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Narrative Progress Report
This project aims to advance our capabilities to model the dynamic behavior of both fluids and rocks in fractured
black shale formations. In this first period, progress has been made in two key areas: 1) characterizing the pore
structures of nano-porous shale matrices, and 2) initiating the modeling of coupled multiphase fluid flow and ge-
omechanical responses through an efficient and robust finite element and operator splitting scheme. Further details
are provided below.

Relationship between Rock Composition and Pore Structure
In order to even estimate the initial amount of gas-in-place (GIP) in a macroscopic rock sample or entire formation,
one essentially needs to predict their respective pore size distributions (PSD) and specific surface areas (SSA). This
is because, unlike in conventional reservoirs, a large fraction of gas can be adsorbed onto the walls of (nano- and
meso-) pores, some of which have sizes comparable to the radii of the gas molecules. Measuring pore structures
involves challenging, expensive, and time-consuming experiments. The objective of PhD student Fengyang Xiong’s
research is to use such experiments systematically to correlate pore architectures to geochemical and petrophysical
properties that are easier to measure, e.g., along a bore hole.
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! Pore structure of transitional shale
and organic matter is measured by
N2, CO2 isotherms.

! Both organic and inorganic grains
develop micro-, meso- and
macropores in gas window.

! Clay minerals control specific surface
area and absorbed gas at over-mature
stage.

! High TOC increases micropore volume
at high depth, while total pore volume
decreases.
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a b s t r a c t

The recoverable resource of shale gas is 25 trillion cubic meter, 33% of which is stored in transitional
shales in China. This work investigates the effects of organic and inorganic compositions on the develop-
ment of Upper Paleozoic transitional shale pore structures through a combination of petrophysical and
geochemical measurements. 42 shale samples were collected from marsh-lagoon and coastal delta set-
tings in the Ordos Basin, NW China. The samples include the Upper Permian Shanxi shale (average total
organic carbon (TOC) of 1.58 wt%, Type III kerogen, average vitrinite reflectance (Ro) 2.6%), and the Upper
Carboniferous Benxi shale (average TOC of 1.91 wt%, Type III kerogen, average Ro 2.74%) at the over-
mature stage or dry gas window. An important characteristic of these shales is the large proportion of
clay minerals ("69% in Benxi shale and 54% in Shanxi shale). The quartz content is "17% and 40% for
Benxi and Shanxi shales, respectively. The pore structure of three samples and one isolated kerogen sam-
ple is analyzed via both low-pressure nitrogen and carbon dioxide adsorption methods. Low pressure
nitrogen adsorption experiments show that Benxi and Shanxi shales characterized by ultra-low porosity
and permeability develop mainly silt-shaped pores and potentially ink-bottle-shaped pores. We find that
increasing fractions of organic matter (OM) result in a decrease in both total pore volume and specific
surface area (SSA). Low pressure carbon dioxide adsorption experiments show that micropore volumes
nonlinearly increase with increasing OM, although the contribution of organic micropore volume is lim-
ited. The mesopore and macropore volumes of inorganic compositions contribute mostly to the total pore
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Figure 1: Depositional setting of transitional shales (left)
and measured pore size distributions (right) for three rep-
resentative samples (from: Xiong et al. 2017, Fuel,
206:504–515).

Xiong has measured low-pressure carbon dioxide
and nitrogen adsorption isotherms on 42 samples from
deep (> 3000 m) shales to measure their PSD (Fig-
ure 1) and SSA and relate those to his measurements
of total organic carbon, thermal maturity, and miner-
alogy (mainly clays and quartz). In addition, he has
performed a range of high-pressure methane adsorp-
tion experiments to determine the amount of adsorbed
gas in the same samples, as well as ‘canister desorp-
tion experiments’ that attempt to measure GIP directly
on site. In the past two years, this work has involved
collaborations (including a visit and several first- and
co-authored journal publications) with fellow students
and previous advisors at the State Key Laboratory of
Petroleum Resources and Prospecting, at the China
University of Petroleum in Beijing, where Xiong ob-
tained his MSc degree.

We were fortunate, though, to recently receive generous access to an underutilized Rubotherm gravimetric
high-pressure sorption analyzer in Chemical and Biomolecular Engineering at The Ohio State University (few
labs worldwide have these expensive instruments). Using this unique opportunity, Xiong has embarked on an
ambitious schedule of experiments for the coming period (academic year 2018-2019) to accurately measure methane
adsorption on a range of natural shale samples from both the US and China, as well as a suite of samples consisting
of pure minerals, with the goal of predicting GIP from basic measured rock properties.

Macroscopically meaningful equivalent descriptions of the ‘porosity’ and ‘fluid density’ (including both free
and adsorbed gas) are essential inputs for any reservoir simulator for black shales.
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Coupled Multiphase Fluid Flow and Geomechanics
The main focus of this PRF project is to model the poro-elastic behavior of rock in response to multiphase multi-
component flow in (natural or induced) fractured shale formations.

Figure 4. Gas saturation at different times during a low rate (0.08 Mcf/d) continuous methane leakage from the indicated
natural gas well location in a domain with a higher tilt and low matrix permeability of 1 mD.

dissolved methane relative to water. While diffusion may
be important at the interface of fractures and adjacent
rock blocks, it is not broadly important in contributing
to methane removal. For the two-component mixtures
considered in this work (H2O-CH4), gas phase compo-
sitions only vary with pressure throughout the domain,
but are independent of overall compositions in the
mixtures (assuming local thermodynamic equilibrium).
Compositional gradients within the gas phase are weak,
and Fickian diffusion is negligible. Diffusion within
the aqueous phase is orders of magnitude higher (from
methane-saturated into pure water), but still 103 times
lower than the advective velocities during methane
leakage. The latter are of the order of meters per day
while the former are of the order of millimeters per day.
Diffusion is thus unable to significantly disperse methane
even over decades long timescales.

Buoyancy controls the long-term fate of the free-
phase methane. When an aquifer with its embedded
network of vertical fractures is essentially horizontal
(untilted), light methane-rich gas will slowly rise upward
through the low-permeability matrix. For this case, free-
phase methane will only occur relatively close to its source
(Figures 1–3) and potentially leak into the atmosphere
within a year. If, however, the aquifer and its associated

fractures are present with a significant dip-angle, the
tangential component of the buoyant force along fractures
will enable gas-phase methane to flow in the fractures
away from the source of natural gas leakage, with far less
upward flow (Figure 4).

The rates of hydrocarbon consumption by various
oxidation mechanisms can be dramatically higher than the
rates of these transport phenomena. Hydrocarbon removal
rates are especially high in the presence of microbes capa-
ble of hydrocarbon biodegradation (Van Stempvoort et al.
2005). For example, anaerobic oxidation, which requires
the presence of both active methanotrophic microbes and
terminal electron acceptors (e.g., nitrate, Fe/Mn oxides,
sulfate) can rapidly degrade and remove hydrocarbons
from shallow aquifers (James and Burns 1984; Rowe
and Muehlenbachs 1999; Whiticar 1999; Martini et al.
2003; Van Stempvoort et al. 2005). Similarly, in oxidiz-
ing aquifers, aerobic oxidation can degrade hydrocarbons
either inorganically or biologically through the activity of
methane monooxygenase (MMO) mediated by the methy-
lococcaceae family of bacteria (Moore et al., 2017; Vinson
et al. 2017). In both scenarios, hydrocarbons are con-
verted to CO2 and later dissolved as inorganic carbon
(e.g., bicarbonate or HCO3−). In other cases, microbial-
induced biodegradation can lead to the incipient formation
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Figure 2: Methane transport in tilted discrete fracture network (from:
Moortgat et al. (2018) Groundwater, 56(2):163-175).

Because this is a new research
direction, PhD students William Ey-
mold and Amin Amooie spent the first
half of this period on a comprehensive
review of existing approaches. This
has been important because 1) flow-
plus-geomechanics models are chal-
lenging to implement and multiple
schemes have recently been demon-
strated to have poor convergence
properties, and 2) the vast majority
of past research has only considered
rocks saturated with single-phase in-
compressible fluids. The correspond-
ing mathematical frameworks and nu-
merical discretizations under the lat-
ter assumptions can not be readily ex-
tended to problems with strong com-
pressibility or capillary effects, as are
involved in the flow of brines and
methane-rich gas in fractured shales.

Building on the current state-of-the-art, we are adopting the unconditionally stable ‘fixed-stress scheme.’ Flow
and geomechanics are updated with an operator-splitting approach that takes advantage of the optimal numerical
methods for each sub-problem. Sequentially coupled schemes are more computationally efficient than monolithi-
cally fully coupled ones, yet can achieve the same accuracy through iterations. We follow a method developed for
multiphase compressible, but immiscible, fluid mixtures in the context of geological CO2 sequestration.1 Similar
to that work, we are in the process of modifying an open source finite element (FE) code for elastic deformation
and developing an interface to our in-house reservoir simulator for flow and transport in fractured media, but with
different accumulation terms to account for partially miscible systems. Both problems use complementary finite
element methods on the same mesh.

The implementation of this coupled simulator and applications to discrete fracture networks with realistic ori-
entations in a prevailing stress field (Figure 2) will continue in the next period.

Summary of Support and Outcomes
The support provided by the ACS PRF has helped to diversify my research group’s work into the areas of geochem-
istry and geomechanics. This broadening of expertise has already opened up unexpected collaborative opportunities
with colleagues in other Earth Sciences subfields and led to two large funding proposals on basin scale fluid migra-
tion and fracture mechanics that are currently pending.

Direct funding has been provided for the last year of PhD research for Mohammad Amin Amooie, who has
worked closely with my postdoc Mohamad Reza Soltanian. Their efforts have been awarded by a prestigious
postdoc position at the Massachusetts Institute of Technology (MIT) for Amooie, and a tenure track faculty position
at the University of Cincinnati for Soltanian. The bulk of the geomechanics modeling is performed by (currently
pre-candidacy) PhD student William Eymold, while (post-candidacy) PhD student Fengyang Xiong is involved in
the experimental characterization of pore-structures in nano-porous black shales in relation to mineralogy, organic
carbon, and other geological controls. Both will be (partially) supported by the PRF grant during the 2018-2019
academic year, while Eymold was awarded a competitive (OSU) University Fellowship during the past period and
Fengyang was supported through other means. Journal publications by Amooie, Soltanian, and Xiong are currently
in press and will be reported next year.

1Jha, B. & Juanes, R. (2014). Coupled modeling of multiphase flow and fault poromechanics during geologic CO2 storage. Energy Procedia,
63, 3313-3329.
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