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Abstract

The rheological behavior of the lithosphere is examined beneath the Northwestern (NW) Andes (Colombian). Two profiles, one

on western and other on eastern of the transition area between the Upper Magdalena Valley (UMV) and the Middle Magdalena

Valley (MMV), are obtained from the analysis of the earthquake distribution and the stress drop. Results are consistent with

the tectonic and geodynamic context of the western region. In essence, the brittle/ductile transition of the lithospheric crust and

mantle is observed, and an approximation of the lithospheric thickness is made. Moreover, the subduction phenomenon of the

Nazca Plate under the South American Plate is shown. In the Eastern region, we contemplate an aseismic zone under the Eastern

Cordillera below 20 km deep that makes it challenging to know the crust/mantle boundary. This seismic particularity leads us

to support the hypothesis of a delamination process due to the tectonic, geological, and thermal context. Our results suggest

that the earthquake dataset correlated with rheological estimations may offer a consistent interpretation of the mechanical

behavior of the lithosphere.
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Key Points   12 

-We build a rheological model for the Northwestern Andes lithosphere using earthquake 13 

data. 14 

-We hypothesise a delamination process occurring below the Eastern Cordillera of Colombia. 15 

-The mechanical behaviour study of the lithosphere helps to understand geodynamical 16 

processes where two oceanic plates are converging against a continental plate. 17 
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Abstract 21 

The rheological behavior of the lithosphere is examined beneath the Northwestern 22 

(NW) Andes (Colombian). Two profiles, one on western and other on eastern of the 23 

transition area between the Upper Magdalena Valley (UMV) and the Middle Magdalena 24 

Valley (MMV), are obtained from the analysis of the earthquake distribution and the stress 25 

drop. Results are consistent with the tectonic and geodynamic context of the western 26 

region. In essence, the brittle/ductile transition of the lithospheric crust and mantle is 27 

observed, and an approximation of the lithospheric thickness is made. Moreover, the 28 

subduction phenomenon of the Nazca Plate under the South American Plate is shown. In the 29 

Eastern region, we contemplate an aseismic zone under the Eastern Cordillera below 20 km 30 

deep that makes it challenging to know the crust/mantle boundary. This seismic particularity 31 

leads us to support the hypothesis of a delamination process due to the tectonic, geological, 32 

and thermal context. Our results suggest that the earthquake dataset correlated with 33 

rheological estimations may offer a consistent interpretation of the mechanical behavior of 34 

the lithosphere. 35 

 36 

1. Introduction 37 

Explain the mechanical behavior of the lithosphere has been essential to prove the 38 

brittle/ductile transition. Goetze and Evans (1979) were the first authors that proposed the 39 

first rheological profile to represent the mechanical behavior of the upper lithosphere. By 40 

computing the stress drop applied to the material as a function of depth, this profile allows 41 

us to study brittle and ductile deformations in the lithosphere, working with empirical laws. 42 

Much of the Earth’s geological structures were formed and have evolved conforming to the 43 



 

 

mechanical behavior of the lithosphere (Burov, 2011). Watts and Burov (2003) have 44 

determined that this mechanical performance shows some correlation with short-time 45 

processes like seismicity, mostly in the crust. Indeed, the deep distribution of earthquakes is 46 

mainly controlled by the rheological properties of the upper lithosphere (Fernández-Ibáñez, 47 

2005). 48 

Many works have evidenced an intense seismic activity in NW Andes due to a 49 

complex geological context where the orogenic system growing up and expands horizontally 50 

with differential velocities from south to north, and that coexist with the convergence of 51 

three tectonic plates, South American, Nazca, and Caribbean Plates, in an active subduction 52 

setting (Adamek al., 1988; Tabaoda et al., 1998; Tabaoda et al., 2000; Ojeda and Havskov, 53 

2001; Syracuse et al., 2016). In this region (Figure 1), the Central Cordillera (CC) was formed 54 

during the end of the Cretaceous (Butler and Schamel, 1988), probably related to the origin 55 

of the Nazca plate subduction (Taboada et al., 1998). Along this cordillera, a volcanic arc 56 

dating from the Eocene-Oligocene takes place (Butler and Schamel, 1988; Taboada et al., 57 

1998). The Western Cordillera (WC) exhumation occurred because of the Nazca and the 58 

South American converging margin collided during the Cretaceous-Palaeocene interval 59 

(Taboada et al., 1998; Duque-Caro, 1990; Mora and al., 2006). The Eastern Cordillera (EC), 60 

the most recent, uplifted in the Miocene (Van der Hammen, 1958; Cooper al., 1995) after an 61 

inversion of a normal fault system (formed during the Jurassic) into a thrust fault system 62 

caused by the collision of the Panama Block with the Northwest of Colombia (Colletta al., 63 

1990; Cooper et al., 1995; Mora et al., 2006).  64 

In this work, we present two rheological profiles of the NW Andes based on a 65 

database of local earthquakes recorded by the Colombian National Seismological Network 66 



 

 

(CNSN) between 1993 and 2019 (Figure 2a). Those events were used to determine the rock 67 

mechanical behavior under the orogenic system. Our profiles have been created computing 68 

the stress drop and using frictional and creep laws which may fit better our observational 69 

dataset. Taking into account those results, we propose a conceptual model of the 70 

lithospheric structure of the study area and we infer some geodynamical processes that are 71 

arising there. Figures 1 and 2 summarize the main morphotectonic features of the study 72 

region and show the location of the seismic stations belonging to the CNSN, which recorded 73 

the seismic events used in this paper. 74 



 

 

 75 

Figure 1. Tectonic map of Northwestern Andes with seismological stations of the CNSN and 76 

the main fault systems. EC: Eastern Cordillera, CC: Central Cordillera, WC: Western 77 

Cordillera, MMV = Middle Magdalena Valley, UMV = Upper Magdalena Valley. Bathymetry 78 

and topography from Ryan et al. (2009). 79 

 80 

 81 



 

 

2. Data and Analysis 82 

 83 

2.1. Earthquake dataset 84 

  85 

Earthquakes used in this work have local magnitude (mL) ranging between 3.5 and 86 

6.7 and depths between 0 and 120 km. Figure 2b presents the projected areas on two 87 

profiles. Zone A, related to the western profile, includes 458 earthquakes, while zone B 88 

includes 243 earthquakes. The fault type, thrust or normal, associated to each earthquake 89 

have to be analyzed to separate the compressive and extensive stress dominant local fields 90 

for the rheological profiles. For this purpose, we used 25 focal mechanisms related to 91 

earthquakes with  mL > 4 (Figure 2b), which were reported by the Global Centroid Moment 92 

Tensor - CMT catalog solutions (Dziewonski et al., 1981; Ekström et al., 2012). The focal 93 

mechanism colors correspond to the depth of the earthquakes (Figure 2b). In Figures 2a and 94 

2b, we have also included the Caldas Tear projection (Vargas and Mann, 2013), the volcano 95 

locations, and the seismic events reported by the CNSN to take into consideration the main 96 

tectonic features that may influence in the distribution of the earthquakes. We emphasize 97 

that the superficial compressive regime of the EC is the product of the Nazca Plate 98 

subduction and the Panama Arc floating block collision against the South America Plate 99 

(Vargas and Mann, 2013).  100 

 101 

 102 



 

 

 103 



 

 

Figure 2. a) Seismicity in the NW Andes (from 3.5 to 6.7 mL)  and location of the study area 104 

(red squares). b) Details of the study area with earthquake spatial distribution and the 105 

corresponding magnitude. Square A: Western area. Square B: Eastern area. Location of focal 106 

mechanisms used in this work (derived from CMT solutions, Dziewonski et al., 1981; Ekström 107 

et al., 2012) and their corresponding depths shown by colors. Red and white triangles 108 

represent active and inactive volcanoes, respectively, and the gray dashed line is the Caldas 109 

Tear.  110 

 111 

2.2. Stress drop  112 

To estimate the earthquake stress drop, we used the Eshelby’s equation (1957): 113 

∆𝜎 =
7𝑀0

16𝑟3 
     (1)  

Where 𝑀0 is the seismic moment, 𝑟 is the radius of a circular fault. After that, Brune (1970) 114 

proposed an equation to find 𝑟 value:  115 

𝑟 =
𝑘𝛽

𝑓𝑐
     (2)   

Where 𝑘 is a constant which depends on the theoretical model chosen, 𝛽 is the shear-wave 116 

velocity, and 𝑓𝑐 is the cut-off frequency. Thus, equation (1) becomes: 117 

𝛥𝜎 =
7

16
(

𝑓𝑐

𝑘𝛽
)

3

𝑀0     (3)     

Following Madariaga (1977), we assume that 𝑘 = 0.32 for P-waves and  𝑣𝑟 = 0.9𝛽, where 118 

𝑣𝑟  is the rupture velocity and corresponds in our work to the average of the S-wave velocity 119 

during its propagation. We determine 𝛽 from the S-wave value at various depths provided 120 



 

 

by the IASP91 velocity model. In view of finding the cut-off frequency, we used waveforms 121 

from the CNSN and estimated 𝑓𝑐 in the same way that Brune (1970) did with P-wave spectra 122 

and using linear regression. Due to the lack of data and inconvenience in the operation of 123 

some seismic stations, we assumed the 𝑓𝑐 value for few earthquakes based on closeness to 124 

some analyzed earthquakes. We also converted local magnitudes 𝑚𝐿 to moment 125 

magnitudes 𝑀𝑤 to find the seismic moment 𝑀0. Munafò et al. (2016) proposed the following 126 

equation for small earthquakes (𝑚𝐿 ranging between 3.5 and 4):  127 

𝑀𝑤 =
2

3
∗ 𝑚𝐿 + 1.15     (4) 

For more significant magnitude events, we adopt the Tang et al. (2016) formula: 128 

𝑀𝑤 = 1.48 + 0.71𝑚𝐿     (5) 

Therefore, we obtained 𝑀0 employing Kanamori (1977) and Hanks and Kanamori (1979) 129 

works which establish that: 130 

𝑀𝑤 =
2

3
∗ 𝑙𝑜𝑔10𝑀0 − 10.7     in dyn. cm     (6) 

𝑀𝑤 =
2

3
∗ 𝑙𝑜𝑔10𝑀0 − 6.07     in N. m     (7) 

 131 

2.3. Brittle behavior: 132 

The deep seismicity contrast could be clarified by the brittle/ductile transition, 133 

constrained by the temperature that rules mainly the strength of the lithosphere (Parsons 134 

and Sclater, 1977; Meissner and Strehlau, 1982). The brittle deformation of the rocks means, 135 



 

 

in most cases, an intense seismic activity because of the weakness of the material, 136 

promoting a high cumulative stress drop. Ranalli (1995) describes the brittle failure with a 137 

linear law:  138 

(𝜎1 − 𝜎3) ≥ 𝛿𝜌𝑔𝑧(1 − 𝜆)    (8) 

Where  𝜎1 − 𝜎3  represents the differential stress, 𝛿 is a parameter which depends on the 139 

type fault associated with the earthquake, 𝜌 is the material density (kg. m−3), 𝑔 is the gravity 140 

acceleration on Earth, 𝑧 is the depth, and 𝜆 is the pore fluid pressure. The upper crust, lower 141 

crust, and upper mantle densities are respectively 2750, 2950, and 3170 kg. m−3 (Solaro et 142 

al., 2007). We assumed a pore fluid factor of 0.4 for the Eastern region and 0.6 for the 143 

Western part supported in the near and far influence of the subduction process (Brace and 144 

Koldshedt, 1980). According to Ranalli (1995), for thrust faults 𝛿 = 3.0, whereas 𝛿 = 0.75 145 

for normal faults. We have respected the limit condition of this law constraining differential 146 

stress values superior to the factor of these parameters. 147 

 148 

2.4. Ductile behavior 149 

While pressure and temperature increase, rocks adopt a ductile behavior leading to a 150 

diminution of the seismic activity (Scholz, 1990). The material deformation is constrained 151 

principally by dislocation mechanisms (Hull and Bacon, 1984). The cumulative stress drop 152 

decreases due to the lack of earthquakes, and the ductile behavior follows a non-linear law, 153 

the power-law creep (Kirby, 1983) : 154 

𝛥𝜎 = (
휀

𝐴
)

(
1
𝑛)

𝑒𝑥𝑝 (
𝑄

𝑛𝑅𝑇
)     (9) 



 

 

Where 휀 is the strain rate (s−1), 𝐴 (Pa. s−1) and 𝑛 are material parameters, 𝑄 is the 155 

activation energy  (kJ. mol−1), 𝑅 is the universal gas constant, and 𝑇 is the temperature (°K). 156 

In this work, the strain rate is assumed as 10−14s−1. 157 

 158 

2.5. Geothermal gradient 159 

Temperature is a determining factor for the brittle and ductile behaviors of the 160 

lithosphere (Parsons and Sclater, 1977). Vargas et al. (2009) reported geothermal gradient 161 

estimations in Colombia derived from hydrocarbon wells observations (Figure 3). They 162 

suggested the presence of abnormally high geothermal gradients in the Eastern area (EC and 163 

the Eastern “Llanos”), whereas, in the Western region, the geothermal gradient is lower. 164 

Hence, we chose two different values of the geothermal gradient: 20°C/km for zone A and 165 

30°C/km for zone B. We assumed an average temperature of the Earth’s surface equal to 166 

15°C. 167 



 

 

 168 

 169 

Figure 3. Geothermal gradient map of Colombia (geothermal measurements taken from 170 

Vargas et al., 2009). It includes faults, volcanoes (triangles), and the Caldas Tear (black 171 

dashed line). Few geothermal gradient observations are reported in the western study area. 172 

The eastern study area presents high geothermal gradient anomalies, mainly under the EC.  173 

 174 



 

 

3. Results 175 

The stress drop values obtained were ranging between 0.1 to 160 MPa for zone A 176 

and reached a maximum of 200 MPa for zone B with a mean value of ~5.5 MPa, which is 177 

closer to the results of Abercrombie et al. (2016), who obtained values among 1-100 MPa 178 

with an average of 10 MPa. Most elevated values correspond to high magnitude 179 

earthquakes. Nevertheless, small earthquakes (~3.5 to 4 mL) have a stress drop around 0.1 180 

to 2 MPa, related to the cut-off frequencies estimated. Hence, we endeavored to fit brittle 181 

and creep laws with our experimental observations. For the creep law, we used 𝐴, 𝑛, and 𝑄 182 

values, as are presented in Table 1. 183 

 184 

Table 1. Creep laws parameters used and their references. 185 

Material A (MPa−1. s−1) n Q (kJ. mol−1) Reference 

Dry Quartzite 3.2 x 10-5 1.9 123 
Lowry and 

Smith (1995) 

Dry Granite 2.5 x 10-9 3.4 139 
Lowry and 

Smith (1995) 

Wet Quartzite 

(upper crust) 
2.91 x 10-3 1.8 151 

Behn et al. 

(2002) 

Dry Quartzite 

(Intermediate 

Crust) 

5 x 10-6 3.2 220 
Behn et al. 

(2002) 

Wet Olivine 1.9 x 105 3.0 420 
Karato et al. 

(1986) 

Dunite 104 3.4 444 
Chopra and 

Paterson (1981) 

Wet 

Clinopyroxenite 
105.7 3.3 490 

Boland and 

Tullis (1986) 

 186 

 187 



 

 

Previous results allowed us to establish two rheological profiles, the western one 188 

(Figure 4) and the eastern one (Figure 5). The brittle and ductile behaviors described by 189 

Ranalli (1995) and other authors listed in Table 1 are included in these profiles. We also 190 

indicate the brittle/ductile transition, as well as the boundary of each layer. For Zone A, we 191 

suggest the existence of an upper-crust, an intermediate crust, and a lithospheric mantle. At 192 

around 80 km deep, we observe a new increase of the stress drop. Creep laws defined by 193 

Lowry and Smith (1995) and Karato et al. (1986), fit better for the crust and the mantle, 194 

respectively. Figure 5 presents a very brittle upper crust and a thin intermediate crust barely 195 

visible. We focused on the first 60 km due to a negligible stress drop between 60 and 120 196 

km. For zone B, creep laws described by Lowry and Smith (1995) and Behn et al. (2002) 197 

coincide well with our experimental observations.  198 



 

 

 199 

 200 

Figure 4. The western rheological profile shows the extensive regime at the left and the 201 

compressive regime at the right. Cumulative computed stress drops in [MPa] for each 10 km 202 

depth interval. Cumulative stress drops experimentally calculated are represented in light 203 

pink stripes. Frictional and creep laws are plotted with different lines of colors, according to 204 

the author. At the right of the profile, layers boundaries and brittle/ductile transitions are 205 

shown. 206 

 207 



 

 

 208 

 209 

Figure 5. Eastern rheological profile shows the extensive regime at the left and the 210 

compressive regime at the right. Cumulative computed stress drops in [MPa] for each 10 km 211 

depth interval. Cumulative stress drops experimentally calculated are represented in light 212 

pink stripes. Frictional and creep laws are plotted with different lines of colors, according to 213 

the author. At the right of the profile, layers boundaries and brittle/ductile transitions are 214 

shown. 215 

 216 



 

 

4. Discussion and Interpretation 217 

 218 

4.1. Western Profile 219 

The Western profile (Figure 4) suggests an upper-crust characterized by a high 220 

density of earthquakes at shallow depths, which reflect a brittle behavior. We interpret a 221 

thickness of the upper and intermediate crust of around 13 km and 10 km, respectively. The 222 

Mohorovicic discontinuity is located over 24 km deep beneath the coastal Pacific plains of 223 

Colombia, which is in agreement with the estimations of Poveda et al. (2015). This last 224 

author determined a crustal thickness of 35 km under the WC and approx. 50 km under the 225 

CC. The lithospheric mantle (LM) is less evident in the extensive regime than in the 226 

compressive one. We can explain this fact by the compressive motion, which intervenes at 227 

higher depths due to the subduction phenomenon between the Nazca and South American 228 

Plates that could also be the origin of the stress drop increment from 80 to 120 km (e.g., 229 

Andreescu and Demetrescu, 2001; Burov, 2011). According to Cloos et al. (2005), this 230 

lithospheric model could correspond to a thin continental transitional crust. 231 

 232 

4.2. Eastern Profile 233 

Figure 5 reveals a relevant contrast among the two regimes for the upper crust, 234 

where the compressive one predominates. With a thermal gradient larger than in the 235 

Western area, the upper crust is slightly thinner. However, we note the same brittle 236 

behavior as zone A. Intermediate crust is governed primarily by a ductile deformation, which 237 

could be justified by the low number of earthquakes recorded to more than 10 km away 238 



 

 

(Scholz, 1990). Over 20 km deep, we observe almost an absence of seismic events; hence 239 

stress drop values only reach a few MPa. This profile does not indicate the Moho 240 

discontinuity, either the LM. Thus, we assume that beyond 17 km deep, the material has a 241 

ductile behavior, and we cannot determine the crust/mantle boundary. Nonetheless, Poveda 242 

et al. (2015) identified that below the EC, the crustal thickness might reach 60 km deep, 243 

which could coincide with a thick continental typical crust (Cloos and al., 2005). Bearing in 244 

mind the previous observations and the geological context, we do justify the non-conformity 245 

in the results between our work and that of Poveda et al. (2015), assuming a delamination 246 

phenomenon under the EC. 247 

 248 

4.3. Cross-section 249 

 In furtherance of the rheological profile results, Figure 6 presents the distribution of 250 

the earthquakes in-depth with the associated topography and combines the two study 251 

areas. The cross-section F-F’ suggests firstly the Nazca subduction geometry in the western 252 

zone and secondly the presence of the Caribbean Plate subduction detectable below the EC 253 

(Taboada et al., 2000; Vargas and Mann, 2013). Also, it is shown that, for the eastern zone, 254 

earthquake distribution is mainly superficial and located under the foothill of the EC. The 255 

uncertainty in the depth values is sometimes not negligible, as we can see in this figure. 256 

 257 

 258 

 259 



 

 

 260 

 261 

 262 

 263 

 264 

Figure 6. Cross-section of the all study area with hypocentre solutions. Transect F-F’ shows 265 

the lateral changes of seismicity and topography of the entire area. Depth errors of 266 

hypocentre solutions are plotted in gray bars. 267 

 268 

 269 

 270 



 

 

 271 

4.4. A rheological model of the NW Andes  272 

 Previous observations are summarized in the conceptual model (Figure 7). In this 273 

cross-section, we are representing the subduction geometry, seismicity, and topography of 274 

the entire study area. Eastern rheological profile (Figure 5) and cross-section F-F’ (Figure 6) 275 

evidenced strong shallow seismicity at the EC and an aseismic zone below 20 km deep. We 276 

interpreted this anomaly by formulating a delamination process hypothesis. Chicangana and 277 

Vargas (2008) have introduced this idea to justify the origin of the Bucaramanga nest at the 278 

west of the EC. Nevertheless, in the study area appears a possible shallow delamination 279 

process. We hypothesize that this process is a consequence of the Panama Arc collision 280 

against the South American Plate (Vargas and Mann, 2013), generating a fast uplift of the EC 281 

and the separation of the lower crust and the LM (Bird, 1978; Bird, 1979; Schott and 282 

Schmeling, 1998).  283 

The LM, colder and denser than the asthenosphere, is under negatives buoyancy 284 

forces, which induce the decoupling crust/mantle, giving way to a vertical rise of the hot 285 

asthenosphere, and flowing along with rheological contrasts such as the Moho (Bird, 1978; 286 

Bird, 1979; Schott and Schmeling, 1998). Bird and Baumgardner (1981) suggested that the 287 

viscosity of the asthenosphere is a critical factor for the delamination process and has to be 288 

sufficiently high while the LM has a relatively low viscosity. In this scenario, the 289 

asthenosphere flows into fractures created by the dripping of the LM. Many works suggest 290 

that a thick lithosphere is necessary for this phenomenon, which is typically formed during 291 

compressive orogenies (Houseman et al., 1981; Platt and England, 1994; Schott and 292 

Shmeling, 1998). At the same time, delamination could be related to thinning and heating of 293 



 

 

the lower crust (Schott and Schmeling, 1998; Fillerup et al., 2010), that in our case may be 294 

associated with the Miocene – Present magmatic and hydrothermal activity in the EC (Pardo 295 

et al., 2005; Barrera et al., 2018). 296 

In addition to the aseismic zone detected, the EC presents other features that allow 297 

us to assume a delamination process. Previous to the rising of the mountain range, the 298 

region was an extensive rifted sedimentary basin of Cretaceous age (Kellogg et al., 2005). 299 

This sedimentary basin was characterized by thick-skinned structural styles with deep faults 300 

(Chicangana et al., 2014). During the Miocene, the EC uplift occurred (Van der Hammen, 301 

1958; Cooper et al., 1995) after a change from an extensive to a compressive regime by 302 

inversion of the faults due to the collision of the Panama Block with the North Andean Block 303 

(Colletta et al., 1990; Cooper et al., 1995; Taboada et al., 2000; Kellogg et al., 2005; Mora et 304 

al., 2006). This tectonic inversion caused weak zones in the continental crust and the 305 

apparition of the thin-skinned structural styles (e.g., Dengo and Covey, 1993). After the 306 

uplifting and the shortening associated (140 - 150 km, according to Kellogg et al., 2005), the 307 

crust thickened, forming a deeper crustal root. Poveda et al. (2015) described a crustal 308 

thickness higher than 50 km. In this context, we have to take into account the presence of 309 

the Caldas Tear (Vargas and Mann, 2013), an east–west-striking tear-slab, which is splitting 310 

zone B into two parts. In Figure 3, we also observe abnormally high thermal gradients at the 311 

North of the Caldas Tear. This anomaly can be related to the existence of magma, and 312 

hydrothermal fluid flows, which are visible at the surface along a broad thermal springs field 313 

near to the Paipa–Iza volcanic complex, currently inactive. According to Poveda et al. (2015), 314 

the North part of zone B is slightly less thick than the South region, where geothermal 315 

anomalies are lower. The delamination could cause a shallowing of the asthenosphere along 316 



 

 

the base of the crust, generating magmatic activity and geothermal anomalies affecting the 317 

lithosphere at least from 30-50 km from the surface. Following this reasoning, the LM could 318 

be located at around 50-60 km deep, as Poveda et al. (2015) suggest. This argument could 319 

explain the impossibility with our results to determine the Moho depth while Poveda et al. 320 

(2015) have succeeded identified it. The compressive system of the EC with weak zones in 321 

the crust, the high geothermal gradients in this zone, the thin lower crust, the pre-322 

Quaternary volcanic activity, and the thermal springs fields at the surface are additional 323 

evidence to assume a delamination process below the EC.  324 

 Conclusions of Seber (1996) about the Alboran Sea are relatively similar to ours, with 325 

a tectonic inversion earlier to a possible delamination of the LM and thinning of the crust 326 

argued by an aseismic zone in the depth range from 20 to 60 km. Fillerup et al. (2010) 327 

hypothesized a change in the location of the lower crust due to delamination, which could 328 

be represented by the Vancrea seismogenic zone. 329 

 330 



 

 

 331 



 

 

Figure 7. Conceptual model representing our results and interpretations. The elevation 332 

profile is presented with a black thick line. Earthquakes are plotted with brown points. The 333 

two rheological profiles are joined. The Conrad discontinuity is shown with a yellow line 334 

separating the upper crust from the lower crust. The experimental MOHO discontinuity (1) is 335 

the red line between the lower crust and the upper mantle. The dotted section means the 336 

uncertainty of the Moho location. The MOHO (2), with a purple line, corresponds to the 337 

results obtained by Poveda et al. (2015). The orange line is the lithosphere-asthenosphere 338 

boundary (LAB) with values obtained by Blanco et al. (2017). Subduction processes are 339 

charted, considering the earthquake distribution and rheological profiles. The delamination 340 

process is suggested with a gray circular polygon. 341 

 342 
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 350 



 

 

The relation between the long-term ductile strength of the lithosphere and the 351 

earthquake is not clear, as is reported by some authors (e.g., Handy and Brun, 2004; Burov, 352 

2011). Hence, Burov (2011) pointed out that the time scale in terms of seismicity is much 353 

shorter than the rheological one, which makes difficult a correlation between seismological 354 

and rheological behavior. Future works in this region shall consider a more detailed thermal 355 

structure in depth, evaluation of rock chemical composition, and incorporating accurate 356 

gravity, density, and viscosity assessment. We propose this conceptual model (Figure 7) as 357 

the interpretation of our results. Nevertheless, there are significant uncertainties to take 358 

into account related to the depth of the earthquakes, and the absence of data in some 359 

parameters. This study is based on the use of seismic data for establishing a possible 360 

rheological and geodynamical explanation of the area by following similar strategies used in 361 

other works (e.g., Déverchère and al., 2001; Fernández-Ibañez and al., 2005; Solaro and al., 362 

2007; Yang and Chen, 2010). 363 

 364 

5. Conclusion 365 

Through a database of earthquakes collected by the CNSN, we estimated a 366 

rheological model of the NW Andes by incorporating the stress drop for several seismic 367 

events, thermal structure, stress regime, and some reported mechanical properties of the 368 

lithospheric system. We fitted brittle and creep laws to our experimental results, and 369 

inferred lateral variations of the tectonic regime due to the subduction of the Nazca and 370 

Caribbean oceanic plates under the South American continental plate. We also found that 371 

those oceanic plates introduce significant rheological and geothermal anomalies beneath de 372 

EC, leading us to hypothesize a delamination phenomenon that could affect almost 40 km of 373 



 

 

the shallow lithosphere thickness. This process promotes an upward of the asthenosphere 374 

and thinning of the crustal thickness. We propose a conceptual model trying to incorporate 375 

diverse geophysical observations reported to make a geodynamic and mechanical 376 

interpretation of the study area. This paper is a first approach to provide a global rheological 377 

model of the Northwestern Andes, and it expects a future refinement based on new pieces 378 

of evidence that improve the understanding of the observed anomalies. 379 

 380 
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