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Abstract 
 
Variations in long wavelength ultraviolet (UV) fluorescence among a continuum of rock types from clean 
Niobrara chalk through dark Niobrara marl led us to investigate the role of asphaltenes percent in not only 
on quenching of UV fluorescence but, more importantly, on hydrocarbon viscosity and producibility. 
Stepwise reintroduction of separated asphaltenes from soluble fractionation of saturates, aromatics, 
resins, and asphaltenes (SARA) into an asphaltene-free extract of Niobrara marl demonstrates 
asphaltene quenching of UV fluorescence and associated progressive increases in viscosity, even when 
measured at reservoir temperatures. This simple study raises questions about the validity of log and core-
derived (solvent-based) porosity and permeability measurements, and if the removed extract is mobile oil 
or highly viscous bitumen?  
 
Parallel nano-scale focused ion beam-scanning electron microscopic (FIB-SEM) investigations of 
depressurized and/or degassed, but otherwise uncleaned, core samples suggest that contextual and 
morphologic distinctions are possible among kerogen, bitumen, and residual oil saturations (Sor). The 
Niobrara shows a complete continuum between clean chalk and source rock “marl”, also expressed by 
gradational attributes such as gray scale [% carbonate and %total organic carbon (TOC)], UV 
fluorescence, and asphaltene percent. This led us to pursue more involved extraction experiments to 
determine whether asphaltenes percent impacts viscosity to the degree that we must ask what percent of 
original oil-in-place (OOIP) is mobile oil-in-place within Niobrara marls? SEM imaging indicates that 
kerogen, bitumen, and residual (mobile) oil saturation (Sor) can and should be differentiated. Not only 
does this have implications for flow capacity from source rocks in the oil window, but it has other 
important implications for mobile original oil-in-place (MOOIP) and estimate recovery factor. It is thus 
important to understand bitumen evolution every bit as much as kerogen evolution when exploring for and 
exploiting tight oil plays.  
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Statement of the background 
 
Oil-shale retort studies in the early 1900s recognized bitumen as an intermediate stage between the 
transformation of kerogen to oil (Engler, 1913; McKee and Lyder, 1921; Franks and Goodier, 1922). Louis 
and Tissot (1967) reiterated the concept of bitumen as an intermediate stage in natural petroleum 
generation.  However, open system anhydrous pyrolysis deemphasizes intermediate bitumen because all 
of the hydrocarbon products are volatilized.  SARA analyses show that viscosity of heavy oils correlates 
with resins + asphaltenes at concentrations above 25%; below 25%, it is uncorrelated (Wu & Prasad, 
2013). 
 
Earlier SARA extraction work on the Bakken shales demonstrated extreme differentiation in asphaltene 
percent between extracts from upper and lower Bakken shales versus from the intervening  middle 
Bakken reservoir cores as well as from produced fluids, to the point that we began to strongly question 
the relevance of source rock So derived from log and core analyses because its producibility was highly 
questionable due to high viscosity (Sonnenfeld and Canter, 2015; 2016). 
 
A comparison of the Bakken shales in the Williston Basin to the marls and organic-rich mudstones of the 
Niobrara Formation in the DJ Basin of Colorado led to similar questions about bitumen content and 
producibility, especially in the portions of the basin where the Niobrara lies in the oil-widow.  
 
This paper is adapted from previous published presentations beginning with the Mudrocks Conference, 
Houston Geological Society, February 2015, and the AAPG Annual Convention & Exhibition, Calgary, 
Alberta, Canada, June 19-22, 2016.  Special thanks are extended to my former colleagues at Whiting 
Petroleum, especially Mark Sonnenfeld, Mark Williams, Alan Byrnes, and Mark Odegard for their 
important contributions to this project.  Source rock analysis was provided by GeoMark, Houston, TX and 
oil extraction was completed by Core Laboratories Bakersville, CA. 
 
 
Aims and Objectives 
 
Before accurate recoverable oil estimates in unconventional oil reservoirs such as the Niobrara can be 
determined, we must understand whether the hydrocarbons present are producible.  This study was 
designed to address the question whether the produced oil recovered at the surface is in full solution with 
the bitumen extracted from source rock and hybrid reservoirs, at reservoir temperature and pressure 
conditions, or does the oil and bitumen occur as two distinct phases in the reservoir, with bitumen 
behaving more as an obstruction to oil flow, but is not separated in oil saturation (So) core  
measurements?   
 
 
Materials and methods 
 
The Cretaceous Niobrara Formation produces oil and gas in the DJ Basin of Colorado (Figures 1 and 2). 
Production from chalk intervals in the Niobrara is well known and documented, but the relative 
contribution from interbedded marls and mudstones is debatable.  Log analysis of the Niobrara Formation 
in the oil-mature portion of the basin predicts considerable oil-in-place from chalks, marls and mudstones.  
Wireline logs cannot distinguish the organic matter state, and whether the hydrocarbon calculated is 
producible.  
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Figure 1.  Location of the study area in Weld County, Colorado, USA.  Background colors in the map represent formation resistivity trends.  

Regional faults are shown as are positions of Wattenberg Field and the Redtail study area. 
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Figure 2.  General Cretaceous stratigraphy in the DJ Basin of Colorado. Right column is UV florescence in core, wireline logs 
include GR, SP, Resistivity, Neutron and density logs (after Canter and Breig, 2013). 
 

 

Figure 3.  White light and UV light pairs of Niobrara chalk, marl and mudstone. Note the bright yellow fluorescence of the chalk 
sample and lack of UV fluorescence in the marl and mudstones samples.  Bright yellow bed in the mudstone sample is an interbed 
of volcanic ash (Canter and Breig, 2013). 
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For this investigation, we chose to use SARA column chromatography of various extracts and FIB-SEM 
studies to better understand the state of the hydrocarbons in the source rocks and reservoirs of the 
Niobrara Formation producing zones from Weld County, Colorado, USA (Figures 1 and 4).  SARA 
analysis is appropriate because the principles of column chromatography are essentially the same as for 
chromatographic separation of compounds during (primary) migration (Waples, 1985).  
Geochromatographic effects must be associated with expulsion in order to explain the preferential 
expulsion of saturated hydrocarbons over nitrogen, sulfur, and oxygen (NSO) compounds (Wilhelms et al, 
1990). 
 

 
Figure 4. SARA Column Chromatography workflow as defined by Huc (2013). 

 
In northeastern Weld County, the Cretaceous Niobrara Formation contains a continuum between clean 
chalk and source rock marl (Figure 3).  This continuum is expressed by gradational attributes such as 
rock gray scale (dependent on percent carbonate, clays, and organic matter), and UV fluorescence.  We 
pursued more involved extraction experiments to further assess percent asphaltene impact on viscosity 
and UV using stepwise asphaltene reintroduction experiments as follows, and results are illustrated in 
Figure 5: 
 

• Perform separate n-hexane and dichloromethane (DCM) extracts on Niobrara B marls to yield 1-2ml 
each. 

• Precipitate out asphaltenes from DCM extract. 

• Incrementally add asphaltenes (now a black powder) back to the asphaltene-free n-hexane extracts 
to create separate 2-4-6-8% admixtures. 

• Measure API gravity and viscosity. 

• Viscosity measured at 122, 160, 180, 200, and 220 oF (50, 71, 82, 93, and 104 oC). 
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Figure 5. Impact on UV fluorescence after stepwise reintroduction of different asphaltene percentages. 
 

Companion FIB-SEM studies revealed that contextual and morphologic distinctions are possible among 
kerogen, bitumen, and residual oil saturations (Sor).  Kerogen, bitumen and oil all appear dark grey in 
standard grayscale backscatter electron (BSE) SEM images; pores appear black, and most minerals 
appear medium grey.  Kerogen is primary form of organic matter representing solid depositional particles 
similar to framework mineral grains (Figure 6).  Kerogen is immobile but can be thermally cracked, and 
cracking may generate significant amounts of porosity with increasing thermal stress.  Bitumen is a 
secondary form of organic matter resulting from the thermal degradation of kerogen that is soluble in 
organic solvents. The interpreted bitumen observed with SEM has migrated, and occurs within minute 
pores and, and thus is differentiated from kerogen particles (Fig. 6).  Details of the FIB-SEM study are 
presented in the Results and discussion section. 
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Figure 6.  Kerogen is typically characterized by aspect ratios that resemble those of framework grains and compressed organic 
particles.  Migrated oil has a pore-filling habit (Sonnenfeld and Canter 2015; 2016). 

 

 

Results and discussion 
 

SARA analysis show that considerable hydrocarbon fractionation occurs as hydrocarbons are expelled 
from the source into the reservoir.  Produced oil also show fractionation from the oil extracted from 
reservoir core samples (Figure 7). Each fractionation step results in less asphaltenes in each oil extract. A 
FIB-SEM study of a similar set of samples at similar thermal maturities provides insight into the 
distribution and potential producibility of the hydrocarbons contained within both chalk and marl reservoirs 
of the Niobrara in eastern Colorado.   
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Figure 7. SARA analyses from oil extracted from source rock and reservoir chalk core, and from produced oil in the cored well. 
 
 
Migrated hydrocarbon is present in the pore networks and throats of the Niobrara chalks and chalky 
marls. In most chalk samples, hydrocarbon fills a minor portion of the euhedral intercrystalline pores.  The 
measured TOC is very low in these chalk samples (<0.5 wt%), and the organic matter could be either 
bitumen or residual oil (Sor).  FIB-SEM images show that the hydrocarbon in most samples lines some, 
but not all, pores and the migrated hydrocarbon has a meniscus-like habit, suggesting that the 
hydrocarbon is held by capillary forces and represents residual oil (Figure 8).   
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Figure 8.  Habit of residual oil in intercrystalline pores in a Niobrara chalk sample (Sonnenfeld and Canter, 2015; Canter et al, 2016). 
 
 
 
Figure 9 shows the results of a partial toluene extraction on a marly chalk conducted to substantiate this 
interpretation that the migrated residual oil hydrocarbon with minor bitumen. A chalk sample was selected 
and cross-sectioned in the FIB-SEM (left side of Figure 9).  Up is to the right on both electron 
micrographs.  The aspect ratio (some particles are long and sinuous flattened primary organic matter; a 
few are rounded and grain-sized kerogen particles) suggested that the dark grey material at the base of 
the unextracted sample is kerogen, whereas the dark grey material on the right side of the electron 
micrograph is interpreted to represent migrated hydrocarbon, since it is filling pores lined with euhedral 
calcite crystals in a depositional grainstone.  After a partial toluene extraction (right electron micrograph in 
Figure 9), shows oil streaming down the curtains produced by gallium milling, particularly in the right side 
where residual oil filled intercrystalline pores.  Note that the kerogen particles are also somewhat soluble 
in toluene, indicating that the kerogen is partially converted to bitumen. 
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Figure 9. FIB-SEM BSE images before and after partial toluene extraction under ambient conditions (Sonnenfeld and Canter, 2015; 
2016) 

 
 
Bitumen may behave in many ways like a cement in the oil window by occluding pores, but the bitumen 
may crack with subsequent thermal stress to form pores within the organic matter (Fig. 10) that provide 
storage for hydrocarbons in the condensate and gas windows (Sonnenfeld and Canter, 2015, Camp, 
2015; 2016; Canter et al., 2016). Residual liquid oil is also a secondary form of migrated organic matter 
that is distinguished from bitumen based on its textural characteristics observed in SEM (Figure 8; 
Sonnenfeld and Canter, 2015; 2016). 
 
 
 



  11 

 

Figure 10. Example from Wattenberg Field of bitumen fill in intercrystalline pores. Subsequent thermal stress after initial oil migration 
yielded gas-condensate escape pores in the bitumen (Sonnenfeld and Canter, 2015; 2016). 

 
 
A type of light oil-escape pore is common in the oil-window Niobrara.  These pores, referred to as 
hydrocarbon evacuation pores, are interpreted to represent the voids left behind after the escape of 
volatile oil from the central portions of the intercrystalline pores (Figure 11, Sonnenfeld and Canter, 2015; 
2016).   
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Figure 11. Examples of hydrocarbon evacuation pores, interpreted to represent the voids left behind after the escape of volatile oil 
from the central portions of the intercrystalline pores in chalk samples (Sonnenfeld and Canter, 2015; 2016). 

 
Niobrara marls are characterized by submillimeter alternation of chalk, clastic-rich marl and thin organic-
rich layers (Figure 12).  The pores adjacent to source layers tend to be completely occluded by bitumen 
emplaced during primary expulsion, and this product is likely not producible. As thermal maturity 
increases toward Wattenberg Field, however, the bitumen cracks and liberates gas-condensate (Figure 
10). 
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Figure 12. Interbedded chalk and organic-rich marl sample (left) from the C Interval of the Niobrara Formation. Primary migration 
from source-rich interbeds (lower right) expelled bitumen into immediately adjacent porous chalk pellets (upper right; Canter et al., 
2016). 
 
 
Conclusions 
 

This study was initiated to investigate if the oil produced from the Niobrara occurs is in full solution with 
extractable  bitumen, or if the oil and bitumen occur as two distinct phases at reservoir conditions, with 
bitumen behaving more as an obstruction to flow that may be misinterpreted as recoverable oil deduced 
from core oil saturation measurements (So). 
 
Results from these experiments show that a quenching effect of asphaltenes on UV, from bright yellow 
toward dull gold-brown to no UV (365nm excitation wavelength), and the presence of polar asphaltenes, 
increases viscosity and tendency toward oil-wet conditions.  Oil viscosity matters for Darcy flow in 
unconventional oil reservoirs.  We contend that source rock bitumen viscosity varies from 10-100+ cp, 
depending on reservoir conditions and thermal maturation state. 
 
SARA composition controls viscosity and producibility, especially when pores and pore throats are 
measured in microns to nanometers as in the Niobrara. Early kerogen breakdown and volume expansion 
at low maturity levels (0.4-0.7%Ro) yields large molecular weight asphaltenes and resins.  These are 
polar molecules which change the source rock from water- to oil-wet that exist as highly viscous fluids at 
reservoir conditions with very limited production potential.  Primary expulsion, even at mm or cm scales, 
preferentially “sieves” the mobile aromatics and paraffins into carrier beds, while “leaving behind” the 
larger compounds that are concentrated in viscous source rock bitumen to the point of limited to no 
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mobility. Ongoing maturation (bitumen cracking from 0.8-1.0+ %Ro) breaks down the asphaltenes and 
resins (and to a lesser extent, the kerogen) into lighter aromatics and paraffins, and eventually to gas. 
 
We recognize that SARA extractions lack the C1-C14 fraction (lost with solute evaporation), so exact 
property measurements, especially viscosity, will not truly mimic subsurface conditions, but comparative 
high vs. low viscosity trends between bitumen and migrated oil remain meaningful. 
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