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Abstract

Although geologic carbon sequestration projects have yet to induce – or may never induce – a damaging earthquake, experiences

from other deep injection industries such as hydraulic fracturing, enhanced geothermal systems, and saltwater disposal suggest

that effective quantitative seismic risk assessment is necessary for deep saline carbon capture and sequestration (CCS) projects.

One such imminent CCS project is the San Juan Basin CarbonSAFE Phase III program. The study detailed in this paper utilizes

Monte Carlo probabilistic geomechanical analyses combined with observations of the geological and operational parameters of

the San Juan Basin site and suggests that this project is of low induced seismic risk. The primary analysis is split into

four sections. First, we assessed the literature for faults and past seismicity, and at least five faulting scenarios are directly

relevant. Second, we developed and calibrated an integrated earth model for the project site. Third, we performed Monte Carlo

simulations that considered reasonable uncertainties of the geomechanical parameters. Only the Hogback flexural faulting

scenario presented high Coulomb failure functions, but fourth, we determined the risk to be low based on the combined lack of

historical seismicity, the geological framework of the flexural faults, and the presence of saltwater injection at the same depth as

the proposed supercritical carbon dioxide injection. The most sensitive parameters in the geomechanical calculations were the

fault dip and the coefficient of friction. The least sensitive were the fault strike and the orientation of the maximum horizontal

principal stress.
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Key Points: 8 

• We do not anticipate medium- to large-scale rupture in the San Juan Basin related to the 9 
injection of supercritical carbon dioxide from the CarbonSAFE Phase III project. 10 

• The results of the geomechanical simulations must be contextualized within the 11 
operational parameters of the basin, the seismic history, and the geologic framework. 12 

• The geomechanical simulations are most sensitive to the coefficient of friction and the 13 
dip of the faults. 14 

  15 
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Abstract 16 

Although geologic carbon sequestration projects have yet to induce – or may never induce – a 17 
damaging earthquake, experiences from other deep injection industries such as hydraulic 18 
fracturing, enhanced geothermal systems, and saltwater disposal suggest that effective 19 
quantitative seismic risk assessment is necessary for deep saline carbon capture and 20 
sequestration (CCS) projects. One such imminent CCS project is the San Juan 21 
Basin CarbonSAFE Phase III program. The study detailed in this paper utilizes Monte Carlo 22 
probabilistic geomechanical analyses combined with observations of the geological and 23 
operational parameters of the San Juan Basin site and suggests that this project is of low induced 24 
seismic risk. The primary analysis is split into four sections. First, we assessed the literature for 25 
faults and past seismicity, and at least five faulting scenarios are directly relevant. Second, 26 
we developed and calibrated an integrated earth model for the project site. Third, we performed 27 
Monte Carlo simulations that considered reasonable uncertainties of 28 
the geomechanical parameters. Only the Hogback flexural faulting scenario presented high 29 
Coulomb failure functions, but fourth, we determined the risk to be low based on the combined 30 
lack of historical seismicity, the geological framework of the flexural faults, and the presence of 31 
saltwater injection at the same depth as the proposed supercritical carbon dioxide injection. The 32 
most sensitive parameters in the geomechanical calculations were the fault dip and the 33 
coefficient of friction. The least sensitive were the fault strike and the orientation of the 34 
maximum horizontal principal stress.  35 

Plain Language Summary 36 

Injection projects have been shown sometimes to cause damaging earthquakes. Therefore, we 37 
have identified potentially problematic faults in the San Juan Basin, and we have performed 38 
detailed analyses of these faults to determine whether they are likely to host a large earthquake. 39 
Only one set of faults that we analyzed is potentially hazardous. When contextualized in the 40 
operational parameters of the basin, the seismic history, and the geologic framework of the 41 
faulting system, however, that hazard becomes minimal. 42 

1 Introduction 43 

The San Juan Basin CarbonSAFE Phase III project is a deep saline carbon sequestration project 44 
that will inject between 6-7 million metric tons of supercritical carbon dioxide per year over a 45 
period of 12-20 years. The primary target formation is the Entrada sandstone, although other 46 
reservoirs and seals in the sedimentary column will allow for stacked storage. Large-scale 47 
injection projects such as this, be they saltwater disposal (e.g. Walsh and Zoback, 2015; 48 
Rubinstein and Mahani, 2015; Lagenbruch and Zoback, 2017; Hinks et al., 2018), enhanced 49 
geothermal systems (e.g. Grigoli et al., 2018; Ellsworth et al., 2019; Catalli et al., 2016; Mignan 50 
et al., 2015; McClure and Horne, 2011; Majer et al., 2007), carbon sequestration (e.g. Mazzoldi 51 
et al., 2012; White and Foxall,  2016; Vilarrasa et al., 2019; Nicol et al., 2011; Rutqvist et al., 52 
2016), or hydraulic fracturing operations (e.g. Schultz et al., 2018; Davies et al., 2013; Warpinski 53 
et al., 2012; Shapiro and Dinske, 2009), have the ability to induce potentially damaging 54 
earthquakes and must be scrutinized for seismic hazards associated with the project. In addition 55 
to infrastructure damage, induced events at carbon sequestration sites also have the potential to 56 
denigrate the integrity of the caprock – at all scales of rupture. This study focuses on the 57 
potential for a damaging medium- to large-scale rupture. 58 
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 Carbon sequestration operations have been ongoing since 1996 with the first commercial 59 
scale project in the Sleipner oil field in the North Sea (Torp and Gale, 2004). Despite this long 60 
history, carbon sequestration projects have yet to induce a sizeable earthquake (White and 61 
Foxall, 2016; Vilarrasa et al., 2019). Three primary reasons are posited for this success in the 62 
deep saline setting. First, as supercritical carbon dioxide is injected into in situ brine, that carbon 63 
dioxide partially dissolves in the brine, reducing pressure. Therefore, the pressure in the 64 
formation decreases to less than that of the injection (Vilarrasa et al., 2019). Second, the lower 65 
viscosity and higher compressibility of carbon dioxide allows it to flow through the formation 66 
more easily than other fluid types, for instance, saltwater, and thus injection of carbon dioxide 67 
causes less pressure in the formation than equivalent injection of different fluid types (Krevor et 68 
al., 2012). Finally, the diligent work involved in choosing projects and sites that are low in both 69 
seismic hazard and risk cannot be discounted. 70 
 In this paper, we use novel geomechanical analyses along with analysis of past seismicity 71 
and operations in the basin to evaluate whether the San Juan Basin CarboSAFE Phase III site is 72 
of low induced seismic risk. The paper is split into four sections. First, we analyze available 73 
literature on faulting in the San Juan basin and past seismicity. Second, we briefly construct a 74 
one-dimensional geomechanical model. Third, we assess geomechanical properties of the basin 75 
and the bulk of the analysis utilizes probabilistic Mohr circles. And finally, we analyze the 76 
results in terms of existing operational data in the basin (specifically saltwater disposal), past 77 
seismicity, and analytical poroelastic calculations. 78 

2 Methodology 79 

2.1 Faults in the Basin and Past Seismicity 80 

 The first step in determining the seismic hazard was to assess what information about 81 
geologic faults had been published in the literature. The San Juan Basin is a relatively seismically 82 
quiescent sedimentary basin in the Four Corners region of the United States. Only thirty 83 
earthquakes in the basin of magnitude 2.5 or greater since 1966 are reported in the US Geological 84 
Survey’s (USGS) database, including two events both estimated to be approximately moment 85 
magnitude of 5.0 (Figure 1). One occurred in 1966, and the other occurred in 1976. We used the 86 
hypocentral locations and magnitudes of these fifteen earthquakes to approximate the fault planes 87 
in two conjugate sets using critically stressed crust theory (Zoback, 2007). This method of 88 
determining fault planes is highly uncertain because it assumes that every fault that slipped was 89 
perfectly oriented to the stress field. Also, it offers no ability to differentiate between conjugate 90 
faults. 91 

All but one of these faults are located within the crystalline basement. These faults are all 92 
far from the area of interest, which covers roughly 500 square miles in the northwestern part of 93 
the basin (Figure 1). Much of the fault mapping that has been performed from 2D seismic 94 
profiles in the basin indicate that most of the faults are in the basement domain (Taylor and 95 
Huffman, 1998; Majer et al., 2004). Taylor and Huffman (1998) identified two nearly 96 
perpendicular sets of normal faults in the basement, while Majer et al. (2004) identified a 97 
complicated series of faulting striking east-west. Evidence from several active seismic sources 98 
suggests there exists some faulting above the basement. It is not clear if these faults penetrate 99 
through the target formations such as the Entrada, Lower Morrison (Salt Wash), Bluff Sandstone, 100 
and their respective caprock layers for the San Juan Basin CarbonSAFE storage complex.  101 
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While most of the mapped faulting is believed to be normal faulting, Lorenz and Cooper 102 
(2001) indicated that blind thrust faults are present in the sedimentary cover. These are perhaps 103 
the result of Laramide reactivation of basement faults (Lorenz and Cooper, 2003; Craigg, 2001). 104 
Furthermore, outcrops throughout the San Juan basin exhibit fractures, indicating that 105 
discontinuities are present from basement to surface (Fassett and Boyce, 2005; Dart, 1992; Hart 106 
and Cooper, 2021). Outcrop fractures are mostly bed-bounded, but several throughgoing features 107 
that cut bedding planes are observed as well (Hart and Cooper, 2021). Faults and fractures 108 
identified at the surface cannot easily be extrapolated to depth where they could host a seismic 109 
event. Challenges of characterizing mapped faults in the basin include assumptions of critically 110 
stressed crust, low resolution in the basement of active seismic images, and the uncertainty of 111 
extrapolating outcrop data to depth. Thus, the seismic hazard is challenging to identify, and we 112 
therefore elected to employ a probabilistic approach. In total, we found five faults or sets of faults 113 
that we hypothesized might pose some risk to the project. These five sets of faults were: 1) 114 
Basement faults striking 35 degrees (Taylor and Huffman, 1998), 2) Basement faults striking 125 115 
degrees (Taylor and Huffman, 1998), 3) flexural faults in the limb of the Hogback, 4) a vertical 116 
fault separating the limb of the Hogback from the rest of the basin, and 5) a set of faults mapped 117 
in the overlying Dakota sandstone (Lorenz and Cooper, 2001). These faulting scenarios will be 118 
discussed in more detail. 119 
 In addition to regional earthquakes identified by the USGS catalog, we examined other 120 
sources for seismicity in this region, including historical record (Sanford et al., 1981), data from 121 
the Earthscope USArray experiment (Astiz et al., 2014) and other seismic networks in the area 122 
(Sanford et al., 2002, 2006; Pursley et al., 2013). A total of approximately 1000 seismic events 123 
are found in the broader basin region, including some likely mining events from the USArray 124 
catalog. Most of these events exhibit magnitudes smaller than 3 and depths between 0 and 10 125 
miles. Within the area of interest, there are six small events. The largest one was magnitude 2.2 126 
and depth 1.1 miles. Two of the six events, including the largest one, fall in the region of the 127 
Hogback monocline, a region of interest for the induced seismicity potential of the CarbonSAFE 128 
project. These two events are analyzed in greater detail later. 129 

The occurrence of the two magnitude 5.0 earthquakes in the USGS database indicates 130 
potential for larger events in the basin, albeit these two events occurred more than 50 miles from 131 
the proposed injection site. Furthermore, the quantity of events seen in the USArray dataset and 132 
additional seismic networks indicates that despite being relatively quiescent, the basin still hosts 133 
some degree of seismic activity. Figure 1 depicts the seismic events in relation to the seismic 134 
stations in the region and the proposed injection site. Most of the seismicity occurs significantly 135 
distantly from the site, and as the site is in the subhorizontal sedimentary layers of the inner 136 
basin, we see that the majority of the seismicity occurs in the structurally more complicated 137 
regions around the periphery of the basin. Also in Figure 1, the Hogback monocline is depicted 138 
along with the boundaries of the basin. 139 
 140 
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 141 
Figure 1: Map of the seismicity from roughly 60 years of USGS instrumentation and a short period of local 142 

instrumentation. There are a total of 1091 events. The dark green outline is the Hogback Monocline as interpreted 143 
from Lorenz and Cooper (2003). The 30-045-30040 well corresponds to the primary well used to create the 144 

integrated earth model (below). 145 

 146 

2.2 Integrated Earth Model 147 

The second step in this analysis is to identify the state of stress. Using petrophysical logs, we were 148 
able to create a one-dimensional integrated earth model (IEM). The purpose of an IEM is to 149 
provide a complete collection of input data required to run a geomechanical simulation. While the 150 
components of the earth model vary with the requirements of the geomechanical simulation, in 151 
general there are eight components to the IEM: 1) a framework model to characterize the structure 152 
of the formation including formation horizons and major faults, 2) a petrophysical model to 153 
quantify the lithology, porosity, water saturation, matrix permeability, and dynamic elastic moduli, 154 
3) a stratigraphy model to characterize the stratigraphic column, load bearing facies, and natural 155 
and drilling induced fracture attributes, 4) a rock property model to characterize the static moduli, 156 
deformation, yield, and failure properties of the formation, 5) an overburden model to characterize 157 
the vertical loading, 6) a pore pressure model to quantify the pore pressure, 7) a stress orientation 158 
model to characterize the dip and azimuth of the far-field stresses, and finally 8) a stress magnitude 159 
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model to quantify the horizontal loading on the formations. Figure 2 shows the eight components 160 
of the IEM and the typical sources of data to construct the individual models. 161 

 162 
Figure 2: The components of an integrated earth model (inside the boxes) and typical sources of input data (outside 163 

of the boxes). 164 

The petrophysical model was built considering 11 wells in the area of interest (light green 165 
area in Figure 1) and an additional 6 wells adjacent to that area. All wells were logged with 166 
triple-combo wireline tools, 8 wells have a P-wave velocity, and 3 wells have a S-wave velocity. 167 
The petrophysical model included a minimum of three minerals, quartz, calcite, and Illite, and 168 
two fluids, gas and water. The 30-045-30040 well of Figure 1 is the only well for which there 169 
was a shear log over the majority of the sedimentary column. Matrix permeability was computed 170 
using Herron’s Geochemical algorithm (Herron, 1987), and the isotropic dynamic elastic moduli 171 
were computed using measured P-wave and S-wave velocities. The mechanical stratigraphy 172 
model was constructed using petrophysical cross plot methods (Herron et al., 1992). 173 

Next, the rock properties model was built using standard geomechanical correlations. The 174 
static Young’s modulus was derived from the Morales correlation (Morales et al., 1993), the 175 
unconfined compressive strength was derived from the Coates-Denoo correlation (Coates and 176 
Denoo, 1981), and the friction angle was derived from the Plumb correlation (Plumb, 1994). 177 
Following the rock properties model, the overburden model was constructed by integrating the 178 
measured bulk density from the surface to the depth of the pre-Cambrian basement. An 179 
exponential bulk density model was used in the top 300 feet where no bulk density measurement 180 
was made. In addition, a bulk density curve based on the petrophysical model is used in place of 181 
the measured bulk density in intervals of enlarged and rugose borehole where the measured bulk 182 
density is invalid. 183 

The pore pressure model was constructed by integrating the fluid density from the surface 184 
to the deepest depth of interest. This estimate models the formations as hydrostatically pressured. 185 
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The far-field stress orientation is assumed perfectly vertical and horizontal. The direction of the 186 
maximum horizontal stress is adapted from the stress map reported in Lund Snee and Zoback 187 
(2020). 188 

The stress magnitude model was constructed based on quantitative estimates of the 189 
mechanical behavior of each layer. In higher strength layers, where in-situ stresses are estimated 190 
to be less than the elastic limit of the layer, a standard linear elastic horizontal strain model was 191 
selected. In contrast, we applied a standard Mohr-Coulomb model to lower strength, critically 192 
stressed layers where the standard linear elastic model estimates the in-situ stresses to be greater 193 
than the confined compressive strength. An interpolated model was used for layers that are 194 
estimated to be greater than the elastic limit but less than the confined compressive strength of 195 
the critically stressed layers (Bratton and Soroka, 2018). The maximum horizontal stress was 196 
computed using the tectonic strain terms in the selected standard elastic horizontal strain model. 197 
The same tectonic imbalance computed from the linear elastic horizontal strain model was used 198 
in the critically stressed layers. The resultant IEM or stress profile (Figure 3) is predicated on 199 
several assumptions, but the Monte Carlo approach that we take is designed to account for many 200 
types of uncertainty. 201 

The faulting regime (Figure 3) is clearly normal-faulting where Sv is greater than the two 202 
horizontal principal stresses, but more than that, the two horizontal principal stresses are nearly 203 
equal indicating that this is a radial normal-faulting regime. Radial normal faulting implies that 204 
the strike of the faults is relatively unimportant for whether they are critically stressed. This 205 
observation means all strikes of faults are potentially active, albeit there are also other factors 206 
that affect the shear and normal stresses resolved on the fault, especially the dip. Additionally, 207 
the stress state is very close to, if not crossing the frictional failure equilibrium line for the 208 
majority of the profile, which means that well-oriented faults are likely to slip. This is a common 209 
occurrence in most tectonic settings around the world (Townend and Zoback, 2000). 210 
 211 



manuscript submitted to JGR: Solid Earth 

 

 212 
Figure 3: The stress profile obtained from the integrated earth model. 213 

 214 

2.3 Geomechanical Simulations 215 

Using the stress profile (Figure 3), we conduct a Mohr-Coulomb analysis on particular faults or 216 
sets of faults that we identified in the literature. Five systems are chosen for the completeness of 217 
the data available and the proximity to the proposed injection site. Two of these systems are both 218 
sets of basement faults from Taylor and Huffman (1998), one striking roughly 35 degrees and the 219 
other orthogonally at about 125 degrees. While these two sets of faults are not mapped 220 
specifically at the location of interest (light green area in Figure 1), they are present in all 221 
available seismic data, and thus for the sake of being conservative, we assume that these faults 222 
would have been mapped at the proposed site had data been available. The third faulting scenario 223 
that we will analyze is flexural faulting associated with the folding of the Hogback monocline. 224 
Some authors (Craigg, 2001; Lorenz and Cooper, 2001; Kelley, 1957) hypothesize that the 225 
hogback is a monocline without an associated fault, but Gorham et al. (1979) theorize that 226 
relatively high volumes of oil production along the monocline is due to flexural faulting, and 227 
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indeed given the steep nature of the limb of the monocline of about 50 degrees (Craigg, 2001), 228 
we decided to account for the potential of some degree of flexural faulting. Therefore, for this 229 
scenario, we use a geometry of the flexural faulting obtained from Li et al. (2017), where the 230 
flexural faults are subparallel to the bedding in the limb of the monocline and strike parallel to 231 
the fold axis. The fourth system is a nearly vertical fault with significant throw that is observed 232 
in unpublished, proprietary seismic data at approximately the location of the fold axis in the 233 
Hogback. The fifth system consists of faults mapped by Lorenz and Cooper (2001) that strike 234 
east-west in the Dakota sandstone within about twenty miles to the west of our proposed site. 235 
These faults may be too distant for significant pressurization, but they represent the type of faults 236 
of interest in the sedimentary column of the inner basin, and so by analyzing them, we can better 237 
understand the seismic risk of the region of interest. All told, these five fault systems give a 238 
varied view of strike, depth, and geology to investigate to elucidate the seismic hazard. 239 
 For our Mohr-Coulomb analyses, we recognize that none of the input parameters is 240 
certain. Therefore, to account for what is a large amount of uncertainty over eight input 241 
parameters (SHmax orientation, pore pressure, minimum horizontal stress, maximum horizontal 242 
stress, vertical stress, coefficient of friction, strike, and dip) we chose to use a Monte Carlo 243 
approach adapted from Walsh and Zoback (2016). By randomly sampling from a distribution for 244 
each input parameter with a sufficiently high number of realizations for each faulting scenario 245 
(~20,000), we can not only fully incorporate uncertainty in the analysis, but we can also 246 
characterize the uncertainty based on what is known about each variable i.e., we can adopt the 247 
ranges and distribution type appropriate for each variable. Table 1 summarizes the distributions 248 
of the inputs for each case. The standard deviations of the horizontal principal stresses represent 249 
10% of the mean, and since the pore pressure and vertical stress are better constrained, their 250 
standard deviations represent 4% of the mean. We exclude the depth as an input parameter 251 
because it is already accounted for by the uncertainty in the stresses and pore pressure. The dip 252 
distribution for the vertical Hogback faulting scenario is a normal distribution centered at zero. 253 
This includes a 10-degree standard deviation, truncated only to allow for positive dip values 254 
because if it dips at all, it dips to the northwest. Based on formation tops compiled from wells 255 
throughout the basement, we use roughly 13,000 feet for the two basement scenarios, 256 
approximately 8,200 feet for the two Hogback scenarios, and roughly 7,100 for the Dakota 257 
scenario. 258 
 259 
 260 

Parameter Distribution type Min/Mean Max/Standard deviation 
Taylor and Huffman 
(1998) 

   

  Pore pressure Normal 5,558 psi 222 psi 
  Min horiz. stress Normal 9,230 psi 923 psi 
  Max horiz. stress Normal 9,566 psi 957 psi 
  Vertical stress Normal 14,634 psi 585 psi 
  Coeff. of friction Normal 0.6 0.09 
  Strike Normal 35/125 degrees 10 degrees 
  Dip Uniform 0 degrees 90 degrees 
  SHmax orientation Normal 35 degrees 10 degrees 
Hogback Flexural    
  Pore pressure Normal 3,502 psi 140 psi 
  Min horiz. stress Normal 5,242 psi 524 psi 
  Max horiz. Stress Normal 5,580 psi 558 psi 
  Vertical stress Normal 9,087 psi 363 psi 
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  Coeff. of friction Normal 0.6 0.09 
  Strike Normal 45 degrees 10 degrees 
  Dip Normal 50 degrees 10 degrees 
  SHmax orientation Normal 35 degrees 10 degrees 
Hogback vertical fault    
  Pore pressure Normal 3,502 psi 140 psi 
  Min horiz. stress Normal 5,242 psi 524 psi 
  Max horiz. stress Normal 5,580 psi 558 psi 
  Vertical stress Normal 9,087 psi 363 psi 
  Coeff. of friction Normal 0.6 0.09 
  Strike Normal 225 degrees 10 degrees 
  Dip Truncated Normal 0 degrees 10 degrees 
  SHmax orientation Normal 35 degrees 10 degrees 
Lorenz and Cooper 
(2001) 

   

  Pore pressure Normal 3,116 psi 125 psi 
  Min horiz. stress Normal 4,813 psi 481 psi 
  Max horiz. stress Normal 5,284 psi 528 psi 
  Vertical stress Normal 8,083 psi 323 psi 
  Coeff. of friction Normal 0.6 0.09 
  Strike Normal 90 degrees 10 degrees 
  Dip Uniform 0 degrees 90 degrees 
  SHmax orientation Normal 35 degrees 10 degrees 

Table 1: Input distributions for the five scenarios. The strike is bold in the first two scenarios because that is the sole 261 
difference between the two. 262 

 263 

3 Results and Discussion 264 

 3.1 Primary Findings 265 

Results suggest that the most uncertain parameter is the dip (Table 1) because this attribute is 266 
commonly neglected in geological characterizations of the San Juan Basin faults. Figure 4 shows 267 
a representation of twenty realizations for each faulting scenario using the distributions in Table 268 
1. In this figure, the state of stress for all five scenarios is close to critically stressed, i.e., the 269 
Mohr circles are nearly touching the failure envelopes, especially when taking the mean values 270 
(dark lines) of the Hogback and Dakota analyses into account, which agrees with what was 271 
shown in the frictional equilibrium line of Figure 3. Also apparent in these figures is the effect of 272 
depth. The basement faults have greater stresses than the Hogback, which has greater stresses 273 
than the Dakota simply as a result of being deeper in the sedimentary column and increasing the 274 
overburden. The two basement cases are nearly indistinguishable given the radial normal faulting 275 
regime of the San Juan Basin. 276 
 277 
 278 
 279 
 280 
 281 
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 282 
Figure 4: Probabilistic Mohr circles for twenty realizations for each of the fault scenarios using a standard deviation 283 
given in Table 1; this is the error value assumed for the subsequent analyses. The dark lines indicate the mean values 284 
of principal stresses, pore pressure, and coefficient of friction. The colors of the fault planes represent their Coulomb 285 

failure function (This is relative to the failure envelope of that particular realization). Twenty realizations were 286 
chosen for ease of visualization. a) The basement fault case of Taylor and Huffman (1998) with a strike of 35 287 

degrees. The case with a strike of 125 degrees is not shown, but closely resembles the 35-degree case. b) Hogback 288 
flexural faulting case. c) Hogback vertical faulting case. d) Dakota Sandstone faults published in Lorenz and Cooper 289 

(2001).  290 
 291 

 292 
 293 
 294 
 295 

To assess the uncertainty fully, it is necessary to evaluate the entire suite of 20,000 Monte 296 
Carlo simulations per faulting scenario. Figure 5 consists of a box plot of the Coulomb failure 297 
function (CFF) for each of the five scenarios. As expected (Figure 4), the basement faults are 298 
further from the failure envelope and the two shallower scenarios are closer. While there are 299 
some realizations for all five scenarios that exhibit a positive Coulomb failure function – i.e. they 300 
are likely to slip – the overwhelming majority of realizations (87.3%) have negative Coulomb 301 
failure functions, so the stresses resolved on the fault plane are not critical. The mean Coulomb 302 
failure function for the basement strike of 35 degrees, basement strike of 125 degrees, the 303 
Hogback flexural faults, the Hogback vertical fault, and the Dakota faults respectively are -1,897 304 
psi, -2,484 psi, -120 psi, -2,755, and -1,132 psi (Figure 5). This means that the pore pressure or 305 
stress perturbation from injection of carbon dioxide is expected to trigger earthquakes only when 306 
these values are exceeded. At the stratigraphic characterization well, the closest well to the 307 
injection wells, the maximum pore pressure perturbation forecasted by from numerical modeling 308 
results is roughly 400 psi (the lighter dashed horizontal line in Figure 5). Thus, the flexural faults 309 
in the Hogback have the highest CFF distribution values of the five faulting scenarios. 310 
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 311 

 312 
Figure 5: Box plots of the 20,000 realizations for each of the five scenarios. The darker dashed black line represents 313 
the frictional faulting equilibrium line (CFF = 0 psi). The lighter dashed black line is the expected maximum pore 314 

pressure perturbation (CFF = -400 psi). 315 
 316 
 317 
 318 
 By observing the sensitivities of the input parameters in addition to the aggregated 319 
outputs, we can suggest which parameters have the greatest impact on the CFF. We assembled 320 
sensitivity plots or tornado diagrams for each of the input parameters in each of the faulting 321 
scenarios (Figure 6) except for the basement faults striking 125 degrees because that case is 322 
highly similar to the basement faults striking 35 degrees. For these plots, each parameter was 323 
calculated for a high and a low value based on the distributions in Table 1 while all of the other 324 
parameters were held at the mean value. The Coulomb failure function using the mean value of 325 
all the parameters differs from the mean of the 20,000 realizations for each faulting scenario, 326 
because the sensitivity to the dip is so high. Changing the dip serves predominantly to lower the 327 
CFF (Figure 6) – certainly at the extremes of 0-degree dip and 90-degree dip in a normal faulting 328 
stress regime. Given its normal distribution of the dip (rather than the uniform and truncated 329 
normal for the other four scenarios), the Hogback flexural scenario potential is less dependent on 330 
the dip. Also, all five scenarios exhibit a strong dependence on the coefficient of friction both at 331 
low and high values of the coefficient of friction. The strike and the SHmax orientation had little 332 
influence on the resulting CFF. We already postulated that the strike would be of little impact, 333 
but the SHmax orientation has a similar geomechanical influence on the faulting scenarios as the 334 
strike due to the radial normal faulting. That is, the SHmax orientation is of minor impact because 335 
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the SHmax and Shmin are so similar, and a rotation of the stresses causes only a small change 336 
geomechanically. The CFF exhibits a minor dependence on the three principal stresses and pore 337 
pressure, albeit this dependence is more pronounced in certain scenarios. 338 
 339 

 340 
Figure 6: Sensitivity plots of four of the five faulting scenarios. a) The basement fault case of Taylor and Huffman 341 

(1998) with a strike of 35 degrees. The case with a strike of 125 degrees is not shown, but closely resembles the 35-342 
degree case. b) Hogback flexural faulting case. c) Hogback vertical faulting case. d) Dakota Sandstone faults 343 

published in Lorenz and Cooper (2001). The red bars represent the sensitivity to increasing the parameter from the 344 
mean value, and the blue bars represent the sensitivity to decreasing the parameter from the mean value. The darker 345 
dashed black line represents the frictional faulting equilibrium line (CFF = 0 psi). The lighter dashed black line is 346 

the expected maximum pore pressure perturbation (CFF = -400 psi). 347 

 348 

 3.2 Key Interpretations 349 

Mohr-Coulomb analyses are necessarily conservative for three reasons. One, there will only be 350 
slip on a well-oriented fault if such a fault is actually present. Two, if that fault is present and does 351 
slip, it will only be a large earthquake if the area of rupture is large. And three, the stresses resolved 352 
on a fault may not be the far-field stresses (Figure 3). If a fault has slipped in the recent geologic 353 
past, a static stress drop will have reduced the shear stress resolved on the fault plane, suggesting 354 
that the true Coulomb failure function is less than the Coulomb failure function calculated here. 355 
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We suggest that this conservative analysis of the Hogback flexural faults – and indeed all five 356 
scenarios – corresponds to a worst-case scenario. Because there is little detected background 357 
seismicity on the Hogback, we interpret that displacement on the limb of the monocline through 358 
the movement of the flexural faults is distributed across a series of faults parallel to many different 359 
bedding planes, such that predominantly small events occur. Therefore, we do not anticipate any 360 
one large fault with high hazard, but rather a series of smaller faults that distribute the seismicity 361 
between them.  362 

It is possible that additional seismicity has gone undetected in the Hogback. Indeed, the 363 
two earthquakes detected along the Hogback in the region of interest (Figure 1) were detected 364 
during the two-year period that the USArray was in place. Also, there are two saltwater disposal 365 
wells in the Hogback and within five miles of the area of interest that have been operational for 366 
decades with injection into the Entrada and the shallower Bluff formations. These wells injected 367 
over twenty million barrels of water during their operational lifetimes, and yet we speculate that 368 
the two detected seismic events in the Hogback during that time were not induced: they are about 369 
a mile away from the closer injector, and the hypocenters were about 2,000 feet shallower than the 370 
injection interval for the larger event and about 4,500 feet shallower for the smaller event. The 371 
entire San Juan Basin CarbonSAFE storage complex resides between the injection interval and the 372 
hypocenters. These saltwater disposal wells effectively conducted a pressurization experiment on 373 
the Hogback and found negligible risk, i.e., no large earthquakes to date. We interpret the lack of 374 
appreciable seismicity along the Hogback monocline in the recorded past is because the flexural 375 
faults are producing small, mostly undetectable, events. We do expect the injection of the 376 
supercritical carbon dioxide to cause seismicity in the Hogback, but we expect these events to be 377 
of small magnitude in the same manner as those hypothesized from the saltwater disposal. 378 

5 Conclusions 379 

1. Five faulting scenarios were tested in the San Juan Basin for their ability to cause a 380 
medium- to large-scale rupture. Probabilistic geomechanical simulations showed that the 381 
Coulomb failure functions of the two basement scenarios, the Hogback vertical fault 382 
scenario, and the Dakota sandstone scenario are unlikely to induce earthquakes. The 383 
Hogback monocline flexural faulting scenario, however, has a relatively high distribution 384 
of CFFs, which means that this scenario could potentially induce earthquakes, but by 385 
analyzing the geologic and past seismological context as well as the past saltwater 386 
disposal, we expect small events, not large events on this series of faults. 387 

2. For all five scenarios, we observed that the sensitivity of the CFF distributions to the 388 
SHmax orientation and the strike of the faults was minimal. Conversely, the sensitivity to 389 
the dip and the coefficient of friction was significant. Furthermore, varying the dip served 390 
to decrease the Coulomb failure functions in nearly every case, which is why the mean of 391 
the distributions of the CFFs is less than the CFF calculated using solely the mean values.  392 

3. Finally, assessing seismic risk to absolute certainty is impossible. There can always be 393 
additional, complicating factors, or information that was inadvertently omitted from the 394 
analysis. Thus, we conducted a scientific analysis on the potential for induced seismicity 395 
associated with the San Juan Basin CarbonSAFE Phase III project, and we have found 396 
the risk of a sizeable earthquake to be appreciably small. The expected lack of large 397 
seismic rupture does not mean, however, that a damaging event cannot happen. 398 
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data can be found at the New Mexico Oil Conservatoin website (New Mexico, 2021), and the 422 
literature regarding the faulting parameters has been cited thoroughly in the Methodology 423 
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Finally, the regional seismicity data sources used to make Figure 1 is cited in the text. 426 
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Figure and Table Captions 583 
Figure 1: Map of the seismicity from roughly 60 years of USGS instrumentation and a short 584 
period of local instrumentation. There are a total of 1091 events. The dark green outline is the 585 
Hogback Monocline as interpreted from Lorenz and Cooper (2003). The 30-045-30040 well 586 
corresponds to the primary well used to create the integrated earth model (below). 587 
 588 
 589 
 590 
 591 
 592 
Figure 2: The components of an integrated earth model (inside the boxes) and typical sources of 593 
input data (outside of the boxes). 594 

 595 
 596 
 597 
Figure 3: The stress profile obtained from the integrated earth model. 598 
 599 
 600 
 601 
Table 1: Input distributions for the five scenarios. The strike is bold in the first two scenarios 602 
because that is the sole difference between the two. 603 
 604 
 605 
 606 
 607 
Figure 4: Probabilistic Mohr circles for twenty realizations for each of the fault scenarios using a 608 
standard deviation given in Table 1; this is the error value assumed for the subsequent analyses. 609 
The dark lines indicate the mean values of principal stresses, pore pressure, and coefficient of 610 
friction. The colors of the fault planes represent their Coulomb failure function (This is relative 611 
to the failure envelope of that particular realization). Twenty realizations were chosen for ease of 612 
visualization. a) The basement fault case of Taylor and Huffman (1998) with a strike of 35 613 
degrees. The case with a strike of 125 degrees is not shown, but closely resembles the 35-degree 614 
case. b) Hogback flexural faulting case. c) Hogback vertical faulting case. d) Dakota Sandstone 615 
faults published in Lorenz and Cooper (2001).  616 
 617 
 618 
 619 
 620 
 621 
 622 
Figure 5: Box plots of the 20,000 realizations for each of the five scenarios. The darker dashed 623 
black line represents the frictional faulting equilibrium line (CFF = 0 psi). The lighter dashed 624 
black line is the expected maximum pore pressure perturbation (CFF = -400 psi). 625 
 626 
 627 
 628 
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 629 
Figure 6: Sensitivity plots of four of the five faulting scenarios. a) The basement fault case of 630 
Taylor and Huffman (1998) with a strike of 35 degrees. The case with a strike of 125 degrees is 631 
not shown, but closely resembles the 35-degree case. b) Hogback flexural faulting case. c) 632 
Hogback vertical faulting case. d) Dakota Sandstone faults published in Lorenz and Cooper 633 
(2001). The red bars represent the sensitivity to increasing the parameter from the mean value, 634 
and the blue bars represent the sensitivity to decreasing the parameter from the mean value. The 635 
darker dashed black line represents the frictional faulting equilibrium line (CFF = 0 psi). The 636 
lighter dashed black line is the expected maximum pore pressure perturbation (CFF = -400 psi). 637 
 638 
 639 
 640 


