 

Oligocene.  Generated hydrocarbons from the Niobrara migrated long distances via fractures and updip, 

but could also be locally redistributed within the Niobrara or unmigrated.  Locally redistributed and 

unmigrated hydrocarbons occupy the OM, pelletal, and fracture porosity of the upper and lower 

calcareous units, the established horizontal targets for this study area and interval.  Organic matter 

porosity requires thermal maturation to develop, and is critical to the Niobrara petroleum system in the 

northern San Juan Basin.  Significant uplift has occurred since the Miocene and likely reduced pressures 

and hydrocarbon volumes; however, recent and current drilling operations confirm the presence of 

adequate volumes of petroleum and pressures for economic production (discussed in Chapter 1). 
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Figure 5.1: Petroleum system events chart for the Upper Mancos Shale (including source rocks in Juana 
Lopez through Cortez Members).  Mancos source rocks can also be reservoirs.  Pelletal porosity was 
deposited with Mancos source rocks, while their organic-matter porosity developed with thermal maturity.  
From Ridgley et al. (2013). 

 
5.1.2: Source Potential 

Organic Carbon 

Total organic carbon (TOC) generally ranges from 0.5 to 4% in Niobrara mudstones of the 

northern San Juan Basin.  All of the rocks from subsurface data locations in this study are thermally 

mature and sometimes overmature; thus, TOC values were previously much higher.  The calcareous 

units (LCU and UCU) have dominantly type II kerogen (marine organic matter; Figure 5.02) and higher 

TOC (2-4 wt%).  The argillaceous and sandy units have dominantly type III kerogen (terrigenous organic 

matter) and lower TOC values (0.5-2 wt%) from dilution by high terrigenous influx of clays and other 

siliciclastic material.  Within the calcareous units, TOC is highest in the laminated to thin-bedded pelletal 

silty mudstones.  TOC is also elevated in wispy-laminated to massively bedded pelletal silty mudstones 

and argillaceous silty pelletal packstones; however, intermittent and partial bioturbation persist in these 

facies.  Argillaceous, siliciclastically sandy, and heavily bioturbated facies contained the lowest TOC in 

the study area.  Some of the faintly laminated pelletal mudstones, which were less silty (decreased quartz 

silt and foram tests) and relatively argillaceous amongst the pelletal facies, had particularly high TOC 

values perhaps due to lack of autodilution by foram tests or deposition during severe basin starvation in 

the early stages of transgression (likely subsidence related as discussed in Chapter 1).   
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Figure 5.2: Modified Van Krevelen diagram showing that Niobrara OM in the SJB is dominantly type II 
(marine).  Most of the samples shown are from the Smoky Hill Member.  From Broadhead (2018). 

 
In the San Juan Basin, TOC increases to the east and northeast, in paleo-basinward directions 

(Broadhead, 2015).  Marine organic matter (MOM) was primarily derived from coccolithophores, and 

foraminifera to a lesser degree.  The marine organic matter reaches the seafloor as organominerallic 

flocculates (OMFs) and within calcareous fecal pellets (or a combination of the two).  These types of 

particles are large enough to sink underwater, enabling them to rapidly reach the seafloor before 

resuspension or ecological recycling in the water column.  Organic matter (OM) that reaches the seafloor 

can be preserved if it is not diluted by inorganic material or destroyed by benthos.  Rapid downward 

delivery of organic matter in OMFs and calcareous fecal pellets facilitates its preservation by promoting 

initial overconsumption of dissolved oxygen by organisms feeding on the OM, thus developing an oxygen-

minimum zone (OMZ) where further OM destruction is haulted.  

 The OMFs are created by flocculation of suspended clays with floating organic tissue and are 

also known as mud aggregates (Hart, 2016).  They can only form if enough clays are present in the water 

column.  Calcareous fecal pellets were secreted by copepods that preyed upon coccolithophores and 

occasionally foraminifera (both calcareous organisms; Lopez, 2018).  A variety of interrelated tectonic, 

climatic, and oceanographic factors including those mentioned caused times of increased biological 

(organic matter) production in the Western Interior Seaway, resulting in proliferation of these calcareous 

organisms and deposition of relatively calcareous lithologies.  The same variety of factors generally had 
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an inverse effect on deposition of clays and other siliciclastics.  Thus, times of increased organic-matter 

production are associated with increased carbonate production, and some clay influx can accelerate 

deposition of organic matter.  Carbonate and clay content are also inversely related in the WIS, so too 

much carbonate can deplete the clay fraction and slow deposition of OM.  Thus, there is a delicate 

relationship between mineralogy and TOC (Dellenbach, 2016; Hart, 2016).  

 

 
Figure 5.3: Graph showing inverse relationship between clays (illite) and carbonate (calcite) along with 
mineralogical distribution of total organic carbon (TOC).  A similar trend was observed in the Greer core. 
 

Production of organic matter and carbonate are generally elevated through all of Niobrara time, 

but the organic matter was not always enriched or preserved.  In general, higher sea levels were 

associated with more biologic production due to decreased siliciclastic dilution of habitats for marine 

organisms along with increased access, mixing, and dispersal of nutrient- and oxygen-rich waters from 

Tethyan and Boreal realms to the Western Interior Seaway.  During these times of greater depth and/or 

less terrigenous sedimentation, the central and eastern parts of the seaway were highly oxygenated, and 

much more organic matter was preserved there than on the western side (Dellenbach, 2016; this study).  

During times and places of high siliciclastic influx, production could be decreased but usually persisted; 

however, the organic matter being deposited was diluted by terrigenous clays and other detrital material 

in relatively proximal areas.  More organic matter was preserved on the eastern side of the seaway during 

these times of higher sedimentation and/or shallower water, while the western side concurrently 

underwent heavy siliciclastic dilution of OM. Bioturbation is also usually pronounced in the organic-lean 

mudstone intervals, which are associated with shalier and sandier facies in the northern San Juan Basin 
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study area.  Bioturbation has often also destroyed much of what little TOC was present in these disrupted 

argillaceous silty to sandy mudstones. 

Contrarily, if siliciclastic input was low to moderate, OMFs would form and be deposited rapidly 

with minimal added dilution.  This would occur along with deposition calcareous fecal pellets, the 

proliferation of which was also promoted during lower siliciclastic input and/or higher sea levels.  This 

undiluted rain of organic matter to the seafloor was preserved if it could outpace bioturbation, or if anoxic 

to euxinic conditions were established at the bottom to hault bioturbation.  Anoxic conditions are known to 

have persisted (with varying degrees of interruption) in the WIS throughout Niobrara time.  Studies of 

bottom-water anoxia in the Western Interior Seaway suggest it could have happened in two broad and 

likely interrelated ways: 1) from stratification of the water column by silling of the basin and/or fluvial 

discharge (Kauffman & Caldwell, 1993; Lowery et al., 2018), or 2) from overconsumption of oxygen 

(caused by rapid OM deposition and/or upwelling) during initial benthonic decomposition of rapidly 

introduced organic matter (Meissner, 1984; Hart, 2016).  Anoxia, euxinia, and organic-richness in the 

Western Interior Seaway are associated with calcareous mudstone facies.    

In areas more distal from shale or calcareous mudstone deposition (i.e. pelagic chalk depositional 

area), dilution by clays is absent to minimal, yet autodilution by calcareous shells/tests occurs and 

bioturbation enhanced by well-circulated waters destroys organic matter.  With very low to zero 

siliciclastic input, OMFs may not form and continuously suspended organic matter will be ecologically 

recycled in the photic zone.  Ecological recycling was likely promoted by increased productivity that 

occurred during higher sea levels, deeper times, and/or less terrigenous sedimentation.  Despite the low 

sedimentation rate in this chalky depositional area, many calcareous fecal pellets did reach the seafloor, 

but they were biologically stripped of their organic matter before burial.  The sedimentation rate was not 

fast enough to bury and conceal the organic matter, so benthos had much more time to destroy organic 

matter without having enough nutrient to deplete the dissolved oxygen, which is abundant in well-

circulated waters.  The influx of organic matter was not great enough for overconsumption and 

development of an oxygen-minimum zone (OMZ) in chalkier facies.  

 

 
Figure 5.4: Simplified cross-section showing facies distribution on typical siliciclastic margins of muddy 
epicontinental basins, such as the western side of the WIS.  Red text refers to the fate of organic matter 
in overly proximal or distal areas.  TOC is typically highest in the calcareous mudstones.  Modified from 
Hart (2016). 
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The discussion of organic facies above suggests there is a mineralogical sweet spot or ‘Goldilox 

zone’ for TOC preservation in the Western Interior Seaway.  Overly proximal mudstones (argillaceous and 

detritally siliceous) have low TOC because organic matter is too diluted by siliciclastics.  Overly distal 

mudstones (chalky) have low TOC because bioturbation destroys organic matter.  High productivity 

combined with low to moderate siliciclastic input yields deposition of calcareous mudstones, which have 

higher TOC from rapid deposition without overdilution.  Hart (2016) quantified the mineralogical link to 

TOC and applied it to all epicontinental muddy seas from the Late Cretaceous.  He showed that TOC 

increases with calcite content up until about 45 wt%, above which TOC decreases with increasing calcite 

content (Figure 5.05).  The causes of anoxia and TOC preservation are still debated; however, this 

quantitative relationship does consistently apply to the WIS and was observed in data from this study 

(Figure 5.06).  Due to relatively low carbonate content in the study area, the effects of diminishing TOC 

with increasing calcite over 45% was not observed.  Thus, TOC generally increases with calcite and 

decreases with clay content in the study area (Figure 5.03).  The other bottom-line generalization that 

was observed is this: organic enrichment = production – (dilution + destruction).  This is the equation from 

Bohacs et al., 2005 and applies to all mudrocks.  Calibration of the sequence stratigraphic framework to 

this equation enables accurate identification of good source rocks beyond the assumption that the best 

TOC is always in the transgressive systems tract in the San Juan Basin (Pasley et al., 1993).  The 

geochemical behavior of distal mudrocks differs from that of proximal mudrocks with sequence 

stratigraphic changes (Bohacs et al., 2005), and every basin is different. 

 

 
Figure 5.5: Upper Cretaceous examples from the WIS showing how TOC increases with calcite up to a 
point (~45 wt%) and is then diminished in chalkier facies.  From Hart (2016). 
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Figure 5.6: Data from the Niobrara Interval in the study area (Hat Park core) largely follow the trend from 
the previous figure (blue circle), but an exception is seen in facies with mostly detrital calcite (brown 
circle).  The porosity colorfill reflects the overlapping importance of organic matter and calcareous fecal 
pellets for storage capacity in these rocks. 
 

 The potential causes of anoxia and euxinia will be further discussed in the next chapter.  

Concentrations of redox elements from XRF measurements provided data for assessing oxygenation.  

Vanadium and chromium are enriched in anoxic conditions, while molybdenum is enriched during euxinic 

conditions.  These elements can also be used as TOC proxies if anoxia and euxinia were factors in TOC 

enrichment.  In this study, redox elements are enriched in the calcareous units and suppressed in the 

argillaceous and sandy units of the Smoky Hill Member and Cortez Member (Niobrara-equivalent 

section).  Core data confirm that the calcareous units in the Smoky Hill and Cortez have the highest 

average TOC values; however, these do not exceed 45 wt% calcite, so the diminishing effect on TOC 

from increasing calcite above 45 wt% cannot be observed in the San Juan Basin Niobrara system.  The 

Tebo core from the Denver Basin (Arapahoe County) does show a decrease in TOC in samples 

exceeding 45 wt% calcite (Bane, 2018).  These general observations indicate that anoxia and euxinia 

played an active role in accumulation of organic carbon in the northern San Juan Basin Niobrara.     
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Thermal Maturity 

The Niobrara Interval is thermally mature throughout most of the northern San Juan Basin, 

especially since this area includes the deepest part of the basin.  Thermal maturity increases with depth 

to the north and northeast, reaching vitrinite reflectance values over 2.1 Ro (Figures 5.07 & 5.08).  The 

Niobrara Interval in the deepest part of the San Juan Basin is in the dry gas window, and progresses to 

the wet gas and oil windows with decreasing depth up along the Chaco Slope and basin margins.  The 

Niobrara is also at least partially in the oil window up on the Four Corners Platform.  Interestingly, highest 

thermal maturity is not seen in the deepest part of the Basin, but along the northern margin, where the 

rocks have experienced additional heating from San Juan volcanics and intrusives.   

 

 
Figure 5.7: Map showing thermal maturity trends for the whole San Juan Basin. Vitrinite reflectance data 
is for the Dakota Sandstone, so Niobrara values are lower (next figure).  From Ridgley et al. (2013). 
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Figure 5.8: Map showing vitrinite reflectance values in New Mexico for the ‘Mancos C’ interval, which is 
basically the lower majority of the Smoky Hill Member (excluding most of UCU).  The northernmost well is 
in the study area and shows similar values to the Hat Park and Lark wells.  From Ridgley et al. (2013). 

 

A burial history curve for the Niobrara Interval in the northern San Juan Basin is shown in Figure 

5.09.  Maximum burial for the deepest (northern) part of the Basin occurred in the late Oligocene to early 

Miocene.  The Niobrara source rocks began generating oil in the early Eocene and gas in the early 

Oligocene (Ridgley et al., 2013; Figures 5.01 & 5.08).  Significant tectonic uplift (<2km) has occurred 

since the Miocene in the northern San Juan Basin (Bond, 1984). 

The effects of increasing thermal maturity on the degradation of organic matter is clearly visible 

between the Greer and Hat Park cores.  The Greer core sits on the Four Corners Platform and is over 

4000 feet shallower, than the Hat Park core in the Central Basin.  The Geer core never left the oil window 

and the Hat Park core is deep into the dry gas window.  SEM photos of organic matter in the Greer core 

show larger and fewer pore spaces (Figure 5.10).  In the Hat Park core, organic matter of similar size and 

occurrence has many more pores, but they are orders of magnitude smaller and heavily mineralized by 

gypsum(?) and pyrite.  The possibility of graphitization of organic matter upon maturation has also been 

demonstrated (Yang et al., 2016).   The density and mineralization of organic matter has important 

petrophysical implications.  The character of organic porosity also affects storage and migration of 

hydrocarbons. 
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Figure 5.9: Burial history chart for the northern San Juan Basin. Note the degree of exhumation since 
hydrocarbon generation.  Modified by Ridgley et al. (2013) from Bond (1984). 
 

 
Figure 5.10: SEM photos from the Smoky Hill Member showing progressive degradation of organic matter 
with increasing thermal maturity.
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Hydrocarbon Migration 

Generation of hydrocarbons in the Niobrara facilitates overpressuring and 

fracturing/microfracturing of the rock upon hydrocarbon expulsion (Momper, 1980).  This overpressuring 

literally displaces hydrocarbons and perpetuates initial migration.  Fractures from the pressures of 

hydrocarbon generation in addition to those from regional subsurface stresses (Lorenz & Cooper, 2003) 

provide conduits for migration within the Niobrara Interval.  These fractures later become storage space 

for hydrocarbons.  The resulting network of high-angle to vertical fractures is extensive and sufficient for 

vertical and lateral migration of oil and gas.  Within the Niobrara, sands that actually have intergranular 

porosity (Tocito, El Vado, and others) were charged with hydrocarbons.  Niobrara oil and gas migrated 

elsewhere in the Mancos, to Mesaverde or even underlying Dakota Sandstones outside the Mancos.  

Updip migration enabled vast distances of migration, and gas could travel much further than oil.  Although 

the sands in the Smoky Hill Member are mostly impermeable due to calcareous cementation, some of the 

more extensive sands like those in the Cortez Member or the Semilla Sandstone could have provided 

lateral migration pathways.  Petroleum from the various source rocks within the Mancos was exchanged 

around and much is thought to have been derived from the organic-rich Juana Lopez Member in the 

Niobrara section.    

A lot of petroleum was also left behind or only experienced primary migration within the Niobrara 

source rocks.  Locally hydrocarbons were redistributed via the minor matrix permeability, fractures, and 

microfractures throughout the Niobrara section.  Pressure episodically accumulates and releases during 

hydrocarbon generation, resulting in opening and closing of these microfractures.  When pressures did 

not reach sufficient magnitudes for expulsion in the later stages of generation, large quantities of 

hydrocarbons were trapped within the organic matter from which they were derived, or were locally 

displaced to nearby organic pores, pelletal pores, or space in fractures.  The low matrix permeability of 

these mudrocks is able to contain the hydrocarbons in the absence of overpressuring associated with 

peak hydrocarbon generation windows.  Matrix permeability in the two calcareous zones is 250 to 350 

nD.  If organic content is high enough in the rocks, hydrocarbons are able to migrate through the resulting 

‘interconnected network of bitumen’ because of wettability relationships.  Permeability was generally 

much higher in the Hat Park core than in the Greer core.  The greater thermal maturity of the Hat Park in 

comparison with the Greer core supports the importance of organic matter for permeability (along with 

porosity) in these rocks.  Both of the Niobrara calcareous units are encased in relatively argillaceous 

mudstones (Montezuma Valley Member, middle argillaceous and sandy unit, and the upper argillaceous 

and sandy unit) which have even lower matrix permeability (100 to 150 nD), further containing 

hydrocarbons in these unconventional reservoirs. 
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5.1.3: Reservoir Potential 

Porosity 

In the NSJB Niobrara petroleum system, the porous zones are concentrated in the two 

calcareous units (lower and upper).  The porosity mainly occurs in fractures, calcareous fecal pellets, and 

organic matter.  Measured porosities in the Niobrara Interval range from 3.5 to 8%.  The organic matter 

porosity appears to be the dominant pore style withi increasing maturity.  Enrichment of OM itself is also 

associated with abundances of calcareous fecal pellets and fractures. 

Fractures not only increase permeability but also porosity/storage in the Niobrara Interval.  

Fracturing and micro-fracturing is caused by overpressuring, structural flexure (near basin margins and 

local folds and faults), or other subsurface stresses.  Fracture development is also favored by 

abundances certain minerals.  Fracture-favoring minerals can include calcite, biogenic silica, occasionally 

detrital quartz, and dolomite.  Fortunately, the porous rocks in the study area happen to be calcareous 

and relatively brittle.  Tight spacing of natural fractures in relatively ‘brittle’ units will greatly increase 

hydrocarbon storage potential, especially if subsurface stresses are successfully holding them open, 

which is often the case in the San Juan Basin (next section).  Fracture networks are typically 

interconnected and quickly drainable by a crossing wellbore.  Any pore networks that have been 

intersected by the fracture are in immediate communication with the wellbore, thereby expanding the 

utility of fractures for storage and reservoir drainage.  Mineralization can occlude porosity in fractures, but 

much of the gypsiferous and calcareous precipitation occurs near the surface.  Sulfuric gases from 

hydrocarbon generation also have the propensity to dissolve fracture-fill minerals.  Fractures are 

discussed more in the next section. 

Calcareous fecal pellets were produced at mass quantities during productive parts of the Niobrara 

marine cycle as a result of copepods feeding upon exploding populations of coccolithophores, and 

occasionally forams (Lopez, 2018).  They occur in laminations, thin beds, and can even be massively 

bedded depending on the rate of biologic productivity and deposition.  A large algal bloom may result in a 

pelletal thin bed while smaller ones or regular seasonal changes can result in laminations to laminasets.  

These pellets are often undercompacted because of the randomly oriented coccolith fragments within.  

Diagenetic dissolution of calcite can also enhance pelletal porosity in some cases.  Like organic matter, 

calcareous fecal pellets are a result of biologic production.  Not surprisingly, pellets contain organic 

matter, making them a target for bioturbation which can strip them of their organic matter during or after 

settling.  Bioturbation can also disrupt or destroy the pellet itself, rendering it nonporous to nonexistent. 

Organic matter porosity is a result of thermal degradation of the organic matter.  The pores form 

as bubble-shaped voids in ‘globs’ or particles of organic matter as they generate hydrocarbons during 

thermal maturation.  The hydrocarbons likely occupy these bubbles before expulsion, and often stay in 

these bubbles if never expelled.  Hydrocarbons occupy the organic pores, are adsorbed onto the pore 

walls, and are even sometimes just absorbed into the organic matter in a microscopic, sponge-like way 

(R. Lewis, pers. comm 2017).  Under SEM, porous organic matter will look like amorphous swiss cheese 
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or a sponge, depending on the level of thermal maturity (Figure 5.10).  Organic matter porosity is 

paramount in this Niobrara petroleum system.  A cross-plot of TOC and porosity (total or effective) reveals 

a very strong positive correlation in all data locations from this study area (Figure 5.11).  The correlation is 

so strong that it suggests that a majority of pelletal porosity is actually occurring as OM porosity within the 

calcareous fecal pellets.  This is likely not the case since production and preservation of organic matter 

occurs with production and preservation of calcareous fecal pellets (Figure 5.11).  The quality of TOC 

preservation also reflects that of pellet preservation.  However, it is expected and often observed for 

these pellets to contain organic matter and should be noted that the random orientation of coccolith 

fragments would reduce compaction of organic matter within the pellet. 

 

 
Figure 5.11: Data from lower Cortez Member through basal Smoky Hill Member in Hat Park core. The 
Illite colorfill represents clay content since illite comprises the vast majority of the clay fraction. These 
graphs portray the contribution of organic matter and calcareous fecal pellets to density and total porosity. 
 

A variety of rigid grains are commonly deposited alongside calcareous fecal pellets in the 

calcareous units from the study area.  These rigid grains include foram tests, quartz silt, and inoceramus 

fragments.  A pellet deposited adjacent to one or more rigid grains has a good chance of preserving extra 

porosity from compactional shielding.  Locally undercompacted zones were frequently observed next to 

detrital calcite 
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and between rigid grains in most thin-sections taken from the study area (Figure 5.12).  Undercompaction 

can occur in pellets, organic matter, and/or between illite sheets.  Intervals with large concentrations of 

detrital grains (quartz, forams) and fragments (inoceramus shells) could contain many locally 

undercompacted zones that scale up to a significant porosity addition.  

 

 
Figure 5.12: Photomicrograph showing undercompaction of a pellet due to shielding by an adjacent rigid 
grain, in this case a foram test. Intervals with abundant inoceramid fragments, foram tests, or quartz silt- 
to sand-sized grains may have many locally undercompacted zones that could scale up significantly. 
 

Intergranular porosity can sometimes occur in very silty to sandy layers and lenses, but these 

have typically lost porosity to calcareous cementation.  There are a few thin, continuous fossiliferous 

sands and hashes that smell like oil upon breakage, confirming hydrocarbon storage in these coarse 

facies.  As the Niobrara becomes increasingly argillaceous, siliceous, and regressive in the upper parts of 

the Cortez Member, sand content becomes great enough to support intergranular porosity and TOC 

becomes dissociated with porosity since it is inversely correlated with quartz in a sand-shale system.  

Clays in the pore network can occlude intergranular porosity of Niobrara sands or calcarenites, depending 

on clay type and mobility. 

The rocks with the lowest clay content generally have the highest porosity in the study area 

(Figure 5.11).  In addition to clogging intergranular pores, dilution by clays lessens intrabasinal carbonate 

production and preservation of organic matter.  The diminishing effect of having too little clays to support 

rapid deposition and preservation of organic matter (Hart, 2016) is not observed in the study area 

because it was   consistently too close to the western sources of terrigenous sediment.  Increasing clay 

content also negatively impacts the geomechanical properties of the rock.  Thus, it is convenient for the 

petroleum industry that TOC, porosity, calcite, quartz, and low clays often occur together in calcareous 
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silty mudstones of the northern San Juan Basin (Figures 5.13 & 5.14), since abundances of carbonate 

and quartz typically favor ‘fracturability’ in unconventional reservoirs.  

 

 
Figure 5.13: Photomicrograph of massively bedded pelletal silty mudstone in the UCU of the Hat Park 
core. This facies is porous and geomechanically favorable because of its coincident mineralogy. The 
darker color of the pellets here in comparison with the Greer core is potentially driven by thermal maturity.
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Figure 5.14: Photomicrographs featuring textural comparisons between various lithofacies in the Niobrara Interval with differing reservoir 
properties.  Image A shows a pelletal and organic-rich reservoir facies while the facies in image C has less pelletal porosity and more clay content. 
Images B & D are very argillaceous and visibly nonporous—these are not reservoir facies. More calcite content is seen in image B than D.

A B 

C D 
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Natural Fractures, Subsurface Stresses, and Geomechanics 

 Regional fractures are often of primary importance for operational development of horizontal 

wells, but locally-oriented fractures are also present and briefly discussed here.  The study area sits 

across several local and major structural features, most of which were periodically reactivated by the 

variety of tectonics that have impacted the region.  Huffman and Taylor (1999) noted an increased 

frequency of fractures above periodically shifting basement faults, most of which strike northeast-

southwest and northwest-southeast in the San Juan Basin (Ch. 1).  Offset along these basement faults 

occurred in response to Laramide and later tectonics (Huffman & Taylor, 1999; Lorenz & Cooper, 2003).  

These basement block faults are highly fragmented on the Four Corners Platform (western part of study 

area) but have not been extensively mapped in the northernmost (Colorado) part of the Central Basin 

(rest of study area).  However, the same northwest-southeast and northeast-southwest trends can likely 

be projected to this area from the New Mexico side of the San Juan Basin.  Indeed, the Hogback 

Monocline strikes northeast along much of the Four Corners Platform and northwest along Archuleta 

Arch, corresponding with regional basement structure.  Increased fracture frequencies are also present in 

areas of high curvature, such as the monoclinal folds that surround the Central Basin along with other 

local structures (Ridgley, 2001; Broadhead, 2015).  The presence of fractures oriented parallel to the 

strike of the Archuleta Arch might be inferred at the toe of the Hogback Monocline in that area, in the 

vicinity of the Lark well.  There is a variety of folds and faults derived from continuing Laramide tectonics, 

local uplifts, and extensional tectonics relating to the Rio Grande Rift and/or Basin and Range tectonics 

across the northern San Juan Basin.  Other local structures in the study area such as the Red Horse 

Syncline (near Greer well, in the Red Mesa Field) and Ignacio Anticline (near Hat Park well, in the 

Ignacio-Blanco Field) are shown in Figure 5.15. Increased fracture concentration can be expected from 

wells near these types of structures.   

 
Figure 5.15: Map of local structural features around the Southern Ute Reservation.  Modified from 
Anderson (1995). 
 
 

Increased fracture concentration can be expected from wells near these types of structures.  The 

regional maximum horizontal stress orientation of north-south to north northeast-south southwest can be 
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generally applied to the whole San Juan Basin, but local structures may affect fracture orientations and 

patterns.   

High-angle to vertical fractures are pervasively abundant at all Niobrara outcrops visited in the 

northern San Juan Basin.  They were also intersected multiple times in the cores studied (Figures 5.16 & 

5.19).  Their abundance is confirmed in the subsurface by these and other cores, FMI logs, and the 

success of oil fields known to produce from fractures in this interval.  Two dominant sets of fractures were 

observed at all outcrop locations: one striking north-northeast and the other north-northwest (Figures 5.17 

& 5.18).  The oldest through-going fracture set in Dakota and Mesaverde sandstones across the San 

Juan Basin strikes north-northeast (Lorenz and Cooper, 2003).  This orientation applies to the Niobrara in 

the NSJB as supported by field observations from this study.  The importance of these two ~northward-

striking fracture sets is confirmed by the ~E-W orientation of recent BP horizontal wells in the 

northeastern part of the basin, among others.  The orientations these wells are intended to maximize 

intersection of natural fractures while also maintaining an optimal orientation for inducing fractures in the 

current subsurface stress regime. 

 

 
Figure 5.16: ‘Hat Park’ core photos from the upper calcareous unit showing en echelon high-angle 
fractures (F1-F3).  The termination of F1 is visible and they all had calcite fracture-fill. 
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Figure 5.17: Photo showing natural fractures from the UCU (lower Cortez Mbr.) at location 19 in Piedra.  
High densities of vertical to high-angle fractures are consistently observable in the upper calcareous unit 
at all data locations. Bentonite shown on right correlates with MV414 at Mesa Verde (Leckie et al., 1997). 

 

 
Figure 5.18: Tightly spaced fractures in the upper part of the UCU Pagosa Springs.  Dense and open 
fractures are especially common in this section. 
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The northward-striking fracture systems are an indirect result of Laramide tectonics, since the 

local maximum horizontal stress direction at the time (S-SW to N-NE) did exactly not match the Laramide 

regional structural trend of northeast-southwest.  Rather, the north-northeast maximum horizontal stress 

direction resulted from compression by structures responding to Laramide stress.  Concurrent indentation 

by the San Juan Uplift from the north and Zuni Uplift from the south brought about shortening of the San 

Juan Basin in a north-south to north northeast-south southwest direction.  Vertical extension fractures 

parallel to that shortening represent the direction of maximum horizontal stress in that tectonic 

environment, and open perpendicularly in the direction of minimum horizontal stress.  Generation of 

hydrocarbons in the Niobrara facilitates overpressuring and fracturing/microfracturing of the rock upon 

hydrocarbon expulsion.  The current maximum horizontal stress is generally of the same N-NE 

orientation, with local variations, throughout the basin (Lorenz & Cooper, 2003).  An E-W extensional 

regime from the Rio Grande Rift may also assist in maintaining open fractures in parts of the basin.  The 

applicability of these directions for maximum and minimum horizontal stresses in the northern San Juan 

Basin is also confirmed by the ~E-W orientation of recent horizontal wells.  High subsurface pressures 

generally facilitate petroleum production, but can be diminished by exhumation.  Pressure loss by 

exhumation is sometimes an issue in Mancos reservoirs of the San Juan Basin.  Underpressuring is not 

uncommon on the Four Corners Platform (T.A. Casey, pers. comm., 2017).  Subsurface pressure and 

stress can also be heterogeneous and change abruptly over short distances in any direction for a host of 

varying reasons. 

The magnitude of minimum horizontal stress can change laterally and vertically within the 

Niobrara of the northern San Juan Basin.  Fortunately, abrupt lateral changes in stress and lithology are 

rare in the calcareous units of the northern San Juan Basin.  Avoiding abrupt and/or significant stress 

changes is favorable for well completions.  On the other hand, significant and abrupt vertical changes in 

SHmin were observed at varying stratigraphic locations across the study area.  These vertical stress 

changes seem to be caused by lithologic changes but can be driven by stratigraphic or diagenetic 

pressure compartmentalization.  Both types of compartmentalization are interrelated to each other and to 

the effect of mineralogy and texture on both stress distribution and geomechanical properties in the rocks.  

In terms of just lithology, quartz seems to often outweigh the effect of calcite on SHmin (Figures 5.20 & 

5.22).  Bentonites are particularly effective baffles or barriers to stress distribution and fractures, both 

natural and induced.  Major bentonites (>3 inches thick and present at multiple locations) are infrequent in 

the study area but do occur in both overall target zones.  An excellent example of a natural fracture 

termination upon a bentonite is seen in the lower calcareous unit of the Hat Park core (Figure 5.19).   

 

223



 
Figure 5.19: Core photo from LCU showing natural fracture terminating on upper contact of bentonite. 

 

Mineralogy and texture affect the strength, elasticity, and overall brittleness of the rock, in addition 

to the stress distribution.  Stronger rocks will bear more stress than weaker rocks and will have higher 

average minimum horizontal stress.  These stronger rocks are often rigid and can also have the highest 

‘brittleness’ in the section.  This is not always the case, and these stronger rocks can be more difficult to 

break.  Minerals that are associated with brittle behavior in the NSJB Niobrara are calcite, dolomite, and 

quartz (which is usually detrital here).  High clay content (>35 wt%) is not associated with brittle behavior.  

Brittle minerals are most abundant in the lower and upper calcareous units, and both units show elevated 

brittleness index values as calculated from XRD mineralogy and source rock data (Xu & Sonnenberg, 

2016; Figure 5.20) .  This method has demonstrated consistent applicability to mudrocks across multiple 

basins, including the Niobrara (Bane, 2018).  Quartz also seems to have a particularly heavy effect on 

geomechanical properties in the NSJB Niobrara system, and is often abundant outside the calcareous 

units in the more clay-rich and sandy units.  However, all of the Niobrara rocks are quite silty in the study 

area and the combined effect of high quartz and calcite content with laminated silty textures more 

commonly found in the calcareous units is geomechanically superior to noncalcareous silty/sandy 

argillaceous lithologies.  Laminated pelletal silty mudstones also seem to be more brittle than massive 

pelletal mudstones because of higher silt content (of both quartz and forams).  
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Figure 5.20: Geomechanical data for the Hat Park well, including the brittleness index from mineralogy and source-rock data (Xu & Sonnenberg, 
2016) and minimum horizontal stress in the context of other geologic (lithofacies and units, calcite, and quartz) and geophysical data (GR and RT).  
A total porosity colorfill is also displayed. 
 
 
 
 

225



 

 
Figure 5.21: Geomechanical data for the Hat Park well including the brittleness index from Young’s Modulus and Poisson’s Ratio (which are both 
also included) and anisotropic measurements of Poisson’s Ratio in the context of other geologic (lithofacies and units) and geophysical data (GR 
and RT).  Colorfill is total porosity for the brittleness index (YM/PR) data while Young’s Modulus and Poisson’s Ratio data have TOC colorfill. 
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Figure 5.22: Geomechanical data for the Lark well including minimum horizontal stress and brittleness index from Young’s Modulus and Poisson’s 
Ratio in the context of other geologic (lithostratigraphic units and lowermost lithofacies, calcite, and QFM) and geophysical data (GR and RT).  A 
total porosity colorfill is also displayed. 
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The brittleness index calculated from Young’s Modulus (YM) and Poisson’s Ratio (PR) was also 

elevated in the calcareous units in comparison to the argillaceous and sandy units; however, the upper 

calcareous unit appeared to be less brittle than the lower calcareous unit using this method (Figures 5.21 

& 5.22).  This could be due to increased detrital calcite and quartz silt in the LCU or overall higher 

porosity and organic matter in the UCU.  Data presented in Figures 5.20 & 5.22 confirm the relatively high 

quartz content in the lower calcareous unit.  Numerous measurements of fracture spacing in the field 

suggest the upper calcareous unit is ‘brittle enough.’  Within the calcareous units, the intervals with the 

highest porosity had relatively low brittleness index values in comparison to adjacent sections with less 

porosity.  This interpreted to be caused by the porosity itself and the nonbrittle nature of the organic 

matter in which most of the porosity occurs.  The highest porosities are also observed in the UCU, 

explaining its lower brittleness index in comparison with the LCU as calculated by YM and PR.  Despite 

their differences, brittleness in these porous, organic-rich, calcareous units is generally elevated in 

comparison to the argillaceous mudstones from the study area.  Indeed, the two calcareous units show 

higher compressional velocities (Vp) representing their relative “stiffness” compared to adjacent strata, 

but again the UCU shows lower Vp values than the LCU (Figure 5.23). Interestingly, the shear velocities 

of the high TOC/porosity facies plot significantly lower than the rest of the data, which is likely also driven 

by the pelletal textures, organic matter, and/or the porosity itself (Figure 5.23).  

 

 
Figure 5.23: On the left is a crossplot of compressional and shear velocities with density porosity colorfill.  
Note the consistently lower Vs of rocks with higher DPHI.  On the right is a depth plot of total porosity with 
compressional velocity colorfill.  Data from Hat Park well.   
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To determine which calcareous unit (upper or lower) contains the best potential drilling and 

completions target, one must consider, Young’s Modulus, Poisson’s Ratio, and geologic context in these 

zones. Depth plots of these two variables has revealed that the upper zone has both lower Young’s 

Modulus and Poisson’s Ratio, so theoretically it may fracture more successfully upon stimulation 

(Maldonado et al., 2011; Figure 5.21) since it still seems to be a ‘brittle’ unit from the mineralogical 

brittleness index and dense fracture spacing consistently observed in subsurface and outcrop locations.  

The upper zone does have a high vertical-horizontal anisotropy for Poisson’s Ratio, it being more 

“squishy” in the horizontal direction (Figure 5.21). This is likely also due to the organic-rich pelletal texture 

and could be an issue for proppant embedment and fracture closure; however, if horizontal wells are 

oriented correctly (approximately E-W) then the regional maximum stress direction of N-S will favor 

fracture propagation.  Additionally, the E-W extensional stress from Rio Grande Rift tectonics is present in 

the San Juan Basin and could help hold fractures open (Lorenz & Cooper, 2003). 

 

5.2: Reservoir Quality Descriptions by Unit 

 Figure 5.24 (in the middle of section 5.2.1) summarizes the vertical distribution of potential 

horizontal target zones and baffles/barriers to flow and fracturing between the Greer and Hat Park wells. 

 

5.2.1: Basal Glauconitic Unit (Smoky Hill Member) 

Thickness and Log Character 

• The thickness of this unit ranges from 5 to 30 feet with sharp lower and upper contacts. 

o Both contacts scoured with additional internal scour surface within unit 

• This unit is characterized by relatively suppressed and stagnant resistivity. 

• Gamma-ray is usually suppressed and occasionally blocky.  Undulations less dynamic than in 

adjacent units.   

 

Distribution of Reservoir Facies 

• Typical Niobrara organic-rich pelletal reservoir facies are not present in the BGU, but different 

intergranular siliciclastic reservoir types may be present. 

• Tocito Sandstones have been reported within the BGU near the study area and have good reservoir 

quality. 

• Increasing sandiness promotes reservoir quality in the basal glauconitic unit.  

• Development-scale lateral heterogeneity is very high in this unit due to shallow reworked deposition 

and the dynamic unconformities driving thickness and lithology changes.   

o Too thin to be a primary target zone, but may contribute to drainage in the lower calcareous 

unit. 
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Figure 5.24: Diagram showing integrated (yet general) interpretation of vertical distribution of potential 
horizontal target zones and baffles/barriers to flow. Various reservoir types are also shown: O=organic 
porosity, P=pelletal porosity, S=intergranular silty/sandy porosity. High confidence targets are shown in 
green, moderate to low confidence targets are shown in purple. Baffle/barrier zones from bentonites (1 or 
more) are shown in red, while those from drastic and abrupt lithologic change are shown in yellow. The 
lowest target in the LCU is low confidence due to its frequent lithologic changes and intermittent 
bioturbation. Laminations and OM in the UCU may also decrease above the Smoky Hill top. 
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Hydrocarbon Storage 

• Measured total porosity ranges from 6 to 7% in this unit.   

• If sand content is great enough, intergranular porosity can occur in this unit.  Bioturbation texture may 

help or hurt porosity and permeability depending on the trace.  Clays and diagenetic cementation may 

occlude porosity between grains. 

• Natural fractures are not common and do not contribute significantly to secondary porosity in the 

BGU. 

 

Geomechanics and Baffle Distribution 

• The basal glauconitic unit is not brittle as determined by the brittleness index calculated from 

mineralogy.   

o This is due to the low fraction of laminated facies and low degree of cementation, as 

confirmed by poor consolidation in the field and in core.   

• Minimum horizontal stress is very low in comparison to the overlying LCU.   

• Major bentonites do not occur in this unit. 

• The relative lack of fractures in this unit decreases fluid connectivity between the lower and upper 

calcareous units.   

 

5.2.2: Lower Calcareous Unit (Smoky Hill Member) 

Thickness and Log Character 

• The thickness of this unit ranges from 95 to 160 feet with sharp lower and upper contacts.     

o This large range is mainly due to variable erosion and nondeposition at and near the basal 

Niobrara unconformity combined with variable filling upon the structurally active and irregular 

submarine surface, essentially represented by the basal glauconitic unit.  Erosion and 

nondeposition generally increased to the west and southwest, and locally along NW- or NE-

striking uplifts across the study area.   

o The LCU is bound by disconformities, but the base is more dynamic than the top.  More 

section comprises the base of the unit in the eastern part of the study area (Pagosa Springs, 

Piedra, Lark well) than in the western parts.   

• This unit is characterized by elevated resistivity that is generally highest in the lower to upper-middle 

parts of the unit and then decreases in the upper 30 to 40 feet.  Resistivity increases at the top few 

feet of unit if it becomes silty to sandy enough.   

• Gamma-ray log is less dynamic in upper half than lower half of unit.  Frequent lithology changes and 

bentonites drive the high-amplitude gamma in lower half.  Gamma decreases just below top of unit if 

it becomes silty-sandy enough. 

231



o Competing effects of uranium versus potassium on API value is evident in this unit.  TOC 

(uranium association) and clays (potassium association) are inversely related  and 

decreasing distinctive changes in the gamma-ray signature.   

 

Distribution of Reservoir Facies 

• Reservoir facies dominate the lower calcareous unit.   

• The most common reservoir facies are laminated and faintly laminated pelletal silty mudstones (2-4 

wt% TOC), which are abundant throughout the unit except where resistivity decreases near the top of 

the unit and sometimes in the middle of the unit.  Argillaceous silty mudstones (nonreservoir) often 

occupy these positions.   

• Argillaceous and silty to sandy sections at the top of the unit are also nonreservoir due to porosity 

occlusion by calcareous cementation and clays.   

• More vertical facies changes occur in the lower half of the unit, where there are also often thin 

argillaceous sections.   

• Development-scale lateral heterogeneity in this unit is low except near the base, where the deposition 

began at different times upon a variable surface.  Above this lower part, calcareous and argillaceous 

intervals are laterally continuous for tens to hundreds of miles.   

 

Hydrocarbon Storage 

• Measured total porosity ranges from 5 to 8%. 

• Porosity primarily occurs in organic matter, calcareous fecal pellets, and locally undercompacted 

areas.   

• Abundant dispersed inoceramus fragments and other detrital grains in the LCU can enhance 

undercompaction. 

• Secondary porosity is present in abundant natural fractures observed at all data locations.   

o Fracture spacing ranges from 1 foot to ~1 inch.  An oriented 10,000-foot lateral intersects 

20,000 to >100,000 natural fractures.   

• Regional trends and thin-sections suggest porosity may be higher in eastern parts of study area (near 

Piedra, Lark well, and Pagosa Springs), but samples have not yet been measured to confirm.   

 

Geomechanics and Baffle Distribution 

• The lower calcareous zone as a whole is relatively brittle as calculated from the mineralogical 

brittleness index (BIm) from Xu & Sonnenberg (2016).   

o This is due to the high fraction of laminated facies containing abundant brittle minerals (i.e. 

calcite, dolomite, quartz, feldspars, pyrite) and a low fraction of nonbrittle (clay-rich) facies.  

TOC is also nonbrittle; however, the effect its relative abundance in the lower calcareous 

zone is outweighed by that of the mineralogy, making the unit geomechanically favorable.   
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o The BIm decreases in the upper part of the unit with occurrence of increasingly argillaceous 

facies.   

• Moderate fluctuations in minimum horizontal stress often coincide with BI fluctuations and lithology 

changes throughout the LCU.   

• SHmin increases significantly near the top of the LCU (upper ~20 feet) and sometimes shows a 

general upward increase throughout its thickness.   

• Two major bentonites occur in the lower third of the unit across the study area and can act as baffles 

to fractures, stress, and fluid flow. 

• The high SHmin at the top of the unit could also act as a baffle.  As previously mentioned, SHmin 

drops significantly in the basal glauconitic unit, and this change may also affect distribution of natural 

and induced fractures in the lower calcareous unit. 

 

5.2.3: Middle Argillaceous and Sandy Unit (Smoky Hill Member) 

Thickness and Log Character 

• The thickness of this unit ranges from 50 to 105 feet with sharp lower contact and gradational upper 

contact. 

o Lower contact scoured with variation overlying, upper contact gradationally coarsens upward 

into overlying unit and its pick is more discretionary. 

• This unit is characterized by suppressed resistivity that is lowest and stagnant in the lower half of the 

unit and starts to increase and become more dynamic in the upper half of the unit.  Resistivity is 

sometimes high at the bottom of the unit due to calcareous sandstones immediately above the 

scoured lower contact. 

• Gamma-ray is suppressed and shows more distinct and larger-scale cyclicity than the lower 

calcareous unit.  Gamma cycles are decreasing upward, but with overall increasing API upward 

through the unit.  Uppermost gamma cycle is thicker than others and continues into lower part of 

upper calcareous unit. 

 

Distribution of Reservoir Facies 

• Nonreservoir facies dominate the middle argillaceous and sandy unit in the northern San Juan Basin 

study area.  Sandstones and silty to sandy sections are calcareously and siliceously cemented with 

low porosity.  Further west and south of the study area this unit grades into sandstones with actual 

intergranular porosity (Dalton and El Vado).  Calcareous sandstones (5 to 20 feet) are observed 

above the base of the MASU in parts of the study area (Durango, Greer well, Piedra) and some beds 

smell like oil upon breakage.  

• The most common facies are bioturbated argillaceous silty mudstones, laminated to ripple-laminated 

argillaceous silty mudstones, and interbedded calcareous muddy siltstones (0.5-2.5 wt% TOC).   
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• Coarser facies are more frequent in upper half of unit, which coarsens upward into upper calcareous 

unit.  Silt and sand content is more siliclastic. 

• Laminated argillaceous silty mudstones and the few laminated calcareous silty mudstones in the 

section have better reservoir quality than bioturbated sections, they are presenet in middle and upper 

part of unit.   

• Development-scale lateral heterogeneity in this unit is low to moderate except near the base, where it 

is higher due to variable sand distribution above the sharp lower contact. 

 

Hydrocarbon Storage 

• Measured total porosity ranges from 4 to 6% in this unit.   

• Porosity primarily occurs locally in undercompacted areas (i.e. between illite sheets propped open by 

an adjacent rigid grain) within the generally bioturbated facies that dominate the unit.  Minor OM or 

pelletal porosity can occur where not destroyed by bioturbation—this is mostly restricted to the few 

intervals of laminated argillaceous silty mudstone within the unit.   

• Secondary porosity is present in natural fractures but less abundant in the MASU than in the 

calcareous units. 

o Fracture spacing is 5 feet to ~1 foot.  An oriented 10,000-foot lateral intersects 2,000 to 

>10,000 natural fractures.   

 

Geomechanics and Baffle Distribution 

• The middle argillaceous and sandy zone is not brittle as determined by the brittleness index 

calculated from mineralogy.   

o This is due to the low fraction of laminated facies containing abundant brittle minerals (i.e. 

calcite, dolomite, quartz, feldspars, pyrite) and a high fraction of nonbrittle (clay-rich) facies. 

o The BIm typically increases near the top of the MASU with increasing siltiness in the 

laminations.  Brittleness is also elevated at the base of the unit if coarse facies are present. 

• Very minor fluctuations in minimum horizontal stress often coincide with minor BIm fluctuations and 

lithology changes throughout the LCU.  The minimal fluctutations in SHmin and BIm relate to the 

largely unified texture (bioturbated) of the the majority of the unit. 

• Minimum horizontal stress is very low in comparison to that of the calcareous units.  The stress 

change is sharper across the lower contact and more gradational across the upper contact. 

• Major bentonites do not occur in this unit. 

• The relative lack of fractures in this unit decreases fluid connectivity between the lower and upper 

calcareous units.   

• Lower fracture frequency, nonbrittle mineralogy, and drastic stress decrease make the MASU an 

overall barrier between the lower and upper calcareous units. 
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5.2.4: Upper Calcareous Unit (Smoky Hill – Cortez Members) 

Thickness and Log Character 

• The thickness of this unit is typically ~200 feet with slight variations due to gradational lower and 

upper contacts.     

o Lower contact marked by notable increase in pelletal calcite within a parasequence that 

begins in the underlying unit.  Upper contact marked by top of calcareous mudstones within a 

parasequence that continues into overlying unit.  Both contacts are conformable.  

o Unit comprised of 6 to 7 parasequences. 

• This unit is characterized by elevated cyclical resistivity that is generally highest in the lower and 

middle parts of the unit.  Upward increasing resistivity cycles represent various upward-increasing 

carbonate parasequences within unit.  Resistivity often decreases abruptly above the top of 

parasequence 3, marking top of Smoky Hill Member in subsurface.  High resistivity is likely driven by 

elevated TOC, hydrocarbons, and carbonate content. 

• Gamma-ray log shows distinctive upward increase in lower parasequence of unit, capped by a high 

spike from a major bentonite in the base of parasequence 2.  Gamma stays consistently high through 

parasequences 2 to 3 in the middle part of the UCU.  Top of high-gamma section often coincides with 

top of blocky high-resistivity section, marking top of Smoky Hill Member in subsurface.  High gamma 

likely driven by uranium in elevated TOC and hydrocarbons.  Gamma is less distinct in top half of 

member but a bentonite parasequence 5 often causes another gamma spike there.   

 

Distribution of Reservoir Facies 

• Reservoir facies dominate the upper calcareous unit.   

• The reservoir facies are a variety of pelletal mudstones (2-4 wt% TOC) in the UCU.  Thin-bedded, 

laminated, and faintly-laminated pelletal silty mudstones consistently had highest TOC values.  

Wispy-laminated pelletal silty mudstones, pelletal packstones, and silty (usually foraminiferal) pelletal 

packstones had increased size and abundance of pellets but diminished TOC from partial and 

intermittent bioturbation. 

• Bases of parasequences were less silty and sometimes more argillaceous with lower reservoir 

quality.  However, laminated pelletal mudstones had consistently high TOC and porosity, despite 

being commonly located in lower parts of parasequences. 

• Silt content is higher in lower 3 laminated parasequences and highest in parasequence 1.  Upper 2 

parasequences are less silty (unless foraminiferal) and more pelletal. 

• Development-scale lateral heterogeneity in this unit is very low. 
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Hydrocarbon Storage 

• Measured total porosity ranges from 5 to 8%. 

• Porosity primarily occurs in organic matter, calcareous fecal pellets, and locally undercompacted 

areas.   

• Secondary porosity is present in abundant natural fractures observed at all data locations.   

o Fracture spacing ranges from 1 foot to less 1 inch.  An oriented 10,000-foot lateral intersects 

20,000 to >150,000 natural fractures.   

• Regional trends and thin-sections suggest porosity may be higher in eastern parts of study area (near 

Piedra, Lark well, and Pagosa Springs), but samples have not yet been measured to confirm.   

 

Geomechanics and Baffle Distribution 

• The upper calcareous unit as a whole is relatively brittle as determined by the brittleness index 

calculated from mineralogy 

o This is due to the high fraction of facies containing abundant brittle minerals (i.e. calcite, 

dolomite, quartz, feldspars, pyrite) and a low fraction of nonbrittle (clay-rich) facies.  TOC is 

also nonbrittle; however, the effect of its relative abundance in the lower calcareous zone is 

outweighed by that of the mineralogy, making the unit geomechanically favorable.   

• Brittleness is highest in the lower half of the unit where silty laminations are most abundant. 

• Cyclic fluctuations in minimum horizontal stress often coincide with cyclic BI fluctuations and lithology 

changes throughout the UCU.  SHmin is often lower near bases of parasequences and high near tops 

due to upward-increasing carbonate content.  

• There is commonly an abrupt and drastic drop in minimum horizontal stress above top of 

parasequence 3 (Smoky Hill top) near the middle of the unit. 

o This SHmin change is driven by a lithology change from heavily laminated calcareous facies 

to argillaceous facies and could as a baffle. 

• Two major bentonites occur in the unit and may act as baffles to fractures, stress, and fluid flow. 

o One bentonite occurs near the base of parasequence 2 and the other in the upper part of 

parasequence 5. 

• The oyster-inoceramid bed that occurs in the middle of parasequence is very indurated and resistant 

to weathering and may act as a baffle.  It always smells like hydrocarbons upon breakage. 

• There is also a laterally extensive carbonate-cemented horizon near the top of parasequence 4 which 

may act as a baffle. 

• There is another series of carbonate-cemented horizons (dolomitic mudstone beds) in the upper part 

of the UCU which may also act as baffles. 
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5.2.5: Upper Argillaceous and Sandy Unit (Cortez Member) 

Thickness and Log Character 

• The thickness of this unit ranges from 600 to 1100 feet with gradational lower and upper contacts 

o Lower contact fines upward from decreasing carbonate content out of UCU, upper 

contact coarsens upward with increasing sandiness into Point Lookout Sandstone. 

o This unit thins to the east and northeast. 

• Log signatures are variable due to the great thickness and downlapping clinoforms within this 

unit. 

•  Resistivity drops above the upper calcareous unit and remains suppressed through the lower 

part of the UASU until the unit becomes sandy enough to start driving up resistivity values.  

Gamma and resistivity logs show two broad coarsening-upward sequences in this unit.  The top 

of the first sequence forms a low-gamma, high-resistivity sandy section in the middle of the 

UASU.  The second sequence coarsens upward into the Point Lookout Sandstone and also 

contains some significant and extensive sand beds in the Mancos.   

o Various resistivity spikes also occur due to carbonate concretions and cemented horizons 

throughout this unit. 

 

Distribution of Reservoir Facies 

• The upper argillaceous and sandy unit is dominantly comprised of nonreservoir mudstone facies 

in the study area, but sandy reservoir types are potentially present.  

• Tight sands with adequate unconventional intergranular porosity may exist in the middle and top 

of the unit, where they are flagged by suppressed gamma and elevated resistivity with frequent 

undulations.  These sands are not to be confused with carbonate concretions which are common 

and show very high resistivity kicks in a more isolated fashion.   

 

Hydrocarbon Storage 

• Porosity measurements were not taken on this unit for this study.   

• Porosity occurs between sand grains when the lithology is sandy enough to have a grain-

supported system.   

• Natural fractures are not uncommon in this unit and may contribute to secondary porosity 

o Fracture spacing was not measured in the UASU for this study. 

 

Geomechanics and Baffle Distribution 

• The sandstones are brittle and the argillaceous silty to sandy mudstones are typically less so, 

unless they are sandy enough to host a grain-supported network. 

• Interbedded sands and mudstones may behave in a brittle fashion if sand beds are frequent and 

tightly spaced enough.   
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• SHmin increases with quartz content in this unit, so horizontal stress changes may occur across 

lithologic boundaries such as flooding surfaces.   

• The various diagenetically cemented horizons and other sharp lithology changes could act as 

geomechanical baffles in this unit.  Laterally extensive diagenetic horizons and flooding surfaces 

may also act as barriers to fluid flow in the upper argillaceous and sandy unit. 
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CHAPTER SIX 

REGIONAL DISCUSSIONS, CONCLUSIONS, AND FUTURE WORK 

6.1: Regional Discussions 

6.1.1: Correlation of Niobrara from DJ Basin to San Juan Basin 

The previously established fourth-order cycles for the Western Interior Seaway during the 

Niobrara marine cycle (Kauffman, 1977) were placed in a sequence stratigraphic framework by Drake & 

Hawkins (2012).  These fourth-order cycles and their sequence stratigraphic framework was again tested 

and applied to XRF data from the DJ Basin by Nakamura (2015).  The sequence stratigraphy of the 

Niobrara fourth-order cycles was described in chapter 1 and applied to the northern San Juan Basin in 

chapter 4.  The biostratigraphic data for the Mancos reference section at Mesa Verde National Park 

(Leckie et al., 1997) were also presented in chapter 1.  The wealth of data from this study was analyzed 

in the context of the known fourth order cycles and this biostratigraphic data to develop a sequence 

stratigraphic framework that directly corresponds to the Niobrara type section in Pueblo Colorado and the 

Niobrara in the DJ Basin.  The intermountain Niobrara correlation is discussed and clarified in this 

section. 

The end of the R6 regression is marked by the Semilla Sandstone in the San Juan Basin and by 

the Codell Sandstone in the DJ Basin.  After this extensive filling of the Western Interior basin, minimal 

accommodation was available during early T7a transgression in the eastern parts of the basin, where the 

Juana Lopez Member and upper Carlile section (equivalent to Sage Breaks or Montezuma Valley) are 

highly condensed into a few feet between the Codell and Fort Hays Limestone of the Niobrara Formation.  

Significant disconformities separate the Codell, Carlile, and Niobrara at Rock Canyon and in the 

subsurface of the DJ Basin.  In the northern San Juan Basin, there is a much thicker section of Juana 

Lopez Member and Montezuma Valley Member (upper Carlile) separating the Semilla Sandstone and 

Niobrara section.  This wedge of sediment, along with its equivalents, was restricted to the western side 

of the WIS because it was more proximal to the uplifting Sevier and Mogollan Highlands.  Significant uplift 

in the highlands (and on submarine structures) occurred during major transgressions (Kauffman & 

Caldwell, 1993) and enabled locally increased extrabasinal sedimentation along the western margin of 

the WIS in an overall intrabasinal transgressive environment.  Subsidence of the Western Interior basin 

(except in Forebulge Zone) also coincided with uplift and tectonoeustatic transgression.  The Carlile 

sediment wedge did not prograde far because uplift and increased sedimentation were also accompanied 

by increased accommodation with transgression and subsidence.  Distal Carlile deposition (or 

nondeposition) east of the forebulge zone gave way to Fort Hays Limestone deposition once adequate 

depths and conditions were reached.  Montezuma Valley (Carlile) deposition may have continued in the 

western San Juan Basin even after Fort Hays deposition began in the DJ Basin, so the lower part of the 

Fort Hays in the DJ Basin could be partially equivalent to the upper part of the Montezuma Valley 

Member on the western side of the San Juan Basin. 
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Figure 6.1: Intermountain correlation of Niobrara sequence stratigraphic surfaces from the DJ Basin to the 
northern San Juan Basin. Green lines are MFS’s and red lines are MRS’s. There is a 2x vertical 
exaggeration on the Libsack well.  Modified from Drake & Hawkins (2012).  
 

The Juana Lopez and Montezuma Valley are well-developed and disconformably overlain by the 

Fort Hays Limestone at Pagosa Springs, CO.  This area was west enough to have accumulated thick 

Juana Lopez and Montezuma Valley sections, but also east enough to accommodate conditions 

necessary for Fort Hays deposition after adequate T7a transgression and subsidence.  The MFS for T7a 

occurs within the Fort Hays Limestone at Pagosa Springs and further east in the WIS.  The R7d 

regression is represented by the remainder of the Fort Hays Limestone and overlying Shale and 

Limestone unit at Rock Canyon.  At Pagosa Springs, the Shale and Limestone Unit (SLU) is represented 
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above the Fort Hays by a ~35-foot section of bioturbated calcareous sandy mudstones containing a few 

highly cemented and resistant beds.  This is section is included with the lower calcareous zone of the 

Smoky Hill Member in the NSJB, and has a similar thickness to the Shale and Limestone Unit in the 

Raton Basin (Scott et al., 1986).  

The western extent of the Fort Hays Limestone can be seen around Pagosa Springs, CO.  This is 

owing to the submarine uplift that occurred west of Pagosa Springs throughout the T7a transgression and 

beyond.  The area west and southwest of Pagosa Springs in the San Juan Basin generally coincides with 

the forebulge zone (Kauffman & Caldwell, 1993), the Transcontinental Arch (Weimer, 1978), and 

potentially the edge of the western slope or shelf.  Both the Fort Hays Limestone and the overlying SLU-

equivalent onlap westward onto the basal Niobrara unconformity in the direction of increasing uplift and 

erosion.  The Fort Hays is entirely absent at Piedra, where the basal Niobrara unconformity is 

immediately overlain by the basal glauconitic unit followed by the SLU-equivalent bioturbated calcareous 

sandy mudstones.  Further west and southwest in the San Juan Basin, the entire time Fort Hays and SLU 

deposition is represented by the basal glauconitic unit, which grades into distinct sequences of Tocito 

Sandstone even further towards the western shoreline. 

Overlying the Tocito Sandstone sequences, the basal glauconitic unit, and the SLU-equivalent in 

the San Juan Basin are laminated calcareous silty mudstones of the lower calcareous unit of the Smoky 

Hill Member.  The lower calcareous unit is essentially equivalent to the Mulatto Tongue in the 

southwestern San Juan Basin.  The rocks become increasingly calcareous and pelletal upward until the 

upper part of the LCU, where they become more argillaceous and are overlain by a prominently scoured 

surface.  This succession was deposited during the T7b-R7b cycle and is deemed equivalent to the lower 

marl through lower limestone units (C Marl through C Chalk) of the Niobrara Formation in the DJ Basin.  

The lower sequence boundary for T7b-R7b located at the based of Tocito sequence 2 (Bottjer & Stein, 

1994) near Farmington, NM, somewhere within the basal glauconitic unit in Durango, and capping the 

SLU-equivalent in Piedra and Pagosa Springs.  It is worth noting that disseminated glauconite was also 

present in the Fort Hays Limestone in Pagosa Springs, and at the base and just above the SLU-

equivalent at both Pagosa Springs and Piedra.  The relatively argillaceous section near the top of the 

lower calcareous unit in the San Juan Basin lithostratigraphically correlates to the lower part of the middle 

shale unit (B Marl) at Pueblo.  The scoured surface overlying the LCU is the upper sequence boundary 

for T7b-R7b, and an equivalent surface was interpreted within the B Marl in the DJ Basin by Drake & 

Hawkins (2012) and Nakamura (2015).  Calcareous facies were extensively deposited during the T7b-

R7b highstands; however, they are much chalkier and thinner in the DJ Basin because of the great 

increase in sedimentation rate and siliciclastic input further west in the WIS. 

 Relatively argillaceous deposition (‘marls’ in the DJ Basin and argillaceous silty mudstones or 

‘calcareous shales’ in the northern San Juan Basin) continued for much of T7c.  These relatively clay-rich 

facies preceded the most extensive deposition of calcareous facies from the Niobrara marine cycle, which 

occurred during the fourth-order T7c-R7c cycle.  Niobrara highstands during the T7c-R7c cycle are 
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recorded by the middle chalk (B Chalk) of the Smoky Hill Member in the DJ Basin and the upper 

calcareous unit of the Smoky Hill Member in the northern San Juan Basin.  The UCU is essentially 

equivalent to the Satan Tongue in the southwestern parts of the San Juan Basin.  Calcareous facies of 

the B Chalk are known to extend much further north and west than those of the C Chalk or Fort Hays in 

the Powder River Basin (Locklair, 2007) and this seems to also be the case in the San Juan Basin.  The 

B Chalk was also interpreted to represent the most extensive version of the Niobrara seaway by 

Longman et al., 1998.  A very laterally extensive and correlatable bed or zone of concentrated 

inoceramids, oysters, and foraminifera occurs at or near the MFS for T7c-R7c throughout Colorado and 

some of Wyoming and New Mexico (Leckie et al., 1997; Locklair, 2007; Nakamura, 2015).  Many 

Niobrara geologists have also recognized the extensive nature of this bed in the B Chalk (Locklair, 2007; 

Nakamura, 2015).  The bed is referred to as the oyster-inoceramid biostrome (OIB) in this study and by 

Leckie et al. (1997).  The OIB can be viewed at numerous locations, but noteworthy outcrops are located 

in Mesa Verde NP, Durango, Piedra, Pagosa Springs, Pueblo (Rock Canyon), and Boulder (Six-Mile 

Fold).  The OIB is interpreted to be the result of an ecological population explosion, sedimentation pause, 

and winnowing which were somehow brought about by particular seaway conditions that occurred at or 

near the maximum flood of T7c-R7c and the overall third-order Niobrara marine cycle.  The OIB fits the 

criteria for a downlap shell bed and possibly a backlap shell bed of Kidwell (1991) and Zecchin & 

Catuneanu (2012).  The lithostratigraphic and chemostratigraphic context of the bed along with its internal 

characteristics (disseminated pyrite framboids, no signs of advection, biodiversity, etc.) support this 

sequence stratigraphic interpretation.  Alternatively, this bed is a tempestite, but would still be interpreted 

to relate to some maximum extent of the seaway enabling such a massive tempestite.  It could also be a 

mass mortality event relating to the bentonite beneath it. 

The R7c maximum regressive surface was not identified in the San Juan Basin during this study.  

Drake & Hawkins (2012) along with Nakamura (2015) place this sequence boundary within the upper 

chalky shale unit (A Marl) of the Niobrara Formation.  This shift back to less calcareous facies is evident 

across the NSJB within the Cortez Member as the gradational contact between the upper calcareous unit 

and the upper argillaceous and sandy unit.  The transition between these two units occurs within or just 

above the series of five dolomitic mudstone beds in the lower part of the Cortez Member reported by 

Leckie et al. (1997) and observed in this study.  These beds contain Inoceramus platinus and correlate to 

concretionary subunits (also containing I. platinus) seen in the equivalent sections in the lower part of the 

chalky shale (A Marl) at Pueblo, CO (Scott & Cobban, 1964) and in the lower part of the upper shale in 

the Raton Basin (Scott et al., 1986).  The upper argillaceous and sandy unit is very thick and shows 

regressive characteristics in the study area.  This is represented by downlapping clinoforms observed in 

extensive well-log correlations from the work of K. Molenaar (Molenaar & Baird, 1989; Molenaar et al., 

2002).  Sandy coarsening-upward parasequences can also be seen in well logs and in the field. 
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Figure 6.2: Photos of the oyster-inoceramid biostrome in the B Chalk in eastern CO. Outcrop photo is 
from Pueblo and core photo is from the Angus core in the DJ Basin. Similar to these photos, a thin 
bentonite often underlies this bed in the study area.  From Locklair (2007). 

 
   Two broad sandy coarsening-upward packages were observed in this study and measured by 

Leckie et al. (1997).  The R7c MRS is interpreted to lie within the sandy section near the top of the first 

coarsening-upward package.  The uppermost part of this first package is the sandiest and likely 

represents a relative ‘lowstand’ deposit above the lower sequence boundary for T7d-R7d.  The shaley 

base of the second coarsening-upward package likely correlates to the upper chalk (A Chalk).  At Pueblo, 

the upper chalk contains Inoceramus simpsoni and is immediately underlain by calcareous mudstones 

containing Scaphites hippocrepis.  Although I. simpsoni was not found in the upper Cortez Member at 

Mesa Verde, they did find S. hippocrepis near the base of the second coarsening-upward package, 

permitting its time equivalence to the upper chalk.  The section between the A Chalk and the Apache 

Creek Sandstone correlates to the remainder of the Cortez Member that coarsens upward into the Point 

Lookout Sandstone.  The T7d MRS is taken somewhere near the base of both sands.   
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6.1.2: Effects of Transcontinental Arch 

Numerous submarine uplifts have been delineated in the San Juan Basin and elsewhere which 

affected sedimentation in the Western Interior Basin.  Rooted by deep-seated basement structures and 

other zones sensitive to tectonic stress, these uplifted areas underwent less subsidence in the Sevier 

compressional regime and often formed localized sites of depositional thinning or nondeposition to 

erosion.  Data from this project provided additional evidence for submarine uplift in the central and 

western parts of the study area (Piedra and Durango; Figure 6.03).  Additional robust evidence for 

submarine uplift in the San Juan Basin is abundant south and southwest of the study area.  This is 

represented by the dynamically variable amounts of missing section below the basal Niobrara 

unconformity and systematic linear distribution of Tocito Sandstones with structural trends (Bottjer & 

Stein, 1994; Nummedal & Riley, 1999; Huffman & Taylor, 1999).  These submarine structures generally 

occur in the forebulge zone of Kauffman (1988), which also seems to broadly intersect the 

transcontinental arch on the western side of the study area.  The two structures may be entirely 

coincident in this area, although both are thought to continue in different directions elsewhere.  Although 

the southwestern terminus of Weimer’s mapped uplift falls around the northwestern limit of this study 

area, additional data from this study also show thinning of Niobrara calcareous facies to the west in the 

direction of the arch.  The forebulge zone extends away from the study area in directions parallel to the 

paleoshoreline.  The series of submarine uplifts observed in the study area and elsewhere in the San 

Juan Basin can be interpreted as a composite structural representation of either the forebulge zone or the 

transcontinental arch in this area.  The tectonic signature from geochemical data and frequent bentonites 

in the Niobrara transgressive sediments supports the interpretation of a tectoneustatic influence which 

would have activated old structures in both of these broadly defined tectonic zones (Kauffman & Caldwell, 

1993).      

6.1.3: Geographic Differences in Timing and Style of Oxygenation 

The sequence stratigraphic correlation of the Niobrara from the northern San Juan Basin to Rock 

Canyon and the Denver-Julesberg (DJ) Basin reveals significant lateral variation of oxygenation 

conditions within equivalent lithologies across the Western Interior Seaway.  Essentially, the timing of 

anoxia in the Niobrara is inverted and occurs on opposite ends of the sea level curve between the 

northern San Juan Basin and DJ Basin.  This is clearly demonstrated in the T7b-R7b and T7c-R7c 

sequences.  In the northern San Juan Basin, redox elements (molybdenum and vanadium) and TOC are 

highest in the most calcareous lithologies (calcareous mudstones or ‘marls’), which were deposited during 

late transgression and early highstand (moderately distal, deeper water).  In the DJ Basin, redox 

elements and TOC are highest in most least calcareous lithologies (‘marls’), which were deposited during 

late regression and early transgression (moderately proximal, shallower water).   

244



 
Figure 6.3: Schematic cross-section showing the dramatic effects of submarine uplift between Pagosa 
Springs and Piedra observed during this study. The Fort Hays Limestone progressively onlaps onto the 
submarine structure while the overlying ‘Canon Bonito’ unit at least partially extends into Piedra.  FH=Fort 
Hays Limestone, ‘CB’=’Canon Bonito’ unit (equivalent to shale & limestone unit at Pueblo), SH=Smoky 
Hill Member. 

 
This inverse geochemical relationship has been observed in several western Rocky Mountain 

basins.  Dellenbach (2016) noted this relationship in the Niobrara between the Sand Wash Basin and DJ 

Basin.  Hinricher also provided another example from the Niobrara in the Piceance Basin.  Thus, anoxia 

generally developed on only one side of the WIS at a time, resulting in source rocks being deposited 

during shallower times on the east side of the seaway and during deeper times on the west side of the 

seaway.    

It was noted by Dellenbach (2016) that the same mineralogy is occurring during times of anoxia, 

TOC enrichment, and source rock deposition between the Sand Wash Basin and DJ Basin (Figure 6.04).  

He emphasized a “mineralogical sweet spot” for TOC enrichment in the marls/calcareous mudstones at 
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about 50% carbonate, 30% clay, and 20% quartz content.  At the same time, Hart (2016) crossplotted 

TOC and calcite for various WIS formations and found that TOC increases with calcite up until about 

45%.  He also proposed a model for the mineralogical relations to TOC enrichment in muddy 

epicontinental seaways using several examples from the Western Interior Seaway, including Greenhorn 

and Carlile sections.  Hart explained that having the right amount of terrigenous clay influx will enable 

organominerallic flocculates to form which, in addition to calcareous pellets, have a larger particle size 

and consequently rain down to the seafloor faster.  Rapid deposition will contribute to the formation of an 

oxygen-minimum zone by overconsumption of oxygen during initial aerobic decomposition of organic 

matter by benthos.  In overly proximal areas, too much terrigenous siliciclastic influx can dilute the organic 

matter (and decrease production), deposited organic-lean argillaceous silty to sandy mudstones.  These 

‘shaley’ rocks are often also bioturbated.  In areas more distal from argillaceous/siliceous or calcareous 

mudstone (marl) deposition, carbonate content is undiluted, deposition is slower from lack of OMFs, from 

more recycling of organic matter in the photic zone with increased production, and benthos has much 

more time to destroy less organic matter.  Chalks are deposited here and do not record OMZ 

development.  Thus TOC starts to decrease with increasing calcite content above 45-50%.  This can be 

explained by a lack of terrigenous clay influx to moderate sedimentation rate; however, illite and calcite 

show a linear inverse relationship, so TOC can be graphically related to both clays and carbonate 

content.   

This concept of connecting mineralogy and TOC is well-displayed in the in the T7b-R7b and T7c-

R7b sequences across the Western Interior Seaway during Niobrara time (Figure 6.05).  The argillaceous 

mudstones have low TOC from dilution and the chalkier lithologies have low TOC from bioturbation, while 

calcareous mudstone or marl lithology is typically associated with anoxia and higher TOC.  This optimal 

mineralogy does usually favor TOC enrichment; however, many other workers have suggested that silling 

of the Western Interior basin and resulting seaway restriction and stratification of the water column is a 

primary driver for anoxia during both Greenhorn and Niobrara marine cycles (Eicher & Diner, 1985; 

Kauffman et al., 1985; Lowery et al., 2018).  In this model stratification and bottom-water anoxia in the 

WIS occur during lower sea level due to reduced access of Tethyan and Boreal waters to the seaway and 

resultant lack of mixing.  The interplay of these water bodies during deeper times resulted in resupply and 

mixing of oxygen and nutrients in the water column, causing recycling and bioturbation of organic matter.   
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Figure 6.4: Diagram showing how deposition of lithologies with good source quality occurs on opposite ends of the sea level curve between Sand 
Wash and DJ Basins.  Modified from Dellenbach (2016). 
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Figure 6.5: Diagram showing mineralogical relationships to source quality between the eastern and western Rocky Mountain basins.  Peak TOC 
occurs in the marly mineralogies on both sides of the Western Interior Seaway.  Modified from Dellenbach (2016). 
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If these factors in the seaway stratification model are causing anoxia, then they don’t apply 

directly to the San Juan Basin or other western rocky mountain basins.  Times of lower sea level, 

stratification, and anoxia in the DJ Basin are recorded by bioturbated intervals in the NSJB.  Times of 

higher sea level are associated with anoxia and TOC preservation in the NSJB, but represent mixing, 

oxygenation, and bioturbation in the DJ Basin.  An expansion of the seaway stratification model for anoxia 

is explored here to integrate observations and data from the northern San Juan Basin to recent work and 

proposed models of Lowery et al., 2018).  In this expansion, vigorous mixing and downwelling of oxygen- 

and nutrient-rich waters send diverted currents toward the western margin of the WIS, resulting in 

upwelling of these waters onto the forebulge zone and associated/adjacent western shelf.  This 

interaction of primary production of OM and carbonate along with moderate clay (and associated quartz 

silt) influx enabled rapid sedimentation by pellets and organominerallic flocculates.  The oxygen-minimum 

zone develops near the seafloor in this situation and allows preservation of the laminated pelletal silty 

mudstone facies (Figure 6.06). 

A variety of calcareous mudstone (‘marly’) facies from the Western Interior Seaway have higher 

porosities in abundant calcareous fecal pellets and organic matter and ‘brittle’ geomechanical properties 

from the relatively calcareous and siliceous mineralogy.  These rocks are generally the best targets for 

horizontal wells based on all geological considerations for landing zones.   

 

 
Figure 6.6: Diagram showing proposed mechanism for having simultaneously opposite oxygenation 
conditions on opposite sides of the WIS.  Modified from Lowery et al. (2018).  
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6.2: Conclusions 

1. The upper four members of the Mancos Shale in the northern San Juan Basin were deposited 

during the third-order Niobrara marine cycle (T7-R7 of Kauffman, 1977).  From oldest to 

youngest, these are the Juana Lopez Member, Montezuma Valley Member, Smoky Hill Member, 

and Cortez Member. 

2. Four fourth-order cycles were recorded within the Niobrara marine cycle in the northern San Juan 

Basin.  These are: T7a-R7a, T7b-R7b, T7c-R7b, T7d-R7d.   

3. Significant sequence stratigraphic surfaces were identified for these sequences in outcrop, core, 

and logs.  This enabled correlation with the Niobrara from other parts of the Western Interior 

Seaway. 

4. The T7a-R7a sequence is very thick heterogeneous across the study area, containing Fort Hays 

Limestone in the eastern part which grades into a reworked sandy erosional section to the west 

and southwest.   

a. The thickness of the Juana Lopez through Montezuma Valley (T7a) section was derived 

from uplift associated with tectoneustatic transgression. 

b. The section of bioturbated sandy calcareous mudstones above the Fort Hays Limestone 

and immediately above the BNU at Piedra (and likely in the Lark well) is equivalent to the 

shale and limestone unit (Scott & Cobban, 1964) and has been called the ‘Canon Bonito’ 

unit by King (1972). 

5. Sea-level highstands during subsequent T7b-R7b and T7c-R7c were more consistent and 

extensive, depositing the lower calcareous unit of the Smoky Hill Member and the upper 

calcareous unit of the Smoky Hill Member and lower Cortez Member.  Argillaceous and detrital 

mudstones were deposited at and near times of max regression, 

a. The LCU is equivalent to the C Chalk and is interpreted to have been shallower and/or 

more proximal in comparison with the UCU on the basis of its relatively abundant detrital 

material, current-driven sedimentary structures, and bioturbation. 

b. The UCU is equivalent to the B Chalk and is interpreted to have been deeper and/or 

more distal in comparison with the LCU on the basis of its higher pelletal content, degree 

of lamination, and lack of bioturbation.  Its thickness and areal extent suggest it was more 

long-lived than the prior highstand.  The elevated tectonic signature of T7c-R7c observed 

by Nakamura (2015) was also supported by data from this study; thus more tectonic 

subsidence likely occurred during T7c than T7b.   

6. All of T7d-R7d occurred during an overall regressive time in the Niobrara seaway; thus, 

calcareous mudstones were not deposited in the study area during this cycle.  A relatively shaley 

zone in the thick sandy section above the upper calcareous unit is interpreted to represent the 

deepest time during T7d-R7d in the northern San Juan Basin.  This zone is also equivalent to the 

A Chalk. 
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7. Submarine structures associated with the forebulge zone and/or the transcontinental arch were 

active during deposition and clearly influenced thicknesses of the Niobrara section.  Erosion is 

most apparent from late Turonian through early Coniacian times; however, various hiatal to 

erosional surfaces coupled with unique sand distribution indicate structural activity through the 

Coniacian and Santonian.  

8. Timing and style of anoxia differ significantly between the San Juan Basin and DJ Basin.  

Enrichment of organic matter and redox-sensitive trace elements occurred during late TST 

through HST in the San Juan Basin and during LST through early TST in the DJ Basin.   

9. The lower and upper calcareous units make up the two broadly defined target zones in the study 

area.  These are represented as two broad high-resistivity zones between the Mesaverde Group 

and Juana Lopez Member.  The best reservoir facies include a variety of pelletal mudstones, and 

laminated pelletal facies may be superior to massively bedded pelletal facies.  The most 

important type of porosity occurs in organic matter and calcareous fecal pellets.  Fractures are 

associated with a variety of factors that are favored in these rocks and also contribute hugely to 

hydrocarbon storage here   

a. Wells should be generally oriented approximately E-W to intersect natural fractures and 

favor propagation of induced fractures in the subsurface current stress regime.  Local 

exceptions exist due to the effects of local structures of fracture orientation. 

10. On scale of steering windows, event beds, diagenetic beds, and fifth-order cyclicity has 

distributed and compartmentalized reservoir facies within calcareous units.  Wells should target 

the highest porosity zones that overlap with favorable geomechanical properties to optimize the 

‘skin factor’ in the production equation.  The rocks that immediately surround the wellbore largely 

affect the production. 

a. Conveniently for the petroleum industry enrichment of organic matter occurs in brittle 

mineralogical assemblages (low clay, moderate to high quartz and calcite) which happen 

to also contain pelletal porosity, all due to a favorable balance between geology, climate, 

and ecology. 

 

6.3: Future Work 

• Age-dating of the prominently correlatable bentonites, many of which may have been dated already in 

other basins. 

• The isotopic ratios Sr87/Sr86 from unaltered inoceramid shells has a distinct trend in the late Cretaceous 

(Bernhardt et al., 2012).  This isotopic analysis can provide very high resolution age data for this time 

period.   

• Concretions often systematically occur at or near significant sequence stratigraphic surfaces.  They 

also contain multiple phases of mineralization that can be isotopically sampled to glean information 

about chemical changes that occurred during and after burial.  Examination and sampling of 
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concretions in the Montezuma Valley Member could reveal a history of sea level changes that occurred 

during development of the overlying basal Niobrara unconformity.  These changes may correlate with 

the basal Niobrara section where it is present.  Similarly, paying attention to concretionary zones in the 

Cortez Member may help reveal depositional changes and refine the stratigraphic story for the 

uppermost Mancos in the study area.  It has been suggested that some of the concretionary zones in 

the Cortez Member may correlate to the equivalent section in the Uinta Basin (Leckie et al., 1997). 

• There are basal Niobrara outcrops south of Pagosa Springs where Highway 84 crosses the Blanco 

River.  George Lamb briefly describe this location (1968), but it is unclear if Fort Hays is present there 

or not.  These are easily accessible exposures in an excellent area. 

• The western extent of the Fort Hays Limestone is still poorly understood due to the complex 

relationship between the chalky beds and the overlying resistant calcareous mudstone beds in the 

‘Canon Bonito’ section.  Only the ‘Canon Bonito’ beds are present in Piedra.  Are these actually the 

same beds seen overlying the Fort Hays in Pagosa Springs?  Or have some/all of the Fort Hays beds 

laterally graded into these resistant calcareous mudstone beds?   

• Refinement of basal Niobrara biostratigraphy at Pagosa Springs and Piedra, CO. 

• The entire Niobrara section seems to be well-exposed around Ridgway, CO.  This is one of the most 

outstandingly gorgeous areas to do stratigraphic fieldwork in the state. 

• Measurement and sampling (for petrography, reservoir quality, and geochemistry) of the entire Cortez 

Member at Piedra and between Piedra and Pagosa Springs is very feasible.  If existent, reservoir 

quality of sandy sections may change drastically between Pagosa Springs and Durango; thus, 

measurement and sampling of the same section in Durango would be fairly straightforward at location 

23 (for instance). 

• Approximately 100 inoceramids were photographed (plan-view)  and depth-logged in the Hat Park 

core.  Identification of these species could be useful for refinement of the sequence stratigraphic 

framework. 

• More logs need to be considered for development of meaningful isopach maps in the study area.  Only 

wells with gamma-ray and resistivity were examined in this study; however, inclusion of SP logs in 

correlations may greatly expand the isopach data. 

• Integration of recent horizontal drilling and production data. 

• The Raton Basin seems to be quite similar to the study area.  More direct comparison between these 

two areas may be insightful.  This project could be tacked on to  

sampling of the upper calcareous unit at Pagosa Springs. 
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