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Abstract 8 

Cerberus Fossae is a long and narrow graben system located approximately 1000 km 9 

southeast of the Elysium bulge, Mars. These structures have long been thought to be dike-10 

induced, and are the focus of renewed attention due to the detection of seismic activity in 11 

this area by InSight. Here we report that structural modeling and linear elastic fracture 12 

mechanics provide strong evidence that the Cerberus Fossae grabens are dike-related 13 

structures, and that their intrusion may have released significant amounts of seismic 14 

energy. The modeled dike apertures are between 176 and 745 m, and their aspect ratios 15 

are consistent with fluid-induced fractures formed in a weakened host rock. We observe 16 

densely fractured terrains in high-resolution images of the graben walls, confirming the 17 

presence of a weakened crust underneath Cerberus. We used  dike geometry and 18 

adequate mechanical properties to calculate the source moment released by dike opening 19 

and inflation (Md), which yielded values between 8·1019 and 3.3 1022 Nm. From these we 20 

estimate that the Cerberus diking events may have expressed seismically with cumulative 21 

moment magnitudes (Mw)  between 6.1 and 8.5. InSight has so far detected seismic 22 

events with Mw magnitudes as low as 1. Therefore, these results suggest that if 23 

emplacement of even smaller dikes than those inferred below Cerberus is currently taking 24 

place, intrusion-induced seismicity could be detected by InSight.  25 

Keywords: dikes, graben, seismicity 26 

Introduction 27 

The InSight mission has detected multiple low-magnitude seismic events in the Elysium 28 

volcanic province, sourced both in and below the crust.. . Terrestrial dikes,  which are 29 

narrow, long and tall magmatic intrusions,  produce earthquakes of variable magnitude 30 

during their emplacement(e.g., Ayele et al., 2009; Calais et al., 2008; Maccaferri et al., 31 

2016; Pallister et al., 2010; Passarelli et al., 2018; Sigmundsson et al., 2015; Wauthier et 32 
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al., 2012), and therefore Martian dikes are expected to produce equivalent processes. 33 

Mars hosts ample evidence that supports the existence of large dike complexes (e.g., 34 

Goudy and Schultz, 2005; Wilson and Head III, 2002). The young Cerberus Fossae graben 35 

system is a good candidate to host these giant dikes at depth which, through one or 36 

several intrusion events, could have released significant amounts of seismic energy, 37 

similar to that observed in terrestrial diking events. Compelling evidence has been found 38 

supporting that long and narrow graben systems at Tharsis and Elysium regions were 39 

dike-induced (Rivas-Dorado et al., 2020; Schultz et al., 2004; Wilson and Head III, 2002), 40 

and therefore that dikes have played a significant role in the geodynamic evolution of 41 

Mars. Dikes have been proposed to be responsible not only of the formation of long and 42 

narrow grabens (Vetterlein and Roberts, 2010), but also of flooding events (Plescia, 2003; 43 

Russell and Head, 2003), the release of significant amounts of lava and gases to the 44 

surface (Jaeger et al., 2010; Yin Liu and Wilson, 1998) and, likely, of marsquakes 45 

produced during their emplacement. Indeed, marsquakes of Mw magnitudes between 7 46 

and 8 have been proposed to have occurred in Cerberus Fossae and its surroundings, on 47 

the basis of fault rupture lengths estimated from boulder populations (Brown and Roberts, 48 

2019; Roberts et al., 2012; Taylor et al., 2013). 49 

InSight, which landed in Elysium Planitia in November 2018, has allowed the identification 50 

of deep marsquakes located underneath the Cerberus Fossae graben system (Figure 1) 51 

with Mw magnitudes of up to 3.8 (Banerdt et al., 2020; Brinkman et al., 2021; Giardini et al., 52 

2020). On Earth, dikes are known to produce earthquake swarms with cumulative seismic 53 

moments between 8·1012 and 4·1019 Nm, equivalent to cumulative magnitudes between 54 

2.3 and 6.7. Thus, if the graben system at Cerberus Fossae hosts giant dikes at depth, 55 

then it is expected that at least part of the energy released during their intrusion was 56 
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expressed seismically. Furthermore, if dike intrusion were to occur at present day, then it 57 

is likely that this could be detected by the InSight seismometers.   58 

In this work we report structural evidence supporting that the graben system at Cerberus 59 

Fossae was produced by giant dikes emplaced at depth. Also, we evaluate dike 60 

emplacement conditions and find that a weak host rock is needed to explain the dike 61 

aspect ratios, which is supported by the observation of highly fractured rocks in the graben 62 

walls. Finally, we estimate the possible seismic moment released by the emplacement of 63 

Cerberus dikes and conclude that the energy released during diking is comparable to 64 

some of the large recent terrestrial intrusion events, and that diking episodes could 65 

potentially be detected during the lifespan of the InSight mission. . 66 

2. Methods  67 

2.1. Cross section area balancing 68 

Area balance is a well-established structural geology technique which uses the concept of 69 

cross-sectional area preservation between the undeformed and deformed states in 70 

geologic structures to determine the depth at which a structure is rooted, i.e., its 71 

detachment depth (Chamberlin, 1910), which is in this case an approximation for the top-72 

dike depth. We selected PEDR tracks that crossed the selected Cerberus Fossae graben 73 

approximately at their center, and projected them to an orthogonal section to each 74 

structure to construct the final profiles. The method requires the present-day topography, 75 

the position of the upper fault tips, an assumed fault angle for normal faults (60º), the 76 

elevation of the graben floor, and two points which define the assumed initial topography 77 

(Figure 2a, and Supplementary Table 1). Then several parameters can be estimated: c, 78 

dike aperture, , Ddg and Ddt, the top-dike depth below the graben floor and topography, 79 

respectively and si, fault displacement (Figures 2b and c, Supplementary Figure 1, and 80 
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Supplementary Table 2). We also derive dike height, 2b, as two times the difference 81 

between the depth of the dike tip below the topography and the planetary Level of Neutral 82 

Buoyancy (LNB), assuming that the dike center is placed at said depth. Because the 83 

height of dikes in planetary crusts may be heavily dependent on density layering and and 84 

in order to capture this variability, we use two extreme but plausible depths for the LNB, 3 85 

km and 20 km, to calculate minimum and maximum possible heights of dikes at Cerberus 86 

Fossae (see Supplementary Methods). For a full description of the area balance 87 

methodology and its associated uncertainties see Rivas-Dorado et al. (2020). The 88 

calculations were performed using a script of python code (gryke), which is made available 89 

(see Supplementary Methods). 90 

2.2 Linear Elastic Fracture Mechanics (LEFM) 91 

Firstly, we assume that the conditions required for LEFM apply, i.e., that dike intrusion 92 

occurred in a fully elastic, isotropic, homogeneous, isothermal medium. Multitude of 93 

previous studies have assumed host rock linear elasticity when addressing problems 94 

related to dike intrusion and have yielded successful results. In one of the earliest works in 95 

which LEFM was applied to geologic scenarios, Delaney and Pollard (1981) assumed host 96 

rock elasticity to model the thicknesses of minette dikes in Shiprock, New Mexico, and 97 

compared the results with field measurements of dike apertures. They found an excellent 98 

match between models and observations except for the terminal segments of the dikes, 99 

which they explained as caused by the interaction between adjacent dikes. The same 100 

fundamental theory has been used to obtain insights about dike apertures and dike 101 

emplacement conditions in more recent cases. For example, Kusumoto et al. (2013) 102 

modeled the apertures of basaltic-andesitic dikes in the Miyake-Jima volcano with very 103 

good fits between models and observations. Host rock elastic behavior has also been 104 

used in predictions of seismic release associated to dike opening. Bonaccorso et al. 105 
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(2017) positively correlated theoretical mechanical energies derived from elastic theory 106 

with measured cumulative seismic moments from 12 different recent diking episodes. They 107 

found that the released mechanical energy could be a valid proxy to estimate the real 108 

seismic release during dike intrusions. Modeling of faults and dikes using elastic 109 

dislocation theory has been used to calculate surface deformation in the events of the 110 

2005-2010 Manda-Hararo sequence (e.g., Grandin et al., 2010; Wright et al., 2006), the 111 

2009 Harrat-Lunayyir intrusion (e.g., Pallister et al., 2010; Xu et al., 2016), the 2014 112 

Barᵭarbunga-Holuhraun espidode (e.g., Sigmundsson et al., 2015), or the 2011 113 

Kamoamoa fissural eruption (Lundgren et al., 2013) . In all these cases, the modeled 114 

interferograms resulting from considering either dike only, fault only, or fault+dike 115 

deformation, reproduced very well the deformation measured by InSAR. In summary, the 116 

assumptions about the elastic behavior of the host rock behavior have produced results 117 

with predictive capabilities. 118 

Based on the positive results from terrestrial studies previously discussed, and due to the 119 

uncertainties regarding the structure of the shallow crust in the Cerberus Fossae region, 120 

assuming a linear elastic behavior is a good a priori working assumption. Although much 121 

better estimates of the Martian crustal thickness are now available thanks to the InSight 122 

mission (Knapmeyer-Endrun et al., 2021), the actual layering of the upper crust remains 123 

unknown. Hesperian-Amazonian volcanic and clastic deposits cover most of southeastern 124 

Elysium, overlying denser Noachian terrains composed of older volcanic and sedimentary 125 

deposits (Pan et al., 2020; Tanaka et al., 2014). At latitudes between 0 and 30º, the 126 

shallow units potentially include a thick low-density permafrost layer (Clifford et al., 2010). 127 

Therefore, the shallow Martian crust in the Cerberus region may be rather heterogeneous 128 

at depth. When considering its thermal state, although there is evidence to suggest that 129 

volcanic activity occurred in the central Elysium region as recently as 2 Ma (Vaucher et al., 130 
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2009a), modern scientific research has not detected signs of present day volcanism. 131 

Therefore, because of the uncertainty on the nature of crustal layering at Cerberus Fossae 132 

and the absence of thermal anomalies at present day, we take a homogenous, isotropic, 133 

and isothermal medium as a valid initial assumption, conditions under which linear 134 

elasticity apply. 135 

2.2.1 Stress intensity factor (KI) and excess pressures ( ) 136 

The stress intensity factor (K) is a parameter that measures the amount of energy required 137 

to open a given crack length (dike length, in this case), using the Griffith fracture criterion. 138 

Specifically, the stress intensity factor for opening-mode cracks (KI) is expressed in its 139 

simplest form as (Lawn, 1993): 140 

     (3) 141 

where  is the stress intensity factor in Pa m1/2, Y is a geometry factor dependent on 142 

crack shape, σe is excess pressure in Pa, defined as the difference between magma 143 

pressure (which opens the dike) and the stress acting orthogonal to the dike’s walls (which 144 

resists dike opening and is opposite in direction to fluid pressure), and a is the fracture’s 145 

half-length in m. KI can also be calculated using the compact expression (Schultz, 2019): 146 

     (4) 147 

where E is Young’s Modulus in Pa, ν is Poisson’s ratio (unitless), and c is maximum dike 148 

aperture in m. This equation is particularly useful when calculating KI for a set of dike 149 

measurements, as it allows to use dike aperture, length and fundamental geomechanical 150 

properties.  151 

We used the dike apertures inferred from area balance, dike lengths, assumed to be equal 152 

to the measured graben lengths, and the appropriate geomechanical properties in 153 
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equation (4) to calculate KI for the individual Cerberus dikes. Then, the KI values obtained 154 

for each dike were used in equation (3) together with dike half-lengths to obtain σe for 155 

individual dikes. Both values are plotted in Figure 4. Wherever equation (3) was used, a 156 

geometry factor Y = 1 was assumed for simplicity, which is appropriate for single blade-like 157 

fractures in an infinite plate. Additionally, and for comparison, we also calculated KI and σe 158 

for a dataset of modeled dikes in the nearby Elysium Fossae system (see Supplementary 159 

Methods for the treatment of the Elysium dataset). For Cerberus Fossae, the mechanical 160 

parameters used were a range of E and v values appropriate for a variably weakened host 161 

rock, E = 7.5 - 15 GPa and v = 0.10 - 0.25, and for Elysium Fossae those of an intact 162 

basalt, E = 63 GPa and v = 0.22. All KI and σe values obtained for Cerberus are reported in 163 

Supplementary Table 3. Additionally, we used equation (3) to calculate the range of KI and 164 

σe for fractures of fixed half-length between 5 and 75 km, which define the colored area in 165 

Figure 6.  166 

2.2.2 Strain energy release rate (GI) and minimum required dike energy (Ed) 167 

The concept of strain energy release rate (or fracture propagation energy) for opening-168 

mode cracks (GI) was used to estimate the minimum energy required to open the dikes. GI 169 

represents the energy required per new unit of fracture area at a fracture tip to drive its 170 

propagation or interaction with nearby fractures, and is given by (Lawn, 1993): 171 

,   (5) 172 

where GI is the strain energy release rate in J m-2. This shows that GI is dependent on KI. 173 

To make more precise calculations which consider dike geometry we now use the 174 

extended KI expression that accounts for the geometric corrections in embedded elliptical 175 

and semielliptical cracks (Anderson, 2005): 176 
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,   (6) 177 

Where Q is a flaw shape parameter derived from elliptic integrals, and f(ϕ) is a function 178 

that accounts for the change of KI along the crack front, and are given, respectively, by 179 

(Anderson, 2005): 180 

,   (7) 181 

,   (8)  182 

where a is the dike’s half-length, b the dike’s half-height (Dh/2), both in m, and ϕ is the 183 

angle of inspection relative to the fracture’s axis (the axis along its length). Because we 184 

choose to inspect KI at the long axis (where KI is minimum), ϕ equals 0º and equation (8) 185 

reduces to a value of 1. GI yields energy per unit area of new fracture length and 186 

consequently, knowing the crack area open by the dike allows to obtain a theoretical 187 

minimum total energy required to open the dike. The area ruptured by the dike is 188 

estimated by approximating the dike to an ellipse:  189 

 ,   (9) 190 

Where Ad is the approximated dike crack area. Substituting Equation (9) and Equation (6) 191 

in Equation (5) and rearranging we obtain: 192 

 , (10) 193 

where we refer to Ed as the required energy in Nm. Because Ed only takes into account the 194 

crack area created during dike opening, we use it as proxy for the minimum energy 195 

required to open the dikes. Equation (10) was used to calculate the dashed curves shown 196 

in Figure 7 using fixed parameters appropriate for the terrestrial and Martian cases. An 197 
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average vertical extent of 6 km was used for the terrestrial dikes (blue dashed curve), 198 

whilst a value of 20 km was used to represent the Martian dikes (brown dashed curve). 199 

Constant values of   = 25 MPa, E = 40 GPa, v = 0.25 and f(φ) = 0º were used for both 200 

curves. We also used eq. (10) to calculate Ed values for Cerberus Fossae using their 201 

lengths, estimated apertures, a range of heights, mechanical properties, and the the range 202 

of already calculated excess pressures. Because we defined minimum and maximum 203 

values for dike heights, E, and v, we calculate a range of Ed using combinations of these 204 

parameters. Using the minimum heights, E and v values we obtain the lower boundary for 205 

the energy ranges. Conversely, using the maximum dike height, E and v, we obtain the 206 

upper energy boundary. In all cases, we keep the rest of the parameters constant for each 207 

dike. All the obtained values are reported in Supplementary Table 3, and were used to plot 208 

the Ed ranges shown in Figure 7. We also used eq. (10) to calculate Ed values for all 209 

terrestrial dikes in which lengths, heights, and mechanical properties were available, using 210 

a constant  = 25 MPa and f(φ) = 0º (the resulting values are reported in Supplementary 211 

Table 4).  212 

2.3. Dike source moments (Md) 213 

The concept of source moment is used to provide an estimate of the maximum released 214 

energy by the intrusion of a dike. The dike moment Md, i.e., the energy released via the 215 

inflation of a crack of arbitrary shape is given by (Mueller, 2001): 216 

   (11) 217 

Where V is dike volume given by the product of 2a·2b·c, and λ and μ are the first and 218 

second Lamé’s parameters, respectively, which can both be expressed in terms of E and 219 

v: 220 
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    (12) 221 

   (13) 222 

Therefore, equation (11) can be expressed in terms of E and v. Since volume is calculated 223 

from graben length equated to dike length, the modeled maximum aperture, and an 224 

estimated dike height, this is likely to represent a maximum possible dike volume.Because 225 

Md allows to account for the energy associated with the volumetric expansion of the dike, 226 

we use it as a proxy to the maximum energy associated to dike opening. We used 227 

equation (11) to calculate the dotted curves shown in Figure 7 using fixed E, v, heights 228 

(2b) and apertures (c) appropriate to the terrestrial and Martian cases. For Mars (brown 229 

dotted curve), E = 40 GPa, v = 0.25, 2b =20 km, and c = 250 m (the average dike height 230 

and aperture for both the Cerberus and Elysium dikes). For Earth (blue dotted curve), E = 231 

40 GPa, v = 0.25, 2b = 6 km, and c = 4 m (the average height and aperture of dikes as 232 

inferred from geodetic measurements reported in Supplementary Table 4). As with Ed, 233 

because we have previously defined minimum and maximum dike heights, E, and v, we 234 

use equation (11) to calculate a range of Md values for the two extreme cases of heights 235 

and mechanical properties, keeping the rest of the dike parameters constant. The obtained 236 

ranges of Md are shown in Figure 7 and are reported in Supplementary Table 3. . Equation 237 

(11) was also used to calculate an Md for all terrestrial dikes for which volumes and 238 

mechanical properties were available (these values are plotted in Figure 7, and reported in 239 

Supplementary Table 4). 240 

 241 

2.4. Seismic efficiency ( ) applied to estimating cumulative seismic moments (Ms) 242 
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The concept of seismic efficiency ( ) has been increasingly used in the past decade to 243 

understand how the energy budget is distributed during diking events. Seismic efficiency is 244 

defined as (Grandin et al., 2011): 245 

     (14) 246 

where Ms is the cumulative seismic moment of all seismic events occurred during a diking 247 

event, and Mg is the total geodetic moment recorded during that event, usually calculated 248 

from ground deformation information (e.g., InSAR, Interferometric Synthetic Aperture 249 

Radar). Therefore,  is a measure of how much of the total energy associated to dike 250 

intrusion was released seismically. The remainder of the energy is released aseismically, 251 

via either aseismic fault slip, fault creep, tensile opening (e.g., dike opening), or elastic 252 

deformation without rupture (Figure 3). Therefore: 253 

   (15) 254 

where Ma is the amount of energy released aseismically. In most of the documented 255 

terrestrial diking episodes (Supplementary Table 4) the portion of aseismic energy 256 

released by the dike represented, on average, 90% of the total aseismic energy, measured 257 

as an Md/Ma ratio. Additionally, in many of these cases the reported dike energy 258 

represented not the majority, but the totality of the aseismic release. Therefore, to simplify 259 

the theoretical approach, we assume that all aseismic energy released during diking is 260 

associated to dike opening, i.e., that other mechanisms of aseismic energy release were 261 

absent, and thus that Ma = Md (Figure 3b). Then substituting equation (15) in equation (14) 262 

and rearranging yields: 263 

   (16) 264 
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This expression allows to estimate the cumulative seismic moment Ms of a diking event 265 

from the source moment Md, an value of , and assuming that all aseismic energy was 266 

released via dike opening. Equation (16) was used on the Md values calculated to estimate 267 

possible Ms at a range of seismic efficiencies derived from terrestrial examples. Seismic 268 

efficiencies for diking episodes on Earth were calculated where Ms and Mg were both 269 

available and are reported in Supplementary Table 4. , The average ε for dikes emplaced 270 

in rift zones is approximately 0.05 (e.g., Calais et al., 2008; Grandin et al., 2011; Nobile et 271 

al., 2012; Pallister et al., 2010), and we use this as a lower boundary of seismic efficiency. 272 

For dikes in volcanic arcs the average ε is around 0.3 (e.g., Bonforte et al., 2019; Cattania 273 

et al., 2017; Passarelli et al., 2018), and we use this as an upper boundary. Therefore, we 274 

use the range ε = 0.05 - 0.30  to calculate possible Ms values for the Cerberus dike 275 

intrusions. These Ms values at a range of seismic efficiencies obtained using the average 276 

Md  the Cerberus dikes define the colored polygon in Figure 7, and are reported in 277 

Supplementary Table 3b.  278 

2.5. From moments to magnitudes 279 

We use the expression in Hanks and Kanamori (1979), to move from the various energy 280 

measures calculated, Ed, Md and Ms, both in Nm, to moment magnitude Mw, and vice 281 

versa: 282 

,   (17) 283 

where Mi may be Ed, Md or Ms in Nm. 284 

 285 

 286 

 287 
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3. Results and discussion 288 

3.1 Structural modeling on dikes underneath Cerberus Fossae 289 

Orthogonal cross sections across grabens in Cerberus Fossae (Figure 1) were 290 

constructed using the PEDR dataset of the MOLA instrument (Smith et al., 2001). Area 291 

balance, which assumes material conservation along each cross section, was performed 292 

on the inspected grabens in order to infer the geometry of the associated dikes (Methods, 293 

Section 2.1). Dike apertures, deduced from the addition of the heave for each of the 294 

bounding normal faults, are between 176 and 745 m. The top-dike tip depths, equivalent to 295 

the depth of the base of the upper layer where extension is accommodated by normal 296 

faulting, range from 280 to 813 m below the observed graben floor. The modeled dike 297 

heights are approximately between 4 and 39 km, depending on the LNB scenario 298 

consideredand km. Dike lengths, assumed to be equal to graben lengths measured on the 299 

surface, are between 30 and 140 km. The aperture to length relation of the inferred 300 

Cerberus dikes fits well with what is referred to as sublinear scaling, i.e., a relationship in 301 

the form A = cL0.5 (Olson, 2003), which is characteristic of fluid-induced fractures as seen 302 

in many terrestrial fracture, vein and dike datasets (Figure 4). Therefore, our results are in 303 

line with the aspect ratios of known dike datasets measured in the field and support the 304 

possibility that the Cerberus graben host dikes at depth. Additionally, the displacement-305 

length scaling of the modeled fault slips (between 153 and 757 m) matches with other 306 

Martian fault datasets, which provides additional support to our area balance results 307 

(Supplementary Figure 3).  308 

Surface deformation on top of intruding dikes, expressed as ground subsidence, normal 309 

faulting, and tensile fracturing, has been observed and measured on Earth, in the field and 310 

through satellite data. Subsidence and normal faulting has been reported in recent diking 311 

events such as the 2005-2010 Manda-Harraro sequence (e.g., Grandin et al., 2010; Wright 312 
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et al., 2006), the 2009 Harrat-Lunayyir intrusion (e.g., Pallister et al., 2010; Trippanera et 313 

al., 2019), or the 2014 Bardarbunga-Holuhraun crises (e.g., Ruch et al., 2016; 314 

Sigmundsson et al., 2015). In these cases, the calculated maximum dike apertures were 315 

between 4 and 10 m, measured ground subsidence was between 1 and 6 m, and fault 316 

slips did not surpass 1 m. These values are much smaller those calculated at Cerberus 317 

Fossae. However, successive intrusion events could produce dikes of much greater 318 

thickness and accumulate and fault slip, as suggested by later investigations of some of 319 

these events. Trippanera et al. (2019) reported the reactivation of pre-existing faults at 320 

Harrat-Lunayyir due to the 2009 event after a detailed structural mapping. Nobile et al., 321 

(2020) also investigated the post-diking history of this intrusion and identified aseismic 322 

subsidence of up to 1 mm/year following the crises. Thus, one or multiple events at 323 

Cerberus may have contributed to the creation of dikes of great thickness, deep graben, 324 

and faults with large slips. Models of dike intrusion and surface deformation further support 325 

this idea. 326 

Numerical and analogue models have also shown graben development on top of intruding 327 

dikes. Through discrete element numerical experiments, Hardy (2016) modeled the 328 

evolution of dike-induced graben in a high-strength granular medium. By simulating the 329 

effects of tall dikes with a maximum half-width of 300 m, he obtained graben at surface 330 

with half-widths of 3 to 5 km, for dikes emplaced at 1.3 to 3.3 km depth. Analogue 331 

experiments in Trippanera et al. (2014), also show the formation of normal fault networks 332 

above a dike. They modeled dike intrusion by inserting 0.5-mm thick metal plates in a 333 

crushed cohesive sand, to a depth of 4 cm below their model surface. They injected up to 334 

20 metal plates and produced a graben 2.85 cm wide, with nearly 40 mm of subsidence. 335 

Because in their models 1 cm ≡ 100 m, the thickness intruded was equivalent to 100 m, at 336 

a depth of 400 m, and resulted in graben 2.85 km width and 40 m deep. These modeled 337 
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dike depths and apertures, and graben widths and depths, are in the same order of 338 

magnitude as the estimates for Cerberus Fossae.  339 

Both field and satellite measurements of recent diking episodes, numerical and analogue 340 

models, suggest that dikes can produce graben at surface with dimensions consistent with 341 

those calculated for the Cerberus Fossae structures. This further supports the results 342 

obtained through area balance. However, some of these observations and experiments 343 

could also suggest that the giant Cerberus dikes may have required multiple events to 344 

form, as it has been inferred for giant terrestrial dikes based on geochemical evidence  345 

(e.g., Paktunç, 1987; Wilson, 1996). The obtained aspect ratios however suggest that a 346 

possible explanation for these thicknesses may be in the nature of the host rock. 347 

The Cerberus Fossae dike system is structurally very similar to that of the nearby Elysium 348 

Fossae (Rivas-Dorado et al., 2020), with the key difference that the Cerberus grabens are 349 

significantly deeper (between 100 and 700 m) when comparing equivalent lengths. They 350 

are also much deeper than measured terrestrial dike-induced graben, and that most of 351 

those in the models previously discussed. This implies, when modeling through area 352 

balance, that the Cerberus dikes are significantly thicker (Supplementary Figure 4) than 353 

the Elysium structures with a similar length. Moreover, the obtained thickness estimates 354 

for Cerberus dikes imply much larger aspect ratios than all terrestrial dikes measured in 355 

outcrops and previously calculated Martian dikes, at around A / L0.5 = 1.3. (Figure 4). 356 

Terrestrial mafic dikes intruded in competent, intact rocks such as basalts and granitoids 357 

show aspect ratios of A / L0.5 = 0.06 (Babiker and Gudmundsson, 2004; Becerril et al., 358 

2013; Coetzee and Kisters, 2017; Elshaafi and Gudmundsson, 2016; Schultz et al., 2008), 359 

whilst those intruded in fractured granites, uncompacted shales, and dacites in a fault 360 

damage zone (Chen et al., 2014; Delaney and Pollard, 1981; Ruz et al., 2020) show 361 

slightly larger aspect ratios around A / L0.5 = 0.66. Therefore, the aspect ratio of the 362 
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Cerberus dikes provides evidence of intrusion into weak host rocks. This is consistent with 363 

the changes observed in dike thicknesses intruded in heterogeneous sequences of weak 364 

and strong layers (e.g., Geshi et al., 2012). Moreover, magmas of similar and relatively 365 

high viscosity (ca. 2.5·105 Pa s) to large lava flows identified east of Cerberus Fossae 366 

(Vaucher et al., 2009b) are theorized to produce wider dikes, specially at high 367 

overpressures (Wada, 1994). Consequently, anomalously thick dikes may have been 368 

formed underneath Cerberus without requiring multiple intrusion events, favored by the 369 

presence of a weakened crust.  370 

3.2 Evidence of a highly fractured crust beneath Cerberus Fossae 371 

Geological mapping shows that the oldest units affected by the Cerberus graben system 372 

are highly cratered Hesperian-Noachian terrains (HNt,Tanaka et al., 2014) showing a 373 

rough chaotic texture (Figure 1). These terrains are characterized by the mixture of two 374 

units: (1) patchy terrains (basement outcrops of HNt), heavily cratered, and affected by a 375 

set of WNW-ESE penetrative fractures that, in some places, appear forming graben and 376 

(2) a smooth unit filling topographic lows (Figure 5a). The WNW-ESE fracture and graben 377 

set (striking parallel to the younger Cerberus grabens) does not affect younger units (AHv, 378 

IAv) that cover Hesperian Noachian terrains (HNt), while the Cerberus graben system 379 

affects all of them, being the youngest geological feature in the area. 380 

A detailed inspection of the Hesperian-Noachian terrains (HNt) at the Cerberus graben 381 

walls shows the same two units separated by an unconformity (Figure 5b). On the top of 382 

the unconformity lies the smooth unit with horizontal layering exposed at the graben walls. 383 

Below, the deepest and oldest unit exposed in the area lays, being a rough basement 384 

characterized by a highly penetrative fracture fabric evident at m-scale outcrops. 385 
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The cross-cutting relationships, shown by regional geological mapping and detailed image 386 

inspection, indicate that the oldest and deepest unit in the area was affected by high-387 

density penetrative fractures long time before the emplacement of Cerberus dikes (prior to 388 

the emplacement of AHv, IAv units). Therefore, a significant portion of the shallow crust in 389 

which the Cerberus dikes intruded is not an intact rock, but a damaged rock mass (Hoek 390 

and Brown, 1980).  391 

3.3 Emplacement conditions in a weak host rock  392 

We calculate the emplacement conditions of dikes in Cerberus Fossae by assuming an 393 

upper crust behaving as a rock mass rather than as intact rock through fundamental Linear 394 

Elastic Fracture Mechanics (LEFM). Individual stress intensity factors (KI) and excess 395 

pressures (σe) calculated for the Cerberus Fossae dikes (see Methods, Section 2.2.1) are 396 

compared with theoretical predictions, which illustrate KI and σe as a function of crack half-397 

lengths between 5 and 75 km, similar to the lengths of the structures mapped (Figure 6). 398 

For comparison, we also show these parameters calculated using the same methodology 399 

for the Elysium dikes, for which the most appropriate geomechanical parameters of the 400 

host rock are those of an intact basalt (Rivas-Dorado et al., 2020). 401 

We obtain KI between 3.6 and 26.5 GPa m1/2 and σe between 12 and 122 MPa for the 402 

Cerberus dikes, both in range of those obtained at Elysium. KI is fundamentally dependent 403 

on crack geometry and excess pressure. Therefore, dikes with similar shapes formed by 404 

similar overpressures should yield similar stress intensity factors. Because both Cerberus 405 

and Elysium Fossae belong to the Elysium Rise plumbing system, they are expected to 406 

have formed under a similar range of magmatic pressures. Likewise, their maximum 407 

lengths do not surpass 150 km. Thus, similar stress intensity factors and excess pressures 408 

are expected for both set of structures. This can only be achieved when considering weak 409 

host rock properties at Cerberus (Figure 6).  410 
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There are several possible explanations for the presence of a weak host prior to dike 411 

emplacement. The HNt terrains of the Tartarus Montes, north of Cerberus Fossae, are 412 

severely cratered (Figure 3a). Impact deformation creates large damage zones both at 413 

surface and at depth, and modeling work suggests that craters with radii between 10 and 414 

20 km may have damage zones extending up to ca. 7 km depth below the crater center 415 

(Collins et al., 2004; Kenkmann et al., 2014; Turtle et al., 2005).Interestingly, this depth 416 

range is consistent with the shallowest low-velocity layer identified at the location of 417 

InSight, which extends down to 7 to 10 km depth (Knapmeyer-Endrun et al., 2021). Thus, 418 

the upper crust is likely composed of large patchy areas of impact-induced fracture 419 

networks, in which the dikes may be partially or completely embedded, depending on their 420 

height.. Additionally, the highly rectilinear fracture patterns found at different scales (see 421 

previous section) suggest a possible tectonic origin for the observed intense rock 422 

fracturing. 423 

Moreover, giant aqueous flows in the Athabasca Vallis region have been traced back to 424 

the southern Cerberus Fossae graben (graben 8 in Figure 1 is the main source of these 425 

outflows in Cassanelli and Head, 2018). As suggested by previous research, these could 426 

have been caused by dikes interacting with, and causing the catastrophic melt of, a 427 

shallow cryosphere (Head III et al., 2003; Cassanelli and Head, 2018). Some of these 428 

studies suggest that ice layers with thicknesses of several hundred meters may be 429 

sufficient to feed the Athabasca Vallis flows. However, underground ice deposits may be 430 

between 0 and 9 km in thickness at latitudes between 0 and 10º (Clifford et al., 2010), and 431 

thus potentially cover a significant portion of the vertical section intruded by the dikes. The 432 

strength of both pure ice and permafrost resembles more closely that of a rock mass 433 

rather than intact rock, with E values between 2 and 11 GPa (Arenson et al., 2015). 434 
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Consequently, these materials would behave similarly to impact-weakened basement, and 435 

would also allow for the accommodation of anomalously thick dikes.  436 

Therefore, both a fractured crust caused by impacts and tectonic processes orthick layers 437 

of ice or permafrost, could have acted as a weak host for the Cerberus dikes, thus 438 

explaining the greater apertures achieved. 439 

3.4 Uncertainties in dike heights in relation with crustal layering 440 

If the dikes underneath Cerberus Fossae are partially embedded in a weakened shallow 441 

crust, then the presence of this density stratification may put constraints on dike heights, 442 

which are in turn a key parameters when calculating dike energies. Pollard and Townsend 443 

(2018) investigated the stability conditions of dikes intruded in both homogeneous and 444 

layered media and concluded that shorter dikes tended to be stable over a wider range of 445 

excess pressures and stress intensities than taller dikes. We used their equations 41 and 446 

42, and considered density contrasts between 100 and 700 kg m-3 for dikes with half-447 

heights between 1 and 19 km, to explore the stability of giant dikes under Martian 448 

conditions. In the case of a less dense layer resulting from the weakening of an original 449 

basement on top of intact bedrock, and therefore, of a relatively high density contrast, tall 450 

dikes with c > 11 km would only be stable (with KI > 0 at both dike tips) at σe > 9 MPa, and 451 

even taller dikes with c > 19 km, at σe > 15 MPa. Our lower boundary for dike heights at 452 

Cerberus Fossae is approximately 4 km, when using the shallower LNB. Oppositely, our 453 

upper height limit is nearly 39 km when using the deep LNB, which is nearly at the 40 km 454 

maximum imposed by the thickness of the brittle crust (Jiménez-Díaz et al., 2020; 455 

Knapmeyer-Endrun et al., 2021). On the other hand, the excess pressures calculated here 456 

yield values between 12 and 122 MPa. Therefore, even in the case of a stratified crust, the 457 

tallest dike heights are possible and could be sustained by the relatively high excess 458 
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pressures calculated. Thus, the calculated ranges of dike vertical extents are plausible, 459 

and provide insight into the amounts of energy released by the intrusions. 460 

3.5 Energy boundaries and seismic moments of dike-induced marsquakes 461 

We derive the minimum required energy for dike opening (Ed) from the strain energy 462 

release rate for mode-I cracks (see Methods, Section 2.2.2), and the maximum energy 463 

released by an opening dike (dike moment, Md) from the source moment of an arbitrarily 464 

shaped crack (see Methods, Section 2.3). Ed for the Cerberus dikes is between 3.5·1016 465 

and 3.4·1019 Nm and is consistently smaller than Md for terrestrial dikes of equal length, 466 

and smaller than some of the terrestrial seismic releases (Figure 7). This is expected, as 467 

Ed represents the minimum energy needed for opening and does not account for dike 468 

inflation. Oppositely, Md for the Cerberus dikes is generally larger than for terrestrial dike 469 

intrusions, ranging from 1.5·1020 to 3.3·1022 Nm, and larger than all terrestrial seismic 470 

releases(dike parameters and calculated energies for Cerberus Fossae are reported in 471 

Supplementary Table 3, whereas dike parameters and energies for the terrestrial dikes are 472 

compiled in Supplementary Table 4). We estimate the potential cumulative seismic 473 

moment (Ms) released by the dikes in the Cerberus system from Md (see Methods, Section 474 

2.4). Assuming that all aseismic energy during dike intrusion was released through dike 475 

opening in a single event and a range of values of seismic efficiency ε (0.05 to 0.3), we 476 

obtained for the Cerberus dikes average Ms between 5.39·1019 and 1.22·1021 Nm, 477 

equivalent to Mw magnitudes of 6.85 and 8.29 (Figure 7, colored polygon, Supplementary 478 

Table 3b). This range is above that of the seismic release of terrestrial dikes (Figure 7). 479 

The lines which express Md and Ed as a function of length for representative terrestrial and 480 

Martian dimensions (Section 2.2.2 and 2.3) define realistic upper and lower boundaries for 481 

the energy release of dikes. The terrestrial Ms values show a significant spread over 482 

lengths (0.8 to 60 km) and magnitudes (2.3 and 6.7), but lie between the Md and . Ed lines 483 
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(dotted and dashed blue lines, respectively, in Figure 7). Therefore, both energy quantities 484 

represent likely bounds for the maximum and minimum energy released during dike 485 

opening. Thus, it is expected that the seismic energy release of dike-related marsquakes 486 

calculated from the total dike moment would fall between the boundaries defined by Ed-Md, 487 

when considering appropriate values of Martian dikes and intrusion conditions.  488 

Additionally, a comparison between Ed and Md for terrestrial events and their 489 

corresponding measured Ms yields strong correlations, which provides an additional tool to 490 

estimate the size of the Cerberus marsquakes between 7.7 and 9.4. These values 491 

overlaps  with the range of the estimations previously presented based on the concept of 492 

seismic efficiency, and thus provides additional confidence in our calculations (see 493 

Supplementary Discussion, and Supplementary Figures 5 and 6). 494 

3.6 Paleo and present-day dike seismicity 495 

The cumulative seismic moments of the Cerberus Fossae diking events are equivalent to 496 

Mw magnitudes between 6.85 and 8.29 (Figure 7). These are remarkably similar to the 497 

magnitudes of paleo marsquakes in Cerberus Fossae and Grjota Valles estimated from 498 

approximations of surface fault rupture lengths derived from boulder trail populations, 499 

which are between 7.3 and 7.8 (Brown and Roberts, 2019; Roberts et al., 2012). These 500 

authors assumed that fault rupture occurred in a single event to derive their moment 501 

magnitudes. Because our results report the cumulative seismic moment released during 502 

the entirety of the intrusion, this may have been released via multiple faulting events, not 503 

necessarily through a single episode. The cumulative moment resulting from multiple 504 

smaller ruptures may be easily equivalent to a single, larger, faulting episode, which would 505 

allow to reconcile the two approximations. If the obtained displacements from area balance 506 

are entirely a result of accommodating dike extension at depth (through one or multiple 507 

events), then they can be used in expressions relating maximum displacement with 508 
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moment magnitude in normal faults (Wells and Coppersmith1994, Table 2B). Total 509 

displacements between 100 and 800 m yield, using the corresponding equations, Mw 510 

between 8.02 and 8.67. These results ignore any contribution from strike-slip or buried 511 

normal faults but are also similar to the obtained Mw magnitudes at Cerberus. Moreover, 512 

the use of larger ε (e.g. 0.75) when calculating the Cerberus magnitudes would yield larger 513 

magnitudes even more similar to the previously discussed estimates. These results further 514 

suggest that large ancient marsquakes in these regions could have been produced by 515 

dike-related normal faulting. 516 

The crustal and subcrustal marsquakes recently detected by InSight, with Mw between 1.3 517 

and 3.8 (Giardini et al., 2020), correspond to single events consistent with background 518 

intraplate-like tectonic activity (Banerdt et al., 2020). Additionally, for the two well-recorded 519 

events in the Cerberus region, the preferred focal mechanisms are of normal faults striking 520 

between WNW-ESE and ENE-WSW (Brinkman et al., 2021). Therefore, these are both 521 

much lower magnitudes than those calculated in this study (Figure 7), and for the well-522 

detected events, slightly oblique orientations to the Cerberus graben trend. However, it is 523 

conceivable that small intrusions could generate series of marsquakes in which many 524 

events would not be properly detected by the SEIS tool. If we consider all possible 525 

uncertainties regarding energy distribution during dike intrusion (see Supplementary 526 

Discussion), the source moment of a modest 25 km-long, 1 m-thick and 4km-tall dike (the 527 

shortest dike heights estimated), which accounted for 75% of the total aseismic moment 528 

release, at ε = 0.01, and using the lowest mechanical properties considered for the 529 

Cerberus area, could yield a cumulative seismic moment of 4.2·1017 Nm, equivalent to an 530 

Mw of 4.12. This seismicity would be accommodated by multitude of smaller events 531 

occurring over a relatively short time (days to months, assuming a duration equivalent to 532 

terrestrial diking episodes), some of which may not be detected due to ambient noise or 533 
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signal scattering. Therefore, these events would amount to cumulative seismic moments 534 

invariably smaller than the moments suggested by our work for a dike of a given size. This 535 

mode energy release may still be enough to allow detection, since InSight has detected 536 

quakes with magnitudes as low as 1. Seismicity would be produced by either strike-slip 537 

faults ahead of the dike tips (Ágústsdóttir et al., 2016), normal faults located above the 538 

upper dike tip (Xu et al., 2016), or normal faults at the lateral of the dikes (potentially 539 

reaching greater depths than the dike, e.g., Calais et al., 2008), which would yield focal 540 

mechanisms consistent with those already inferred from the InSight observations. 541 

Consequently, if an intrusion event with seismic expression were to occur during the 542 

lifespan of InSight, it stands to reason that researchers could identify it through these 543 

characteristics. 544 

The results here presented show that the intrusion of giant dikes in a weak crust 545 

underneath Cerberus Fossae are a potential source of ancient and present-day seismicity. 546 

Furthermore, the identification of diking events through InSight observations would give a 547 

previously unthought way to understanding magmatic and tectonic processes currently 548 

ongoing on Mars. 549 
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 835 

Figure 1. Geological setting of the studied segments of the Cerberus Fossae graben 836 

system. a) Global topographic map of Mars (MOLA, 435 m/px) where the study area and 837 

the location of InSight are indicated. Elevation unit is m. b) Mapped graben segments in 838 

northwestern Cerberus Fossae, with the location of the 12 cross sections studied, and the 839 

approximated uncertainty ellipses of seismic events S0235b (orange dashed ellipse, Mw = 840 

3.1) and S0173a (yellow dashed line, Mw = 3.0, Giardini et al., 2020). Red dots indicate the 841 

extremes of the each graben segment mapped. The location of Figures 5a and b are 842 

indicated. A detail on CTX image d08_030378_1901_xn_10n199w (30 m/px) is shown, 843 

where Figure 5b is located. Units are from Tanaka et al. (2014). HNt = Hesperian-844 

Noachian terrains, AHv = Amazonian-Hesperian volcanics, lAvf = Lower Amazonian 845 

volcanic flows, lAv = Lower Amazonian volcanics.  846 
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 847 

Figure 2. Key input parameters required by area balance and output parameters returned 848 

in the model, illustrated by cross section 6. a) Input parameters indicated on the projected 849 

PEDR track AP19985L, used to create cross section 6. b) Detail on the most relevant 850 

parameters returned. WG = Graben width, DG = Graben depth, Ddt = Depth of dike below 851 

topography, Ddg = Depth of dike below graben floor, ti = Fault throw, si = Fault slip, di = 852 

Fault heave. All elements of the visualization are indicated in the legend. c) Complete 853 

cross-sectional view of the modeled dike showing the rest of dike parameters. Maximum 854 

thickness is assumed at the center of the dike, at the level of neutral buoyancy (LNB). c = 855 

Dike aperture or thickness, 2b = Dike height or vertical extent. 856 



39 
 

 857 

858 
 Figure 3. Distribution of the energy budget over time during dike intrusion. a) Energy 859 

allocation when both dike inflation and aseismic fault slip contribute to the aseismic 860 

moment. b) Energy distribution if no aseismic fault slip occurs and all aseismic moment is 861 

produced by the dike. Ms = Cumulative seismic moment, Mf = Aseismic fault moment, Md = 862 

Dike moment, Ma = Aseismic moment, Mg = Geodetic moment. After Baer and Hamiel, 863 

(2010). 864 

865 
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 866 

 867 

Figure 4. Aperture-length scaling of multiple terrestrial and Martian dike datasets. 868 

Terrestrial dikes are grouped in dikes intruded in intact host rocks (Babiker and 869 

Gudmundsson, 2004; Becerril et al., 2013; Coetzee and Kisters, 2017; Elshaafi and 870 

Gudmundsson, 2016; Schultz et al., 2008), weakened host rocks (Chen et al., 2014; 871 

Delaney and Pollard, 1981; Ruz et al., 2020), and pegmatitic dikes (Klimczak et al., 2010). 872 

Note that pegmatitic dikes and dikes intruded in a weak host plot at lower and larger 873 

aspect ratios, respectively, than those in intact hosts. Ideally, all dikes should fit to a 874 

scaling relationship of the type A = c L-0.5. The regression of the Cerberus dataset to said 875 

function matches well with the expected scaling, as shown by the good linear correlation 876 

coefficient between aperture and length (ρ). Additionally, note the greater aspect ratios of 877 
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the Cerberus dikes, akin to the trend of dikes intruded in a weak host. The inset illustrates 878 

the dike geometry parameters plotted in this figure. 879 

880 
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 881 

Figure 5. a) Detail on a composite of CTX images (30 m/px) showing heavily cratered, 882 

fractured and faulted terrains in unit HNt, with low-lying areas covered by a smooth unit. b) 883 

Detail on HiRISE image ESP_059349_1900_RED (25 cm/px) showing the northern wall of 884 

graben 4. A tens-of-meters thick, smooth layered unit is observed on top of a heavily 885 

fractured HNt basement, in which chaotic (left) and apparent sub-vertical penetrative 886 

fabrics (right) can be observed.  887 

888 
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 889 

Figure 6. Excess pressures (σe) as a function of mode-I stress intensity factors (KI) 890 

illustrating the emplacement conditions of large dikes in the Elysium Rise. For the 891 

Cerberus Fossae dikes, the points are at the average KI and σe between the extreme E 892 

and v values considered, and the lines represent the full range of values. With the use of 893 

appropriate mechanical properties, the emplacement conditions of both dike sets overlap 894 

(KI = 5 - 15 GPa m1/2 and σe = 5 - 90 MPa), as may be expected for dikes of the same 895 

plumbing system. The colored region expresses the range of σe as a function of KI for 896 

fractures of constant half-lengths (a) between 5 and 70 km (eq. 3). Average values of KI 897 

and σe for each dataset are indicated in the legend. 898 

899 
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 900 

 901 

Figure 7. Dike moment (Md),required energy (Ed) and cumulative seismic moment 902 

(Ms) as a function of dike length for the terrestrial and  Cerberus Fossae dikes, 903 

together with the moment-magnitude ranges of past and present-day marsquakes. 904 

For the Cerberus dikes, the ranges of  required energy (Ed) and moment (Md) obtained 905 

using the minimum and maximum values of E, v, and heightare shown, with the average 906 

point plotted, are shown. Terrestrial diking events are shown collectively but correspond to 907 

various tectonic settings, and the datapoints correspond to cumulative seismic moments 908 

(Ms) (Supplementary Table 4, full set of references in Supplementary Information). The 909 

theoretical curves of Ed (eq. 10) and Md (eq. 11) for both Earth and Mars use appropriate 910 
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average dike dimensions for each planet and illustrate the minimum and maximum 911 

energies associated to dike opening. For each curve and where applicable E = 40 GPa, v 912 

= 0.25, σe = 25 MPa, and f(φ) = 0º. Note that most cumulative seismic moments released 913 

in terrestrial diking events are between the minimum and maximum ranges defined by Ed 914 

and Md. The colored polygon represents the range of Ms calculated from the average Md 915 

for the Cerberus dikes for a range of ε between 0.05 0.3 as described in Section 2.4. For 916 

example, the longest Cerberus dike, at ε ≈ 0.2 would have released energy equivalent to 917 

Mw ≈ 8. The range of magnitudes for the crustal and subcrustal events reported in Giardini 918 

et al. (2020), and the range of magnitudes of the Cerberus Fossae and Grjota Valles 919 

inferred from estimated surface rupture lengths in Brown & Roberts (2019), are indicated. 920 

The secondary y axis expresses energy as moment magnitude Mw. The inset illustrates 921 

the dike geometry parameters involved in the calculations of values in this figure. 922 

 923 


