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Abstract

The objective of this work is to formulate a novel and physics-based nanomechanics framework to connect geochemical
reactions in host rock to the resulting morphological changes at the microscopic lengthscale and to the resulting geomechani-
cal changes at the macroscopic lengthscale. The key idea is to monitor the fraction of minerals based on their mechanical
signature. We illustrate this procedure on the Mt. Simon sandstone from the Illinois Basin. To this end, various acidic fluid
systems were applied to Mt. Simon sandstone specimens. The chemistry, morphology, microstructure, and mechanical
characteristics were investigated across multiple lengthscales. Grid indentation was carried out with a total of 6900 indi-
vidual indentation tests performed on 24 specimens. A good agreement was observed between the composition computed
using statistical nanoindentation and measurements employing independent methods such as scanning electron microscopy,
electron-dispersive X-ray spectroscopy, X-ray diffraction analyses, mercury intrusion porosimetry, flow perporometry, and
helium pycnometry. An increase in porosity and a decrease in K-feldspar content were observed following the incubation
in CO,-saturated brine, suggesting dissolution reactions involving feldspar. Thus, a rigorous methodology is presented to
connect geochemical reactions and related compositional changes at the nano- and microscopic scales to alterations of the
constitutive behavior at the macroscopic level.

Keywords Geochemical reactions - Induced seismicity - Geological carbon sequestration - Sandstone - Multiscale
modeling - Statistical nanoindentation

1 Introduction

Despite progress in the current understanding of chemo-
mechanical interactions in host rock materials, novel multi-
scale approaches are needed to connect geochemical reac-
tions to the resulting alterations in geomechanical behavior.
B Ange-Therese Akono Most experiments have been confined to the macroscopic
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a result, the resulting changes in macroscopic mechanical
properties can seldom be predicted. Thus, new methods are
needed that can monitor changes in local morphology and
composition following geochemical reactions, and that can
connect these changes to the evolution of the macroscopic
mechanical response.

Description of the mathematical symbols used in this study

Symbol  Physical meaning

A Projected contact area at unloading
a Particle aspect ratio

¢ Volume fraction of phase j

E, Young’s modulus of solid skeleton at nanoscale
d Penetration depth

Ghom macroscopic shear modulus

H indentation hardness

Khom Macroscopic bulk modulus

M Indentation modulus

n; Packing density of phase j

Poisson’s ratio
P Vertical load

Maximum vertical force

v

max
Prescribed pressure drop in flow perporometry experiment
Total porosity

Nanoporosity

Pore radius

Unloading contact stiffness

Liquid surface tension

Liquid surface contact angle

>
M QVJ“@'@-%

Vector of mechanical characteristics

First, there is a lack of advanced physics-based math-
ematical models that can correlate chemically-induced
morphological alterations to global changes in mechani-
cal properties of geomaterials. Previous studies are based
on simplistic representations of the microstructure, which
are disconnected from the physical characteristics of real
host rocks. Some common simplifying assumptions include
the assumption of spherical grains (Bemer et al. 2004; Sun
et al. 2016), the assumption of a homogeneous mineral phase
(Arson and Vanorio 2015; Nguyen et al. 2011; Sun et al.
2016), and the omission of nanopores (Arson and Vanorio
2015; Sun et al. 2016). The challenge consists of accounting
for the multiscale nature of reservoir rocks, their heteroge-
neity, and the difference in morphology between different
constituents. In summary, novel models are needed that can
simultaneously account for the two-scale porosity, the aspect
ratio of grains, and the heterogeneous mineral phase.

Second, current methods to monitor rock—fluid geochemi-
cal reactions do not allow the quantitative prediction of the
geomechanical changes that these chemical reactions generate.
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Rock—fluid geochemical reactions can be determined using
several routes: scanning electron microscopy post-imaging
of reacted rock specimens (Liteanu and Spiers 2009; Vanorio
et al. 2015), electron-dispersive X-ray fluorescence analyses
(Marbler et al. 2013), X-ray diffraction (Rathnaweera et al.
2015), and thermodynamics-based geochemical modeling
(Yoksoulian et al. 2013). Although the first three methods
only provide qualitative information regarding chemical reac-
tions, the last method is the most commonly employed tool to
obtain quantitative information regarding the reaction kinet-
ics—reaction rates, equilibrium constants, mineral activity
coefficients, etc. (Bethke 1996; Gautier et al. 1994). However,
the predicted dissolution/precipitation rates can be highly
inaccurate as the reactive surface area is not always known
and equilibrium is not always guaranteed (White and Brantley
2003). Furthermore, thermodynamic calculations only yield
a limited understanding of chemically-induced morphologi-
cal changes and thus are not yet able to predict the observed
macroscopic changes in mechanical response. Therefore, a
new approach is needed to relate geochemical reactions to
macroscopic changes in mechanical behavior.

In this study, we introduce a new approach: by monitoring
the mechanical signature of silicate minerals—yvia theoretical
and experimental nanomechanics—we connect chemically-
induced changes in geochemistry and morphology to the
elasto-plastic behavior at the nano-, micro-, and macroscopic
lengthscales. We focus our study on the rock cores extracted
from the Mt. Simon sandstone formation in the Illinois Basin.
Rock specimens were altered using different acidic fluid sys-
tems, such as brine and brine—-CO, mixtures, under various
temperature and pressure conditions. The chemistry and
microstructure were characterized using advanced analyti-
cal methods (scanning electron microscopy, environmental
scanning electron microscopy, X-ray diffraction analysis, and
energy-dispersive spectroscopy) and porosity measurement
techniques (mercury intrusion porosimetry, flow perporom-
etry, and helium pycnometry). Grid nanoindentation was car-
ried out before and after incubation. Statistical deconvolution
methods were used to monitor changes in chemical micro-
constituents. Micromechanics theory was used to relate the
microscale behavior to the macroscopic elastic constants.
Thus, we formulate here a rigorous and physics-based multi-
scale framework to understand fluid—rock chemical reactions
and their influence on the constitutive behavior.

2 Materials and Methods
2.1 Mt. Simon Sandstone Formation
The Mt. Simon sandstone is the host formation for the cur-

rent pilot study on CO, storage at the Illinois Basin Deca-
tur Project (IBDP). This site is located in Decatur, Illinois,



Modeling -Induced Alterations in Mt. Simon Sandstone via Nanomechanics

1355

Fig. 1 a Digital photograph of (a)
the Mt. Simon sandstone 6925
ft core in its unaltered state.
Credit: Ange-Therese Akono,
Northwestern University, 2018.
b Illinois Basin map with
location of Verification Well 1
(VW1) Adapted with permis-
sion from Bauer et al. (2016).
©2016 Elsevier

where 1 million metric tons of CO, were injected between
November 2011 and November 2014. Figure 1b shows a
map of the Illinois Basin Decatur Project. Figure 2b shows a
detailed map with the location of Verification Well 1 (VW1).
The specimens in this investigation came from Verification
Well 1. Figure 2a shows a profile of Mt. Simon sandstone
formation. The Mt. Simon sandstone formation comprises
three sections: the Upper Mt. Simon sandstone formation,
ranging from 5526 to 5890 ft, the Middle Mt. Simon sand-
stone formation ranging from 5890 to 6401 ft, and the Lower
Middle Mt. Simon sandstone formation ranging from 6401
to 7000 ft (Freiburg et al. 2014).

2.2 Experimental Program

The cores tested in this study came from the Lower Middle
Mt. Simon sandstone formation. The cores were extracted
at depth 2110.7 m (6925 ft) and at depth 2111.3 m (6927
ft) below ground. Figure la shows a digital photographic
image of the unaltered Mt. Simon sandstone core extracted
at a depth of 6925 ft. After extraction, the cores were sealed
and preserved at 4 °C at the Illinois State Geological Survey
core repository facility until further examination.

Figure 3 details our experimental program. Two virgin
cores were extracted from the Mt. Simon sandstone forma-
tion at depths 6925 and 6927 ft. The 6925 ft core was then
sub-sampled into five subsamples: four of those subsamples
were reserved for incubation experiments. Incubation took
place in four acidic systems:

(b)

[llinois
Basin

0 400 km

e Brine A, brine B, and brine C for 2 weeks at room tem-
perature, 22 °C, and atmospheric pressure, 0.1 MPa.
Brine recipe A, brine recipe B, and brine recipe C cor-
respond to three different synthetic brine solutions. The
solutions differ in their ionic strength and in their con-
centration of NaCl, KCl, and MgCl. In particular, brine
recipe A exhibits a low ionic strength, 2.44, brine recipe
B exhibits a medium ionic strength, 3.76, and brine rec-
ipe C exhibits the highest ionic strength, 4.87. The brine
solutions were found to be slightly acidic with a pH of
5, as measured by a pH probe. The exact composition of
each solution is given in Table 1.

o CO,-saturated brine at 2500 psi and 50 ° C for 7 days. The
experimental set-up for CO, incubation is presented in
detail in Fuchs (2017). Moreover, similar experimental
set-ups have been described in the scientific literature
(Marbler et al. 2013; Rathnaweera et al. 2015; Tudek
et al. 2017; Wang and Clarens 2012).

In terms of testing:

e X-ray diffraction, scanning electron microscopy, and
mercury intrusion porosimetry tests were carried out on
the unaltered 6925 ft. Mt. Simon sandstone subsample,
6925-U.

e Flow perporometry experiments were carried out on
specimens coming from the samples 6925-U, 6927-U,
and 6925-AS1, which correspond, respectively, to Mt.
Simon sandstone from depth 6925 ft. in a virgin state,

@ Springer



1356

A.-T. Akono et al.

Upper Mt
Simon

5,890 ft.

Lower Mt

Simon
7,000 ft.

Mt. Simon sandstone from depth 6927 ft. in a virgin
state, and Mt. Simon sandstone from depth 6925 ft. after
a 7-day incubation in CO, at 2500 psi and 50° C.

Grid indentation was performed on all specimens.
Table 2 summarizes the grid indentation testing protocol,
the number of grids, and the number of tests in each grid.
For each grid, the spacing between the indentation loca-
tions was 20 pm. Six samples were studied, correspond-
ing to two depths— 6925 and 6927 ft. from Verification

@ Springer

Fig.2 a Profile of Mt. Simon sandstone formation. b Location of Verification Well 1, where the Mt. Simon sandstone cores were extracted from
Reprinted with permission from Locke et al. (2013). ©2013 Elsevier

Well 1—-and four alteration regimens (brine recipes
A-C), and CO,-saturated brine for 7 days. A total of 24
specimens were tested and 6900 individual indentation
tests were carried out. Two types of indentation grids
were chosen: 10 X 10 yielding 100 indents and covering
a 180 X180 pm area, and 20 x 20 yielding 400 indents
and covering a 380380 pm area.
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Fig.3 Experimental pro-
gram. HP helium pycnometry
tests, MIP mercury intrusion
porosimetry tests, SEM/EDS

scanning electron microscopy/

electron-dispersive spectros-
copy tests, XRD X-ray diffrac-

tion tests

Unaltered

Lower Mt Simon Formation

| Mt Simon 6925 ft core |

| Mt Simon 6927 ft core

|Incubated |

brine A

e
brine B ||brine C | |C02/brine|

6925-U |

[ 6925-A] |6925-B|

Unaltered
6925-C| [6925-As1

6927-U
| | |

Grid Indentation |

|

SEM/EDS
XRD

MIP

Table 1 Chemical composition of brine solutions

Chemical concen-  Brine A Brine B Brine C Brine D
tration (g/1)

NaCl 37.47 111.6 74.95 111.67
CaCl, - 2H,0 24.37 78.35 48.74 78.35
Mg(Cl, - 6H,0 8.36 16.52 16.73 16.52
KCl 75.00 4.31 150.00 0.00
SrCL, - 6H,0 0.06 2.37 0.12 2.37
LiCl 1.21 9.36 243 9.36
KBr 0.00 0.00 0.00 6.48
Na, SO, 0.00 0.00 0.00 0.48
pH 5 5 5

Ionic strength 2.44 3.76 4.87

Brine A moderate concentration—lowest ionic strength, Brine B
high sodium chloride content—medium ionic strength, Brine C high
potassium chloride—highest ionic strength. Brine D was used for

incubation with CO, at high pressure and high temperature

Table 2 Incubation and testing

2.3 Microstructural Observations

We used scanning electron microscopy (SEM), environ-
mental scanning electron microscopy (ESEM), and X-ray
energy-dispersive spectroscopy (EDS) to understand the fab-
ric and composition of the Mt. Simon sandstone. Scanning
electron microscopy and back-scattered electron micros-
copy studies were conducted at the Frederick Seitz Materi-
als Science Laboratory and Microscopy Suite of the Beck-
man Institute Imaging Group at the University of Illinois
at Urbana-Champaign using a JEOL 6060 LV and a FEI
Quanta FEG 450, respectively. Scanning electron micros-
copy was performed at low vacuum (1 Torr) without coating
the specimens. The accelerating voltage ranged from 15 to
20 kV with the working distance ranging from 6 to 10 mm,
and the magnification levels ranging from 100 to 10000X.
A lapping and polishing procedure was developed to yield
a surface finish with tight tolerances in the nanometer range.
A major challenge was the heterogeneous nature of the Mt.

- . . Specimen  Fluid Incubation Temperature Pressure # of indentation  # tests per

protocols utilized in this study time grids grid
6927-U N. A. N. A. N. A. N. A. 4 100, 400
6925-U N. A. N. A. N. A. N. A. 6 100, 400
6925-A Brine A 14 days 22°C 15 psi 3 400
6925-B Brine B 14 days 22°C 15 psi 2 400
6925-C Brine C 14 days 22°C 15 psi 4 400
6925-AS1  sc CO,+ BrineD 7 days 50°C 2500 psi 5 400

Nanoindentation tests performed in this study. A total of 24 specimens were tested with 6900 individual
indentation tests carried out on six different samples

U unaltered sample. sc CO, supercritical liquid CO,

@ Springer
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Fig.4 a Electron-dispersive
X-ray fluorescence image of an
unaltered Mt. Simon sandstone
6925 ft. specimen showing
feldspar and quartz grains. b
Back-scattered scanning elec-
tron image of an unaltered Mt.
Simon sandstone 6925-ft speci-
men showing K-feldspar (light
gray) and quartz (dark grain)
grains along with micropores
(in black). ¢, d Back-scattered
scanning electron images of an
unaltered Mt. Simon sandstone
6925-ft specimen showing clay
nanosheets surrounding grains
with nanopores present within
clay

Simon sandstone. The first step was sawing using a linear
precision diamond saw. Next, a lapping and polishing system
with a specimen jig was used at various speeds and pres-
sures. Abrasive silicon carbide clothes were used to remove
the subsurface damage induced by grinding. Polishing was
carried out using hard perforated chemo-textiles and oil-
based colloidal diamond suspensions with different grada-
tions: 9, 3, 1 and 0.3 pm. Optical microscopy was employed
to monitor scratches, pitting, and relief. In between each
step, the surfaces were cleansed using an ultrasonic bath in
a chemically-inert solvent. After polishing, the quality of
our procedures was assessed using atomic force microscopy
(AFM). The average root mean squared surface roughness
over a 25 X 25 pm area for a polished Mt. Simon sandstone
specimen was less than 30 nm, which is small compared to
the lowest penetration depths recorded, 80 nm. A small sur-
face roughness with regard to the penetration depth is impor-
tant to accurately measure the local elasto-plastic properties.

Figure 4 displays an electron-dispersive X-ray fluores-
cence image and back-scattered scanning electron micros-
copy (BSE) images of unaltered Mt. Simon sandstone speci-
mens in the bedding plane at magnification levels ranging
from 100 to 10000X. Figure 4a, b shows a granular and
heterogeneous microstructure with K-feldspar and quartz

@ Springer

grains. For instance, in Fig. 4b K-feldspar grains are shown
in light gray, whereas quartz grains are shown in dark gray.
The grain size ranges from 50 to 500 pm. Figure 4b shows
the presence of 10—100 pm micropores in the inter-granular
space. Figure 4c, d shows clay nanosheets around the grain
with nanopore sizes of 500-2000 nm in diameter. Thus, we
observe a two-scale porosity. Therefore, Mt. Simon sand-
stone exhibits a porous, granular, and multiphase micro-
structure, which needs to be included in the theoretical
multiscale model.

2.4 Porosity Measurements

The pore size distribution and the pore volume fraction were
measured using flow perporometry, helium pycnometry, and
mercury intrusion porosimetry. A detailed description of
helium pycnometry can be found in Nia et al. (2016). Flow
perporometry is a powerful technique commonly used to
assess the pore size distribution (PSD) of rock specimens.
The underlying principle is capillary flow theory: for a given
pore that is wetted by a liquid, the pressure required to force
gas through the pore is inversely proportional to the size of
the pore, as described by the Laplace equation:
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Fig.5 a Schematic of the flow perporometry experiment. b Sche-
matic of specimen holder for flow perporometry experiment. ¢ Exam-
ple of pore size distribution for a specimen 6925-U as measured via
flow perporometry

20 cos 6
y = ——

R (M)

where r is the pore radius, o is the liquid surface tension, and
Ap is the prescribed pressure drop.

Figure 5a shows a schematic of our flow perporometry
experiment and Figure 5b shows a schematic of the speci-
men holder. In our experiments, a rock specimen was placed
in the specimen holder in between two empty cells. To relate
the flow rate to the pressure drop for the dry specimen,

helium gas was pressurized in the top cell at a given pressure
high enough to induce flow through the specimen. The flow
rate and upstream pressure were recorded simultaneously
as the pressure was increased stepwise. Next, the relation
between flow rate and pressure drop for the wet specimen
was assessed as follows. After wetting the specimen with
n-butanol, the rock specimen was reinstalled in the appa-
ratus. The top cell was again pressurized with helium, but
this time the liquid in the pores acted as a barrier, and no
flow occurred until the applied pressure reached the capil-
lary pressure of the largest pores (see Eq. (1)). As the pres-
sure was increased stepwise, more liquid was expelled from
progressively smaller and smaller pores, thus allowing more
gas to permeate. The experimental data were analyzed using
ASTM D6767 (2016) to generate the pore size distribution.

Figure 5c displays an example of pore size distribution for
a specimen from sample 6925-U as measured using flow per-
porometry. The pore diameter 2r spans two orders of mag-
nitude from 200 to 20 pm. Nanopores, with a diameter less
than 1780 nm, represent less than 15% of the total porosity.
Helium pycnometry revealed a porosity of ¢p = 25.8 + 0.50%
for the sample 6925-U and a porosity of ¢ = 21.30 + 1.90%
for the sample 6927-U (Mt. Simon sandstone extracted from
6927 ft. and in unaltered state). Meanwhile, mercury intru-
sion porosimetry revealed a porosity of ¢ = 21.43% for the
sample 6925-U (Mt. Simon sandstone extracted from 6925
ft. and in an unaltered state).

2.5 X-ray Diffraction Analysis

X-ray powder diffraction was carried out at the Fredrick
Seitz Materials Research Laboratory in collaboration with
the Illinois State Geological Survey to determine to the min-
eralogical composition of Mt. Simon sandstone. Each speci-
men was cleaned and dried in a vacuum oven. Afterward,
each specimen was mechanically ground down to an even
particle size of around 44 microns. The resulting powder was
then spread on a glass slide and characterized using a Sie-
mens/Bruker D5000 X-ray Powder Diffraction instrument.
JADE™software was utilized to identify the constituents
and percentages in Mt. Simon sandstone using XRD pattern.

XRD analyses were carried out on unaltered Mt. Simon
sandstone specimens extracted from a depth of 6925 ft.
(6925-U). Figure 6 displays the corresponding X-ray diffrac-
togram. X-ray diffraction analysis revealed four major con-
stituents of Mt. Simon sandstone, listed in Table 3: quartz
(57%wt), alkali feldspar (35 %wt), siderite (5 %wt), and clay
(1 %wt). In addition, there were some traces of other miner-
als such as dolomite and pyrite (2 %wt). The dominant clay
minerals were illite (55% in weight), illite/smectite (33% in
weight), and chlorite (10% in weight). These findings are
congruent with previous XRD analyses carried out on Mt.
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Fig.6 X-ray diffractogram of an unaltered Mt. Simon specimen
extracted at a depth of 6925 ft. below ground

Simon sandstone (Freiburg et al. 2014; Yoksoulian et al.
2013).

The volume fraction ¢ for each mineral i—
i = {clay,quartz, feldpsar, siderite }— was computed

as follows:

(%t (1-¢)
Yp tay) | e | o) | Civtesernie)”
Pclay Pquartz Pteldspar Psiderite
)

where p; is the density of each mineral as reported in the
scientific literature, (%wt,) is the weight fraction as assessed
using X-ray diffraction analyses, and ¢ is the porosity at the
microscopic scale.

Given the porosity and the density of the different miner-
als, we can estimate the volume fraction of minerals from the
XRD measurements as shown in Table 3. The XRD analyses
will serve as a benchmark to check the ability of statisti-
cal nanoindentation to yield accurate representations of the
mineralogical composition.

2.6 Grid Indentation Testing

Grid indentation was carried out on both altered and unal-
tered samples. In general, grids of indentation were carried
out on three to four specimens per sample as detailed in
Table 2. The sample origin is given in Fig. 3. A total of 24
specimens were tested and 6900 individual indentation tests
were performed.

Statistical nanoindentation or grid indentation test-
ing is commonly employed to infer a map of the chemo-
mechanical constituents of rocks (Zhu et al. 2009), shale
(Abedi et al. 2016; Akono and Kabir 2016), and cementi-
tious materials (Sorelli et al. 2008; Ulm et al. 2007). The
basic principle is to identify the microscopic phases by
representing the experimental probability density functions
of the local elasto-plastic characteristics using a Gaussian
mixture model. Herein, all tests were carried out using an
Anton Paar nano-hardness tester (Anton Paar, Ashland, VA,
USA). Engineering controls were enforced to avoid common
pitfalls of nanoindentation such as excessive thermal drift,
high instrument compliance, and inaccurate indenter geom-
etry characterization. For instance, an optical breadboard
was used to isolate the instrument from floor vibrations. An
enclosure chamber was integrated with a stiff frame, materi-
als with low thermal expansion were used, and cutting-edge

Table 3 Physical properties of 6927-U
unaltered Mt. Simon sandstone Porosity
as measured via X-ray (%)
diffraction, helium pycnometry, HP Neutron
and mercury intrusion porosity log
porogimetry 21.30+£1.90 18.7*
6925-U
Porosity
(%)
HP MIP Neutron
porosity log
25.80£0.50 21.43 18.7—22**
X-ray
diffraction
Quartz K-feldspar Siderite Clay (Pyrite,
Dolomite)
(% wt) 57 35 5 1 2
density 2.65 2.56 3.96 2.75 2.71
(gee)
vol. frac. 45.01 28.61 2.64 0.76 1.54
(%)

HP helium pycnometry, MIP mercury intrusion porosimetry, vol. frac. volume fraction

*Source: (Frailey et al. 2011)

“*Source: (Frailey et al. 2016; Bauer et al. 2016)
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data acquisition systems were utilized. High-accuracy force
and depth sensors were employed with a resolution of 0.01
pN and 0.01 nm, respectively. The force and penetration
depth were monitored every 70 ms. The indenter probe was
a diamond Berkovich tip with a 2 nm radius and the con-
tact area of the probe was calibrated prior to testing using a
reference material. Due to a close integration between the
indentation testing unit and advanced imaging optics, it was
possible to accurately select the location of each indentation
grid.

Figure 7 displays a typical horizontal force—penetration
depth curve recorded during an indentation test on a Mt.
Simon sandstone specimen. As shown in the insert, during
an individual test, the vertical force P was linearly increased
up to a maximum value of P_,, = 5mN, held constant for 5
s and then linearly decreased. The local indentation modu-
lus M (respectively, indentation hardness H) was computed

() °

5

4

3

0 50 100 150 200

N6+
vy
VY
o, =
b )/
¥V
S
SY¥
vy
40

500 pm

Fig.7 a Representative load—depth curve for an indentation test
performed on Mt. Simon sandstone. The prescribed load history is
shown in the insert. b Grid of indentations on a Mt. Simon sandstone
specimen visualized using scanning electron microscopy. P is the ver-
tical force, d is the penetration depth. ¢ is the time, S is the unloading
contact stiffness

from the measured unloading contact stiffness S (respec-
tively, penetration depth d,,,, at maximum load) according to
the Oliver and Pharr model (Oliver and Pharr 1992, 2004):

— \/; S - H Pmax

2 AWl A

. 3)

max)

Herein, P, = 5 mN is the prescribed maximum force, and
A is the projected contact area when the maximum load is
reached. Similarly, d,,,, is the value of the penetration depth
when P =P .

3 Theory
3.1 Multiscale Model of Mt. Simon Sandstone

A conceptual multiscale model was formulated for the Mt.
Simon sandstone to connect the local behavior at the nano-
and microscopic lengthscales to intrinsic properties at the
macroscopic scale. An important challenge is to account for
the multiscale nature of Mt. Simon sandstone, the two-scale
porosity, the aspect ratio of grains, as well as the hetero-
geneous nature of the mineral phase. These observations
stem from the BSE and XRD analyses. First, X-ray powder
diffraction analyses revealed three major mineral phases—
quartz (57%wt), feldspar (35%wt), and siderite (5%wt), see
Fig. 6. These different mineral phases are also present in
the EDS scan and can be observed according to their gray
level in the BSE images, see Fig. 4. Thus, at the micro-
scopic scale, the solid skeleton is heterogeneous. Second,
high-resolution SEM shows the presence of nanopores, see
Fig. 4. Third, the grains shown in Fig. 4 are not spherical.

Figure 8 illustrates our conceptual model. At the molecu-
lar lengthscale, the elementary phase is a K-feldspar mineral.
The elastic properties of the solid skeleton are characterized
by a bulk modulus &, and a shear modulus g. At the nanom-
eter lengthscale or nanopore lengthscale, the representative
elementary volume consists of solid feldspar with uniformly
dispersed nanopores. At lengthscale I, both the nanopores
and feldspar nanograins are assumed to be spherical. At the
microscale or pore lengthscale, the material is modeled as
a granular multi-phase solid. The different phases consists
of grains made of quartz, siderite, nanoporous feldspar, and
microscopic air voids. At lengthscale II, the grains are mod-
eled as oblate spheroids and the particle aspect ratio « is
accounted for. At the macroscopic scale, the core length-
scale, the material is modeled as a homogeneous isotropic
solid. Our goal is to bridge lengthscale 0 and lengthscale 11T
using statistical nanoindentation coupled with micromechan-
ics modeling.
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Fig.8 Multiscale model of Mt. Simon sandstone. Lengthscale 1: solid feldspar with nanoporosity. Lengthscale 2: heterogeneous grains of
quartz, siderite, micropores, and nanoporous feldspar domain. Lengthscale 3: homogeneous material response at macroscopic lengthscale

3.2 Elasticity and Strength Upscaling Models
3.2.1 Lengthscale 0 to Lengthscale |

Linear upscaling is utilized to connect the molecular scale,
lengthscale 0, to the nanopore scale, lengthscale 1. At the
nanoscale, we represent a nanoporous feldspar phase as a
two-phase solid: a solid skeleton and nanoscale air voids,
as shown in Fig. 8. We express the bulk modulus and shear
modulus at lengthscale I, respectively, k; and g; as a func-
tion of the local packing density # and as a function of the
elastic constants of the solid skeleton: bulk modulus &, and
shear modulus g,. The stiffness tensor of the solid skeleton
is then given by C = 3k J + 2g K. J = %1 ® 1is the fourth-
order spherical projector tensor, where 1 is the second-order
unit tensor and ® denotes the dyadic product. Meanwhile,
K =1—-J where [ is the symmetric fourth-order unit ten-
sor. We use a micromechanics-based Mori—Tanaka scheme
(Nemat and Nasser 1999; Mori and Tanaka 1973). When
the reference phase is the matrix, the homogenized stiffness
tensor at lengthscale I, C,, is given by Zaoui (2002):

C,=nC . A, 4)
111
A, = [I] + (I] -P, : C,) 1] is the strain concentration ten-

sor for the solid phase. The tensor S is closely related to the
Eshelby tensor: P =S : Cs‘l. The Eshelby tensor for a
spherical inclusion (here a nanopore) embedded in a linear
elastic homogeneous medium (here feldspar) reads (Eshelby
1957):

3k 6(k, +2g,)

AT .
3k +4g. | 503k +4g) ®)
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By replacing both the Eshelby tensor and the strain concen-
tration tensor by their relative expressions in Eq. (4), we
can rewrite the homogenized stiffness tensor at lengthscale
Ias C; = 3k K + 2u;J, where k; and g; are, respectively, the
lengthscale I bulk and shear modulus. We can show that k;
and g, are given by:

4 nkgg
=2 6
LS 3T Sk £, ©

) Nk, +8g.)g, ,
= 60—+ Dk + (120 —m 1 D)g.” @

81

The plane strain modulus is then calculated using
— 3ki+81
My =g, 3k+4g”

3.2.2 Lengthscale Il to Lengthscale il

The next step is to link the micropore scale, lengthscale
I1, to the macroscopic scale, lengthscale III. Our objective
is to estimate the macroscopic bulk modulus Kj;; and the
macroscopic shear modulus Gy;; knowing the characteris-
tics of microphases at the pore lengthscale. At lengthscale
I, the morphology is granular with the different inclusions
corresponding to siderite, quartz, nanoporous feldspar and
micropores. It is important to account for the granular mor-
phology by considering the grain aspect ratio a. To account
for the aspect ratio of the grains, we utilize the self-consist-
ent solutions for ellipsoidal inclusions formulated by Berry-
man (1980). Consider a particulate composite with n phases
so that each phase i is characterized by a bulk modulus £;,
a shear modulus g;, and a volume fraction c;, the effective
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Fig.9 a Schematic of an indentation grid on a Mt. Simon sandstone
specimen. b Distribution of indentation modulus M. The solid line is
the experimental probability distribution function. The dotted lines
are the theoretical individual Gaussian functions identified via statis-

elastic constants (Kjy;, Gyyp) of the composites are solutions
of the implicit equation (Berryman 1980):

Z cik; — Ky)P*™ = 0; Z ci(g; — G Q" = 0. (8)

1 l

In the case of oblate particles of aspect ratio «, the param-
eters (P*, 0*) are defined as

4
» K + 38
P = 1 ©))
ki + ggl + ﬂa’ﬂm
2 2
0 = 1(y N 8Gp ) ki+ 38+ 3Gm
5 4g; + 7a(Gyy + 2Pm) &, + %gi + Py
(10)
3K+Gm

where i = G . Equations (8)—(9) are solved using

3Ky +4Gyy
an iterative scheme as described in Berryman (1980).
Thus, we have formulated a multiscale linear homogeni-
zation scheme to upscale the elastic properties of Mt. Simon
sandstone while accounting for (i) the dual porosity, (ii) the
heterogeneous nature of the mineral phase, and (iii) the
aspect ratio of particles at the microscopic scale. Equipped
with a vast array of characterization methods along with
rigorous theoretical models, we can study the influence of
rock—fluid reactions on the mechanical response.

3.3 Statistical Gaussian Mixture Model

Statistical nanoindentation was carried out at lengthscale II
to yield a map of mechanical phases as shown in Fig. 9c. A
Gaussian mixture model is employed to identify mineralogi-
cal phases based on their mechanical signature (indentation
modulus M and indentation hardness H, and packing density

A
-350-300-250-200-150-100 =50 O
X (microns)

tical deconvolution. ¢ Phase map displaying the spatial arrangement
of the individual mechanical phases. The chemical phases can be
identified based on the mechanical signature of silicate minerals, See
Table 4

n), cf. Fig. 9a. Finite mixture modeling is a powerful method
widely employed in a vast range of disciplines such as com-
puter vision (Zivkovic 2004), speech recognition (Yu and
Deng 2016), and medical imaging (Bousse et al. 2012).

Given a vector X of independent local mechanical charac-
teristics, the idea is to represent the experimental probability
distribution function of X as a weighted sum of individual
micro-constituents. For instance, we can define a two-dimen-
sional space X = (M, H) where, M and H are, respectively,
the indentation modulus and hardness that are evaluated
using Eq. (3). We can also define a three-dimensional space
X = (M, H,n), where the packing density # is included as
a means to obtain valuable information regarding the mor-
phology. Let us assume the existence of n-independent
micro-constituents within the representative elementary
volume at the microscopic scale. The micro-constituents
may differ in both their chemistry and their morphology. For
each individual micro-constituent, i, the vector of mechani-
cal and physical properties X is a two-dimensional or three-
dimensional continuous random variable. We assume that
the probability density function of X; obeys a multivariate
Gaussian distribution characterized by a mean vector y; and
a diagonal covariance matrix X;. Therefore, we can write the
probability density function of X; as:

px,X) = N(X, Hi, Ei) =

———— xexp |5 (X— ) "= (X - ) |.
V2r)|detX| 2

1D

where k = 2,3 is the dimensionality of variable X. detX

is the determinant of the covariance matrix X. A denotes

the normal distribution function. The next step is to repre-

sent the probability distribution function of the population

of measured local mechanical properties—X = (M, H) or
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Table 4 Mechanical signature of silicate minerals present in Mt.
Simon sandstone

Mineral M(GPa) References

Quartz 79.1 McSkimin et al. (1965)
Quartz 98.1 McSkimin et al. (1965)
Quartz 80.8 Heyliger et al. (2003)
Quartz 103.8 Heyliger et al. (2003)
Feldspar 44 .4 Carmichael (1989)
Feldspar 69.6-81.7 ‘Waeselmann et al. (2016)
Siderite 146.0 Christensen (1972)
Siderite 169.0 Christensen (1972)

M elastic plane strain modulus

X = (M, H,n)—as a combination of sub-populations cor-
responding to the microphases. We minimize the difference
between the experimental probability distribution func-
tion fx(X) and the weighted sum of individual Gaussian
distributions:

2

min ( fX) = Y eN (X1, 5) | (12)

ioHis&i i1

with the constraints:

n
G201<i<m Y=L (13)

i=1

c; represents the volume fraction of phase i. Eq. (13) states
that the volume fraction of each individual phase must be
positive and the sum of all volume fractions for all identified
mechanical phases must be equal to unity. For simplicity, we
require the covariance matrices X; to be diagonal.

In addition, we enforce the phase separability condition,
illustrated in Fig. 9b. In other words, we require sufficient
contrast between neighboring phases and sufficient differ-
ence between neighboring peaks. This condition is encap-
sulated in the inequality below:

'ux/ + O-x[ = #XM - GXM (14)
with x € {M, H, n}. As illustrated in Fig. 9b, we require the
peaks to be sufficiently distinct. Furthermore, to prevent
spurious phases, we enforce threshold values on the volume
fractions as well as the bandwidth: respectively, ¢; > 5%,
and o, > 0.054,, with x € {M, H,n}. The threshold value
is necessary to pfevent spurious phases; however, due to that
constraint, we are not yet able to account for clay phases.
Thus, in a two-dimensional space, X = (M, H), the input
of the statistical deconvolution procedure is the distribution
(M;, H;),;<y of indentation moduli and hardness values
measured locally at individual indentation points. The out-
come is the micro-constituents, or mechanical phases i as
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characterized by their volume fraction c;, the average and
standard deviation of their indentation modulus, p,,; + o,
and indentation hardness py; + oy;. Furthermore, in a three-
dimensional space, the input of the statistical deconvolution
procedure is the distribution (M;, H;, ;); ;< of indentation
modulus, indentation hardness, and packing density values
measured locally at individual indentation points. #; is the
local packing density which is computed using Eqs. (6)—(7).
The outcome is the micro-constituents, or mechanical phases
i as characterized by the values of the volume fraction c;, the
average and standard deviation of the indentation modulus,
My £ Oy and indentation hardness, py; + o4, and the aver-
age and standard deviation of the packing density, u,; + 6,,.
Furthermore, as shown in Fig. 9c, given the spatial location
of individual indents, we can draw a map of the mechanical
phases.

The mineralogical phases are identified based on their
mechanical signature. Table 4 lists the mechanical proper-
ties of feldspar, quartz, and siderite as reported in the scien-
tific literature based on experiments such as ultrasonic wave
velocimetry (Christensen 1972) and resonance ultrasound
spectroscopy (Heyliger et al. 2003), or based on theoretical
modeling (Waeselmann et al. 2016). Siderite exhibits the
highest values with M ranging from 146.0 to 169.0 GPa. For
quartz, M varies between 79.1 and 103.8 GPa. Quartz miner-
als are generally modeled as transversely isotropic with the
highest value of M being recorded in the longitudinal direc-
tion and the lowest value being in the transverse direction.
Feldspar exhibits the broadest range of values with literature
reports ranging from 44.4 to 81.7 GPa. Hence, statistical
deconvolution of grid indentation data enables us to visual-
ize the spatial arrangement of mineralogical phases.

3.4 Modeling Strategy

Figure 10 illustrates our strategy to connect geochemical
reactions to the morphological changes that they generate
and the resulting alterations in mechanical properties. The
first step consists of carrying out a statistical deconvolu-
tion for each indentation grid. For each indentation grid,
each indentation test will yield one value of the indentation
hardness and one value of the indentation modulus com-
puted from the 1000 data points present in the load—depth
curve using Eq. (3). The probability density functions of
the indentation modulus and indentation hardness are
computed using kernel density estimation. The Gaussian
mixture parameters are estimated by nonlinear constrained
optimization of Eq. (4) using a Python nonlinear solver on
an Intel(R) Xeon(R) CPU E5-2609 v4 processor. The out-
put is a map of the mechanical phases present within the
specimen, both non-porous (quartz and siderite), and porous
(micropores and nanoporous feldspar). Next, we filter and
separate the data points (M;, H;) laying within porous phases.
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Fig. 10 Modeling strategy to connect morphological and compositional changes induced by geochemical reactions to macroscopic geomechani-
cal alterations

A subsequent inverse linear homogenization based on Eqgs. 14f

(6)—(7) yields the local packing densities #; at lengthscale I. (a)

In addition, statistical deconvolution is carried out solely for 124

points laying within porous phases with X = (M, H, ) so as

to increase our resolution and better differentiate between 10 o]

microporosity and nanoporous feldspar phases of different é_“ 8l ) ]

packing density values. (-')_ feIdSpar% siderite
Thus, at the end of the two-step statistical deconvolution T 6 P 8 oPoc

analysis, we obtain a full picture of Mt. Simon sandstone at

lengthscale II for the distribution of minerals and lengthscale

I for the local packing densities. At this stage, a forward

linear homogenization is carried out using Eq. (8) to predict

the effect of compositional and morphological changes on 120

the macroscopic elastic constants. Using the theoretical steps

outlined, we can quantify the microstructural changes due to

fluid—rock interactions and predict their effect on the effec- 80 (b)

tive behavior at the macroscopic lengthscale. 20l ,
Figure 11 illustrates the statistical deconvolution steps %RXJSEoég%zo.OZ

on a representative Mt. Simon sandstone specimen. We set 60t

threshold values to match mechanical phases with chemical © 50|

compounds based on the mechanical signature of silicate %

minerals present in the Mt. Simon sandstone. For values of - 40}

the average indentation modulus g above 105 GPa, the = 30|

mechanical phase i is considered to be siderite like. For

values of py; between 78 GPa and 105 GPa, the mechani- 20r

cal phase is considered to be quartz like. For values of py; 10

between 20 and 78 GPa, the mechanical phase is considered ‘ ‘ ‘ ‘

to be feldspar like. 8.0 0.2 0.4 0.6 0.8 1.0
In Fig. 11, two phases are identified with average inden- n

tation moduli in the range 20-78 GPa: these phases corre-

spond to two nanoporous feldspar sub-phases with different Fig.11 a E)fam[‘)le of st.atistical deconvoh.ltion on Mt. Simon sand-
packing density values. Similarly, two phases are identified ~ Stone- b Typical indentation modulus-packing density curve

with average indentation moduli in the range 78—-105 GPa;
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Table 5 Comparison of porosity values predicted using the statistical
nanoindentation method versus experimental measurements

Table 6 Comparison of mineralogy computed via the statistical
nanoindentation method with XRD measurements

Specimen SNI HP Neutron porosity log MIP

6927-U
6925-U

2338+ 1.48 21.30+1.90 18.7-22%

23.61 +6.86 25.80+0.50 18.7-22% 21.43

HP helium pycnometry, SN/ statistical nanoindentation, MIP mercury
intrusion porosimetry

aSource: (Frailey et al. 2011; Bauer et al. 2016)

these are more likely quartz crystals with different orienta-
tions. At lengthscale 0, the elastic constants of the solid feld-
spar skeleton were calculated as k, = 41.56 & 1.76 GPa and
8, = 31.17 = 1.32 GPa. Figure 11b displays the indentation
modulus—packing density curve. The solid line represents
the theoretical indentation modulus for a nanoporous mate-
rial as derived in Eq. (7). A close agreement is observed
between theory and experiment as evidenced by the high
coefficient of determination R?> = 0.99262 and the low nor-
malized root mean squared error NRMSE = 0.02.!

4 Results and Discussion

4.1 Verification of Multiscale Framework Using
Independent Chemical and Microstructural
Characterization Methods

We validate our statistical deconvolution approach on unal-
tered Mt. Simon sandstone by comparing the porosity and
mineral content estimates with the results of independent
experimental approaches such as X-ray diffraction analy-
sis, mercury intrusion porosimetry, helium pycnometry,
and neutron porosity well logs. For instance, Table 5 dis-
plays the results of porosity measurements for two unal-
tered samples: 6925-U extracted from a depth of 6925 ft
and 6927-U extracted from a depth of 6927 ft. The porosity
values presented in Table 5 using grid indentation are the
average values computed for four to six different indentation
grids, each involving 100 or 400 indentation tests per grid as
described in Table 2. The average porosity values calculated
for 6927-U and 6925-U using statistical nanoindentation are

! The normalized root mean squared error is defined as

A
NRMSE = — ¥

Ymax ~ Ymin

where (¥;),<;<y are the experimental data points and (3;);;y is the
theoretical prediction.
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Mineralogy Quartz Feldspar Siderite

(% wt)

SNI 41.67 +8.18 33.02 + 13.46 3.50 +4.79
XRD 45.01 28.61 2.64

23.38 and 23.61%, respectively, which are in good agree-
ment with independent porosity measurements.

Table 6 summarizes the volume fractions of minerals
estimated for the 6925-U sample using statistical nanoin-
dentation. The average quartz volume content calculated
for 6925-U is 41.67%, which is in good agreement with
the quartz volume content from XRD, 43.69%. In addition,
the average feldspar volume content estimated via SNI is
33.02%, which agrees well with the XRD measurements of
28.61%. Finally, the average siderite volume content cal-
culated is 3.50 % using statistical nanoindentation com-
pared to 2.56% from XRD measurements. The difference
between XRD measurements and advanced cluster analysis
is partially due to the presence of clay particles, pyrite, and
dolomite which are represented in the XRD analysis. How-
ever, our statistical nanoindentation approach considers only
quartz, feldspar, and siderite phases. Nevertheless, there is
a good agreement between the XRD measurements and our
statistical nanoindentation approach. In other words, we
have a rigorous method to systematically assess the mineral
changes due to geochemical alterations.

4.2 Compositional Changes Following Incubation
in Acidic Fluid Systems

Figure 12 displays the inferred values of the porosity, feld-
spar content, and quartz content for Mt. Simon sandstone in
both an unaltered and altered states. The different alteration
regimens involve incubation in brine, and brine/sc-CO,, as
described in Sect. 2. Appendix A summarizes the porosity,
quartz, and feldspar, and siderite contents calculated by sta-
tistical nanoindentation for the 24 different specimens tested
and 6900 individual nanoindentation tests carried out, and
Appendix B displays the resulting clustering graphs and
packing—density curves.

First, moderate changes in porosity and feldspar content
are observed for the 14-day incubation cycle in brine at room
temperature and under atmospheric pressure. The incubating
brine solutions are brine A, brine B, and brine B of, respec-
tively, low, medium, and high ionic strengths. The chemical
composition of the brine solutions is given in Table 1. A 5%
increase in porosity and a 25% decrease in feldspar content
are observed after incubation in brine solutions A, B, and
C. However, the quartz fraction remains relatively the same.



Modeling -Induced Alterations in Mt. Simon Sandstone via Nanomechanics

1367

(a)
Unaltered —_—
Brine A —_—
Brine B —_—
Brine C —
CO2 1 week —
0 5 10 15 20 25 30 35 40 45
Porosity, (%)
(b) . ~
Unalteredf
Brine A} —_—
Brine B} —_—
Brine C} —_—
CO2 1 week} —_—
0 10 20 30 40 50
Feldspar content, (%)
(c)

Unaltered e p—
Brine A —_—
Brine B
Brine C —_—

CO2 1 week —_—

0 10 20 30 40 50 60
Quartz content, (%)

Fig. 12 Changes in a porosity, b feldspar content, and ¢ quartz con-
tent for different alteration cycles on Mt. Simon sandstone 6925. The
following samples are considered: unaltered (6925-U), incubated in
brine recipe A (6925-A), incubated in brine recipe B (6925-B), incu-
bated in brine recipe C (6925-C), and incubated in CO,-saturated
brine for 1 week (6925-AS1)

Second, significant changes in porosity and feldspar
content are observed after incubation in CO,-saturated
brine. For sample 6925-AS1 that was incubated in brine/

-
©

16} | Unaltered | | Altered by incubation in acidic fluid systems |

14}

Well log data
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Fig. 13 Predicted bulk modulus for unaltered and altered Mt. Simon
sandstone samples. The value of « is calibrated based on well log data
measurements performed by Bauer et al. (2016). Using the calibrated
values of @, we predict the evolution of the bulk modulus for the
altered systems

sc-CO, at 50 °C and 2500 psi for 7 days, the feldspar content
decreases by 37% and the porosity increases by 41 % from
23.61 + 6.86% in the unaltered state to 33.28 + 7.85% after
incubation. A similar result was found using helium pyc-
nometry. However, the magnitude of the increase in porosity
was significantly smaller, 1.9%. A plausible reason could be
the presence of unconnected porosity. During the dissolution
reactions, mineral trapping occurs that obstructs small pore
sizes. As a result, the created unconnected pores may not be
captured by helium pycnometry.?

4.3 Resulting Geomechanical Alterations
at the Macroscopic Scale

Probing further, we study the influence of the observed com-
positional and morphological alterations on the mechani-
cal behavior of Mt. Simon sandstone at the macroscopic
scale. Given the micro-constituents listed in Table 7, we can
estimate the macroscopic elastic constants by application
of Eq. (10). A major factor is the aspect ratio of the parti-
cle a. « — 0 corresponds to disks and @ = 1 corresponds to
spheres.

To be more quantitative in our prediction of macroscopic
behavior, we need to calibrate the grain aspect ratio @. To
this end, we rely on well log data based on shear wave
velocity and compressive wave velocity measurements car-
ried out by Bauer et al. (2016): they reported a bulk mod-
ulus of 9.2-13.8 GPa for the lower Mt. Simon sandstone,

2 There is no clear consensus as to whether helium pycnometry can
sense closed-off porosity.
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corresponding to the depth range 6920-6940 ft. Based on
these values of the bulk modulus, and using the statistical
nanoindentation phase calculations, we predict a range of
values of a = 0.04 — 0.08 to achieve a quantitative agree-
ment between our macroscopic theoretical predictions and
the macroscopic experimental well log data. In turn, the low
values of alpha, a = 0.04 — 0.08, imply that a disk morphol-
ogy for mineral grains must be adopted to accurately model
the constitutive behavior of Mt. Simon sandstone, which
points to the importance of the layered structure of the Mt.
Simon sandstone formation in dictating the mechanical
response.

Figure 13 displays the predicted values of the bulk modu-
lus for Mt. Simon sandstone 6925 ft in the altered states
for the range of values a = 0.04 — 0.08. For a given mate-
rial, the predicted macroscopic bulk modulus increases as
a increases. Overall, our model predicts a decrease of the
bulk modulus as a result of aging in brine or in CO,-satu-
rated brine, with CO,-saturated brine resulting in the most
severe decline in the bulk modulus. In other words, a weak-
ening of the mechanical properties is expected as a result of
an increase in porosity and a decrease in feldspar content
following the incubation of Mt. Simon sandstone in acidic
systems.

4.4 Link Between Incubation-Induced Geochemical
Reactions and Geomechanical Alterations

The last step consists of connecting the recorded changes in
morphology and mineralogy to the geochemical reactions
occurring as a result of the rock interaction with acidic brine
or brine saturated with CO,. As a guide, we use preliminary
studies of geochemical alterations reported for Mt. Simon
sandstone. For instance, Yoksoulian et al. (2013) carried out
24-week incubation experiments on Mt. Simon sandstone
at 2900 psi and 50 °C and observed an increase in porosity
along with an inert behavior of quartz mineral. Our observa-
tions are similar to Yoksoulian’s and coworkers as we noted
an increase in porosity while the quartz content remained
constant after incubation in CO,-saturated brine. Moreover,
based on the kinetic dissolution rates, Yoksoulian et al. pre-
dicted a high chemical reactivity for clay and feldspar. As
shown in Fig. 12b, we observe a decrease in feldspar content
which is accelerated for incubation in CO,-saturated brine
at temperatures above 50° C. Thus, in our experiments, our
findings suggest a dissolution of feldspar, which results in
an increase in porosity and a decrease of the effective bulk
modulus. In turn, a higher dissolution rate is observed at
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higher temperature, 50 °C vs. 22 °C and for CO,-saturated
brine solutions.

5 Conclusions

We formulated a novel multiscale nanomechanics framework
to investigate fluid—rock reactions in Mt. Simon sandstone
using statistical nanoindentation integrated with microme-
chanics modeling. The principle consists of focusing on the
mechanical signature of minerals so as to monitor compo-
sitional and morphological changes at the nano- and micro-
scopic scales. In turn, using micromechanics upscaling, we
can connect these morphological and compositional changes
to modifications in the effective mechanical response at the
macroscopic scale.

In this study, we investigated geo-chemo-mechanical
alterations in Mt. Simon sandstone as a result of incubation
in acidic brine as well as CO,-saturated brine. 24 differ-
ent specimens were tested, corresponding to four different
alteration cycles and leading to 6900 individual indentation
tests. At the microscopic scale, the theoretico-experimental
framework was validated by independent techniques such as
SEM, EDS, X-ray diffraction, mercury intrusion porosime-
try, helium pycnometry, and flow perporometry. At the mac-
roscopic lengthscale, a reasonable agreement was observed
with well log data. In our experiments, we observed alkali
feldspar dissolution and a porosity increase during incuba-
tion regimes in slightly acidic brine and in CO,-saturated
brine. At the macroscopic lengthscale, a weakening of the
rock is predicted. Thus, we have presented a physics-based
theoretical and experimental framework to directly tie local
changes in composition to macroscopic alterations in the
effective mechanical response while accounting for the mor-
phology, heterogeneity and multiscale nature of Mt. Simon
sandstone.

Acknowledgements This work was supported as part of the Center
for Geologic Storage of CO2, an Energy Frontier Research Center
funded by the U.S. Department of Energy, Office of Science, Basic
Energy Sciences under Award # DE-SCOC12504. The authors would
like to thank the Illinois State Geological Survey for providing the
Mt. Simon sandstone specimens tested and analyzed in this investiga-
tion. The work was carried out in part in the Frederick Seitz Materials
Research Laboratory Central Research Facilities, University of Illinois
at Urbana-Champaign.

Statistical Deconvolution Results

See Table 7.
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Table7 Summary of porosity, Material b %) Quz. (%) Feldsp. (%) Sider. (%)
quartz, feldspar, and siderite
volume content in % for Mt. 6927-U 25.92 44.00 28.61 0.00
Simon sandstone specimens 2238 41.00 40.98 7.00
zl;lzjlz(s:t to different alteration 2283 45.00 36.11 1.00
22.39 40.00 41.68 7.00
Average 23.38 42.50 36.84 3.75
Std 1.48 2.06 5.22 3.27
6925-U 30.45 50.00 18.63 1.00
31.07 34.00 20.68 14.00
21.44 51.00 28.74 1.00
28.49 36.00 30.92 2.00
16.92 48.00 40.71 0.00
13.27 31.00 58.43 3.00
Average 23.61 41.67 33.02 3.50
Std 6.86 8.18 13.46 4.79
6925-A 20.31 56.00 21.44 1.25
25.33 30.50 39.40 5.00
20.63 48.75 25.98 0.25
Average 22.09 45.08 8.94 2.17
Std 2.29 10.73 7.63 2.04
6925-B 24.94 47.50 26.00 0.75
13.07 59.75 10.46 10.50
Average 19.01 53.62 18.23 5.62
Std 5.94 6.12 7.77 4.88
6925-C 25.22 56.00 21.39 1.25
27.73 52.75 11.47 1.50
24.92 33.25 29.58 9.00
20.90 42.25 36.16 8.00
Average 24.69 46.06 24.65 4.94
Std 245 8.97 9.23 3.58
6925-AS1 31.61 35.00 15.87 7.25
37.93 46.25 12.19 1.00
38.90 40.50 19.09 1.25
39.36 34.00 2391 2.00
18.62 49.50 3245 0.25
Average 33.28 41.05 20.70 2.35
Std 7.85 6.08 7.02 2.51
Summary of 6900 indentation tests carried out on 24 specimens
Qtz. quartz, Feldsp., Sider. siderite, ¢ is the total porosity, 6925-U unaltered, 6925-A= incubation in brine
A for 14 days, 6925-B incubation in brine B for 14 days, 6925-C= incubation in brine C for 14 days, 6925-
AS]I incubation in brine/sc-CO, for 7 days at 50 °C and 2500 psi
Statistical Deconvolution Graphs 17 display the indentation hardness—indentation modu-

lus graphs for unaltered and altered Mt. Simon sandstone

Figures 14, 15 display the indentation modulus—packing  specimens.
density curves for the porous phases on unaltered and altered
Mt Simon sandstone specimens. Meanwhile, Figs. 16,
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«Fig. 14 Indentation modulus—packing density curves for unaltered
and altered Mt. Simon sandstone specimens. a—d Unaltered Mt.
Simon sandstone 6927-U, e—j Unaltered Mt. Simon sandstone 6925-
U, k-m Mt. Simon sandstone 6925-A incubated in brine A for 14
days at a temperature of 22°C under atmospheric pressure, n—o Mt.
Simon sandstone 6925-B incubated in brine B for 14 days at a tem-
perature of 22 °C under atmospheric pressure
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Fig. 15 Indentation modulus—packing density curves for unaltered
and altered Mt. Simon sandstone specimens. a—d Mt. Simon sand-
stone 6925-B incubated in brine C for 14 days at a temperature of

22°C under atmospheric pressure. e-i Mt. Simon sandstone 6925-
AS1 incubated in brine D saturated with CO, for 1 week at a tempera-
ture of 50 °C and a pressure of 2500 psi

@ Springer



1372 A.-T. Akono et al.

14 14 14 O
° ° o % ° °
o0 o
12 0 ap e 12 27 12 0 ap e
%Ef e 008(?
10 °o'g o 10 -’ 10 ag o
° [S] e o ° e
g 4 o e £ g ° CC%D $ g ° o%fg?
(O] £ 5@ O] e © ) e 58
T 6 Bo T 6 °o 0 o 6 B
e c® o o 8 % o e " o0%e
4 . S 4 o @ ® e @ ©
) ¥e, , . e , oE e
o o o A ° -}
o o® e gog e ©®
P ° P
0 0 0
0 20 40 60 80 100 120 140 0 0 20 40 60 80 100 120 140

(d) & (e) (f) :
12 12|
19 ° 00?6' e o ® %
8" e 10 10 ‘g 80°
8 o° e o £8%°
© @ o © g © g o e
a [ % [ o ° of0 °
O 4 o o O] [}
B $ ee0 ° - 6l - 6 s oF
T o 9° © e T = (<)
4 o 0 4 4 60, 00 e
s° 2 °&°,
2 e e e 2| 2| o © ® e
° e
oladefs oo @ o OL_amBasB_o® © @
20 40 60 80 100 120 140 20 40 60 80 100
M, GPa M, GPa M, GPa

6925-U 6925-U 6925-U

12 e, °
10 °
) 10 od‘l' 10 ° a0 °
é - o LI [} %
8| o™ e
g Y g . ° g o, °
G} 8 G H [} ° e
= 6 00 50, °© = 6| e ® eo = 6| 8
e f° o ey 600 o ° e e e CO
4 0,0 4 o ® e 4 0o
8 e e @ © ° &,
2| ° olEJ 2| e ° 2
a g2 %"
8, o aQ
0 e 0 %0 ° ().‘_IQ~
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
M, GPa M, GPa M, GPa

6925-U 6925-A 6925-A

(j) 14 o g o (k)16 ° (I) 20 °
e
12 & ° 14
10 6% o o 12 o 15 Ce
£ o AT g9 g
(.’)_ OOODGO O_ 8| e 0_ 10
T 6 T =
6
4 4 5
2 2
[
OLeaamBe 0 o 05k
0 20 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
M, GPa M, GPa
(m) (n) (o)
14 16f 5 °
14} 12 14} o e
12|
10 12
10,
© © © 10
o 8
o 8 ?'9 %, 8
SN T T g
P1 4 4
2 2 9
% 20 O®¥20 40 B0 80 100 120 740 0 20 40 60 80 100 120 140
M, GPa M, GPa

@ Springer



Modeling -Induced Alterations in Mt. Simon Sandstone via Nanomechanics

1373

«Fig. 16 Indentation hardness—indentation modulus graphs for unal-
tered and altered Mt. Simon sandstone specimens. a—d Unaltered Mt.
Simon sandstone 6927-U, e—j Unaltered Mt. Simon sandstone 6925-
U, k-m Mt. Simon sandstone 6925-A incubated in brine A for 14
days at a temperature of 22 °C under atmospheric pressure, n—o0 Mt.
Simon sandstone 6925-B incubated in brine B for 14 days at a tem-
perature of 22 °C under atmospheric pressure
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Fig. 17 Indentation hardness—indentation modulus graphs for unal-
tered and altered Mt. Simon sandstone specimens. a—d Mt. Simon
sandstone 6925-B incubated in brine C for 14 days at a temperature
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of 22 °C under atmospheric pressure. e-i Mt. Simon sandstone 6925-
AS1 incubated in brine D saturated with CO, for 1 week at a tempera-
ture of 50 ° and a pressure of 2500 psi
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