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a  b  s  t  r  a  c  t

The  Mount  Simon  Sandstone  (Mt.  Simon),  a basal  Cambrian  sandstone  underlying  much  of  Midwes-
tern  US,  is a target  for  underground  CO2 storage  and  waste  injection  which  requires  an assessment  of
geomechanical  behavior.  The  range  of  depositional  environments  yields  a heterogeneous  formation  with
varying porosity,  permeability,  and  mechanical  properties.  Experimental  deformational  behavior  of  three
distinct  Mt.  Simon  lithofacies  was  examined  via  axisymmetric  compressional  testing  of  core  samples.  Ini-
tial yielding  was  confirmed  with  acoustic  emissions  in  many  tests  and  failure  envelopes  were  determined
for each  lithofacies.  Evolution  of elastic  moduli  with  stress  and  plastic  strain  was  determined  by  use  of
unload–reload  cycles,  which  permit  separation  of  total  measured  strains  into  elastic  and  plastic  strains.
The  Upper  Mt.  Simon  lithofacies  yields  at higher  shear  stresses  compared  to  two  “Lower”  lithofacies,
with  little  modulus  degradation  with  plastic  strain.  Lower  Mt. Simon  lithofacies  are  weaker  and  deform
plastically  with  modulus  degradation.  This  range  in  constitutive  response  is  quantified  with  an  elasto-
plasticity  model.  Based  on  these  results,  Mount  Simon  Sandstone  would  likely  deform  elastically  during
CO2 injection  and storage,  with  large  pore  pressure  increases  (∼8–9 MPa  above  hydrostatic)  predicted
to  initiate  plastic  yielding.  Nonetheless,  near-wellbore  damage  could  result  in weaker  lithofacies  during
injection  and/or  brine  extraction.

©  2013  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The Cambrian Mt.  Simon Sandstone is a broadly extending deep
saline formation in the Midwestern United States that is being
targeted for subsurface geologic storage of carbon dioxide, par-
ticularly in the Illinois (Leetaru and McBride, 2009; Bowen et al.,
2011) and Michigan Basins (Barnes et al., 2009). Disposal injec-
tion of waste water associated with shale gas activities into the
lower Mt.  Simon in Ohio is thought to be responsible for induced
seismicity, potentially from unmapped faults in the underlying Pre-
cambrian crystalline basement (Zoback and Gorelick, 2012; Zhang
et al., 2013). Further, the Mt.  Simon in the Illinois Basin and adja-
cent Iowa Shelf is used for underground storage of natural gas and
has been investigated for its potential as an underground reservoir
for compressed air energy storage (CAES). This paper examines the
elastic–plastic deformational characteristics of three distinct litho-
facies in the Mt.  Simon that are relevant to the suitability of the
Mt.  Simon for storage for waste fluids and petroleum resources.
Our experimental and modeling approach could be used in perfor-
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mance and risk assessment for other saline formation sandstone
reservoirs for subsurface carbon storage.

Driven by the potential for CAES, several exploratory wells were
drilled through the Mt.  Simon into the underlying Precambrian at
a small structural dome near Dallas Center, Iowa, adjacent to the
Proterozoic Mid  Continent Rift System. One of these, the Keith #1,
was cored for a near-complete section of the Mt.  Simon including
much of the overlying Eau Claire Formation and the underlying
Proterozoic “Red Clastics” (Fig. 1A–C). Select sub cores of three
select lithofacies were subject to axisymmetric mechanical test-
ing, and samples from each lithofacies were analyzed for porosity,
permeability, and composition.

Rock mechanics testing for each lithofacies included one uncon-
fined compression (UCS) test, a hydrostatic compression test, and
two triaxial tests at different confining pressures. Results were
analyzed in terms of elastic–plastic constitutive behavior asso-
ciated with each lithofacies, including initial yield and failure
surfaces. Unload–reload cycles in most tests allowed the tracking
of elastic response post-yielding. A unique elastic–plastic consti-
tutive model developed at Sandia National Laboratories (Brannon
et al., 2009) was  applied to experimental results up to failure.
Essential aspects to describe Mt.  Simon lithofacies behavior used
in the model include non-associative plasticity, stress-invariant
dependent failure, an elliptical cap surface capturing shear effects
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Fig. 1. (A) Wire-line logs, laboratory-measured porosity and permeability, and interpreted “wire-line-log” units for Keith #1 well. Triangle symbols denote the porosity and
permeability measurements made on core from the upper portion of the Mount Simon Sandstone; circles and crosses represents distinct lithofacies of the middle Mount
Simon  Sandstone. All of the permeability and porosity measurements were performed on vertical plugs. (B) Map  of Keith #1 well location in Dallas County, Iowa, USA. (C)
Photos  of core showing examples of lithofacies: (i) upper quartzose lithofacies which we term the ‘I’ lithofacies; (ii) heterolithic subarkosic-to-arkosic sandstone lithofacies
(our  ‘II’ lithofacies) and mudstone-bearing lithofacies (our ‘III’ lithofacies) with variable hematite cements; (iii) lithofacies that can be very coarse to conglomeratic with
pebble-sized clasts; and (iv) very heterolithic facies of arkosic, subarkosic, and mudstone lithologies (mixtures of II and III and other lithofacies). Thin sections and cores for
geomechanical tests fall within the depth ranges of (i)–(iv).

on pore collapse, kinematic and isotropic hardening, non lin-
ear elasticity and elastic–plastic coupling, among other features.
Isotropic stress-dependent static elastic moduli agree within a
factor of three with dynamic moduli determined from sonic
well logs, and static and dynamic moduli (as well as seismic
velocities) between lithofacies are linearly correlated. This cor-
relation may  permit application and upscaling of testing results
to other reservoir-scale rock mechanics and fluid flow models
of the Mt.  Simon where wireline log or seismic information is
available.

These results suggest that the Mount Simon Sandstone will
likely behave elastically under most conditions relevant to geologic
carbon storage, requiring relatively large excess fluid pressures
to initiate plastic yielding and/or localized deformation. However,
wellbore regions subject to large fluid pressure transients associ-
ated with CO2 injection or brine withdrawal (e.g. as could be used
to minimize fluid pressure build-up) could experience damaging

deformation which could prove detrimental to wellbore perfor-
mance.

2. Geologic background

The range and distribution of lithofacies in the Mt.  Simon reflect
deposition during the Upper Cambrian Sauk transgression (Sloss,
1963). The lower Mt.  Simon was  deposited by broad braided flu-
vial streams with possible dune fields (Fischietto, 2009; Bowen
et al., 2011). Rising sea level produced a broad tidally influenced
and widely bioturbated tidal flat sandstone facies associated with
migrating barrier island sequences as demonstrated in the middle
to upper portions of the Mt.  Simon. Increasing sea level led to depo-
sition of more muddy Mt.  Simon facies and the marine carbonates
and mudstones associated with the Eau Claire Formation, which is
regarded as the regional caprock for carbon and gas storage (Person
et al., 2010; Zhou et al., 2010).
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