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Abstract
Piceance Basin oil-shale deposits have been identified as the richest in the world. In situ and ex
situ conversions of the underground shale are potential options to recover the billions of
barrels of oil located across the Piceance Basin in Colorado. Though the U.S. Department of
Energy considers it a “promising” technology, its subsurface environmental impacts are not yet
fully explored. The in situ pyrolysis of oil shale will, by nature of its releasing long-stored
kerogen from the shale rock, change the porosity of the remaining subsurface materials (both
of extracted shale and surrounding sandstone). A series of shale samples were subjected to
pyrolysis at a variety of temperatures, pressures, and reaction times to simulate in situ and ex
situ conversions. The resulting surface areas and porosities were measured using nitrogen
adsorption isotherms, crystalline and materials structure changes monitored using x-ray
diffractometry, and morphological changes observed via scanning electron microscopy.
Preliminary lab results show development of micro- and mesopores, which are correlated with
temperature, pressure, and extraction time. To explore the impact of these morphological
changes on environmental fate and transport, geophysical investigations and groundwater flow
and 3D geologic computer models were created, analyzed, and correlated with potential oil
migration with respect to the Eocene aged shale and associated formations.

Introduction
The United States is home to a plethora of oil shale deposits spanning the Precambrian to
Tertiary ages located throughout Colorado, Wyoming, Utah, Nevada, Montana, Kansas and
Alaska (Russell, 1990, 82-157). Of these, the Eocene Green River Formation in Colorado,
Wyoming, and Utah, and the Devonian–Mississippian black shales of the eastern United States
are the most accessible and potentially lucrative in terms of oil yields (Birdwell et al 2015).
During the middle Eocene era, there were two large lakes filled with Lacustrine sediments,
spanning multiple sedimentary structural basins of over 65,000 square kilometers, separated by
the Uinta Mountain uplift and the Axial Basin anticline. Over their 10 million year existence, the



Green River Lakes existed in a warm temperate to subtropical climate. During this time,
however, fluctuations in inflowing stream waters led to expansions and contractions of the
lakes leading to stratification of lacustrine with sandstone and siltstone. During arid times, the
waters increased in salinity and alkalinity, increasing soluble sodium carbonates and chlorides
concentrations. Simultaneously, divalent carbonates (calcium, magnesium, iron) precipitated
out of solution into organic-rich sediments; as aridity reached extreme levels beds of nahcolite,
halite and trona precipitated out (Milton 1977). The kerogen, or organic matter, that we
identify today as oil shale, is a result of the alkaline lake waters of the Eocene era Green River
lakes, in which cyanobacteria thrived (McKenna, 1960; MacGinitie, 1969; and Grande, 1984). It
is this kerogen that has the potential to produce vast quantities of domestic liquid alternative
fossil fuels.

There are two utilization pathways for oil shale; one is direct combustion for electricity
generation that yields a silica-based ash waste (Trikkel et al 2008). Estonia generates over 90%
of its electricity from its shale reserves in this manner. The second pathway involves extraction
of the oil contained within the shale rock, which can occur above (ex situ) or potentially below
(in situ) ground. To date, ex situ retorting represents the only commercially viable approach to
oil shale utilization, whereby the shale rock is pyrolyzed between 500°C and 1000°C, in a
limited/absent oxygen environment. However, as in situ retorting yet remains a potential oil
extraction option, it is important to understand the geological and environmental
consequences of both retorting processes.

GIS and Groundwater Modeling
New GIS 3D models assist with establishing a conceptual hydrogeological model of the
groundwater system. Knowledge of the local hydrogeological background from previous work
was the starting point of this presentation. The GIS models are added to the groundwater
model as base maps.



GIS MODELS PICEANCE BASIN SOLID KEROGEN ZONES

Saline Zone Mahogany Yield Zone

R6 Yield Zone L5 Yield Zone

R5 Yield Zone L4 Yield Zone

R4 Yield Zone L3 Yield Zone



R3 Yield Zone L2 Yield Zone

R2 Yield Zone L1 Yield Zone

R1 Yield Zone

Fig. A. GIS models of the Piceance Basin

Solute Transport
Complete description of the transport of solute requires consideration of two processes:
dispersion and chemical reactions.  Dispersion refers to spreading of the contaminant caused by
the fact that not all of the solute actually moves at the same speed as the average linear
velocity.  Groundwater flow modeling is based on the concept of the equivalent homogeneous
porous medium by which it is assumed that the real heterogeneous aquifer can be simulated as
homogeneous porous media within cells or elements. Then, the specific discharge (q) or
average linear velocity (v)



v = -K/ne (grad h) (1)
(Anderson,1992,18)

(where v is a vector; K is the hydraulic conductivity tensor (2) and ne is the effective porosity).
Kxx  Kxy  Kxz

K =  Kyx  Kyy  Kyz
Kzx  Kzy  Kzz

(2)(Anderson, 1992,296)Is defined using a bulk average hydraulic conductivity for each cell or element.  Solutemovement, however, is strongly influenced by the presence of local heterogeneities thatcause deviations from the average linear velocity(Anderson,1992,325).  These deviationsare typically assumed to be represented by a relation similar in form to Fick’s law ofdiffusion, which yields the following expression:ac  =  a  ( Dij  ac)____   _____     _____at      ax1 ( axj)
(3)

Where Dij is the dispersion coefficient, a is a coefficient and c is concentration.  The dispersion
coefficient is usually calculated from

Dij = pijmn  (VmVn)  + Dd
_____

(V)
(4)

Where all components of pijmn are zero, except for piiii = pL, piijj = pT, and pijij = pijji = ½ (pL –
pT) for I not equal to j; Dd is tkhe coefficient of molecular diffusion; pL, pT are coefficients
known as dispersivities thkat supposedly represent mixing, ie., dispersion (Anderson,1992,326).

Laboratory Investigation of Simulated in situ and ex situ Retorted Shale
With this knowledge of current hydrogeological features of the Piceance basin, we turn to
laboratory experiments to understand the physical changes the shale may undergo during both
in situ and ex situ retorting. The need to understand physical changes in porosity and material
of the in situ retorted shale is self-evident; as oil is extracted from the shale, the kerogen will
leave voids in the mineral space, and thus groundwater flow patterns may shift. For ex situ
retorting, one possible disposal option of the spent shale is to re-inter it in the mined areas. In
this situation, we would also expect changes in hydrological features. To be able to model these
hydrological changes, we subjected representative samples of Piceance Basin oil shale to



simulated ex and in situ retorting to determine their changes in porosity, surface area, and
relative compositions.

Sample Preparation
Piceance Basin oil shale samples were ground and sieved to a particle size between 250-300
microns. Though this is not necessarily representative of in situ retorting, where the rock would
not be ground, we are using the relative differences in porosity and surface area to
demonstrate hydrological changes. To mimic ex situ commercial retorting of oil shale,
approximately five grams of the shale was loaded into a porcelain boat and inserted into a 2”
MTI tube furnace.  The sample was out-gassed under a nitrogen flow of 100 mL/min, then
heated to 600°C for one hour to produce a “semicoke” (semi-carbonaceous char system), and
cooled under nitrogen to prevent oxidation. To simulate in situ retorting of shale,
approximately 1 gram of sample was placed in a 150 mL high-pressure stainless reactor. The
reactor was heated at 5°C/min up to 175°C. The anhydrous samples (no water added) were
held at 175°C for 3 hours and reached a maximum gauge pressure of 0.01 MPa. The hydrous
samples (addition of water) were held at 175°C for 3 hours and reached a maximum gauge
pressure of 1.1 MPa.

Characterization of Spent Oil Shale Samples
A fully automated Quantachrome Sorption apparatus was used to measure nitrogen adsorption
isotherms to describe the surface area of the oil shale samples. Approximately 150 to 450 mg of
each sample was loaded into 6mm sample tubes; pre and post-degassing weight was measured
on a Sartorius semi-microbalance to ±0.1mg. Samples were degassed at 180°C for at least
twelve hours. BET surface areas of the semicoke sorbents were determined over the partial
pressure (P/P0) range between 0.05 and 0.3; full adsorption-desorption isotherms were taken
for porosity and average pore size distributions. BET surface areas of the semicoke sorbents
were determined over the partial pressure (P/P0) range between 0.05 and 0.3; adjustments to
slightly lower P/P0 values, as suggested by Gregg and Singh (1982) were made when
appropriate for slightly microporous samples.

A Rigaku MiniFlex powder x-ray diffractometer (XRD) was used to assess relative changes in
mineral composition upon activation of the semicoke samples. Relevant instrument conditions
are: Cu-anode tube, 30 kV/15mA, 0.03 degree steps, 0.7 second count time per step.

Raw and Retorted Oil Shale Analysis
Nitrogen adsorption isotherms show significant changes in surface area and porosity of the
“retorted” samples, as shown in Table 1. The anhydrous sample shows significantly lower
uptake of nitrogen, which is why its surface area is lower than the raw or hydro-treated



samples. In all likelihood, the low retort temperature and pressure – while enabling oil recovery
– collapsed the pores of the oil shale.

Table 1. Surface area and porosity changes of retorted oil shale samples

We see evidence of IUPAC Type IV isotherms, indicating microporous samples. As noted above,
the hydrous samples have higher adsorption capacities, they also exhibit higher degrees of
microporosity. From Figure A, we see that the average pore diameter of the raw samples is
considerably larger than the in situ retort samples. This is expected; if we remove kerogen but
only partially, then some pores are going to close in on themselves/collapse, and likely narrow
the distribution.

Figure B: Adsorption-desorption isotherms for anhydrous and hydrous samples demonstrating
Type IV isotherms

Sample BET Surface
Area

% Change,
BET

Langmuir
Surface Area

% Change,
Langmuir

DH Pore
volume

% Change,
DH Pore
volume

BJH Pore
volume

% Change,
BJH Pore
volume

m2/g m2/g cm3/g cm3/g
Raw 12.367 67.42 0.028 0.029

175°C, anhydrous 8.012 -35% 42.373 -37% 0.034 21% 0.035 21%
175°C, hydrous 13.675 11% 73.178 9% 0.047 68% 0.049 69%

600°C, fixed bed 40.401 227% 212.612 215% 0.049 75% 0.051 76%
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Figure C. Porosity distribution of in situ mimicked retorted oil shale

Using a Bruker powder x-ray diffractometer, we identified the major minerals present in the
raw oil shale, as shown in Figure Y, including dolomite, quartz, ankerite and albite. In Figure E,
the pyrolyzed versus this raw sample, we show that the pyrolysis of the semicoke does
decrease the amount of carbonate minerals present, but does not change the quartz or
sodium/aluminates to a large degree. This is expected – the heat will decompose the carbonate
bonds, but without oxygen present will not alter the other minerals (at least not to a large
degree.) Similar results hold for the hydrous and anhydrous samples mimicking in situ retorting,
with the carbonate minerals seeing an even larger decrease than the anhydrous or pyrolyzed
samples, likely due to dissolution of the carbonate minerals into the water phase.
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Figure
D. XRD pattern of raw oil shale

Figure E. XRD pattern of raw (black)
versus pyrolyzed (red) oil shale

Summary of Laboratory Results
For in situ retorting, the use of dry versus wet conditions may have a significant impact on the
resulting hydrology of spent shale formations. The surface areas of the anhydrous samples
decreased by about 36% compared to the raw shale, with the total increase in pore volume of
about 21%. The samples treated under pressurized water saw an increase of 10% in surface
area, and 68% in total pore volume.

For ex situ retorting, the surface areas of the semicoke (semi-carbonaceous char) system
increased over 200%, with a 75% increase in total pore volume. This is of concern for replacing
the mined shale areas with semicoke; the void volumes are considerably larger and
containment may not be as stable as the original rock. Further concerns include leaching of
heavy metals and organics remaining in solid semicoke, as demonstrated in prior research.

Computer Modeling of Piceance Basin
The hydraulic conductivity (K) is assumed or obtained from pump tests or slug tests in the
Piceance Basin for existing conditions in the 1st run of the computer groundwater models.  After
the laboratory testing, the hydraulic conductivity (K) is calculated from equations 1-4 and a
solute value of K is used in a 2nd run of the computer groundwater models. The Dispersion
coefficient is also calculated from equations 1-4 for further modeling and laboratory work. The
Dispersion coefficient can also be calculated from trial and error model calibration and tracer
tests(Gelhar et al., 1985). Example existing condition models are shown in Figs. F-L.



WARMF	MODELS

Fig. F Piceance Basin Yellow River and Piceance Creek Basin with Landcover



Fig. G  Piceance Basin Yellow River and Piceance Creek Basin with EPA sites

Fig. H Piceance Parachute-Roan Basin With Landcover



Fig.	I		Piceance	Parachute-Roan	Basin	With	EPA	sites

PRELIMINARY	MODFLOW	MODELS



Fig. J Modflow Layer 2A Groove

Fig. K Modflow layer 3 Mahogany Zone

Fig. L  Modflow layer 4B Groove



Conclusions

The geophysical Alterations and Groundwater Modeling of the Piceance Basin Oil Shale basin
have been presented in this paper.From	this	analysis,	we	find:		For	in	situ	retorting,	the	use	of	dry	versus	wet	conditions	may	have	a	significant	impact	on	the	resulting	hydrology	(hydraulic	conductivity	and	dispersion	coefficient)	of	spent	shale	formations.	The	surface	areas	of	the	anhydrous	samples	decreased	by	about	36%	compared	to	the	raw	shale,	with	the	total	increase	in	pore	volume	of	about	21%.	The	samples	treated	under	pressurized	water	saw	an	increase	of	10%	in	surface	area,	and	68%	in	total	pore	volume.For	ex	situ	retorting,	the	surface	areas	of	the	semicoke	(semi-carbonaceous	char)	system	increased	over	200%,	with	a	75%	increase	in	total	pore	volume.	This	is	of	concern	for	replacing	the	mined	shale	areas	with	semicoke;	the	void	volumes	are	considerably	larger	and	containment	may	not	be	as	stable	as	the	original	rock.	Further	concerns	include	leaching	of	heavy	metals	and	organics	remaining	in	solid	semicoke,	as	demonstrated	in	prior	research.	
The GIS models have shown the spatial aspects of the 18 layers of the Piceance Basin (Fig. A)
as base maps for the Modflow computer model. The initial WARMF Groundwater models were
generated for the Piceance Basin (Figs. F,G,H,I). The initial Modflow Groundwater models were
generated for the Piceance Basin (Figs. J,K,L).  Future modeling will be completed with more
hydraulic test data. Further conclusions can be drawn to correlate the analysis with the
modeling.
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