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ABSTRACT  17 Oil and gas operations in sedimentary basins have revealed significant temperatures at 18 depth, raising the possibility of major geothermal resource potential in the sedimentary 19 sequences. The efficient development of such a resource may require enhancement by 20 hydraulic stimulation. However, effective stimulation relies on an initial assessment of in-21 situ mechanical properties and a Discrete Fracture Network (DFN) model of the rock 22 response. Here, we examine the distribution of mechanical properties (unconfined 23 compressive strength, UCS; ultrasonic velocity-derived Poisson ratio, ν; and, scratch-derived 24 fracture toughness, Ks) along the cored interval of a sedimentary formation with a known 25 geothermal anomaly in the Permian Basin, U.S. Our results reveal the mechanical 26 heterogeneity of the rock, demonstrated by four distinct alternating mechanical zones, which 27 include: (1.) mechanically weaker 0.17 m-thick Zone-A and 0.18 m-thick Zone-C with mean 28 
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UCS = 110 MPa, ν = 0.25, Ks = 1.89 MPa·√m; and (2.) mechanically stronger 0.41 m-thick 29 Zone-B and 0.15 m-thick Zone-D which show mean UCS = 166 MPa, ν = 0.22, and Ks  = 2.87 30 MPa·√m. Although X-ray Diffraction analyses of the samples suggest that the entire rock 31 matrix is dominated by dolomite, the stronger zones show a higher abundance of quartz 32 (>30%) and relatively lower phyllosilicate mineral content (<2%) than the weaker zones. 33 Further, we observe that the mechanically stronger zones have the greatest occurrences of 34 hydrothermal alterations (anhydrite veins and nodules), indicating that the cored interval 35 had experienced hydrothermal fluid circulation in the past. We infer that the denser 36 clustering of fractures in the stronger zones which facilitated the hydrothermal vein 37 development was due to the influence of mechanical stratigraphy on the brittle deformation 38 and alteration of the sedimentary-hosted hydrothermal reservoir. Thus, we suggest that the 39 stronger zones represent viable targets for hydraulic stimulation of a geothermal reservoir, 40 both for the emplacement of new fractures and the linkage of pre-existing fractures. Our 41 findings in this study provide an analog for hydraulic stimulation of viable geothermal 42 reservoir targets at higher in-situ temperatures and higher geothermal gradients.  43  44 

Keywords: Enhanced geothermal system; Geomechanics; Hydrothermal alteration; 45 Mechanical stratigraphy; Fracture mechanics  46  47 

1. Introduction 48 Enhanced geothermal systems (EGS) are reservoirs that have been stimulated to efficiently 49 extract heat from low permeability high-temperature rocks (Nadimi et al. 2020). Hydraulic 50 fracturing is one of the most efficient stimulation techniques currently considered for heat 51 extraction from an EGS, through the injection of highly pressurized fluid into the formation 52 to initiate and propagate or reactivate natural fractures. Hydraulic fractures (HF) play an 53 important role in improving the heat extraction performance of an EGS (Murphy et al. 1977; 54 Campbell et al. 1981; Zhou et al. 2018; Zhang et al. 2020). In assessing a viable geothermal 55 reservoir, three important components are required for consideration, and they are heat,  56 mobile fluid, and permeability (Nadimi et al. 2020). Reactivation of pre-existing natural 57 
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fractures (NF) induced by injection fluid has become widely accepted as an important 58 mechanism for fracture network connectivity and permeability enhancement in EGS 59 reservoirs (Pine and Batchelor 1984; McClure and Horne 2013; Finnila et al. 2015; Sheng et 60 al. 2018). Various EGS stimulation mechanisms have been proposed, based on field 61 observation and laboratory programs. Specific mechanisms depend on the geology, in-situ 62 stress, fault structures, and pre-existing natural fractures (McClure and Horne 2014; Nadimi 63 et al. 2020).  64 Studies have shown that EGS is characterized by heterogeneous geology, which includes pre-65 existing fracture networks that are mineralized (Callahan et al. 2019a, 2019b, 2020). It is 66 also known that during hydraulic fracturing stimulation, propagating hydraulic fractures are 67 known to link and connect pre-existing natural fractures (NF) (Kolawole and Ispas 2020a). 68 During a hydraulic fracturing treatment, complex fracture networks are often generated, and 69 the HF-NF interaction significantly influences the complexity of the networks created. Some 70 of these pre-existing natural fractures include veins, and their reactivation can result in 71 induced seismicity (Kolawole et al. 2019). Veins are open fractures that are occluded 72 minerals. 73 Drilling, completion, injection, and production from very deep, High-Temperature High-74 Pressure (HPHT) reservoirs is an expensive operation, and its success demands an 75 understanding of the in-situ rock mechanical properties. These rock mechanical properties 76 have implications for subsurface energy (oil and gas) exploration, recovery of high-77 temperature fluids from geothermal reservoirs (Toth 2020), and geological CO2 storage 78 (GCS). The behavior of fractured, low-permeability reservoirs, as in an EGS setting, is a 79 critical consideration in achieving the successful extraction of resources from such 80 reservoirs (Crandall et al. 2019).  81 Modeling and prediction of in-situ rock failure behavior as a function of rock type, pore 82 pressure, spatio-temporal stresses, and fault-reactivation potential provide critical 83 information for proactive decision-making to achieve successful energy production and heat 84 extraction operations (Dotsey and Deighton 2012; Wang and Ghassemi 2012; Stober and 85 Bucher 2013; Shao et al. 2016; Nadimi et al. 2020; Zhang et al. 2020; Ziegler and Heidbach 86 
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2020). In addition, the post-primary mineral precipitation during hydrothermal alterations 87 has a significant impact on the mechanical properties of a geothermal reservoir (Meller and 88 Kohl 2014). However, the rock mechanical properties of EGS reservoirs adopted in 89 numerical models are often overestimated since the effects of pre-existing NF and geological 90 heterogeneity are often not fully accounted for (Frash et al. 2013; Gholizadeh Doonechaly et 91 al. 2013; Riahi et al. 2015; Han et al. 2019; Ishibashi et al. 2019). Therefore, there is a need 92 to better constrain the modeling of the rock mechanical response due to the pre-existing 93 geological heterogeneity of target geothermal reservoirs, by considering its geomechanical 94 and mineralogical properties, in addition to its fractomechanical behavior. 95 Here, we examine the distribution of mechanical properties along the cored interval of a 96 high-temperature sedimentary formation, and the implications for the extraction of heat 97 from a target EGS reservoir. We utilize the Scratch Test method to characterize the 98 mechanical properties of a core from a potential geothermal area in the Central Basin 99 Platform of the Permian Basin, United States. Our results show heterogeneous mineralogy 100 and rock strength distributions over the core length, with alternating mechanically weak and 101 strong intervals. Further, we find denser clustering of fractures in the stronger zones the 102 cored intervals (1705.12 – 1705.53 m and 1705.71 – 1705.86 m) which facilitated the 103 hydrothermal vein development, was due to the influence of mechanical stratigraphy on the 104 brittle deformation and alteration of the sedimentary-hosted hydrothermal reservoir. Our 105 findings in this study provide an analog for hydraulic stimulation of viable geothermal 106 reservoir targets at higher in-situ temperatures and higher geothermal gradients.  107  108 

2. Permian Basin Geothermal Areas 109 The Permian Basin is a large (220,000 km2) Late Paleozoic sedimentary basin, spanning 110 parts of West Texas and Southeastern New Mexico, United States. The Permian Basin is 111 composed of three smaller components known as the Delaware Basin, the Central Basin 112 Platform, and the Midland Basin (Tang 2015). The Central Basin Platform, which lies 113 between the Midland and Delaware Basins, is a zone of Permian tectonic uplift and hosts a 114 significant sequence of carbonate reservoir units, and has a geothermal gradient in the range 115 
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of 23.04 – 28.51 °C/km (Erdlac Jr and Swift 2004; Ruppel et al. 2005). Among these is the 116 prominent San Andres Formation which is known to have an average porosity of ~7% and 117 permeability in the range of 1-100 mD (Saller et al. 2012). Nodular anhydrites are pervasive 118 in the Permian Basin sedimentary sequences and occur in varying degrees of clustering 119 within the stratigraphy (Kerr Jr and Thomson 1963). Post-deposition of the carbonate 120 sequences, the anhydrite nodules were precipitated by the thermally-driven circulation of 121 highly-charged groundwater within the basin (Kerr Jr and Thomson 1963). 122 Geothermal areas (G.A.) have been identified in the Permian Basin (Erdlac Jr and Swift 2004; 123 Erdlac Jr 2006) among which three are most prominent (Fig. 1a; Erdlac Jr 2006). These fields 124 with known geothermal anomalies are characterized by 32 - 71 °C hydrothermal systems 125 occurring at ~152 – 1,524 m depths within the sedimentary sequences (Erdlac Jr 2006). The 126 hot water from these fields might have value for direct heat or heat pump applications 127 because a minimum of 150 °C  is required at reservoir depth for an ORMAT-type Organic 128 Rankine Cycle (ORC) plant (Kaplan 2007; Quoilin et al. 2013). The northernmost of the three 129 herein referred to as the Northern G.A., straddles the northwestern Midland Basin and the 130 northeastern corner of the Central Basin Platform. The other geothermal areas include the 131 “Southern G.A.” and “Southwest G.A.”,  located in the southern Central Basin Platform and SW 132 Delaware Basin, respectively.  133  134 

3. Data & Methodology 135 

3.1 Core Data 136 The core sample analyzed in this study is 0.91 m-long, obtained from a deep carbonate 137 interval in the southern portion of the Northwestern Shelf and near the northernmost part 138 of the Central Basin Platform; a location which corresponds to the SW tip of the Northern 139 G.A. Although these potential geothermal reservoirs are estimated to occur at ~152 – 1,524 140 m depths (Erdlac Jr 2006), we note that our core sample extends over to a slightly deeper 141 interval of 1705.0 – 1705.9 m, and we believe it is representative because it provides a higher 142 geothermal gradient than in previously reported studies. 143 
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We conducted X-ray diffraction (XRD) analyses for different portions of the sample to 144 evaluate the mineralogical characteristics of the core. More specifically, we analyzed 145 portions of the rock matrix in the shallowest (1705.0 m) and deepest (1705.9 m) sections of 146 the core. Along the entire core, we observe the presence of nodules and veins of varying 147 sizes/thicknesses, characterized by light-colored mineralization. We obtained a sample from 148 the most prominent one of these nodules (0.02 m-thick) (Fig. 2; SF. 1, Supplementary 149 Information) and performed an XRD analysis in order to determine its composition. All the 150 samples were measured in whole-rock condition from 3.5 to 70° 2ϴ at 40 V/40 A, 1.5 sec per 151 step with a 1mm divergent slit. In addition, we performed a core-scale characterization of 152 the post-diagenetic alterations in the rock, which included the distribution of open-fractures, 153 mineralized veins, and nodules. Post-diagenetic alterations refer to changes in the rock after 154 lithification (a process where sediments are compacted and cemented to form rock). 155 Therefore, in this study, we refer to post-diagenetic alteration as secondary alterations in the 156 rock. 157 

 158 

3.2 Estimation of Rock Strength using the Scratch Test 159 The scratch test is a quasi-non-destructive method based on pushing a tool (cutter) across 160 the surface of a rock at a given penetration depth (Kolawole and Ispas 2020b). The scratch 161 test method is useful in estimating reservoir geomechanical and petrophysical properties 162 (Detournay and Defourny 1992; Schei et al. 2000; Mitaim et al. 2004; Coudyzer et al. 2005; 163 Dagrain and Germay 2006; Dagrain et al. 2006; Richard et al. 2012; Germay et al. 2015, 164 2018). The scratch test method (Fig. 3a) measures horizontal (FT) and vertical (FV) forces 165 exerted during the so-called scratching and infers the unconfined compressive strength 166 (UCS). Ultrasonic compressional and shear velocities (Vp and VS) are used to calculate a 167 dynamic Poisson’s ratio (ν). The horizontal scratch force (FT) is used to calculate the scratch-168 derived fracture toughness (Ks). The dynamic Poisson’s ratio and the UCS were 169 independently measured on plugs taken from the same core. 170 In the scratch tests, a continuous groove in the rock surface is created with a cutting tool. 171 The cutter penetration depth (𝑑) and the cutter velocity (v) relative to the rock are held 172 constant.  The horizontal force (𝐹்) is parallel to the cutter velocity, and the vertical force 173 
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(𝐹௏) is perpendicular to the cutter velocity. The intrinsic specific energy (ε) is the energy 174 required to scratch a unit volume of rock (Detournay and Defourny 1992; Suarez-Rivera et 175 al. 2002).  ε is presumed to be a rock property characteristic that directly correlates to the 176 rock’s unconfined compressive strength (UCS). The scratch cutter-rock interaction model 177 (Detournay and Defourny 1992) and its application to estimate rock strength, combining 178 pure cutting and frictional contact processes are presented in Eq. 1- 6 (for a rectangular 179 cutter) as: 180 𝐹் = 𝜀(1 − 𝜇𝜁)𝑤𝑑 + 𝐹௏      (1) 181 𝜇 = tan 𝜙        (2) 182 𝐸 = 𝐸௢ + 𝜇𝑆        (3) 183 𝐸௢ = 𝜀(1 − 𝜇𝜁)       (4) 184 𝐸 = ி೅௪ௗ        (5) 185 

𝑆 = ிೇ௪ௗ         (6) 186 where: w is the width of the cutter; d is the cutter penetration depth; 𝜀 is the intrinsic specific 187 energy; 𝜁 is the inclination of the average force acting on the face of the cutter; and 𝜇 is the 188 coefficient of friction on the wear flat/rock interface;   is the internal friction angle of the 189 rock; 𝑆 is the drilling strength of the cutter; and 𝐸 is the specific energy. 190 In this study, we used the Wombat scratch machine (Fig. 3b) to scratch our candidate core. 191 The features of the polycrystalline diamond compact (PDC) cutter used for the scratching 192 include a rectangular-shaped, sharp, flat, with a width (𝑤) of 10 mm, and back-rake angle (θ) 193 of 15˚. The Vp and Vs were measured perpendicular to the long axis of the core. In addition, 194 the scratch equipment allows us to acquire an ultra-high-definition panoramic photograph 195 of the full scratch length along the core sample. We used a cylindrical core sample 0.914 m 196 long and 0.1 m in diameter, cut nominally perpendicular to the bedding plane. The core 197 sample was obtained from a depth of 1705 m in a well in the northern part of the Central 198 Basin Platform, Permian Basin, U.S. We conducted scratch tests on the core sample at cutter 199 
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penetration depths (𝑑) of 0.05 mm, 0.08 mm, 0.11 mm, 0.14 mm, 0.17 mm, 0.20 mm, 0.23 200 mm, 0.26 mm, and 0.29 mm.  201 The data obtained from the scratch test allow us to calculate the scratch toughness (Ks) and 202 Poisson’s ratio (ν) values along the core. Ks, with units of MPa·√m, is an estimate of the 203 fracture toughness (KIC) of a rock  (Akono 2013; Akono and Kabir 2016), given by the 204 following relationships: 205 𝐾௦ = ி೅ඥଶ௣஺೎     ൣ𝑀𝑃𝑎√𝑚൧          (7) 206 Where: Ac is the contact area due to horizontal force (FT) in the scratch direction for a 207 rectangular-shaped cutter, and p is the fracture surface perimeter for a cutter width (w) at 208 maximum cutting depth (d). We note that the experiments performed in this study were 209 done at ambient room temperature and unconfined stress conditions. 210  211 

4. Results  212 

4.1 Core Characterization and XRD Analysis 213 The XRD analyses of the rock matrix (samples from the shallowest and deepest parts of the 214 core) show that the rock is a dolostone, dominated by dolomite, with varying concentrations 215 of quartz, muscovite, illite, chlorite, and anhydrite (Fig. 4a). However, the analyses also show 216 that the nodule sample is composed of anhydrite with minor quartz and dolomite (Fig. 4a). 217 This suggests that the nodules and veins of light-colored mineralization observed in the core 218 sample (Fig. 4b) are composed of anhydrites. Overall, we find that the greatest clustering of 219 the anhydrite veins and nodules occur within a 0.41 m-thick interval in the central part of 220 the core. However, the open-fractures appear to be evenly distributed along the core length, 221 and since the opened-fractures pre-existed in-situ, we suspect they might be opened due to 222 stress relaxation.  223  224 

4.2 Unconfined Compressive Strength (UCS) 225 A continuous scratch test UCS log profile of the full core sample shows that the highest UCS 226 values along the core occur at depth intervals of  1705.12 – 1705.53 m (Zone B) and 1705.71 227 
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– 1705.86 m (Zone D), and are separated by intervals of relatively lower UCS values at 228 1704.95 – 1705.12 m (Zone A) and 1705.53 – 1705.71 m (Zone C). The color shades (Fig. 4d) 229 indicate variations from low to high strength along the core. We observe that the dark and 230 light blue shades match with the high peaks on the UCS log. Likewise, we observe that the 231 red, orange, yellow, and light green shades match the low troughs on the UCS log. 232  233 

4.3 Ultrasonic Velocities (Vp, Vs) and Poisson’s Ratio (ν) 234 The measured ultrasonic shear (Vs) and compressional (Vp) velocities and the corresponding 235 Poisson’s ratio along the core show the distribution of heterogeneous mechanical properties 236 along the core (Fig. 4e). Although the measured velocities show variations along the core, the 237 calculated Poisson’s ratio distribution is most salient. In general, similar to the distribution 238 of UCS,  we observe that the mechanical Zones A and C show relatively higher Poisson’s ratios 239 compared to the intervening Zones B and D (Fig. 4e).  240  241 

4.4 Scratch Toughness (KS) 242 We present the estimates of scratch toughness along the core in Fig. 4f. Again, the 243 distribution of the values and the trend of the moving average fitting curve shows there 244 exists a zonation in scratch toughness along the core. Within Zones A and C, Ks shows the 245 least values (as low as 0.46 MPa·√m), whereas, in Zones B and D, the KS is highest, attaining 246 a maximum of 3.9 MPa·√m. These Ks values are consistent with results in published 247 literature on fracture toughness of a dolomitic rock (Yao et al. 2020) and a carbonate rock 248 (Eddine 2009). 249  250 

5. Discussion 251 

5.1  Mechanical Zonation within the Analyzed Core Sample 252 The core characterization (Fig. 4b) correlates with the presence or absence of open-253 fractures, mineralized veins, and nodules at depths intervals with high and low strengths 254 (Fig. 4d). This suggests an alternation of strong and weak mechanical zones along the core 255 
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sample. The extremely-low UCS values observed in mechanical Zones A and C are due to the 256 elevated presence of open fractures in these zones. The strongest zones (Zones B and D) in 257 the analyzed core correspond to the highest UCS, highest Ks, and lowest Poisson’s ratio. These 258 zones B and D are separated by mechanically weaker zones (Zones A and C; Figs. 4d-4f).  259 Our XRD analyses (Figs. 4a-4b) examined one of the mechanically strong zones (Zone D) and 260 one of the weaker zones (Zone A). The results show that the strong zones are dominated by 261 a mix of dolomite and quartz-rich matrix, whereas the weaker zones are enriched in 262 phyllosilicate minerals (muscovite, chlorite, and illite). Rocks that are rich in phyllosilicate 263 minerals are significantly weaker in comparison to dolomite-rich rocks (Brindley 1981; 264 Tesei et al. 2012). Anhydrite has an estimated UCS of 150 MPa, Quartz 200-250 MPa, 265 Dolomite 140 MPa, Muscovite 50-75 MPa, Illite <10 MPa, (Nataraj 1991; Tham et al. 2001; 266 Chen et al. 2004; Dalamarinis et al. 2009; Majdi and Rezaei 2013; Hantler 2015; Wang et al. 267 2019). Therefore, we suggest that mechanical zonation is controlled by the relative 268 distribution of mineral types along the core. Further, the mechanically stronger zones (0.41 269 m-thick Zone-B and 0.15 m-thick Zone-D), have a mean UCS of 166 MPa, 0.22 ν, and 2.87 270 MPa·√m Ks, and hydrothermal alterations occur mostly in these zones (Figs. 4a-4d). The 271 mechanically stronger zones contain clusters of anhydrite veins and anhydrite nodules, a 272 lower abundance of phyllosilicate minerals, and minimal presence of open fractures. The 273 mechanically weaker zones (0.17 m-thick Zone-A and 0.18 m-thick Zone-C), have a mean UCS 274 of 110 MPa, 0.25 ν, and 1.89 MPa.√m Ks, with the greatest concentration of open fractures in 275 addition to a higher abundance of phyllosilicate minerals present in these zones (Figs. 4a-276 4d).  277  278 

5.2 The Implication for the Development of Enhanced Geothermal System (EGS) 279 

Reservoir Targets  280 The mineralogical analyses (Fig. 4a) indicate that this core has been hydrothermally-281 modified. Previous geologic studies in the Permian Basin have shown that anhydrite nodules 282 and veins had been emplaced during basin-wide circulation of ancient hydro fluids in ancient 283 times (Kerr Jr and Thomson 1963). Anhydrite can occur as a vein-filling mineral in 284 
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hydrothermal deposits (Sleep 1991; Teagle et al. 1998). The presence of open and occluded 285 fractures indicate that this formation is a permeable hydrothermal reservoir, at least in the 286 past. 287 The collocation of anhydrite nodules, open-fractures, and fractures occluded by anhydrite 288 (i.e. veins) indicate that fractures played an important role in the ancient circulation of 289 hydrothermal fluid within the basin. However, our results indicate that the fractures that 290 controlled fluid circulation in the past were preferentially localized in zones B and D of the 291 carbonate formation (Figs. 4c-4e). The pre-alteration pore system controls the 292 heterogeneous properties at depth intervals dominated by nodules and is without veins. The 293 original mechanical property of the reservoir rock controlled the past hydrothermal 294 circulation pathways and will be relevant to the present-day extraction of heat from EGS 295 reservoirs. Although anhydrite is mechanically weaker than the host dolomitic matrix, our 296 result shows that the incorporation of the anhydrite mineralization has not significantly 297 changed the bulk mechanical properties of zones B and D. Locally, the anhydrite nodules may 298 control the mechanical properties, but at bulk-scale, they seem to exert less control. Thus, 299 we envision that the pre-existing bulk zonation of mechanical properties is relevant for the 300 stimulation of EGS target reservoirs, in combination with other relevant completion data. 301 Rheology of a rock describes the deformation a rock undergoes in response to stress, 302 excluding the fracture (Handin and Carter 1987). The delineation of the strong and weak 303 zones are based on the UCS of the rock, which tends to correlate to the stiffness of the 304 mechanical zones (Deere 1968; Palchik 1999, 2011; Yılmaz and Sendır 2002; Al-Shayea 305 2004; Gokceoglu and Zorlu 2004; Sonmez et al. 2004; Zoback 2010). However, the efficiency 306 of fracture initiation and propagation is dependent on the rheology of the rocks i.e. brittle 307 rocks have a greater efficiency for fracture nucleation and propagation than ductile rocks 308 (Scholz 1968a, 1986b; Yao 2012; Wang 2015, 2016). Also, it has been established that brittle 309 rocks have a lower fracture toughness than ductile rocks (Gunsallus and Kulhawy 1984; 310 Bhagat 1985; Belyadi et al. 2019; Zhang 2019). Fracture toughness is highly dependent on 311 temperature (Al-Shayea 2000; Zhang et al. 2001; Balme 2004; Funatsu 2004; Zhang 2016), 312 implies that fracture toughness data presented in this study (Fig. 4f) may only be 313 
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representative of zonation of mechanical properties along the core, and not of the conditions 314 within which the fractures and veins were emplaced. 315 Therefore, we infer that within the hydrothermal reservoir temperature and pressure 316 conditions at the time of deformation and alteration of the formation being analyzed in this 317 study, the stiffer zones (zones B and D) were more brittle than the less-stiff zones (zones A 318 and C), thus facilitating the preferential localization of greater fracturing in these stiffer 319 zones. Our observations here suggest an influence of mechanical stratigraphy on the brittle 320 deformation and alteration of the sedimentary-hosted hydrothermal reservoir. Additionally, 321 since veins are essentially mineral-filled fractures, the anomalous concentration of veins in 322 zone B indicates a localized clustering of fractures within zone B prior to hydrothermal 323 alteration. Thus, this implies that the mechanical zonation of the rock may likely have 324 influenced the localized development of fracture clusters of zone B. 325 Furthermore, the exploration of geothermal energy systems has been associated with 326 induced seismicity (Diehl et al. 2017; Wiemer et al. 2017; Cheng and Chen 2018; Zbinden et 327 al. 2020). However, carbonate minerals (calcite and dolomite), are more mechanically 328 susceptible to earthquake nucleation at higher temperatures and pressures such as those 329 relevant for hydrothermal reservoirs (e.g., Carpenter et al. 2014; Kolawole et al. 2019). 330 Therefore, we infer that the dolomite-rich brittle zones (zones B and D) are more susceptible 331 to earthquake generation in the event of anthropogenic stress perturbation.  332  333 

5.3 Upscaling Core-Scale Observations to Reservoir Scale 334 Continuous sampling with a Scratch Test machine provides a fine-scale and detailed 335 measurement of mechanical properties along the sample (e.g. data points in Figs. 4d-4f), 336 whereas the larger-scale trends describe the bulk mechanical properties of the rock (e.g., the 337 color contour of UCS in Fig. 4d). In this study, we analyzed only 0.91 m-long core within the 338 San Andres reservoir, and we observed this detailed mechanical heterogeneity. Our field of 339 study is not yet proven as a viable EGS field, primarily because a minimum of 150 °C  is 340 required at reservoir depth for an ORMAT-type ORC plant. However, there is a need to 341 upscale our results using DFN models, to explicitly model the geomechanical properties and 342 
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characterize our observed mechanical heterogeneity at reservoir-scale. In DFN modeling, the 343 mechanical heterogeneity in rock strength, fracture toughness, Poisson’s ratio, mineralogy, 344 and pre-existing fractures (open/mineral-devoid, occluded/infilled/veins), should be 345 considered to develop models that accurately predict reservoir-scale and sub-reservoir scale 346 (localized) fractomechanical characteristics. Therefore, our results provide an analog to 347 what would occur in commercial geothermal reservoir settings at higher in-situ 348 temperatures and higher geothermal gradients, in combination with other relevant 349 completion data. 350  351 

6. Conclusions 352 In this study, we examine the distribution of mechanical properties (unconfined compressive 353 strength, UCS; ultrasonic velocity-derived Poisson ratio, ν; and, scratch-derived fracture 354 toughness, Ks) along the cored interval of a sedimentary formation with a known geothermal 355 anomaly in the Permian Basin, U.S. In addition, we performed a core-scale characterization 356 of the post-diagenetic alterations in the rock, and XRD analyses to further characterize the 357 heterogeneity of the tested core material. 358 Our findings from this study reveal: 359 a. The mechanical heterogeneity of the rocks is demonstrated by four distinct 360 alternating mechanical zones, which include: mechanically weaker 0.17 m-thick 361 Zone-A and 0.18 m-thick Zone-C showing mean UCS = 110 MPa, ν= 0.25, Ks = 1.89 362 MPa·√m; and mechanically stronger 0.41 m-thick Zone-B and 0.15 m-thick Zone-D 363 which show mean UCS = 166 MPa, ν= 0.22, Ks  = 2.87 MPa·√m. 364 b. A lower abundance of phyllosilicate minerals in mechanically stronger zones, 365 whereas there is a higher abundance of phyllosilicate minerals in mechanically 366 weaker zones. 367 c. The investigated core experienced hydrothermal alterations facilitated by the 368 localization of permeable fractures within the mechanically stronger zones of the 369 rock. 370 
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d. A high degree of formation heterogeneity, characterized by spatial variation of 371 inherited rock mechanical properties and hence the fracture-mechanical behavior, 372 will impact the stimulation and subsequent extraction of heat from Enhanced 373 Geothermal Systems (EGS). 374 e. There could be a possible mechanical interaction between a propagating hydraulic 375 fracture and the pre-existing open and anhydrite-occluded fractures. 376 f. The denser clustering of fractures in the stronger zones which facilitated the 377 hydrothermal vein development was due to the influence of mechanical stratigraphy 378 on the brittle deformation and alteration of the sedimentary-hosted hydrothermal 379 reservoir. 380 In addition, the EGS stimulation models, such as DFN models, should include a 381 heterogeneous rock volume with detailed characteristics of the individual mineralized 382 zones, and mechanical zonation of the rock matrix.  Although our study analyzed a 0.91 m-383 long cored interval, the findings in this study can be upscaled to commercial geothermal 384 reservoir settings at higher in-situ temperatures and higher geothermal gradients, in 385 combination with other relevant completion data. 386 We suggest that this work provides novel insights into the understanding of how the 387 heterogeneity of mechanical behavior and properties may influence the stimulation and 388 production from EGS reservoirs. Further, the study provides baseline geomechanical 389 properties that can be incorporated into numerical modeling of rock deformations at higher 390 reservoir temperature and pressure conditions. 391  392 

Availability of data and materials  393 The datasets generated and/or analyzed during the current study are available in the 394 Mendeley data repository (Kolawole 2020). 395  396 
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EGS: Enhanced Geothermal Systems; G.A.: Geothermal areas; UCS: Unconfined compressive 398 strength; ν: ultrasonic velocity-derived Poisson’s ratio; Ks: Scratch-derived fracture 399 toughness; DFN: Discrete Fracture Network; GCS: geologic CO2 storage; Vp: Ultrasonic 400 compressional velocity; Vs: Ultrasonic shear velocity; NF: pre-existing natural fractures; 401 HTHP: High-Temperature High-Pressure; ORC: ORMAT-type Organic Rankine Cycle; XRD: X-402 ray diffraction. 403  404 
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Fig. 1. (a) Map of Permian Basin, U.S., showing the locations of potential geothermal areas 702 and location of (b) the core sample analyzed in this study. 703  704  705  706  707  708   709 
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Fig. 2. Result of core-scale characterization of the post-diagenetic alterations in the rock.   714  715  716   717 
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Fig. 3. The Scratch Test Schematic. (a) Rock scratching configuration for a sharp cutter. (b) 746 Epslog Wombat machine (Pre-modified image courtesy of Epslog S.A.). 747 



27 
 

 748  749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 



28 
 

Fig. 4. (a) X-ray Diffraction (XRD) analysis of the core sample; (b) Digital photography of 776 core sample; (c) Core-scale characterization; (d) Scratch test unconfined compressive 777 strength (UCS); (e) Ultrasonic shear and compressional velocities, and dynamic Poisson’s 778 ratio; (f) Scratch-derived fracture toughness. 779  780 
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