
CO2 charged brines changed rock
2 strength and stiffness at Crystal Geyser,
3 Utah: Implications for leaking subsurface
4 CO2 storage reservoirs
5

6 Espinoza, D. Nicolasl*; Jung, Hojung1; Major, Jonathan R.2; Sun, Zhuangl; Ramos, Matthew J.2; Eichhubl,

7 Peter2; Balhoff, Matthew T.1; Choens, R. Charles3; Dewers, Thomas A.3

8

9 *corresponding author: espinoza@austin.utexas.edu, 200 E. Dean Keeton, Austin 78712, USA

10 (1) Department of Petroleum and Geosystems Engineering, The University of Texas at Austin

11 (2) Bureau of Economic Geology, Jackson School of Geosciences, The University of Texas at Austin

12 (3) Geomechanics Department, Sandia National Laboratories

13

14 KEY POINTS

15 • Changes in rock strength and deformational behavior imparted by mineral dissolution and

16 precipitation can impact trapping of buoyant fluids

17 • Experimental evidence shows that seepage of CO2-charged brine causes reduction of shear

18 strength and strain-softening of Entrada sandstone and Summerville siltstone samples, and

19 stiffening of Mancos shale

20 • Numerical simulations confirm the role of cement size alteration as one of the main controls for

21 sandstone chemo-mechanical alteration and predict vertical compaction and lateral stress

22 relaxation in the event of cement dissolution under in-situ subsurface conditions

1

SAND2018-9986J

This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed
in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.



23 Abstract

24 CO2 geological storage in saline aquifers results in acidification of resident brine. Chemical reactions

25 between acidified brine and rock minerals lead to dissolution and precipitation of minerals at various time

26 scales. Mineral dissolution and precipitation are often neglected in assessing the mechanical integrity of

27 target storage formations, yet, changes in rock strength and deformational behavior can impact trapping

28 mechanisms. This study shows the impact of exposure to CO2-charged brine on shear strength and

29 stiffness of various outcrop rocks evaluated through triaxial testing. The tested rocks were exposed to

30 CO2-charged brine over geological time at a naturally occurring near-surface seepage along the Little

31 Grand Wash Fault and Salt Wash Grabens, which include the Crystal Geyser site near the town of Green

32 River, Utah. Prior work suggests that this site provides a near-surface structural analog for possible fault-

33 controlled CO2 leakage over time scales that exceed expected injection time scales (10-100 years). Results

34 show mechanical alteration in various aspects: (1) CO2-charged brine alteration at near-surface conditions

35 results in mineral dissolution/precipitation and reduction of shear strength and brittleness of Entrada

36 sandstone and Summerville siltstone samples, and (2) carbonate precipitation in fractured Mancos shale

37 leads to matrix stiffening and fracture mineralization resulting in overall stiffer and likely tighter shale.

38 Additional discrete element simulations coupled with a bonded-particle-model confirm the role of cement

39 bond size alteration as one of the main controls for rock chemo-mechanical alteration in sandstones. The

40 chemo-mechanical alteration path that mimics cement dissolution (under stressed subsurface conditions)

41 results in vertical compaction and lateral stress relaxation. Overall, results show that rock exposure to

42 CO2-charged brine can impart distinct petrophysical and geomechanical changes according to rock

43 lithology and location with respect to major CO2 conduits. While mineral dissolution in the storage rock

44 may result in undesired reservoir strains and changes of stresses, mineral precipitation downstream from

45 a leakage path can help seal potentially induced fractures.
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46 1. Introduction

47 Large-scale injection of carbon dioxide (CO2) in deep subsurface formations is an alternative for disposing

48 anthropogenic CO2 instead of venting to the atmosphere [Pacala and Socolow, 2004]. Natural CO2

49 accumulations (stable and seeping) exist in various sedimentary basins, where pore pressure has been

50 documented to vary from below hydrostatic pressure to almost lithostatic stress [Chiodini et al., 1995;

51 Pearce et al., 1996; Heath et al., 2009; Sathaye et al., 2014; Hangx et al., 2015]. Although the oil and gas

52 industry has developed mature technologies for CO2 injection and enhanced oil recovery, storing large

53 volumes of CO2 requires careful analyses of all possible implications that may affect effective and long-

54 term CO2 sequestration [Sharp, 1975; Lake, 1996; Rutqvist et al., 2016].

55 Carbonic acid is the most common chemical weathering agent on the Earth's crust, resulting from the

56 reaction between atmospheric CO2 and rainwater [Stumm and Morgan, 2012]. Likewise, the injection of

57 CO2 in deep geological formations induces geochemical disequilibrium from mixing of CO2 and resident

58 brine, leading to reactions with minerals in the host rock including potential mineral

59 dissolution/precipitation and clay fabric alteration [Gunter et al., 2000; Kaszuba et al., 2005; McGrail et

60 al. 2009; Espinoza and Santamarina, 2012; Yoksoulian et al., 2013]. The extent of acidification increases

61 with CO2 pressure and CO2 solubility in brine, and reaches a plateau around the CO2 critical pressure [Duan

62 and Sun, 2003; Spycher et al., 2003]. Chemical reactions may occur in the reservoir/storage rock, the

63 caprock, well-cement interfaces, and in fault gouge material, if contacted by CO2. Advective processes

64 control reactions in the reservoir rock (including density-driven convection caused by CO2 dissolution into

65 brine), while diffusion mechanisms control reactions in the caprock (in the absence of connected

66 fractures) [Gaus et al., 2005; Xu et al., 2005; Kneafsey and Pruess, 2010; Hangx et al., 2010; Rutqvist et al.,

67 2016].

68 Dissolution and precipitation of minerals due to CO2 injection can alter rock petrophysical and

69 geomechanical properties [Vanorio et al., 2011; Major et al., 2014; Rohmer et al., 2016]. Such alterations

70 depend on the amount of reacted minerals and where dissolution and precipitation take place in the pore

71 structure. For example, precipitation of small mineral amounts in pore throats instead of pore bodies can

72 have a significant effect on permeability and capillary pressure [Ross et al., 1982; Chiodini et al., 1995;

73 Benavente et al., 2004]. Predominantly quartzitic sandstones and unconsolidated sands are expected to

74 have minor chemo-mechanical alteration when exposed to CO2 due to a lack of reactive minerals.

75 Sandstones with "CO2-weak" intergranular cements appear to be the most easily alterable type of rock

76 with respect to geomechanical properties, as even minor alterations can have a large impact on
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77 geomechanical properties dependent on cementation. Dissolution and degradation of load-bearing

78 cements can lead to (1) decreases of cohesive strength, fracture toughness, and yield stress locus size, (2)

79 increases of compliance and creep, (3) changes in post-peak behavior, and (4) changes in frictional

80 behavior [Fernandez and Santamarina, 2001; Bemer and Lombard, 2010; Xie et al., 2011; Zinsmeister et

81 al., 2013; Major et al., 2014; Bakker et al., 2016; Rinehart et al., 2016; Sun et al., 2016a]. Examples of these

82 types of rock include carbonate-cemented sandstones (e.g., Entrada sandstone, Castlegate sandstone),

83 and clay-cemented sandstones (Chlorite-cemented Tuscaloosa sandstone and Mt. Simon sandstone)

84 [Yoksoulian et al., 2013; Rinehart et al., 2016; Major et al., in review]. Grain-supported carbonate rocks

85 such as chalks can suffer significant strains when exposed to CO2-acidified brine [Liteanu et al., 2013],

86 while matrix-supported carbonate rocks can undergo significant pore enlargement with modest effects

87 on rock mechanical properties until large amounts of rock are dissolved [Fredd and Fogler, 1998; Carroll

88 et al., 2013]. Rocks with patchy or laminated distribution of dissolvable minerals, such as carbonate-rich

89 shales, stand in between dissolvable-matrix rocks and dissolvable-cement sandstones [Shovkun and

90 Espinoza, 2017]. Core-scale experimental results investigating CO2 reactions in shale caprocks are limited

91 due to the inherent difficulties in machining and flowing fluids through such tight and fragile lithologies

92 [Ilgen et al., in review]. Design of CO2 injection projects often neglects chemically-induced strains and

93 stresses, however, coupled chemo-mechanical processes can affect short-term injection response and

94 long-term trapping mechanisms in CO2 geological storage. Examples of coupled processes induced by

95 mineral dissolution include changes in wellbore injectivity, reservoir compaction, and lateral stress

96 relaxation [Ross et al. 1982; Oudinot et al., 2011; Shin et al., 2008; Stefanou and Sulem, 2014; Shovkun

97 and Espinoza, 2017].

98 In this study, we investigate the changes in geomechanical properties caused by CO2-charged brine over

99 geologic time from rocks in a sedimentary system accessible in outcrops at the Crystal Geyser field site.

100 First, we present an overview of the Crystal Geyser site, rock diagenetic history, and diagenesis triggered

101 by seepage of CO2-rich brine from a natural CO2 source along faults. Second, we show and discuss

102 experimental results from triaxial testing of rock specimens unaltered and altered by CO2-charged brine,

103 i.e., rock stress-strain behavior and shear strength. A systematic investigation of mode-1 fracture

104 propagation in the same rock samples is outside the scope of this study and will be reported in a separate

105 paper. The triaxial testing results are complemented by microphotographs, SEM-EDS, and X-ray

106 microtomographic observations to understand how alteration and heterogeneities affect strain

107 localization and micromechanical failure processes. Third, we introduce the application of discrete

108 element modeling to understand particle-level mechanisms responsible for the mechanical alteration of
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109 the tested sandstone samples. The article finishes with a comparison of alteration paths expected on

110 surface outcrops and under subsurface in-situ conditions.

111 2. Crystal Geyser: Geological setting, rock diagenetic history, and

112 sampling

113 The Crystal Geyser field site near the town of Green River in eastern Utah has been widely utilized as a

114 CO2 sequestration analog [e.g. Heath et al., 2009; Wilkinson et al., 2009; Burnside et al., 2013]. Here, CO2-

115 charged brine sourced from rocks in the deep subsurface Paradox Basin migrates up along normal faults,

116 including the Little Grand Wash Fault, and mixes with meteoric water from the shallower Navajo aquifer

117 before reaching the surface in a series of fault-related seeps or through a small number of abandoned

118 wells [Wilkinson et al., 2009]. The roughly E-W striking normal faults dominantly dip southward and cut a

119 series of Mesozoic siliciclastic rocks within the broad, gently northward plunging Green River Anticline

120 [Dockrill and Shipton, 2010]. A series of actively precipitating and fossil travertine mounds paralleling the

121 normal faults are products of the CO2 seeps active for at least 400 ka [Burnside et al., 2013].

122 The Little Grand Wash Fault near Crystal Geyser exposes primarily the Jurassic Summerville Formation, a

123 marginal marine siltstone with carbonate and mudstone beds, and the Morrison Formation, including the

124 Brushy Basin (dominantly mudstone) and Salt Wash (dominantly coarse-grained sandstone interbedded

125 with mudstone) members. The Cretaceous Mancos shale is exposed in the hanging wall. The Salt Wash

126 Graben located 10 km to the south of Little Grand Wash exposes units slightly lower in the stratigraphic

127 section including the Jurassic Entrada Sandstone. All these units have been altered in the vicinity of the

128 fault, resulting mostly in hematite dissolution and calcite precipitation that has been attributed to CO2-

129 brine-rock interactions [Urquhart, 2011; Wigley et al., 2012; Major et al., 2014, in review]. Localized calcite

130 precipitation in the vicinity to faults has been attributed to CO2 degassing of ascending CO2-charged brine

131 [Urquhart, 2011].

132 Rock samples selected for this study include both CO2-altered (bleached) and unaltered (red) Entrada

133 sandstone, CO2-altered and unaltered Summerville Formation siltstones, and CO2-altered and relatively

134 unaltered Mancos shale. Altered/unaltered sample pairs were taken from outcrops (either adjacent to

135 each other or from similar stratigraphic levels) in near and far proximity to the fault and travertine mounds

136 (See details in Table 1 and locations in triangles in Figure 1). The field sampling strategy was based on

137 recognition of bleaching and/or proximity to conduits (i.e. travertine mounds), then confirmed analytically

138 by XRD and petrologic analyses. All samples were retrieved from blocks excavated in the sampling points
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139 about 10 cm away from the surface to minimize alterations from surface weathering. The following

140 petrographic description corresponds to rocks sampled at the locations shown in Figure 1.

141 Entrada sandstone: Unaltered entrada sandstone at Crystal Geyser consists of eolian dune deposits of

142 well-sorted fine-to-medium grained reddish sandstone (-55 wt% Quartz, 24 wt% clays, 14 wt%

143 carbonates, 7 wt% K-feldspar, plus trace minerals). Burial and diagenesis resulted in sub-angular to

144 rounded grains with development of hematite, goethite, and illite-smectite grain coatings. Primary

145 carbonates take about 5.5%wt of mineral composition in the form of sparry calcite. Flow of CO2-charged

146 brine resulted in bleaching of red Entrada Sandstone causing hematite dissolution (with ensuing trace

147 metal mobilization), dissolution of preexisting carbonate and silicate minerals and formation of secondary

148 clays and carbonates [Wigley et al., 2012].

149 Summerville Siltstone: Unaltered Summerville siltstone is a reddish siltstone with minor shale and

150 limestone beds. The siltstone matrix is composed by very fine-grained quartz grains in a matrix formed

151 principally by sparry calcite, illite-smectite, and feldspar; natural heterogeneity results in variations of

152 carbonate content from 23 wt% to 43 wt% [Aman et al., 2017; Major et al., 2014]. Samples of altered

153 Summerville siltstone collected in the proximity of faults and below travertine mounds exhibit similar

154 amounts of carbonate content but cementation is in the form of fine-grained micritic calcite and clays.

155 Altered Summerville samples also have a distinct color with respect to unaltered Summerville as a result

156 of bleaching and changes in mineralogy. In addition, some altered samples exhibit mineralized veins

157 (example in Figure 5).

158 Mancos Shale: Mancos Shale is a regionally extensive gray marine shale, with a few silty layers exposed

159 near the field site. Samples of Mancos Shale collected far from CO2 springs exhibit a matrix dominated by

160 fine quartz (64 wt%), feldspar and clay minerals (illite, illite/smectite, chlorite/smectite, and kaolinite).

161 Retrieved unaltered Mancos samples exhibited open fractures likely resulting from a combination of

162 surface exhumation and sample preparation (Figure 7). In contrast, Mancos Shale samples retrieved in

163 proximity to faults exhibit large amounts of matrix calcite (-50 wt%) with decreased amount of clay

164 minerals. At larger scales, altered Mancos shale shows straight mm-thick mineralized veins separated by

165 —0.5 m. Despite the presence of these discontinuities, the retrieved altered Mancos samples did not show

166 any open fractures observable with the X-ray microtomograph.
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167 3. Triaxial testing

168 3.1. Rock samples

169 Table 2 summarizes details from all samples tested and experiments conducted. All samples are cylindrical

170 and have a nominal diameter of 25 mm. Entrada and Summerville samples were prepared to have a length

171 to diameter ratio between 2:1 and 2.5:1 consistent with material testing standards (ASTM D7012).

172 Mancos shale samples were limited in quantity and size; the tallest unaltered Mancos shale available for

173 testing is 34.8 mm. Short samples are significantly affected by shear friction at loading caps, while long

174 samples may present buckling instabilities under axial compression.

175 3.2. Triaxial frame and deviatoric loading procedure

176 We conducted tests in an ultra-stiff (10' N/mm) triaxial frame manufactured by TerraTek and equipped

177 with local strain transducers (set of cantilever arms) to measure bulk axial and radial strains. Servo-

178 hydraulic systems control confining stress 03 and deviatoric stress 01-03. We conducted two types of tests:

179 standard constant axial strain rate tests at a constant confining stress, and multistage experiments with

180 axial loading at multiple confining stresses utilizing the same sample. Table 2 specifies the type of test run

181 on each sample. Standard tests pursued clear evidence of post-peak behavior. The multistage test consists

182 of stages of deviatoric loading, each one to the onset of sample dilation (based on volumetric strain

183 measurements) before unloading and reloading at a higher confining stress [Alsalman et al., 2015, Ramos

184 et al., 2017]. Multistage triaxial tests are useful to define the failure envelope with a limited number of

185 samples. Short unloading paths served to measure elastic rock rebound and characteristic elastic

186 coefficients. All samples were air-dry, hence, pore pressure is negligible and all reported stresses are

187 Terzaghi effective stresses. Deviatoric loading proceeded at an axial strain rate of 4•10-6 s-1 in all tests. We

188 chose effective confining stresses equal to 0.69 MPa (100 psi), 6.9 MPa (1,000 psi), and 20.7 MPa (3,000

189 psi) for our triaxial tests based on typical values to study friction-strengthening behavior of geomaterials

190 and potential brittle to ductile transition in sandstones and shales. A confining stress of 6.9 MPa is more

191 or less equivalent to a horizontal effective stress developed at about 1.6 km of depth in an on-shore

192 sedimentary basin with hydrostatic pore pressure and no tectonic strains.

193 Data reduction utilizes a linear Coulomb criterion to characterize shear strength, such that,

194 61 (peak) = UCS + q • 63
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195 where UCS is the unconfined compressive strength, q is a friction parameter, and co is the friction angle,

196 such that q = (1+sin (o)I (1-sin co). The UCS [MPa] quantifies the level of cementation strength in the sample

197 and co [-] quantifies the increase in rock shear strength due to effective mean compressive stresses [Jaeger

198 et al., 2009]. We calculate Young's modulus E and Poisson's ratio v assuming material isotropy:

199

200

E = Ac lLie, ,,
1-0 3

LiE3
V = - -

4E1 0-3

(2)

(3)

201 where Ei and E3 are the strains along the maximum and least principal directions. The Young's modulus E

202 [GPa] quantifies the stiffness of the rock and is proportional to degree of cementation and grain contact

203 overlap; while v quantifies strains (and stresses if confined) perpendicular to the applied stress [Gueguen

204 and Palciauskas, 1994]. The reported loading elastic coefficients correspond to tangent measurements

205 before departure from linearity and unloading coefficients correspond to the average of at least two

206 unloading cycles.

207 3.3. Results

208 3.3.1. Entrada sandstone

209 The strain-stress results for standard tests in Entrada sandstone samples at various effective confining

210 stress 03 are available in Figure 2a. We discarded two tests in altered Entrada sandstone that showed

211 unexpectedly low peak stress values (0-1-63= 21.35 MPa at 03 = 6.9 MPa and 01-03 = 49.56 MPa at 03 = 20.7

212 MPa) likely due to a failed confinement or a pre-existing weakness induced or not detected before triaxial

213 testing. Unaltered samples appear stronger on average than CO2-altered bleached samples, although

214 natural heterogeneity contributes to scatter in the data. The tests run at 03 = 0.69 MPa show well defined

215 peak stresses followed by rapid strain softening in both unaltered and altered samples. Post-peak

216 behavior of unaltered samples conducted at higher confining stress show rapid strain softening as well.

217 The weakest bleached samples show gradual strain softening after peak stress. Figure 2b shows an

218 average unconfined compression strength reduction (UCS — Eq. 1) of about 14% in altered samples in

219 comparison with unaltered samples. The difference in the friction parameter q is about 10%. The

220 experimental data of Entrada Sandstone show dilation (0.8% to 0.4% from onset of dilatancy to peak stress

221 decreasing with confining stress). Dilation is associated with grain rotation and fracture opening rather

222 than grain crushing. Altered Entrada sandstone dilates less than unaltered entrada Sandstone, which
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223 suggests weakening and increased porosity in altered Entrada Sandstone with respect to unaltered

224 Entrada.

225 Similar to strength trends, a number of CO2-altered Entrada sandstone samples are softer (lower Young's

226 modulus) than unaltered Entrada (See Figure 2c and Table 2). The loading and unloading Young's moduli

227 of altered rocks are similar but typically lower than the moduli of unaltered rocks (Figure 2c).

228 Figure 3 shows X-ray micro-tomographic images of samples EU7 and EA6 after testing to peak stress at a3

229 = 20.7 MPa. Strain localization concentrates in two planes at characteristic angles corresponding to shear

230 failure. Careful inspection shows that fractures originating from edges of the sample do not perfectly align

231 but seem to coalesce upon a slight change of direction (top third in EU7 and lower fourth in EA6). Samples

232 tested at lower confining stress exhibit similar patterns with clear shear fractures oriented at about the

233 same angle: 72.4 ± 2.9° in unaltered Entrada samples and 72.2 ± 3.7° in altered Entrada samples (considers

234 individual fractures, not average after coalescence). Sample heterogeneity mostly comprised of weak

235 lamination does not seem to affect strain localization and damage evolution. High magnification

236 tomographic slices show higher porosity and less cementation in altered samples than in unaltered

237 samples.

238 3.3.2. Summerville siltstone

239 Figure 4a shows the strain-stress results from testing Summerville siltstone samples with standard tests

240 at 63 = 0.69 MPa (100 psi), and multistage tests at 03 = 0.69 MPa (100 psi), 6.9 MPa (1,000 psi), and 20.7

241 MPa (3,000 psi). Results clearly show a weaker altered Summerville siltstone samples than unaltered

242 samples. Both rock strength and stiffness undergo 7 to 10 fold decrease with rock alteration (See Table

243 2). Standard tests at 03 = 0.69 MPa show clear differences in strength, stiffness, and post-peak behavior

244 between unaltered and altered samples (Figure 4a-c). Multistage testing at various confining stresses

245 confirm marked reduction of rock strength and yield stresses in altered samples. Cohesive strength

246 reduces about 8 fold, yet samples possess similar internal friction angles (Figure 4b).

247 X-ray micro-tomographic images of Summerville siltstone samples help explain failure patterns (examples

248 SU2 and SA2 in Figure 5). The unaltered sample SU2 shows various planes of failure combining apparent

249 splitting and inclined shear fractures. The presence of multiple fractures likely correspond to small brittle

250 events (rapid drop of deviatoric stress) observed in strain-stress response of unaltered Summerville

251 samples at 03= 0.69 MPa. The altered samples show marked heterogeneities comprised by distinct layers

252 and partially mineralized fractures, some of them which likely associate with proximity to the fault gouge
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253 (Table 1 and Figure 1). These heterogeneities contributed the branching and turning of fractures during

254 failure. Despite an apparent "ductile" stress-strain signature up to E1 — 0.03, altered Summerville Siltstone

255 samples showed a significant number of fractures, typical of brittle failure. X-ray tomographic inspection

256 of unaltered siltstone samples after multistage testing at various confining stresses do not show

257 observable fractures and discontinuities. This observation suggests that multistage testing did not take

258 unaltered Summerville samples to stresses close to ultimate strength.

259 3.3.3. Mancos shale

260 Stress-strain results of Mancos shale samples at confining stress cr3 = 0.69 MPa (100 psi) show that shale

261 samples exposed to CO2-charged brine in the vicinity if the fault are stiffer than the unaltered Mancos

262 samples more distal from the fault (Figure 6 and Table 2). The altered samples also exhibit smaller

263 difference of unloading versus loading Young's modulus than altered samples. We limited testing to a

264 predetermined stress for short samples (MU2, MU3, MA2). Indeed, the observed peak stresses for MU1

265 and MA1 are not suitable for rock strength comparison because the unaltered sample MU1 is too short

266 to yield a reliable value of shear strength. MU2 was also stopped early because of unexpected early

267 dilation. A thorough strength measurement was unattainable due to limitations in successful coring of

268 large samples because of pre-existing open fractures, mostly in the unaltered Mancos shale blocks. Non-

269 optimal sample size also influences the accuracy of measured elastic properties.

270 Figure 7 shows X-ray micro-tomographic slices of Mancos shale samples before and after failure.

271 Unaltered shale samples have numerous open pre-existing fractures along the bedding plane. Deviatoric

272 loading in MU1 promoted growth of shear fractures that interacted with pre-existing weakness planes.

273 The altered Mancos shale samples do not exhibit open fractures observable with micro-tomography.

274 Altered shale samples have rare, closed sub-mm carbonate-filled veins, and gypsum filled fractures, the

275 latter related to weathering and observed at the outcrop. These observations support higher stiffness

276 observed in CO2-altered Mancos shale than in unaltered Mancos shale with open fractures. Some open

277 microfractures beyond the resolution of the microtomography may also exist, as evidenced from the

278 stiffening strain-stress response of MA1 (Figure 6). Linkages between open and mineralized fractures are

279 explored in Section 5.
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280 4. Discrete element modeling of cemented sandstone

281 4.1. Grain-cemented rock model

282 We apply the discrete element model to mimic the behavior of Entrada Sandstone. This is a reasonable

283 model for grain-cemented sandstones with rounded grains (Figure 3 and Supporting Information 1). The

284 discrete element model (DEM) has been widely used to model the mechanical behavior of geomaterials

285 since the pioneering work of Cundall and Strack [1979]. The bonded-particle model (BPM) approximates

286 grain-cemented rock with spherical particles connected by bonds [Potyondy and Cundall, 2004]. In this

287 study we couple BPM with the discrete element code LIGGGHTS [Kloss et al., 2012]. We present an

288 overview of the numerical model here. The reader can find more details elsewhere [Obermayr et al. 2011,

289 2013; Sun et al., 2016b].

290 We idealize the interaction between two cemented particles i and j, through a spring-damper system

291 where the stiffness, damping and friction coefficient are the parameters of the spring, dashpot and slip

292 mechanism (Figure 8a). The particle force and cement force act in parallel between particles and are

293 decomposed into normal and tangential directions. Bond breakage occurs when either normal or

294 tangential stress exceeds the corresponding bond strength. We utilize a global parametera to relate bond

295 size to the radii of particles [Obermayr et al., 2013]. For two arbitrarily connected particles i and j with

296 radii R, and RJ, the bond radius Rbm is

R 
R.
 '
+R.

297 b ij =2 , 
2 

(4)

298 Therefore, is a dimensionless parameter that quantifies the amount of cementation and varies from 0

299 (no cementation) to 1 (full cementation). Realistic bond sizes require a< 1.

300 The model utilizes a randomly generated cylindrical particle pack with particle radii from 25 to 50

301 (uniform size distribution). In our idealization, we disregard the effects of patchy cement distribution and

302 pore-filling dissolvable minerals. The height and diameter of the particle pack are 2.54 mm and 1.27 mm

303 (20 times smaller than actual sample). The sample contains 7,928 particles and 23,178 bonds. Boundary

304 conditions apply a constant radial confining stress and constant axial loading displacement rate. There is

305 no pore pressure in DEM simulations. Table 3 shows the parameters used in the model (result of

306 calibration with Entrada sandstone tests at 03 = 0.69 MPa), where Ec [Pa] and Eb [Pa] are the elastic moduli

307 of particle-particle contacts and bonds, kT [N/m] and kN [N/m] are the tangential and normal stiffness, p [-
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308 ] is the friction coefficient, ac [Pa] and rc [Pa] are the bond normal and tangential strength (per unit of

309 normal area). We validated the calibrated parameters with "blind" simulations for 03 = 6.9 MPa and 20.7

310 MPa (Supporting Information 2). Calibration shows that cement dissolution is the variable that matches

311 best indentation, scratch, and triaxial experimental results (opposed to cement strength variation and

312 cement elastic modulus variation - details are available elsewhere: Sun et al. [2016b, 2017; in review]).

313 We do not discard the possible contribution of other factors in changing the geomechanical properties of

314 altered Entrada Sandstone, such as reduction in bond shear strength and pore-filling mineral dissolution

315 — explored in other studies by Shin et al., 2008 and Sun et al. [in review].

316 4.2. Effects of cement bond size in mechanical response of Entrada Sandstone

317 Previous studies indicate that weakening of Entrada sandstone after long-term contact with CO2-acidified

318 brine is likely due to the dissolution of contact cements [Wigley et al., 2012; Major et al., 2014]. In this

319 section, we investigate the impact of bond size on the stress-strain response of digital Entrada Sandstone

320 models subjected to deviatoric loading.

321 A change of parameter from 0.8 to 0.2 mimics the effects of cement size reduction (Figure 8b). Digital

322 rock samples exhibit reduction of shear strength and increased ductility as the bond size decreases. The

323 simulation results mirror experimental observations and indicate that CO2-related alteration in Entrada

324 sandstone not only can degrade bulk mechanical properties but also lead to a brittle to ductile transition.

325 Other DEM-BPM results show that dissolution of pore filling dissolvable minerals and reduction of bond

326 shear strength can also result in decreased bulk shear strength and increased porosity [Sun et al., in

327 review]. Section 5.3 explores large-scale implications of cement size reduction and its impact on

328 geomechanical integrity of target CO2 storage formations.

329 5. Discussion

330 5.1. Origin of rock mechanical alteration and comparison with previous studies

331 Entrada sandstone. Previous work suggests dissolution of grain-coating hematite cement as the main

332 factor for bleaching and weakening of Entrada sandstone [Major et al., 2014]. Calcite dissolution and re-

333 precipitation may also affect geomechanical properties. Unaltered and bleached Entrada Sandstone show

334 velocity-strengthening slip behavior, unless significant carbonate precipitation occurs [Bakker et al.,

335 2016]. Both hematite and calcite dissolution are compatible with geochemical reactions in acidic

336 environments [Eichhubl et al., 2004]. Laboratory experiments show that CO2-charged brine interaction
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337 with unaltered Entrada sandstone can result in localized carbonate dissolution and increases of porosity

338 [Aman et al., 2017]. As expected, there was no sign of pre-existing damage in Entrada samples (observed

339 in X-ray microCT images) induced by the fault shear zone process (samples —100 m away from fault). Our

340 measurements indicate average porosity increases from 8.3±0.3% to 11.3±0.3% with alteration in Entrada

341 sandstone. Triaxial test results presented here show weakening up to 14% of the unaltered rock stiffness

342 and strength and agree with measurements based on indentation, scratching and double torsion

343 techniques (Supplementary Information 3). A few samples of altered Entrada sandstone are as strong as

344 (or stronger than) unaltered Entrada in triaxial tests (Figure 2). Such variation may be explained by the

345 natural heterogeneity of the sandstone formation but also by variations in calcite dissolution and

346 precipitation (such as in some portions close to the fault [Bakker et al., 2016]). Our results document a

347 small decrease in the internal friction coefficient as well.

348 Summerville siltstone. Hematite dissolution, calcite dissolution and precipitation as micritic cement, and

349 increased amount of clay cements contribute to the weakening of Summerville siltstone. A significant

350 increase of average porosity (Table 2) from 4.8±1.6% to 10.2±0.4% characterizes altered from unaltered

351 samples. Laboratory studies show localized carbonate dissolution by CO2-charged brine with ensuing

352 increased porosity in unaltered Summerville Siltstone [Aman et al., 2017]. In addition to changes in the

353 rock matrix, X-ray tomographic images show the presence of mineralized natural fractures in altered

354 Summerville that likely affected rock strength at the core scale (Figure 5). Pre-existing mineralized

355 fractures usually constitute planes of weakness in rocks, because of lower shear and tensile bonding

356 strength than the rock matrix [Gale et al. 2007, Lee et al., 2015]. Pre-existing mineralized fractures may

357 be the result of damage near the fault gouge and such alterations may also contribute to overall

358 weakening of the retrieved altered Summerville samples (-2 m away from fault). The decreases of

359 strength and stiffness up to 87% measured in triaxial tests are consistent with weakening measured

360 through indentation and double torsion testing (Supplementary Information 3). Uncertainties in the

361 determination of peak stress of unaltered Summerville siltstone in multistage testing do not permit

362 unequivocally concluding about alterations of the internal friction angle (samples run only until onset of

363 dilation). Yet, there appears to be little change of the internal friction angle if one disregards the data

364 points at 20.7 MPa (Figure 4). A drop of —38% in fracture toughness between unaltered and altered

365 Summerville siltstone was observed in double torsion mode-1 fracture mechanics tests by Major et al.

366 [2014].
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367 Mancos Shale. The unaltered Mancos shale samples are softer than the altered samples. One cause

368 contributing to softening is the presence of pre-existing open fractures in unaltered shale as shown in X-

369 ray tomography slices (Figure 7). The increase of stiffness up to +434% of altered Mancos with respected

370 to unaltered —yet fractured— Mancos may be also aided by changes in the shale matrix. XRD analysis

371 indicates calcite content increases by up to 50 wt% in altered samples in comparison to unaltered samples,

372 the latter with much lower calcite amounts and higher clay content. The increased calcite content (Table

373 1) coincides with higher measured values of fracture toughness [Major et al., 2014].

374 5.2. Challenges of comparing mechanical properties of CO2 naturally altered and

375 unaltered rock outcrop samples

376 Our experimental results show evidence of differences in geomechanical properties between comparable

377 rock lithofacies that have been exposed and unexposed to CO2-charged brine. There is clear evidence of

378 induced diagenesis by CO2-charged brine on Crystal Geyser lithofacies [Wigley et al. 2012, Burnside et al.

379 2013]. Some factors that could add uncertainty to the direct influence of CO2-induced diagenesis in our

380 comparison include the natural spatial variability of sedimentary rocks in vertical and horizontal direction,

381 the presence of events that may postdate CO2 alteration, the proximity of rock samples to faults, and

382 effects of surface weathering.

383 We refer to our samples as unaltered and altered for simplicity. Yet, we acknowledge that some other

384 factors may also be involved in the measured changes. The following actions and facts need to be taken

385 into consideration to compare between the altered and unaltered lithofacies:

386 - Sampling of Entrada Sandstone took place in the same geographical location and same proximity

387 to the leaking fault from different layers in the same stratigraphic succession.

388 - Sampling of Summerville Siltstone took place in the same stratigraphic layer but at different

389 distance to the fault CO2 leakage conduit. The proximity to the fault may have resulted in

390 mechanical changes of rock fabric although such changes were not detectable in thin section

391 petrography. Fracture networks resulted in extended reach of the CO2-charged brine alteration

392 beyond the reaction depth that it would be expected in a non-fractured medium [Kampman et

393 al., 2016].

394 - Sampling of the Mancos Shale sample took place in similar stratigraphic layers but at different

395 distances from the fault (Table 1). Similar to Summerville Siltstone, Mancos Shale also exhibits

396 mineralized fracture networks in the proximity of the fault, not present far away from it.
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397 All samples were excavated from beneath the immediate rock face in order to reduce the impact of

398 surface weathering on rock diagenesis. Weathering effects would affect altered and unaltered samples

399 equally. Observed diagenetic differences between altered and unaltered samples are thus attributed to

400 the variable water-rock interaction with distance from the CO2 leakage fault conduits.

401 5.3. Outcrop versus subsurface alteration path: conceptual differences, DEM-BPM model

402 results and the role of effective stresses

403 5.3.1. Effects of cement dissolution in outcrop rocks versus the subsurface

404 Outcrop and near surface rocks are subjected to relatively small levels of mean effective and deviatoric

405 stress. Hence mineral dissolution mostly results in enlarged porosity without compromising the integrity

406 of the rock formation. Likewise, mineral dissolution experiments at low effective mean stress and/or no

407 deviatoric stress, may principally result in enlargement of pores or cavities [McDuff et al. 2010; Carroll et

408 al., 2013; Aman et al., 2017]. Grain dissolution, contact cement dissolution and creation of secondary

409 porosity can lead to decreases of cohesive strength, fracture toughness and size of yield stress locus.

410 Examples include the results of Section 3 (naturally altered rocks near surface) and others by [Bemer and

411 Lombard, 2010; Major et al., 2014; Rinehart et al., 2016; Sun et al., 2016a].

412 Let us explore the effect of cement mineral dissolution at low effective stress with numerical simulation

413 and the model developed for Entrada Sandstone in Section 4. We limit our DEM numerical simulations to

414 Entrada Sandstone because of its granular nature and because we assume straight-forward chemo-

415 mechanical alteration (mostly dissolution of contact cement). Sun et al., in review investigate effects of

416 pore-filling mineral dissolution. Figure 9a shows a schematic of the numerical model. The model

417 parameters are the same as those in Section 4. The digital sample is a 1.5 mm cube containing 8,332

418 particles and 24,410 bonds. For the outcrop case we assume constant and isotropic effective stress a,s. =

419 0.5 MPa (about 50 m of burial). Cement bond size parameter a decreases from 0.8 to 0.4 over time

420 representing cement dissolution at bonds due to interaction with CO2-acidified water. A change of

421 parameter X from 0.8 to 0.4 results in a linear strain Aszz <1x10-5 (Figure 9b). The horizontal stress does

422 not change because of the assumed constant stress boundary condition.

423
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424 5.3.2. Effects of cement dissolution under subsurface 1-D strain and high-effective stress

425 conditions

426 Mineral dissolution in rocks under high levels of mean and deviatoric stress —such as in reservoir rocks in

427 CO2 storage sites— does not necessarily mirror the changes observed at near-surface conditions. If stresses

428 are high enough, dissolution of cement and mineral grains can lead to grain crushing, pore collapse, grain

429 rearrangement and loss of porosity instead of increase of porosity and rock weakening. Such loss of

430 porosity can lead to reservoir compaction, decreases of the fracture (stress) gradient, and stress

431 redistribution in the reservoir rock and adjacent rock strata [Shin et al., 2008; Kim and Santamarina, 2014;

432 Jung and Espinoza, 2017].

433 We created a DEM-BPM model to investigate the chemo-mechanical alteration path that mimics contact

434 cement dissolution under in-situ stressed condition. The model is the same as in Section 5.3.1 but

435 subjected to different boundary conditions. We explore two cases: (1) cement dissolution under constant

436 effective stress o,„ = 50 MPa, and (2) cement dissolution under 1-D vertical strain conditions with constant

437 effective vertical stress equal to o-zz = 50 MPa (overburden of about 3.5 km in an on-shore sedimentary

438 basin with hydrostatic pore pressure). 1-D vertical strain (zero lateral strain) conditions more accurately

439 represent the stress-strain path of long and relatively thin formations in the subsurface [Segall et al., 1998,

440 Espinoza et al., 2015, Dudley et al., 2016, Shovkun and Espinoza, 2018].

441 1. In the isotropic case, a change of parameter A. from 0.8 to 0.4 results in a linear strain AEzz= 2.9x10-

442 (Figure 9b). The horizontal stress does not change because of assumed constant boundary

443 conditions.

444 2. In the 1-D strain case, fixed walls constrain the digital cubical sample in the horizontal direction

445 during bond-size reduction (fixed displacement) and permit quantifying horizontal stresses. The

446 initial horizontal stresses axx = ayy —49 MPa are about the same as the vertical stress, representing

447 a near isotropic initial stress state. A change of parameter from 0.8 to 0.4 results in a linear

448 vertical strain AEzz =3.7x10-4 (Figure 9b). The decrease of cement bond size over time also results

449 in horizontal stress relaxation of about 10%, i.e., Au. = Ao-yy — -5 MPa. Models investigating

450 dissolution of entire particles in uncemented granular media yield similar conclusions [Shin et al.

451 2008; Cha and Santamarina, 2014].
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452 Our simulation results support the premise that CO2 alteration induced by mineral dissolution may have

453 different impacts on outcrops and subsurface reservoirs due to overburden stress and 1-D vertical strain

454 conditions.

455 5.4. Field-scale implications of chemo-mechanical coupled processes in CO2 reservoirs

456 The previous section provides evidence of compaction and horizontal stress relaxation due to load-

457 bearing cement dissolution, as expected in some rocks exposed to CO2-acidified brine. Significant strains

458 caused by chemo-mechanical weakening (leading to compaction, shearing of wellbore casing, and

459 subsidence) have yet to be observed in CO2 injection field projects. Chemo-mechanical alteration under

460 subsurface conditions can also result in stress changes in addition to those caused by pore pressure

461 changes. For example, the Decatur site shows unexpected microseismic activity in the Mt. Simon reservoir

462 sandstone and underlying basement rock well after CO2 injection and related pore pressure transients

463 [Bauer et al., 2016]. In addition to pore pressure alterations, which are critical for safe CO2 storage [Verdon

464 et al., 2014; Jung et al., 2018], we hypothesize that one other possible mechanism for the seismic activity

465 could be horizontal stress transfer to critically stressed basement faults arising from chemo-mechanical

466 weakening of the overlying reservoir rock. Similar stress transfer mechanisms from the reservoir to

467 adjacent formations occur during reservoir depletion, gas desorption from organic-rich rock, and rock

468 cooling [Segall, 1989; Segall and Fitzgerald, 1998; Goulty, 2003; Espinoza et al., 2015; Paluszny et al.,

469 2017]. Small changes of minimum horizontal stress would have a direct impact on fault stability for normal

470 and strike-slip regimes but would not destabilize faults in reverse-faulting regime.

471 Dissolution of load-bearing mineral can also contribute to reduction of fracture toughness and

472 thresholds for subcritical fracture propagation in both the reservoir and caprock [Major et al., 2014].

473 Mineral dissolution also results in changes of rock strength and large-strain behavior—as observed in core

474 scale experiments and DEM simulations. Even though dissolution may cause undesired strains and

475 changes of stress in the reservoir, a large-scale change from brittle to ductile behavior could help avoid

476 strain localization, high permeability channels, and rapid release of elastic energy (as induced seismicity)

477 from the altered rocks. Conversely, mineral precipitation could lead to rock strengthening and fracture

478 sealing.

479 The extent of coupled chemo-mechanical alterations is proportional to the extent of chemical reactions

480 in the reservoir rocks. The injection of a finite amount of anhydrous CO2 in a given reservoir results in

481 distinct areas of CO2-brine mixtures throughout the reservoir, with varying levels of bulk CO2 saturation,
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482 brine saturation, salinity and pH [Kumar et al., 2005; Kneafsey and Pruess, 2010; Rohmer et al., 2016].

483 Seepage through localized regions may result in flow of a significant number of pore volumes of CO2-

484 charged fluids, a situation unlikely in most of the CO2 reservoir domains at depth (with exception of near-

485 wellbore regions and areas of potential localized leaks). Hence, changes of rock properties (and expected

486 changes of strain/stress) next to leakage paths represent end-members of chemo-mechanical alteration.

487 6. Conclusions

488 • This study shows experimental evidence of (1) reduction of stiffness, strength, and brittleness of

489 Entrada sandstone and Summerville siltstone, and (2) increase of stiffness in Mancos shale after

490 alteration with CO2-charged brine.

491 • We tested outcrop rock samples that have been altered by fault-controlled percolation of CO2-

492 charged brines at the Little Grand Wash Fault, Crystal Geyser site, and compared against samples

493 of lesser CO2-brine alteration. Because of low overburden stress, rocks samples may have not

494 undergone a directly coupled chemo-mechanical diagenesis. A different scenario is expected in a

495 target storage formation under in-situ stresses and subsurface boundary conditions.

496 • Numerical modeling with the DEM-BPM method confirms loss of cementation as one likely

497 variable for observed sandstone weakening. Coupled chemo-mechanical simulations predict

498 reservoir compaction and horizontal stress relaxation induced by chemically-induced loss of

499 cementation under in-situ conditions.

500 • The comparison of unaltered and altered lithofacies by CO2 is appealing and instructive to

501 elucidate long-term alteration mechanisms. However, several factors can affect a direct

502 comparison. These include (in order of priority for our study): (1) distance to fault gouge and

503 induced faulting strains and fractures, (2) location in the sequence stratigraphy and spatial

504 variability in horizontal direction, (3) the presence of events that postdate CO2 alteration, and (4)

505 surface weathering.

506 • Extensive flow of CO2-charged brine, such as in localized leakage pathways, can significantly alter

507 the deformational behavior and mechanical properties of some sedimentary rocks.

508 • Early identification of CO2-susceptible rocks and understanding of particle level mechanisms is

509 helpful to avert undesired emergent phenomena from chemical and mechanical coupled

510 interactions.
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700 Tables

701 Table 1. Locations of rock sampling with respect to faults associated with CO2-charged brine

702 seepage. See satellite image of sampling location in Figure 1.

Lithology Unaltered Altered

Entrada

Sandstone

JE1: 100 m away from fault

(samples —2 m above JEb1)

JEbl: 100 m away from fault

Same place of unaltered sample but

different depth

Summerville

Siltstone
JS2: 150 m away

Mancos Shale KM4: 3 km south of fault

JSa1: Beneath travertine mound about

2 m away from fault conduit (foot wall)

KMa1: Few meters from fault beneath

travertine mound (hanging wall)

703

704

705

706

707

708

709

710 Table 2. List of tested rock samples and test results. Codes in parentheses refer to rock type as in

711 Major et al., 2014. (*) Calculated from weight, bulk volume, and mineralogical composition from

712 Major et al., [in review].

713
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Lithology Sample Length
Diame
ter

Weight
Poro
sity*

ID [cm] [cm] [g] [%]

Triaxial Confining

Test Type Stress 03

Axial

stress

oi (peak)

[MPa] [MPa]

Loadi

ng E

Loa

ding

v

[GPa] [-]

Unload Unl

oad.

E v

[GPa] [-]

Mode of Failure

Entrada
Sandstone
Unaltered
(JE1),
Composition
wt%: Q 55,
Feld 7, Cal 7,
Dol 7, Clays 24

EU1 5.37 2.544 67.07 8.7 Standard

EU2 5.30 2.535 66.33 7.9 Standard

EU3 5.17 5.537 64.24 8.6 Standard

EU4 5.41 2.542 67.75 8.4 Standard

EU5 5.60 2.542 70.16 8.2 Standard

EU7 5.72 2.545 71.97 8.1 Standard

0.69

0.69

70.9

50.7

6.1

8.9

0.43

0.29

16.6

21.4

0.19

0.16

Brittle, strongly strain-

softening

Brittle, strongly strain-

soften i ng

0.69 82.6 8.9 0.42 19.1 0.12 Brittle, strain-softening

6.9

6.9

20.7

115.8

102.2

179.3

11.2

11.0

17.0

0.36

0.28

0.25

23.0

23.2

35.2

0.17

0.14

0.19

Brittle, strongly strain-

softening

Brittle with two peaks,

strain softening after

Brittle, strongly strain-

softening

Entrada
Sandstone
Altered
(JEb1)
Composition
wt%: Q 58,
Feld 5, Cal 4,
Dol 6, Clays 27

EA1 5.47 2.537 65.39 11.7 Standard

EA2 5.39 2.538 64.68 11.4 Standard

EA8 5.33 2.530 63.56 11.4 Standard

EA4 5.55 2.545 66.6 11.9 Standard

EA7 4.95 0.527 58.88 11.4 Standard

EA3 5.30 2.535 63.37 11.5 Standard

0.69 61.7 6.3 0.25 14.6 0.32

0.69 42.9 6.2 0.30 12.9 0.19

0.69 68.7 8.4 0.44 NA NA

6.9 101.3 9.7 0.34 17.1 0.23

6.9 94.3 11.9 0.27 23.7 0.18

20.7 159.6 13.9 0.18 NA NA

Brittle, strongly strain-

softening

Brittle, strongly strain-

soften ing

Brittle, strongly strain-

softening

Brittle, strongly strain-

softening

Brittle, strongly strain-

soften ing

Brittle, strongly strain-

softening

Summerville
Siltstone
Unaltered
(JS2)
Composition
wt%: Q 59,

SU1 5.19 2.57 68.82 3.5 Standard

SU2 5.04 2.57 66.85 3.6 Standard

SU3 5.21 2.57 67.75 5.3 Multistage

0.69 152.3 36.2 0.26 47.3 0.18

0.69 173.0 39.2 0.27 52.2 0.16

0.69,
6.9,
20.7

158.4,
200.7,
221.5

39.1,
44.0,
43.5

0.20,
0.25,
0.23

54.2,
55.4,
55.8

0.08,
0.10,
0.16

Brittle, strongly strain-

softening

Brittle, strongly strain-

soften ing

No post-peak information
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Feld 8, Cal 23,

Clays 10 SU4 5.21 2.57 66.60 6.9 Multistage

0.69,

6.9,

20.7

142.8,

186.1,

227.0

33.4,

40.2,

42.0

0.29,

0.35,

0.27

45.0,

54.7,

55.1

0.15,

0.19,

0.21

No post-peak information

Summerville

Siltstone

Altered

(JSa1)

Composition

wt%: Q 32,

Feld 17, Cal

38, Clays 13

SA1

SA2

SA3

SA4

5.13

4.70

4.78

4.79

2.57

2.57

2.57

2.57

63.99

58.35

58.87

59.36

9.8

10.1

10.8

10.3

Standard

Standard

Multistage

Multistage

0.69

0.69

0.69,

6.9,

20.7

0.69,

6.9,

20.7

26

9.4

24.5,

59.2,

116.7

27.5,

50.6,

109.4

8.2

2.3

5.2,

8.4,

9.9

6.7,

7.2,

8.5

0.30

0.32

0.06,

0.10,

0.13

0.21,

0.21,

0.20

15.4

5.3

14.0,

16.8,

22.0

15.8,

16.5,

22.8

0.22

0.21

0.14,

0.15,

0.19

0.29,

0.33,

0.39

Ductile, slightly strain-

softening

Ductile, perfect-plastic

followed by strain softening

No post-peak information

No post-peak information

Mancos Shale

(KM4)

Composition

wt%: Q 64,

Feld 15, Cal tr

Clays 20

MU1

MU2

MU3

3.49

2.89

2.90

2.507

2.502

2.450

42.84

35.05

34.04

6.0

6.7

5.9

Standard

Loading

no-failure

Loading

no-failure

0.69

0.69

0.69

51.7

NA

NA

4.9

0.7

4.1

0.28

0.11

0.16

15.0

NA

NA

0.13

NA

NA

Brittle with microfractures,

strain-hardening

No post-peak information

No post-peak information

Mancos Shale
Altered

(KMa1)

Composition

wt%: Q 16,

Feld 9, Cal 50,

Dol 1, Clays 20

MA1

MA2

4.57

3.48

2.518

2.519

57.46

43.59

6.0

6.6

Standard

Loading

no-failure

0.69

0.69

48.2

NA

8.5

11.85

0.27

0.17

17.3

17.5

0.18

0.22

Brittle with multiple

microfractures

No post-peak information

714

715
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716

717 Table 3. Parameters for the DEM-BPM numerical model

Particle-particle contacts Bonds

Ec = 4 GPa

ki-AN = 1

ti = 0.5

p = 2650 kg/m3

Eb = 4 GPa

kTAN = 1

A 0.8

cc = 20 MPa

rc = 80 M Pa

718
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720 Figures

721

722 Figure 1. Simplified geologic map and satellite image (credit Google Earth) of the Crystal Geyser

723 field site near Green River, Utah showing location of major structural features and locations of

724 rock sampling. Entrada Sandstone samples were collected from Salt Wash Graben, whereas the

725 other samples described were collected closer to Crystal Geyser and Little Grand Wash Fault.
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(a) Stress-strain response: Entrada sandstone
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Figure 2. Mechanical response of unaltered (black) and altered (red) Entrada sandstone at various

confining stresses 03. Axial strains are positive and radial strains are negative. (a) Stress-strain

response. (b) Shear strength. (c) Loading and unloading Young's moduli. Altered samples are

weaker —in average— and more ductile than unaltered samples.
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Figure 3. X-ray computed tomography slices of Entrada Sandstone samples post-deviatoric loading

(03 = 20.7 MPa). Samples showed clear shear fractures propagating from the ends toward the

middle with and without coalescence. Mineral heterogeneities did not seem to affect damage

localization. High magnification CT slices shows porosity (black), quartz, carbonates, clay (gray),

and detrital mafic clasts (white). Microphotographs highlight the absence of grain-coating

cementing iron-oxides in bleached (altered) Entrada Sandstone (pink color represents porosity).
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746 Figure 4. Mechanical response unaltered (black) and altered (red) Summerville siltstone at various

747 confining stresses 03. Axial strains are positive and radial strains are negative. The multistage

748 experiments finish with deviatoric unloading at a fixed strain rate. (a) Stress-strain response. (b)

749 Shear strength. (c) Loading and unloading Young's moduli. Altered samples show clear weakening

750 and more ductile behavior compared to unaltered samples.
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751

752 Figure 5. X-ray computed tomography slices of Summerville Siltstone samples post-deviatoric

753 loading (03 = 0.69 MPa). (a) Unaltered samples were mostly homogeneous with patches of detrital

754 mafic clasts (bright mineral phase in CT slices) and exhibited various shear and tension planes upon

755 failure. (b) Altered samples showed marked heterogeneities including layering and partially

756 mineralized fractures, both of which altered strain localization during failure.

757

758
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766 Figure 6. Stress-strain curves for Mancos shale unaltered (black) and altered (red) at an effective

767 confining stress of 0.69 MPa (axial strains are positive and radial strains are negative). Altered

768 samples are stiffer than unaltered samples. MA1 had a height to width ratio equal to 1.39 and

769 therefore peak stress may not be representative of the rock shear strength. MU2, MU3 and MA2

770 were too short to obtain meaningful strength measurements.
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777

778

779

780

781 Figure 7. X-ray computed tomography slices of unaltered and altered Mancos shale samples pre-

782 and post-deviatoric loading (03 = 0.69 MPa). Unaltered samples show several pre-existing fractures

783 along laminations which impacted rock stiffness and shear fracture initiation. Bright voxels

784 correspond to pyrite and other Fe-bearing phases.

785
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786

787

788

789

790

791 Figure 8. (a) Schematic of DEM model with bonded-particle model. (b) Deformational behavior of

792 digital cemented rock as a function of bond size parameter Á. The average peak deviatoric stress

793 of unaltered Entrada Sandstone at 6.9 MPa of confining stress is 102.1 M Pa and unloading Young

794 modulus is 23.1 GPa. The average peak deviatoric stress of altered Entrada Sandstone at the same

795 confining stress is 90.9 MPa and unloading Young modulus is 20.4 GPa. Such change corresponds

796 to a change of bond size parameter from 0.8 to —0.7 in the DEM model at 03 = 6.9 MPa.

(a) Particle interaction model (b) Simulation results
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(a) Model setup

Constant vertical load

1D strain test: fixed walls around
Isotropic test: constant stress

(b) Simulation results
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802

803 Figure 9. ln-situ alteration paths under outcrop and subsurface conditions. A chosen stress of 0.5

804 MPa represents the outcrop case, while 50 MPa represents the deep subsurface case. (a)

805 Schematic of DEM-BPM model setup and boundary conditions. (b) Variation of vertical strain and

806 horizontal stress as bond size parameter a decreases (cement dissolution). Negligible strains and

807 changes of stress occur in outcrop conditions in contrast to deep subsurface conditions.

808
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809 Supporting information

(A) Red Entrada Sandstone

(C) SEM-EDS Red Entrada

810

(B) Bleached Entrada Sandstone

811 Supporting Information 1. Photomicrographs of red Entrada Sandstone —unaltered (A)

812 and bleached Entrada Sandstone —altered (B). Reddish-brown Fe-oxide grain coats

813 around quartz (Qz) grains are prominent in unaltered Entrada (A) but absent in (B). Pink-

814 dyed epoxy shows porosity. These images support contact-cementation and alteration

815 after bleaching. (C) SEM-EDS image of red Entrada Sandstone. The image highlights a

816 predominantly quartz-feldspar granular skeleton with intergranular carbonates, clays,

817 and other minerals.

818
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819
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820 Supporting Information 2. Prediction of differential stress -63 of unaltered Entrada

821 Sandstone with DEM-BPM model. Calibration at 03 = 0.69 MPa (a) and blind prediction at

822 63 = 6.9 MPa and u3= 20.7 MPa (b-c). The experimental data represents the average of

823 several samples at each confining stress.

824

825 Supporting Information 3. Summary of mechanical properties of rocks from Crystal

826 Geyser site. (a) Sun et al. [2016a], (b) Major et al., [2014], (c) average from this study.

827

Indentation

hardness(a)

[GPa]

Indentation

elastic

modulus(a)

[GPa]

Fracture

toughness(b)

[MPa m°3]

UCS(̀)

[MPa]

Loading

[GPa]

Unloading

E(̀)

[GPa]

EU (JE1) 0.53 ± 0.23 16.25 ± 3.07 0.68 ± 0.09 66.10 10.85 23.87

EA (JEb1) 0.33 ± 0.09 12.56 ± 1.71 0.42 ± 0.11 56.80 6.25 13.44

Change -0.38 -0.23 -0.37 -0.14 -0.42 -0.44

SU (JS2) 0.63 ± 0.15 18.28 ± 2.37 2.66 ± 0.29 159.04 39.69 52.46

SA (JAa1) 0.47± 0.21 8.9 ± 4.91 1.64 ± 0.29 20.40 7.05 16.07

Change -0.25 -0.51 -0.38 -0.87 -0.82 -0.69

MU (KM4) NA NA 1.02 ± 0.20 NA 3.23 12.54

MA1 (KMa1) NA NA 1.50 ± 0.07 NA 17.24 17.42

Change +0.47 +4.34 +0.39
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