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Estimation of the Thermal Structure Beneath the Volcanic Arc of the Northern Andes by Coda Wave Attenuation Tomography
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In the Northern Andes, the magmatic arc rises from a broad area of active volcanism in the South, at the border between Ecuador and Colombia, to a linear north-directed trend of active and inactive volcanic cones. A ∼240-km-long west-east-striking slab tear (Caldas Tear) located approx. 5.5°N creates an offset in the volcanic arc. This tear looks like a significant controller of volcanic activity: its quasi-WE structure separates inactive magmatic bodies of late Miocene age or older in the North from Quaternary magmatic activity in the South. Coda wave attenuation tomography applied on seismic waveforms recorded between 1993 and 2018 illuminates the volcanic arc, which appears as a segmented structure derived from the complex process of subduction of the Nazca and Caribbean plates under the South America Continent. The attenuation measurements are transformed into thermal measurement using standard rock physics relationships, supported by thermal estimations and geothermal gradient observations measured in wells. Active and inactive magmatic belts are associated with a range of relatively low temperatures (∼640 to ∼810°C in the depth range of 25–100 km), which may be a consequence of the fluid content in hydrous minerals. Along the volcanic arc, the isotherms become shallower from South to North and are interrupted by a cold structure; this structure may reflect a lateral change of the mantle viscosity that prevents the continuity of the volcanic arc. Our estimations show an irregular depth-geometry of the isotherms, probably associated with recent slip events that have perturbed the thermal state along the study area. The isotherms also deepen to the West, probably due to the subduction process of the Nazca Plate (∼0–5°N). In some areas, the isotherms follow a trend similar to that of a thrust fault-related folding geometry, which suggests a recent process of regional perturbation. We hypothesize that the Panama Arc collision at the north and the effect that imprint the Carnegie Ridge against the continent at the South are responsible for these thermal effects. The northern anomaly suggests thickening of the lithospheric system that prevents the development of the volcanic arc at the north of the Caldas Tear.
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INTRODUCTION

During the past decades, the study of the thermal structure of the lithosphere was carried out indirectly, due to the technical restriction imposed by direct measurements at significant depths. The deepest drilling in the world has exceptionally exceeded 10 km (see, e.g., the Kola Superdeep Borehole with 12.262 m, in Ramberg et al., 2008), so that, its information only allows to verify trends of thermal behavior in the most superficial part of the Earth’s lithosphere. Under certain conditions, magmatic or hydrothermal surface manifestations are mechanisms for control and verification of indirect observations. However, estimates based on exploratory hydrocarbon programs and geothermal exploitation purposes have been the most accepted approaches to establish the trend of isotherms in depth. Indirect measurements based on seismological and magnetotelluric datasets have deserved special attention as deeper exploration mechanism, but these geophysical approaches still incorporate significant uncertainties that limit the understanding of the lithospheric system (see, e.g., Ricard et al., 2014; Poletto et al., 2018).

The thermal structure along convergent regions, such as those where coexist subduction zones, volcanic arcs, and the mantle wedges, depends upon diversity of dynamic and rheological factors (Kincaid and Sacks, 1997). In some cases, the presence of magmatic activity hints that temperatures must give fluidization conditions someplace inside the mantle wedge. This scenario promotes buoyancy of the upper lithosphere which modifies the structural and magmatic development of the overriding plate and the retreating plate boundaries that can prevent subduction rollback, a process that may locally pin the subduction hinge and promotes tectonic anomalies, including cusps and slab tearing.

The lithospheric system of the NW South America is a consequence of different conditions of relief, age and converging velocities of at least three slabs (see, e.g., Trenkamp et al., 2002; Cediel et al., 2003; Gutscher and Westbrook, 2009; Carrillo et al., 2016), which promote a broad variety of subduction types along approx. 2000 km on the Pacific and Caribbean margins (Figure 1). It is also thought that the Northern Andes morphology is the result of the deep interaction of the Nazca and Caribbean plates under NW South America (Taboada et al., 2000; Mora et al., 2015). The orogen in this region is broad at the south and splits into three cordilleras northward with changes in the spatial distribution of the volcanic arc, direction, composition, dominant age of the basement lithologies, and structural styles (Parra et al., 2012; Reyes-Harker et al., 2015). These changes generate a complex lithospheric system with significant uncertainties about its thermal structure.
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FIGURE 1. Location of the volcanic arc of the Northern Andes. Triangles represent the active (red) and inactive (blue) volcanoes. Hydrothermal activity is represented by spring waters (yellow diamonds) and fumarolic activity (green pentagons). Tectonic features (black lines) are represented on a bathymetric-topographic map where is highlighted the collinear trend of the Sandra Ridge and the Caldas Tear (pink band). White starts correspond to seismological stations of the Servicio Geológico Colombiano.



In this work, we are presenting an analysis of the active volcanic arc of the NW South America using seismic attenuation tomography, geothermal datasets and xenolith information presented in previous works. This information is used to evaluate the thermal structure of the upper lithospheric system and illuminating the thermal anomalies associated with the volcanic arc. Finally, we present a conceptual model supported in the tomographic images and isotherm estimations to explaining the spatial pattern of the active volcanic arc, the role of a lithospheric tear that controls the most north occurrence of volcanic bodies of the Andes, as well as the thermal perturbations, promote by the present-day regional collisions.

GEOTECTONIC SETTING

NW South America conforms a tectonic mosaic where interact three lithospheric plates: the Nazca and Caribbean plates of oceanic origin and the South American Plate, a continental plate with a sizeable tectonic history. The Northern Andes are also a consequence of the repeated interaction between terranes of different affinity, age and stress regimes that accreted against the continental margin of NW South America, which resulted in three cordilleras with pulses of uplift from the Paleogene (Gomez et al., 2003; Parra et al., 2009; Parra et al., 2012; Reyes-Harker et al., 2015; Anderson et al., 2016) to the present.

The Nazca Plate was formed by the splitting of the oceanic Farallon Plate in the early Neogene into the Nazca and Cocos plates (Lonsdale, 2005; Colgan et al., 2011). Presently, the Nazca Plate is converging eastward relative to South America with tectonic activity mostly along the continental boundaries and under the Andes range (see Figures 1, 2). A relevant bathymetric feature inside this plate is the Sandra Ridge, a submarine structure that has been suggested as an aborted rift, and part of an early axis of magmatic diffusion with activity since 12–9 Ma (Lonsdale, 2005). Currently, the seismicity is associated with this structure, which has been considered evidence of residual tectonism or reactivated since the late Miocene.
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FIGURE 2. Distribution of earthquakes recorded by the Servicio Geológico Colombiano between 1993–2018. In the map have been represented tectonic features (black lines), the volcanic arc of the Northern Andes (red and blue triangles), and the study zone where was performed the seismic attenuation tomography presented in this work (yellow dashed line).



Collinear with the Sandra Ridge, W-E trend and located inside the continental area, is the Caldas Tear (Vargas and Mann, 2013). This offset of the volcanic arc, associated with an approx. 240 km long west-east-striking slab tear, and located approx. 5.5°N, looks like the main control that explains the presence of inactive-magmatic bodies of late Miocene age and older at the north, and Quaternary magmatic activity at the south of this structure. According to Taboada et al. (2000), the former Nazca and Caribbean plates have approached NW South America since the Cretaceous, promoting oblique subduction along the W continental margin. At present, both plates converge in different directions at approx. 60 and 20 mm/y, respectively (Veloza et al., 2012), generating a compressive regime in the Andes range belt that is undergoing active deformation and uplift. The slow convergence velocity of the Caribbean Plate could be related to a flat subduction process at the north of approx. 5.5°N (Figure 2).

As stated by Marín-Cerón et al. (2019), Neogene volcanism and hypabyssal porphyritic magmatism within Colombia’s Central Cordillera is the product of an intricate evolution of the Nazca plate and its subduction history under the NW margin of continental South America. These authors suggest, that the evolution of the volcanic calc-alkaline arc starts in the mid-Miocene and continues up to nowadays. Evaluation of whole-rock major, trace and REE data for these sample suites suggest that almost all these rocks are magmatic products related to a segmented subduction of the Nazca Plate, and some few located at the east of the arc axis seem to be controlled by faults systems throughout Riedel-type synthetic and antithetic planes. In this sense, Pedraza et al. (2007) also denote that changes in the geometry of the Wadati-Benioff Zone under this region may be associated with variations in the composition of rocks of the volcanic arc.

Based upon the presence of adakite-like characteristics in the Neogene volcanic rocks of this region, Marín-Cerón et al. (2019) proposed a model for the production of primary subduction-related magmas, which includes dehydration/decarbonization and melting of the subducted plate. In this petrogenetic proposal, the lower crust promotes a significant effect upon rock composition during magma rise, and the possible retention of the primary mantle-derived magmas (including slab fluids/melts) within lower crustal magma chambers located along the entire volcanic arc.

DATASETS AND METHODS

Estimation of the [image: image]

The seismological information for the period since 1993–2018, which is used in this study, was gathered by the Servicio Geológico Colombiano – SGC (Geological Survey of Colombia). For purposes of the seismic attenuation analysis, we used 6.449 waveforms associated with 1.637 events and recorded in 12 seismological stations, mainly with a natural frequency, f0 = 1 Hz (Table 1). Technical details of the seismological stations, whose data is used in this work, can be consulted at the web page https://www.datos.gov.co/widgets/sefu-3xqc. Events used were restricted to the coordinates bounded between Longitude 79°W and 73°W, Latitude 0°N and 7°N, depths ranging between 0 and 200 km, and local magnitude in the range 0.2 ≤ML < 6.4 (Figure 2). Hypocentral solutions were estimated with the program Hypocenter (SEISAN ver. 10.5.0, Ottemöller et al., 2016). Waveforms used were downloaded from the website of the National Seismological Network of Colombia of the SGC1.

TABLE 1. Seismological stations used for estimating [image: image].
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For the sake of simplicity, we estimated the attenuation following one of the simple scattering models, which does not necessarily represent the total attenuation but offers a straightforward way to find the attenuation structure of the study area. We used the method suggested by Aki and Chouet (1975), where the coda waves attenuation ([image: image]) is estimated using the following approach:

[image: image]

In this formula, P(ω,t) corresponds to the time-dependent coda power spectrum for an angular frequency (ω), and a shear wave velocity (β). The variable |S(ω)| represents the source spectrum and g(θ) signifies the azimuthal scattering coefficient, that is defined as 4π multiplied by the fractional loss of energy by scattering per unit travel distance of body waves and per unit solid angle at the radiation azimuth θ measured from the direction of primary wave spreading (backward scattering is considered when θ = π). For this hypothesis, the geometrical spreading is proportional to r−1, being r the distance between the hypocenter and the record system and applies specifically to body waves propagating in a homogeneous half-space. The source is considered as a constant value for a particular frequency. Hence, in equation (1) the time-dependent coda power spectrum is estimated as the mean squared amplitudes of the coda Aobs(f|r,t) from bandpass filtered seismograms, and [image: image] can be calculated as the slope of the least-squares fit of ln[t2P(ω,t)] versus ωt, for t > 2tβ, where tβ is the S-wave travel time (Rautian and Khalturin, 1978; Vargas et al., 2004).

The program SEISAN (Ottemöller et al., 2016) was used for calculating the [image: image] values at a frequency centered in 4.0 Hz, with a bandwidth of 3.0 Hz, a signal to noise ratio ≥2, and S-wave velocity β = 3.5 km s–1. [image: image] values obtained from a least-squares fit with |R|2 > 0.7 were kept. This [image: image] was the larger dataset estimated in comparison with other central frequencies in order to guarantee a proper coverage for tomographic purposes. [image: image] values were calculated for lapse times (W) of 20.0, 50.0 and 75.0 s, for all stations and the same bandwidth. We report [image: image] values computed for the vertical component of seismograms due to the horizontal components offer almost the same behavior of calculated values for the same frequency and W, which is consistent with the expected isotropic model chosen, where the scattering process guarantees that the coda waves spread with similar performance in all directions, and consequently the attenuation values are equivalent.

Previous results about discrimination of the seismic attenuation using the multiple isotropic scattering model (see, e.g., Zeng, 1991) for the same study region and reported by Vargas et al. (2004), suggested that the [image: image] values are proportional to [image: image] values (total attenuation), but also proportional to [image: image] (intrinsic absorption) in the range 1–19 Hz. In this region, the scattering attenuation is low when it is compared with the intrinsic effect. Eleven from twelve seismological stations, whose data is used in the present study, match geographically or are near to those used by Vargas et al. (2004). Hence, we performed a correlation between [image: image] and [image: image][image: image]at 4 Hz from the former study for inferring at the present work a single [image: image] value from each [image: image] value. Similar correlation was performed between [image: image] and [image: image]. We prioritized the intrinsic attenuation for finding the best fit model due to its physical meaning has been associated with transformations of elastic to thermal energy. An analysis of goodness-of-fit statistics shows that the best solution is a Gaussian model for both correlations. [image: image]Figure 3 shows the established correlations, including confidence bounds, excluded observations, and goodness-of-fit statistics.
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FIGURE 3. Correlations between [image: image] and [image: image] (upper panel) at 4 Hz using results presented by Vargas et al. (2004). After analyzing the goodness-of-fit statistics, the best correlation was found using a Gaussian model. For guaranteeing the best fit, we exclude three outliers (located at the North of Colombia) of the eleven stations reported in that study. Similar correlation was performed between [image: image] and [image: image] (lower panel).



Mapping Seismic Attenuation

We have used the method proposed by Vargas and Mann (2013) based on the hypothesis of simple scattering for calculating the spatial distribution of Q−1 by means an inverse approach, and an ellipsoidal geometrical function related to the volume sampled by coda waves at all time t. The ellipsoidal volume presents a large semi-axis a1 = βt/2, and the other small semi-axis [image: image], where r is the source–receiver distance (Malin, 1978). The average lapse time is associated with an ellipsoidal shell, defined for tc = tstart + W/2, being tstart = 2tβ, and W the coda-wave time window evaluated at several values. Therefore, knowing the values of tc, W, and β, we can calculate the volumes of ellipsoidal shells where the seismic energy is scattered. The spatial distribution of the attenuation is finally obtained by a generalized inversion in a geographic grid. Thus, each one of the [image: image] values represents the average attenuation ([image: image]) enclosed by the foci, whose values are associated to the ellipsoidal shell. Hence, attenuation and bulk sampled can be related by means of the next expression:

[image: image]

where VBlock–j corresponds to the fraction of volume (block) covered by the coda waves, that is enclosed in the ellipsoidal shell, and has the true attenuation [image: image] (or [image: image]). Taking β as constant, we can establish the volume crossed by a beam of rays that travel from the hypocenter, hit the ellipsoidal shell defined by W, and then are scattered toward the receptor. The process is repeated for all foci consideredk. Figure 4 shows the horizontal projection of the ellipsoids estimated in this work. This construction can be formulated as a system of k-equations, being k the number of foci, with n-unknowns or the total number of blocks. Hence, we may define [image: image], [image: image] and ai = VBlock−i/VTOTAL, or as matrix expression AX = Y, being A the k×ncoefficient matrix (k×n), X then×1 unknowns vector (n×1), and Y the k×1vector of observations (k×1). This system can be resolved by an iteratively damped least-squares technique using the numerical method of Levenberg-Marquardt (see, e.g., Pujol, 2007). Thus, the solution (X) and resolution (R) matrix can be determined using the following expressions:
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FIGURE 4. The gray ellipses are horizontal projections of ellipsoids related to the sampled volume during the simple backscattering process (Aki and Chouet, 1975), using as foci each event-station pair. The map highlights the study area where the coda wave attenuation tomography was performed (yellow dashed line), the location of the seismological stations, which data was used (white starts), the volcanic arc (red and blue triangles), the main tectonic faults (black lines) and spring water occurrences (yellow diamonds) reported by the Servicio Geológico Colombiano.



Note that the identity matrix (𝐈) is being contaminated by the factor σ2 to facilitates a proper inversion of the term between brackets, using a trade-off strategy for minimizing the model resolution spread with its variance size (see, e.g., Menke, 2018). In this work, the 3D inversion of attenuation was achieved using 6.549 observations of Q−1 and a grid of 12 × 16 × 8 cubes situated between Longitude 73°W and 79°W, Latitude 0°N and 7°N, with block proportions of ∼55 km (Longitude) × ∼55 km (Latitude) × ∼25 km (Thickness) to distinguish regional anomalies, and σ2 = 0.00001. The final conditions for achieving the inversion were either a total of 5000 iterations or a difference between two consecutive iterations less than 0.000001. Verification of the strength of the tomographic result was supported on three methods (see e.g., Vargas and Mann, 2013; Vargas et al., 2018): (a) resolving a chequer-board test; (b) plotting the diagonal elements of the resolution matrix (RDE) by using expression (4); and (c) counting the number of hits of ellipsoidal shells per block (NEB).

Estimation of the Thermal Structure

According to Karato (2004), the anelasticity in rocks at elevated temperatures and low frequencies can be expressed as:

[image: image]

where f means the frequency in Hz, α represents a constant, H∗(P) constitutes the activation enthalpy in kJ/mol, P represents the pressure in GPa, R means the gas constant with units J/(mol ⋅ K), and T is the temperature in KH∗(P) = E∗ + PV∗E∗V∗V∗V∗/E∗ = 3.3×10−2. Thus, having the three-dimensional distribution of attenuation we may infer the thermal structure of the upper lithospheric system. Following the same approach used by Nakajima and Hasegawa (2003), equation (5) can be written for a reference attenuation as:

[image: image]

Considering the relative contribution of [image: image] on [image: image] for each block of the attenuation tomography, and combining equations (5) and (6), now we obtain:

[image: image]

We considered as initial conditions a representative regional geothermal gradient. Therefore, we used the dataset estimated by Vargas et al. (2009), who reported a regional map that evaluated approx.4.400 direct observations of Bottom Hole Temperature (BHT). This dataset contains corrections for the thermal effects of drilling fluid circulation and surface temperature variations, and was constructed over seven depth intervals (500–1000, 1000–2000, 2000–3000, 3000-4000, 4000-5000, 5000-6000, and >6000 m). Besides, Weber et al. (2002) reported xenolith samples in the Granatífera Tuff, a late Cenozoic sequence located in the Mercaderes–Río Mayo area of SW Colombia (see Figure 1), possibly associated with deep crust and upper mantle processes in the NW Andes. The Granatífera Tuff includes diverse type of rocks, among them, granulites, hornblendites, pyribolites, pyroxenites and gneisses, mafic material, and felsic rocks. Their P–T analyses for the pyribolite assemblages suggested ∼720–850°C and 10–14 kbar. Based on these observations we use a geothermal gradient of 27°C/km, which is the regional average of the Vargas et al. (2009) study, and matches with the P–T ranges of the xenolith observation reported by Weber et al. (2002).

According to Artemieva (2011), intrinsic parameters in rocks of the lithosphere and mentioned in Equation (7) have been experimentally constrained by other previous authors. Following this author, E∗ is ranging from 400 to 700 kJ/mol, and α between 0.1 and 0.3. α = 0.2E∗ = 500. Hence, applying the observed values of [image: image] and [image: image] to expression (7), we can estimate a temperature at each block of the tomography. In this work, we hypothesize that the observed attenuation anomalies are generated by the thermal effects.

RESULTS

Seismic Attenuation Tomography

After running several synthetic tests for assessing the stability and resolution of the tomography and used observations (see results and 3D model in MatLab® format in Supplementary Material), we present eight depth tomographic sections at 0, 25, 50, 75, 100, 125, 150 and 175 km measured from the surface. Figure 5 shows the mosaic of slices at those depths mapping the final inversion of the seismic attenuation accompanied with a chequer-board test (reference and inverted with the available dataset), RDE and NEB. Only peripheral areas have low reliability. Elsewhere within the volume of the inversion array, there is a reasonable reconstruction of the reference model, even having low values of RDE, which are due to the different number of shells passing along all blocks, and the ratio of unknowns solved with available observations.


[image: image]

FIGURE 5. Results of the spatial inversion of [image: image] accompanied with the chequer-board test for presenting the robustness of the tomography, and the mapping of the diagonal elements of the resolution matrix (RDE) and the hit count of ellipsoidal shells in each block (NEB). Image shows that the spatial inversion reconstructs satisfactory almost all study area, with a reduced quality only in the peripheral areas.



In general terms, we find low attenuation patterns in shallow depths (< 75 km), which vanishing in deeper sections and leave only weak patches in the central area and southern border. In contrast, high attenuation anomalies appear in the SE of the shallowest sections, and are expanding in depth almost along the entire study area. The inversion shows [image: image] values that reach 9.5542×10−3, and consequently the attenuation interpolations show values that reach up to 9.0572×10−3, and 11.5000×10−3 for [image: image] and [image: image], respectively.

High attenuation anomalies at the West may reflect the oceanic nature of the lithospheric system, as well its age, and lateral variation of the processes that govern the subduction of the Nazca Plate under the South America sub-continent (see Figures 1, 5). For its part, the low anomalies are mainly concentrated under the Andean orogen, with the lowest values located in shallow slices and on the NW sector.

Thermal Structure

Due to the lack of information about the parameters E∗ and α in equations (5) and (7) for the study area, we have carried out a variability analysis to establish proper values that ensuring consistency with temperatures calculated using other approaches. Figure 6 shows the estimated temperatures using low, medium and high values reported for these parameters (see, e.g., Kampfmann and Berckhemer, 1985; Karato, 2010; Artemieva, 2011), suggesting that for the range 25 – 100 km-depth temperatures are relatively low for this region, between ∼520°C and ∼830°C. Following these considerations and in the sake of simplifying the analysis, in this work we choose intermedium values of α = 0.2, and E∗ = 550 kJ/mol, which promoted the temperature range between ∼640 and ∼810°C.


[image: image]

FIGURE 6. Variation of temperatures using the ranges 400≤E∗≤700, 0.1≤α≤0.3, and 25≤depth≤100 km. Temperatures estimated are relatively low for this region, between ∼520 and ∼830°C. In order to tie coherently other thermal observations (xenoliths and geothermal gradient records) we chose the next values: α = 0.2, and E∗ = 550 kJ/mol.



Figure 7 shows the distribution of isotherms at 25, 50, 75, and 100 km depth. At the section 25 km depth there is a main low-value thermal anomaly (starting ∼680°C at 25 km and ending ∼780°C at 100 km) located beneath the center of the zone of study where is interrupted the present-day active volcanic arc of the NW Andes (∼75–76°W and ∼3–4°N). This anomaly maintains almost the same geometry along the four analyzed sections. Other two additional low-value thermal anomalies are in the W and NE of the study area, and may be detected only in the deeper layer. In contrast, there are two relevant high-value thermal anomalies located at NW and SE of the main low-value anomaly (starting ∼790°C at 25 km and ending ∼810°C at 100 km).


[image: image]

FIGURE 7. Estimations of the thermal structure for four of the eight slices presented in the attenuation tomography. The isotherm distribution in the volcanic arc of the Northern Andes suggests the presence of a low-intensity thermal anomaly, which matches with a zone of lack of active volcanism, also surrounded by spring water occurrences. The white square symbol corresponds to the localization of the xenoliths reported by Weber et al. (2002).



In any case, the present-day active volcanic arc looks like emplaced under a specific range of temperature for almost all sections, which may be also similar for the hydrothermal activity (see, e.g., the spring water occurrences in Figure 7). A comparable condition is found for the inactive volcanoes of the NE of the study area.

DISCUSSION

The Geometry of Isotherms and Implications

A relevant result of this work is to identify the irregular geometry of the isotherms in depth, probably associated to recent events (tectonic and/or magmatic) that have not allowed a thermal stabilization in the entire study area. Indeed, Figure 8 shows a 3D view that may detect a shallowing of the isotherms along the volcanic arc, interrupted by a cold structure (∼75–76°W and ∼3–4°N, see also in Figure 7). The temperature range of the north and south segments of the volcanic arc satisfices the description of high-temperature gases produced in-depth and proposed by Aiuppa et al. (2017). According to Errázuriz-Henao et al. (2019), all this volcanic arc is almost founded by rich-Mg# calc-alkaline intermediate volcanic material related to continental arcs, but with distinct trace element and isotopic features that could be associated with contamination by fluids and melts of diverse kinds of subducted sediments detached from the plate and raised as diapirs at distinct depths. Their approach suggests a reprocessing of refractory carbonates into the magmatic arc and propose that the geochemical variety of the magmatic arc is mostly governed by the subducted materials and their exhumation routes inside the mantle wedge. Thereby, the thermal range in the study zone is lower in contrast with other active volcanic arcs (see, e.g., Nakajima and Hasegawa, 2003).


[image: image]

FIGURE 8. 3-D view of isotherms 730°C (blue), 780°C (yellow), and 830°C (red). A video showing different views is provided as Supplementary Material. The model shows a perspective from SE, and allow to see irregular geometries of the isotherms, suggesting a recent process of thermal perturbation. Isotherms are deepening eastward, probably following the dip of the subduction of the Nazca Plate. The perspective also suggests a thermal trend similar to thrust fault-related folding geometries probably associated with recent tectonic collision processes. Some text have been included to highlights reference places. Thin continuous lines represent faults. Green circles correspond to hot springs. Triangles represent active (red) and inactive (blue) volcanoes.



Bloch et al. (2017) suggest that the mantle and crustal xenoliths of the Granatífera Tuff contain evidence of recent and likely active crustal foundering. They found that almost all of these xenoliths stabilized in the range of depth between 60–80 km, or ∼7 – 27 km underneath the seismic Moho in this area, and that probably one crustal garnet clinopyroxenite re-stabilized at depths >95 km. They also report a garnet clinopyroxenite stabilized at depths ∼150 km and both are constituent of the lithospheric material or product of the interaction among peridotite and a mobile constituents (both silicic melt and fluids) at >4 GPa. These authors mention that the garnet clinopyroxenites are not buoyant in relation to the asthenosphere, and that the occurrence of minor quantities of amphibole and orthopyroxene, joined with the lack of major-element retrograde zonation in primary phases within these xenoliths, indicates that these rocks were rapidly transported to, and briefly resided at, shallow depths before eruption. According to their Lu–Hf ages from garnets, this material is <5 Ma and approximate the time at which these xenoliths were transported to shallow depths before the eruption. They propose that a large-magnitude positive geoid anomaly and relatively low mean surface elevations indicate that the gravitationally unstable crustal root is still largely attached to the overriding crust in this part of the volcanic arc. They suggest that the lowermost crust in this region is a partial melt zone, and argue rheological weakening in the presence of melt, which has led to the foundering of relatively small parcels of gravitationally unstable crustal material. In contrast, the cold structure, which is also surrounded by spring waters, may reflect a lateral change of the mantle viscosity that prevents the continuity of the volcanic arc, or a zone where the crustal root has not reached the critical point of melting as occurred at north and south of this thermal anomaly.

We also note a deepening of isotherms from west to east, probably related to the subduction process of the Nazca slab (∼0–5°N). This phenomenon may respond to the dipper angle and velocity of subduction of this plate in contrast with the flat subducting effect that governs the Caribbean Plate and the overriding Panama Block (Vargas and Mann, 2013). The deepening of isotherms is also observed at NE. We hypothesize that the break-off process of the Caribbean Plate that probably generates the Bucaramanga seismic Nest near to this deepening of isotherms (Vargas and Mann, 2013) is associated with the process of permanent cascading thermal shear runaway described by Poli et al. (2016), and that may generate magmatic instability in depth.

Finally, we found that in some areas the isotherms abruptly change their dip and in other cases follow a trend similar to a thrust fault-related folding geometry, for instance there is a significant change in dip from West to East with a trend almost parallel to the Caldas Tear (∼79°W and ∼5°N), and an inversion of the temperature with the depth at South (∼76°W and ∼1°S). Both cases suggest a recent process of regional perturbation (collision of tectonic blocks). We hypothesize that the Panama Arc at the North, and the effect that imprints the collision of the Carnegie Ridge at the South (Idarraga-Garcia et al., 2016), are responsible for these thermal effects. In the case of the northern anomaly, it suggests a thickness of the lithospheric system that prevents a developing of the volcanic arc at the north of this latitude. In the Southern case, the effect of the collision is mainly located at the east of the present-day volcanic arc.

In any case, the range of temperatures observed in this area is relatively low (∼640° to ∼810°C), which highlights the coherence of the assumed hypothesis associating seismic attenuation with temperature. However, at south and north of the lack volcanoes area (Figure 7), coda waves attenuation increases accompanied with the presence of active volcanoes, which could be a response of available free H2O and/or hydrous minerals (Karato, 2004). This author suggests that high attenuation values may be related to high-water content, and although in this work we have not evaluated the water content, indeed this issue should be boarded in the future. Karato (2004) also mentions that in subduction areas, the attenuation observations suggest that the volcanic arcs are not only warm areas but also wet bulks. Thus, our observations related to the lateral variation of seismic attenuation, and contrasting presence of volcanic activity, thermal anomalies and water content, may suggest diverse conditions of viscosity and/or lateral changes of dip of the Nazca slab.

Uncertainties and Other Considerations

Several sources of uncertainties should be considered for proper analysis and interpretation of the results presented in this work:

1. Parameters of the formulas (5–7) play an important role in the shallowing or deepening of the isotherms. For example, taking values P-T from xenoliths as was suggested by Nakajima and Hasegawa (2003), may generate significant distortions in the thermal structure due to the wide range of emplacement conditions related to the xenoliths in the Granatífera Tuff (Weber et al., 2002). In this work, we have tried to minimize this effect by starting with a regional geothermal gradient to later fitting the observations derived from the xenoliths. However, other experimental parameters such as activation enthalpy (E∗) and the α constant could have lateral variations that would also impact the estimates.

2. Given the impossibility of using a robust dataset of direct estimates of [image: image] and [image: image], the inference of these values from [image: image] could incorporate a source of error over the entire attenuation inversion. However, we believe that any deviation of the tomography is systematic and would only affect the values of isotherms, not the general trend of the thermal structure of the study area. Thus, future works should be oriented to estimating enough [image: image] and [image: image] values to guarantee a proper cover of the study area. In that case, if multiple scattering hypothesis is incorporated, then the inversion should use a spatial approach that mapping properly the [image: image] and [image: image] anomalies (see, e.g., Del Pezzo et al., 2018).

3. Our estimations at 4Hz were a product of the availability of data and coherence with the work of Vargas et al. (2004), who evaluated for this region a broad range of values for discriminating scattering attenuation and intrinsic absorption (up to 255 of hypocentral distances; frequency band between 1–19 Hz; local magnitude between 2.9–6.0, and three windows of 0–15 s, 15–30 s, and 30–45 s for applying the MLTWA technique, Hoshiba, 1993). According to those parameters, it looks like any change of the attenuation regime due to depth, frequency band and distances were taking into account for establishing the proper empirical relations between [image: image] and [image: image], as well between [image: image] and [image: image]. However, owing to that work did not use a robust dataset, we do not discard changes in the regime underlying coda propagation inside this frequency or higher frequencies due to contribution from surface waves more than regional body waves, as was suggested in other regions (see, e.g., Mayor et al., 2016), or as consequence of lateral variations of the crustal thickness.

4. The hypothesis of attenuation anomalies associated directly with thermal anomalies used in this work discards other processes that may affect the thermal estimations. Thus, while [image: image] is a dominant process in the area (Vargas et al., 2004), the presence of fluids and their role in the thermal convection, as well as the transformation of elastic energy into other types of energy (e.g., piezoelectricity), may deviate the temperature estimates. As in the previous case, the deviation of the attenuation values is systematic and would only affect the values of isotherms, not the general trend of the thermal structure.

5. The radioactive decomposition in the crust, in contrast with the mantle, could imply a different distribution of the isotherms between these two media. Although in this work we have tried to involve only the lithospheric mantle, and perhaps the mantle wedge, the uncertainty in the geometry of the Moho and the lithosphere-asthenosphere boundary may generate potential distortions in the estimation of the isotherms.

6. The simplistic solution for linking our seismic attenuation observations and the thermal structure of the upper lithosphere in the study region may incorporate unknown parameters that restrict the validity of the assumed hypotheses. Thus, even being presented general interpretations, we do not discard limitations of the techniques and dataset used, neither the methods implemented, which could inhibit a precise identification of underlying processes. Future works should board these issues, including the proper mapping of the multiple scattering, depth-dependence of the seismic scattering, anisotropy, and depth/thickness of the main seismic discontinuities on the thermal estimations (Margerin, 2017; De Siena et al., 2017; Del Pezzo et al., 2018; Sanborn and Cormier, 2018).

CONCLUSION

We have performed a seismic attenuation spatial inversion that allowed us to infer lateral changes in the thermal structure along the northern volcanic arc of the Andes. We observe that the range of temperatures observed in this area is relatively low (∼640 to ∼810°C), which may be a consequence of the seismic attenuation spatial distribution. Thermal structure in the study area shows a shallowing of the isotherms along the volcanic arc, interrupted by a cold structure, which may reflect a lateral change of the mantle viscosity that prevents the continuity of the volcanic arc. Other interpretation rests on considering that the crustal root has not reached the critical point of melting as occurred at north and south of this thermal anomaly.

Our estimations show an irregular geometry of the isotherms in depth, probably associated with recent events that have not allowed a thermal stabilization in the entire study area. Deepening of isotherms at west is probably associated with the subduction process of the Nazca Plate (∼0–5°N). This phenomenon may respond to the dipper angle and velocity of subduction of this plate in contrast with the flat subducting effect that governs the Caribbean Plate and the overriding Panama Block. The deepening of isotherms is also observed at NE. We hypothesize that the break-off process of the Caribbean Plate that generates the Bucaramanga seismic Nest is associated with the process of the permanent cascading thermal shear runaway.

In some areas, the isotherms follow a trend similar to a thrust fault-related folding geometry. The inversion of the temperature with the depth suggests a recent process of regional perturbation (collision of tectonic blocks). We hypothesize that the Panama Arc at the North and the effect that imprint the collision of the Carnegie Ridge at the South are responsible for these thermal effects. In the case of the northern anomaly, it suggests a thickness of the lithospheric system that prevents a developing of the volcanic arc at the north of this latitude. In the southern case, the effect of the collision is mainly located at the east of the present-day volcanic arc.
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DATA SHEET S1 |
MatLab®  figure format showing different views of the isotherms 730°C (blue), 780°C (yellow), and 830°C (red). The reader may rotate, zoom for detailing features, and overlay other information to the model using MatLab.

DATA SHEET S2 |
MatLab®  data file with results of the tomographic inversion and isotherms distribution. This file contains the following variables: F, W, and M correspond to polygons of regional faults, country boundaries, and spring water occurrences, respectively. MatrizI, MatrizR, and WS, contain the spatial matrix of attenuation anomalies, RDE, and NEB, respectively (see Figure 5). XV, YV, and ZV are the spatial coordinates of the 3D cube analyzed. Tsoft550_a_020 is the 3D matrix with the estimated isotherms. vac and vin, represent the coordinates of active and inactive volcanoes in the study area.

VIDEO S1 |
Video showing different views of the isotherms 730°C (blue), 780°C (yellow), and 830°C (red). The isotherms have anomalously high values on surface, probably due to boundary effects caused by lower information density and restrictions of the inversion towards the boundaries of the cube studied. This anomalous thermal data is reported in the sake of transparency, although the reader is advised to be cautious of its interpretation, particularly in external nodes.

FOOTNOTES

1
https://www2.sgc.gov.co/sgc/sismos/Paginas/catalogo-sismico.aspx
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STATION LON(*) LAT() ALT(m)

PRA —74.8862 3.7138 457
FLO2 —75.6527 1.6827 365
NOR —74.8692 5.5635 536
BET —75.4178 2.7225 557
MAL —77.33562 4.0130 75
FLO —75.6527 1.6825 360
PAL —76.2827 4.9052 675
PTLC —74.7967 0.1705 240
ORTC —75.2462 3.9092 446
SPBC —74.0723 5.6522 799
PIZC —77.3597 4.9653 38
PUAC —76.5700 0.5498 287

Technical details of the seismological stations used in this work can be consulted
in the webpage https.//www.datos.gov.co/widgets/ sefu-3xqc.
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