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Abstract 

 

This work analyzes through field, geophysical, geochemical and geochronological data, a 

particular setting of the Southern Andes in which an extensional system is flanking the 

mountain front. This setting is represented by the Loncopué Trough, whose origin is 

discussed for this part of the Andes. This work reconstructs 3-dimenssionaly the structure 

of this basin and its evolution through time, since Jurassic times as a series of isolated 

depocenters, to Late Cretaceous-Eocene times with the construction of a positive relief that 

subsequently was relaxed through two extensional stages during the late Oligocene-early 

Miocene and the Pliocene-Quaternary respectively. The last episode of extension is 

characterized by an initial stage with a series of caldera-collapses in the latest Pliocene- 

early Quaternary. This passed to a stage of development of a broad basaltic plateau in pre- 

and inter-glacial times, circumscribed with new radiometric data to the Pleistocene. 

Quaternary products in northern and central Loncopue Trough have chemical relations that 

are intermediate between the arc front and the southern Loncopue Trough volcanic rocks 

studied in previous works. Thus, retroarc eruptions would be part of an extended arc 

configuration that goes from typical arc series in the northern part of the trough to within- 

plate series in the south.   Low elastic thicknesses computed from gravity data in this work 

correlate  with  the  area  of  retroarc  volcanic  activity.  Magnetic  data  have  allowed 

determining the Curie isotherm, showing two areas of relatively abnormal heat flow, one 

along the Loncopué Trough itself and the other in the foreland zone. This scenario is 

discussed through three main hypotheses: an occurrence linked to a slab-steepening after a 

shallow subduction in the area; co-seismic crustal stretching linked to giant earthquakes in 

the subduction zone; and, finally slab-tearing associated with asthenospheric upwelling. 
 

Keywords.  Extension, Subduction zone, Slab tearing, High heat flow, Crustal attenuation, 

Earthquakes, Neuquén Basin, Fold and thrust belt, Southern Central Andes. 
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1. Introduction 
 

The  Andes  are  considered  the  largest  orogenic  system  associated  with  subduction  of 

oceanic lithosphere. Maximum shortenings have concentrated around the Arica bend 

(18.5ºS) and then decrease more or less steadily and symmetrically towards both north and 

south defining a variable topography that reflects varying mountain roots (Figure 1) (see 

Schellart et al., 2007 for a general analysis). The Andes are in general eastwardly flanked 

by contractional systems that accommodate and accommodated shortening through the 

different deformational stages that affected the upper and lower crust beneath and east of 

the arc zone. 
 

In contrast, the Southern Central Andes (35-39ºS) (Figure 1) constitute a peculiar case in 

which neotectonic deformation has been described in several works as predominantly 

extensional for the last 5-3 Ma (Muñoz and Stern et al., 1988, 1989; Ramos and Folguera, 

2005; Kay et al., 2006; Varekamp et al., 2010; Soager et al., 2013; Rojas Vera et al., 2010, 

2014; Burd et al., 2014; Ramos et al., 2014). In these works, extensional deformation is 

defining the neotectonic deformational front associated with voluminous within-plate and 

arc-related volcanic products that sparse towards the foreland area (Figure 1). 
 

The Loncopué Trough was initially defined by Ramos (1978) in this part of the Andes as an 

elongated topographic depression, developed over 300 km between 36 and 39ºS with a 

mean width of 50 km at the western part of the Agrio and Malargüe fold and thrust belts. 

The  trough  is  located  between  the  Main  Andes,  where  the  present  volcanic  arc  is 

developed, and the Agrio-Malargüe fold and thrust belts to the east (Figure 1). Both 

boundaries of the trough are characterized by the presence of neotectonic activity affecting 

Quaternary lava flows (Rojas Vera et al. 2010, 2014; Folguera et al., 2006, 2010). 
 

Geologically, the Loncopué Trough is characterized at surface by the presence of scattered 

Quaternary monogenetic lavas, ignimbritic plateaus that are fed from centers in the Main 

Andes, and ash fall deposits whose products are interfingered with fluvio-glacial and 

lacustrine deposits. 
 

At these latitudes, convergence rates obtained from GPS measurements show a total 

displacement of the oceanic Nazca plate beneath South American in the order of 7.9 cm/yr, 

(Figure 1) (Kendrick et al., 1999). The subducted slab presently sinks with an approximate 

dip of 30º E, and with an obliqueness respect to the margin of N 70º W. However, changes 

in subduction geometry have been proposed at these latitudes during the late Miocene, 

when a shallow subduction setting (13-4 Ma) potentially occurred, evidenced by the 

eastward expansion of arc-related series (Figure 2) (Kay et al., 2006; Spagnuolo et al., 

2012; Dyhr et al., 2013; Ramos et al., 2014). In this context, Pliocene to Quaternary 

extensional  deformation  has  been  linked  in  some works  to  the reestablishment  of the 

present-steeper-subduction geometry when the arc narrowed and retracted westwards in the 

last 5-3 Ma (Muñoz and Stern, 1989; Lara et al., 2001; Folguera et al., 2006, 2009). 
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This neotectonic regime at the study area has been subject of debate in the last years. While 

several works have pointed out to the existence of an extensional regime in the Main Andes 

and adjacent foreland areas that interrupted mountain building processes some 5 Ma ago 

(Muñoz and Stern, 1988, 1989; Folguera et al. 2006; Melnick et al., 2006; Rojas Vera et al., 

2009; Folguera et al., 2010; Rojas Vera et al., 2010, 2014; Soager et al., 2013; Kay et al., 

2013; Burd et al., 2014), other works emphasize the existence of a nearly steady 

contractional setting flanking the eastern Andean foothills (Cobbold and Rossello, 2003; 

Galland et al., 2007; Cobbold et al., 2008; Messager et al., 2010). 
 

This work analyzes the surface and subsurface geology of the Loncopué Trough and their 

relation to the adjacent Agrio and Malargüe fold and thrust belts, through the construction 

of four balanced cross sections. Their temporal reconstruction to the different deformational 

stages recognized in the adjacent fold and thrust belt, shows the relationship between the 

past orogenic configurations and subsequent extensional features. Geochemical 

characteristics of Quaternary volcanic products are focused on the northern section of the 

trough, and compared to data presented in the arc front and southern part of the trough, 

where genetic conditions show to be quite contrasting. Finally, this work analyzes from 

geophysical datasets the thermal state associated with the retroarc zone. Both the Curie 

isotherm, determined from magnetic datasets, and elastic thicknesses, from gravity data, are 

calculated with the aim of identifying within the fold and thrust belt, regions with abnormal 

thermal  flow  that  are  compared  with  the  youngest  extensional  deformation.  Finally, 

different alternatives to explain extension and related magmatism at the deformational front 

of the Andes at these latitudes are discussed. 
 
 

 
2. Methods 

 

This work analyzes the exposed filling of the Loncopué Trough, performing direct 

observations and two selected radiometric determinations done at  Chilean Geological 

Survey, Santiago, Chile (Sernageomin). Additionally, major and trace element data from 

volcanic rocks of the Loncopué Trough (done at the Institute of Earth Sciences, Lausanne 

University, Switzerland ICP-MA and the Department of Earth Sciences, Rice University, 

USA), plus data recently released by Varekamp et al. (2010) at the southern part of it are 

compared with rocks from the arc front, with behind-the-front volcanics (sources as listed 

in Sellés et al., 2004, complemented with unpublished data), and with other backarc 

volcanics compiled from the literature (Muñoz and Stern, 1988; 1989; Stern et al., 1990; 

Kay et al., 2006; Jacques et al., 2013; Kay et al., 2013). We have also included for 

comparison  chemical  data  from  minor  eruptive  centers  (MEC)  at  or  right  behind  the 

volcanic front, as these represent low-degree melts from relatively dry mantle sources 

(Hickey-Vargas et al., 1989, 2002). 
 

While, surface geology, seismic and borehole data allowed reconstructing the subsurface 

structure of the Agrio fold and thrust belt, an extended Pliocene to Quaternary volcanic 

cover to the west and the lack of oil exploration in this area make not possible direct 

reconstruction  of  the  Loncopué  Trough  structure  at  depth.  However,  sedimentary 

thicknesses beneath the Pliocene-Quaternary lavas have been gravimetrically modeled up to 

8 km (Rojas Vera et al., 2010). 
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Then, four structural cross-sections across the eastern Main Andes-Loncopué Trough-Agrio 

fold and thrust belt were constructed using seismic, well, and surface geology partly shown 

in Rojas Vera et al. (2014). In this work, these structural cross-sections were balanced for 

the different extensional stages at the Early Jurassic, late Oligocene and Pliocene to 

Quaternary and additionally for the Late Cretaceous-Eocene contractional event. Taken 

advantage of the 3DMove software, these reconstructions are in this work laterally 

connected in order to visualize 3-dimensionally the development of the Loncopué Trough 

through time. 
 

Particularly, airborne and satellite magnetic data were used to calculate the Curie isotherm 

(~580ºC) from the arc front to the retroarc area, which can be related directly to the thermal 

state of the crust. Mean depths at the base of the magnetized crust were calculated from 

power-density spectra of magnetic data from the World Digital Magnetic Anomaly Map 

(Maus et al., 2007), by applying the Tanaka et al. (1999) method implemented by Ruiz and 

Introcaso (2004). The lower boundary is assumed to correspond to the Curie depth point 

(~580°C), and therefore the crustal thermal structure can be directly inferred from magnetic 

data. In order to constraint the thermal state of the crust by an independent method, the 

elastic thickness (Te) was estimated using the Bouguer anomaly. The flexural strength of 

the lithosphere was calculated using the convolution approach (Braitenberg et al., 2002) 

and a newly derived analytical solution for the 4th order differential equation that describes 

the flexure of a thin plate (Wienecke et al., 2007). This method calculates the flexure 

parameters  by  the  best  fit  of  the  observed  crust-mantle  interface  and  a  crust-mantle 

interface computed due to a flexure model. Densities used in these calculations are standard 

values already used in Folguera et al. (2012), Rojas Vera et al. (2010) and Orts et al. (2014) 

(density above sea level: 2.67 g/cm
3
; upper crustal density: 2.7 g/cm

3
; lower crustal density: 

2.9 g/cm
3
; upper mantle density: 3.3 g/cm

3
). 

 
 

 
3. Geological setting and surface geology at the Loncopué Trough 

 
 

 
The geological record of the western border of the Southern Central Andes at the latitudes 

of the Loncopué Trough is characterized by thick volcano-sedimentary sequences produced 

in two extensional stages: the early Mesozoic Neuquén Basin and the Oligo-Miocene Cura 

Mallín-Abanico Basin. Post-Pangea subduction along the Pacific border at these latitudes 

can be recognized back to the Early Jurassic, when an extensional regime was responsible 

for the opening of the Neuquén Basin. This basin has an infill that records marine 

transgressions and regressions since Early Jurassic to Late Cretaceous times that are 

developed between the arc region and the foreland area and constitute important 

decollements of the eastern fold and thrust belt (Koszlowski et al., 1993). Contrastingly, the 

Oligo-Miocene intra-arc Cura Mallín-Abanico Basin has a more restricted development 

circumscribed to the present arc zone (Figure 1) (Suárez and Emparán, 1995; Radic et al., 

2002). 
 

At least two contractional events are recognized in the Andes at these latitudes, in late Early 

Cretaceous-Eocene and late Miocene times respectively. These have been correlated with 
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two shallowing events of the Farallon and Nazca subducted plates respectively (Rapela and 

Kay, 1988; Suárez and De La Cruz, 2001; Ramos and Folguera, 2005; Kay et al., 2006; 

Spagnuolo et al., 2012; Alvarez Cerimedo et al., 2013; Rojas Vera et al., 2014). 
 

In particular, Kay et al. (2006) had recognized an expansion of the magmatic arc in late 

Miocene times (Figure 2), which they associated with a shallow subduction setting. This 

regime would have ended in Pliocene times with a gradual steepening of the Nazca plate. 

Over the western slope of the Andes, this stage has been related to the opening of the early 

Pliocene Cola de Zorro Basin (Vergara and Muñoz, 1982; Niemeyer and Muñoz, 1983; 

Folguera et al., 2006). This basin is developed over the Main Andes area between 37º and 

39ºS and is characterized by a Plio-Quaternary infill associated with 2,000 m of volcanic 

materials produced in the magmatic arc. These sections have been related to extensional 

activity based on the finding of synrift geometries related to normal faults (Folguera et al., 

2003; Melnick et al., 2006).  Thus, several works have proposed in the last years that the 

extensional regime registered in the foothills of the Southern Central Andes and associated 

retroarc volcanism (Figure 1) could be associated with the steepening of the subduction 

zone (Muñoz and Stern, 1988, 1989; Stern et al., 1990; Kay et al., 2006; Ramos and 

Folguera, 2005; Zamora Valcarce et al., 2006; Rojas Vera et al., 2010, 2014; Burd et al., 

2008, 2014; Soager et al., 2013; Kay et al., 2013). 
 

East of the Loncopué Trough, the Agrio and Malargüe fold and thrust belts are formed by 

predominant   thick-skinned   structures   and   a   narrow   eastern   zone   of   thin-skinned 

deformation (Figures 1 and 2) (Zamora Valcarce et al., 2006; Rojas Vera et al., 2014). 

Geology  at  surface  through  this  belt  comprises  Early  Jurassic  to  Early  Cretaceous 

sequences of the Neuquén Basin and late Early Cretaceous to late Miocene synorogenic 

sedimentary rocks. 
 

The Main Andes, west of the Loncopué Trough are composed of Quaternary volcanic rocks 

placed over Jurassic to Miocene intrusives and Oligo-Miocene volcaniclastic sequences of 

the Cura Mallín Basin (Suarez and Emparan, 1995; Radic 2010; Rojas Vera et al., 2014). 

This sector is characterized by peaks that reach ~4,000 m associated with Quaternary 

strato-volcanoes, such as the Copahue volcano and several Pliocene to Quaternary calderas. 

This sector is a thick-skinned west-vergent fold and thrust belt that is formed by inversion 

of Paleogene to Neogene extensional structures (Radic et al., 2002; Jordan et al., 2001; 

Rojas Vera et al., 2014). 
 

The basement of the Loncopué Trough is constituted by Early Jurassic sections that crop 

out to the west over the Chilean Andean slope. Gravity data show that these constitute 

isolated depocenters with thicknesses up to 4 km aligned through the Main Andes and 

Loncopué Trough (Rojas Vera et al., 2010).   Late Oligocene-early Miocene depocenters 

with halfgraben geometry are developed on top of the previous sections, visualized through 

seismic data, and directly exposed over the Chilean side at these latitudes since their 

inversion (Jordan et al., 2001; Melnick et al., 2006; Folguera et al., 2010; Rojas Vera et al., 

2010, 2014). 
 

The infill of the axial part of the Loncopué Trough is formed by early Pliocene sections of 

the Cola de Zorro Formation that are also exposed in the Main Andes (Figure 2). These are 

composed of Pliocene andesitic lavas and breccias, and isolated necks (Figure 3) with 
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variable thicknesses from 1,500-2,000 m to less than 400 m, locally controlled by normal 

faults (Figure 3) (Vergara and Muñoz, 1982; Pesce, 1989; Linares et al., 1999; Suárez and 

Emparán, 1997; Melnick et al., 2006). 
 

After the emplacement of the Cola de Zorro Formation, a series of calderas were developed 

in the axial part of the Andes, associated with domes and proximal ignimbritic facies 

(Figure 4) grading to distal pyroclastic deposits in the Loncopué Trough axis (Figure 5). 

The age of these sections can be circumscribed to the time of formation of the Agrio 

Caldera, whose out-flow ignimbrites were dated in around 2 Ma, located in the northern 

part of the Loncopué Trough (Figure 2) (Pesce, 1989; Mazzoni and Licitra, 2000; Linares et 

al., 1999; Melnick et al., 2006). Additionally, associated resurgent domes such as the cerro 

Bayo and Trolope have been dated in 0.6 Ma (Linares et al., 1999) that could indicate either 

a too broad and unrealistic period of the related magmatic evolution or scarcity of good age 

determinations.  To  the  south  other  calderas  are  locally  related  to  dome  activity  and 

proximal ignimbritic facies such the Nuco Pehuén caldera (Figures 2 and 4) that are 

considered synchronous to the Agrio caldera activity. 
 

In the Nuco Pehuén caldera, Quaternary resurgent activity intrudes Pliocene sections of the 

Cola de Zorro Formation (Figure 4). Lava-domes grade laterally to welded-intracaldera 

ignimbritic facies over the eastern Andean slope to poorly consolidated pyroclastic flows 

emplaced at the axial part of the trough (Figure 5). These are interfingered with fluvial and 

fluvio-glacial deposits (Figure 5) constituting reworked pyroclastic materials. Some 

pyroclastic deposits present abundant exotic-meter-sized clasts at their bases indicating 

explosive  phenomena  and  relatively  fast  emplacement.  Locally,  surge  deposits  are 

evidenced by meter-scale foresets, locally interfingered with ash fall deposits. 
 

This ignimbritic-pyroclastic episode is followed by a widespread basaltic cover, composed 

of lava flows dated in 809 + 12 Ka incised by glacial morphology at the western Loncopué 

Trough. This morphology controlled the emplacement of a younger generation of inter- 

glacial basaltic flows dated in 250 + 5 Ka (Figure 6). 
 

A younger post glacial volcanic event is circumscribed to the northern part of the Loncopué 

Trough (Figure 2). This event was initially described by Groeber (1928), who recognized 

the presence of interfingered postglacial lacustrine deposits, associated with the occurrence 

of temporal dams triggered by the concomitant volcanic activity that coexisted with the 

Mapuche community in the area (Groeber, 1928). Thus, the age of these products is 

estimated in less than 27 Ka, time of the final retirement of the glaciers from the piedmont 

area at these latitudes, up to historical times (Groeber, 1928; Dixon et al., 1999; Hermanns 

et al., 2011; Delpino and Bermúdez, 1993; Penna et al., 2011). 
 
 

 
3.1 Geochemistry of Quaternary volcanic rocks in the Loncopue Trough 

 

The Pliocene to Quaternary volcanic front, i.e. the arc volcanic activity closest to the 

trench, is defined by the alignment of large stratovolcanic edifices located in the Chilean 

slope of the main Andes, with summits that reach ~4,100 (at 35.2ºS) to ~2,400 m asl (at 

40ºS)  (Figure  7).  The  distance  between  these  volcanoes  and  the  trench  (measured 

orthogonal to its strike) varies from ~250 km to about 315 km. Eastward from the volcanic 
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front,  however,  numerous  stratovolcanoes,  monogenetic cones,  and  caldera complexes, 

some comprehended in the Loncopué Trough, extend into the Argentinean slope of the 

Andes as far as 450 km from the trench, and further into the foreland, where continental 

intraplate alkaline plateaus have erupted (Figure 7) (Kay et al., 2006, Stern et al., 1990). 

The arc affinity of the magmas erupted decreases away with distance from the trench as the 

subduction  zone  volatile  inventory  is  depleted  along  dip.  The  magmatic  affinity  thus 

changes  from  subalkaline  to  alkaline  from  west  to  east,  passing  through  series  of 

transitional character, with a general decrease in melting degree. Whereas the western 

volcanic front is a sharp, unambiguous line, the eastern limit of the area of arc volcanism is 

diffuse and subject to interpretation. 
 

The volcanic activity within the Loncopué Trough, although in a position well behind the 

volcanic front (Figure 7a), cannot be properly called back-arc magmatism because of its 

clear arc signature. Varekamp et al. (2010) sampled and analyzed lavas from the southern 

Loncopué Trough and further into its SSE extension into the area around Zapala (Figure 

7a), while new data shown in this work was placed at its northern section. The volcanic 

centers in the northern Loncopué Trough (Figure 7a) (north of about the Loncopué town) 

have chemical features typical of arc magmas, whereas further southeast, plateau lavas are 

transitional to intraplate, although still retaining some arc signature characteristics. The 

composition of Loncopué Trough magmas compares closely to arc rocks (Figure 7a). 

Typical arc signature of HFSE (high field strength element) depletion relative to LILE 

(large ion lithophile element) is illustrated in Figure 7b, where arc rocks (SiO2 ≤ 55%) 

closest to the trench display a limited range of Nb/La between 0.2 and 0.6, whereas farther 

east the range is, with a few exceptions, from 0.6 up to 1.5. Loncopué Trough lavas are well 

within the range of arc magmas, whereas lavas erupted around the Zapala area share a 

backarc composition. Loncopué Trough magmas also share the fluid mobile element 

enrichments that are also typical of subduction zone magmas. Loncopué lavas have Ba/Nb 

ratios clearly higher than backarc rocks (Figure 7c) but are among the lower bound of the 

arc domain given its distant position from the trench. Weak arc-like signatures reported on 

backarc magmas have been interpreted as the result of mantle metasomatism during flat 

subduction periods (Kay et al., 2013; Søager et al., 2013). As a result of the progressive 

dehydration of the subducted slab with depth, lower fluid fluxing to the mantle results in 

decreasing melting degrees also from west to east. Figure 7d shows a steady increase of 

Nb/Zr ratios with increasing distance from the trench, which can be interpreted as an 

eastward decrease in the mean extent of mantle melting related to decreasing subduction 

fluid fluxing. This is corroborated by the concentration of incompatible elements in mafic 

magmas, such as Nb (Figure 7e). Nb contents in arc magmas are tightly clustered at values 

below 10 ppm, with a few exceptions in low-MgO rocks, whereas backarc magmas are 

consistently above this value, and up to 170 ppm in intra-plate lavas further east (Stern et 

al., 1990). 
 

 
3.2 Structure of the western Agrio FTB and Loncopué Trough 

 

The Agrio fold and thrust belt is developed immediately to the east of the Loncopué 

Trough. Its western part is characterized by the presence of long half-wave length structures 

reaching amplitudes of 8 km. These structures are associated with inverted half-grabens 
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inherited from the opening of the Neuquén Basin (Zapata et al., 1999; Zamora Valcarce et 

al., 2006; Rojas Vera et al., 2014). 
 

This western zone exhumes Early Jurassic marine shales and sandstones of the Cuyo Group 

(Figure 2), at the core of broad anticlines. Immediately to the east, conglomerates of the 

Lotena Group associated with Early Jurassic limestones, sandstones and gypsums of La 

Manga and Auquilco Formations are exposed. These rocks constitute the main decollement 

of the Agrio fold and thrust belt, deforming the lower section of the Mendoza Group 

composed of red sandstones of the Late Jurassic Tordillo Formation and black shales of the 

Latest Jurassic-Early Cretaceous Vaca Muerta Formation. The frontal part of the big 

anticlines of the western sector exposes the Mulichinco Formation that represents a 

regressional event in the basin. Overlaying this, The Agrio Formation is developed with a 

similar distribution along the eastern part of the study area (Figure 2), characterized by the 

presence of black shales interbedded with sandstones. The easternmost part of the study 

area is characterized by outcrops of the late Early Cretaceous Rayoso Group, representing 

the last regressional event in the basin, and the Late Cretaceous Neuquén Group 

corresponding to synorogenic deposits associated with the initial exhumation of the western 

part of this belt (Tunik et al., 2010). 
 

Seismic data at the westernmost section of this fold and thrust belt show inverted Late 

Triassic-Early Jurassic half-grabens at depth, inserted at a shallower Early Cretaceous 

decollement level, with the development of thin-skinned frontal structures (Figure 2). Arc- 

related dyke-neck complexes and lava flows of 99-65 Ma (Zamora Valcarce et al., 2006) 

and  ~45  Ma  (Llambías  and  Rapela,  1989)  are  cutting  and  unconformably  covering 

structures of the western part of the Agrio fold and thrust belt (Figure 8) implying a Late 

Cretaceous to Eocene deformational age. More locally, Rodrígues et al. (2009) determined 

Late Cretaceous (~72-68 Ma), Paleocene (~61- 63Ma) and new Miocene (~19-20 Ma) 

magmatic events at the western Agrio fold and thrust belt, next to the Loncopué Trough 

(Figure 2). This last magmatic event occurred synchronously to the late Miocene 

synorogenic sedimentation in piggy-back depocenters dated in 18-14 Ma, indicating a last 

reactivation of the contractional structure (Zamora Valcarce et al., 2006). 
 

A strong topographic gradient between the Agrio FTB and the Loncopué Trough is 

associated with an array of normal faults described in Folguera et al. (2010) and Rojas Vera 

et al. (2010, 2014), coincident with a zone of magnetic and gravity gradients (Figure 9). 

This topographic step separates two areas in the reduced to the pole magnetic anomaly map 

with contrasting magnetic behaviors, with a more irregular signal over the Loncopué 

Trough, influenced by remnant magnetization of surficial volcanic and intrusive rocks 

(Rojas Vera et al., 2010), and a smoother signal over the Agrio FTB. A sedimentary 

depocenter reaching 8 km in depth is interpreted from the gravimetric inversion model as 

controlled by this set of normal faults. This implies at least 4 km of Mesozoic section at 

depth, equivalent to those values outcropping in the Agrio FTB, covered by 2 km of 

Oligocene-Miocene rocks equivalent to the ones present in the Main Andes and 2 km of 

Pliocene to Quaternary volcanic rocks (Rojas Vera et al., 2010). 
 
 

 
3.3 Temporal reconstructions of the Agrio FTB and the Loncopué Trough 
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A pseudo-3D structural model restored to Late Jurassic times shows a series of depocenters, 

delineated from gravity and seismic data that determines half-graben geometries associated 

with west-dipping normal faults (Figure 10). A second restoration step shows the paleo- 

topography by Late Cretaceous-Eocene times where the first contractional event took place. 

Here, extensional faults were selectively inverted generating thick-skinned contractional 

structures (Figure 10). This stage shows how the axial part of the Loncopué Trough 

constituted in Paleogene times a topographic high controlled by doubly verging basement 

structures. 
 

By the Oligocene - Miocene an extensional event occurred affecting the Main Andes region 

and forming a paleo-Loncopué Trough. Figure 10 shows the restoration for this period 

where the Cura Mallín Basin started to form. This event is marked by the reactivation of 

previous extensional structures, where the spatial distribution of the Oligocene-Miocene 

depocenters was partially coincident with those generated by the opening of the Early 

Neuquén Basin. 
 

During  the  late  Oligocene-Miocene   extensional  stage,  the   eastern   Loncopué  fault 

constituted the eastern boundary of the Cura Mallín Basin as was indicated by Jordan et al. 

(2001), Radic et al. (2002), and Radic (2010). By these times the western part of the Agrio 

fold and thrust belt represents the remnants of this trough, where Jurassic sections are 

exposed at the footwalls of Cenozoic normal faults (Figure 10). 
 

While, in the northern A-A' section a thicker Oligocene-Miocene depocenter is developed 

in the axial part of the Loncopué Trough, immediately to the south along the B-B' transect 

larger thicknesses are shifted to the eastern margin. Contrastingly, to the south at C-C' and 

D-D' sections, deeper Oligocene-Miocene sections are displaced to the western Loncopué 

Trough, next to the Main Andes area (Figure 10). 
 

Pliocene to Quaternary extensional event represents the final configuration of the Loncopué 

Trough (Figure 10), when the magmatic arc migrated to the west reaching the Chilean 

Andean slope. 
 

These reconstructions show how the Loncopué Trough is the result of a series of 

superimposed extensional relaxation events separated by contractional stages. At least three 

different extensional events affected the area at Jurassic times with the opening of the 

Neuquén basin, and then during Oligocene-Miocene times with the opening of the Cura 

Mallín basin, and during the Pliocene to Quaternary when the volcanic arc retracted to the 

western Main Andes. However, a contractional event has contributed to the construction of 

topography at this part of the Andes in Late Cretaceous to Eocene times, whose remnants 

are present at the Agrio FTB. The Loncopué Trough coincides with the Late Cretaceous- 

Eocene hinterland zone where the highest topography was formed and lately relaxed 

extensionally. 
 
 

 
3.4 Thermal state from the arc to the retroarc zones across the Loncopué Trough zone 

 

The computed Curie temperature depth shows two isolated anomalies where this isotherm 

is shallower (Figure 11 b): A western anomaly developed beneath the Loncopué Trough, 
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the Main Andes (arc front) and the Agrio FTB, slightly elongated in a N-direction and an 

eastern NW-oriented anomaly in the foreland area. The first anomaly is developed between 

36º and 39º S with an exact correspondence with the Loncopué Trough amplitude, while 

the eastern anomaly at the same latitudes is developed across the foreland area aligned with 

the Auca Mahuida and Payenia volcanic fields. This last anomaly coincides with the 

Mesozoic-Cenozoic  Entre  Lomas  Rift  system,  where  Cenozoic  strata  are  affected  by 

normal faults (Cristallini et al., 2006). These anomalies imply relatively higher thermal 

flows respect to other neighbor areas through the retroarc zone. 
 

The computed Moho depth calculated from the Bouguer anomaly (Figure 11 c) shows that 

the Loncopué Trough is coincident with an area of reduced Andean roots that extends 

beneath the entire Agrio FTB. Low elastic thicknesses (Te) show a good agreement with 

areas of thinned crust and high thermal anomalies inferred from the depth of the Curie point 

(Figure 11 d). Thus, the Loncopué Trough is therefore coincident with a broad thermal 

anomaly developed between 36º and 39ºS, where the Moho is attenuated and the crust 

presents a relatively low elastic thickness. 
 
 

 
4. Discussion 

 

The  Andes  at  these  latitudes  present  the  development  of  an  eastern  extensional 

deformational front represented by the Loncopué Trough developed since ~5 Ma to the 

present,  and  other  active  foreland  rift  systems  such  as  the  Entre  Lomas  Rift,  whose 

evolution is less known (Figure 12). The Loncopué Trough filling shows transitional 

characteristics between the composition of volcanoes at the arc front and within plate rocks 

at the foreland zone. This filling was accumulated through different pulses in 5-4 Ma (Cola 

de Zorro stage), 2 Ma (Agrio and Nuco Pehuén calderas), 0.8-0.3 Ma (Pleistocene volcanic 

plateau), and postglacial times associated with fissure activity, coetaneous to the shifting of 

the arc front to the western Andean slopes. 
 

Low Te values, at areas of attenuated lower crust computed from gravity data, as well as at 

areas of shallower Curie point calculated from magnetic data, coincide with the described 

volcanic activity developed in the last 5 Ma (Figure 12). This magmatic and extensional 

activity would be related to the local destabilization of Cretaceous to Eocene contractional 

structures of the fold and thrust belt and the reactivation of late Oligocene-early Miocene 

extensional structures, as structural reconstructions show. More recently Burd et al. (2014) 

have   shown   in   a   more   regional   perspective   from   magnetoteluric   data   that   two 

asthenospheric plumes would be impacting at the areas of computed higher heat flows, 

extension  and  attenuated  crust,  suggesting  that  localized  crustal  weakening  would  be 

related to mantle dynamics (Figure 12). 
 

A new tomographic model for the retroarc mantle between 30º-40ºS was carried out using 

aftershock data occurred during the 2010 Mw=8.8 Maule earthquake, revealing the detailed 

structure at the transition zone between the southern flat slab (27-33ºS) and the normal 

subduction zone to the south (Pesicek et al., 2012). In this model, a steeper relict of the 

subducted slab between ~200-100 km depth is visualized south of 38ºS, disconnected from 

the active subducted slab located above (Figure 13a). North of 37ºS, the seismogenic 
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subduction zone shows continuity with the area of fast seismic velocities interpreted as part 

of the subducted slab beneath 150 km. Pesicek et al. (2012) described the transition zone 

between the moderately dipping slab in the north (~37ºS) and the steeply dipping slab to the 

south (~39ºS) as interrupted by an asthenospheric window linked to a vertical tear in the 

subducted slab. The latitudinal extent of the Loncopué Trough coincides with this 

asthenospheric window (Figure 13b), south of the slab tear, described from seismic 

tomographic data, as well as with the area of attenuated crust computed from gravity data 

(Figure 13c). 
 

A simple calculation made by Pesicek et al. (2012) allows inferring time of development of 

the slab tearing and asthenospheric window some 5-3 My ago. This time was determined 

considering the longitude of the seismogenic zone south of 38ºS and present convergence 

rates between Nazca and South American plates. Thus, the asthenospheric window opened 

during slab tearing would be closing partially in the last 5-3 Ma after its development. This 

time lapse is coincident with the age of formation of the Loncopué Trough based on the 

recognition and dating of its initial filling. 
 

The 2010 Mw=8.8 Maule earthquake has opened new hypotheses in relation to the present 

strain setting of the Southern Andes. This earthquake occurs along the southern limb of the 

Maipo Orocline, which shows clockwise rotation between 33º and 38ºS during Neogene 

times (Arriagada et al., 2013). Tong et al. (2010) using interferograms (ascending and 

descending) in conjunction with GPS data, coseismic slip models and geodetic inversion 

models characterized the rupture area of this earthquake.    The GPS velocity field released 

by Tong et al. (2010) and Pollitz et al. (2011) allow computing maximum slips above the 

rupture zone in the order of 19-9 m at a depth of 15-25 km (Figure 14a). Surficial 

displacements in the western Loncopué Trough next to the arc zone are in the order of 12- 

8.9 cm. Further to the west, over the Pacific coast a total displacement of 303.9 cm to the 

west is measured with more than 1 m of vertical uplift (Farías et al., 2011). The difference 

between both horizontal displacements was tentatively linked to an extensional strain field 

developed between the coast and the arc zone (Brooks et al., 2010; Pollitz et al. 2011). In 

this sense, Farías et al. (2011) recorded a series of aftershocks (6.9-7 Mw) over the northern 

part of the Maule rupture zone in March 2011 in the Coastal Cordillera (Figure 14a), 

associated with a focal mechanism describing a normal fault plane (Figure 14b).  Lately, 

Aaron et al. (2013) and Arriagada et al. (2011) show direct field evidence of extensional 

and compressional minor faults associated with coseismic displacements. In particular, 

Arriagada et al. (2011) described extensional faults in the forearc region with NNW and 

NNE  strikes  related  to  the  Maule  main  event,  in  conjunction  with  minor  structures 

(fractures and cracks) that yielded maximum horizontal and vertical displacements of 5 to 

60 cm. Pritchard et al. (2013) using InSar data recognized post-seismic deflation processes 

tentatively related to degasification phenomena triggered by the Maule earthquake in a 

series of volcanic centers along the arc zone. Coseismic Coulomb stress increments 

calculated by Aaron et al. (2013) allow predicting the strike of the potential normal faults 

triggered by the Maule earthquake. In this model, N-trending normal faults between 37ºS 

and 38ºS next to the international boundary over the Main Andes appear as the most 

probable structures to accommodate extension. Thus, reactivation of normal faults next to 

the drainage divide area, a similar longitudinal position than the Loncopué Trough, could 

be potentially related to this process, at least partially. 
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5. Conclusions 
 

The Loncopué Trough is a 300 km elongated depression filled by 2,000 meters of 

synextensional volcano-sedimentary successions. This trough has a Paleogene evolution 

that created most of the structures that were reactivated in subsequent stages. Its last stage 

of development starts with early Pliocene volcanic rocks that show wedge-like depocenters 

forming a continuous lava plateau. This is followed by 2.6-2 Ma silicic volcanic sections 

formed by ignimbrites and distal pyroclastic flows associated with a series of caldera- 

collapses, east of the arc front. Then 800 to 300 Ka lava flows have coexisted with glacial 

activity affecting the western section of the trough and finally postglacial products have 

developed  most  probably  up  to  historical  times.  Chemistry  shows  transitional 

characteristics from typical arc-related products at its northern and westernmost section to 

within-plate series at the southern part, east of the present arc front. The easternmost 

structures bounding the axial low constitute more likely extensional reactivations of Late 

Cretaceous to Eocene contractional structures and late Oligocene to early Miocene 

extensional structures associated with the western Agrio fold and thrust belt as structural, 

magnetic and gravimetric data indicate. The Pliocene to Quaternary extensional stage 

coincides with a relative attenuation of the lower crust, previously recognized at ~39ºS by 

receiver function surveys and in this work from inversion of gravity data. These areas 

coincide with low elastic thicknesses computed from gravity data with relatively high heat 

flows calculated from magnetic data. The Entre Lomas Rift system located further east in 

the foreland region, with extensional activity in Late Cenozoic times, shares a low elastic 

thickness, relatively high heat flow and a shallower Moho depth, which suggests that the 

characteristics determined for the Loncopué Trough could be extended, as more than one 

single rift branch across the retroarc zone. 
 

The origin of these extensional depocenters were recently attributed to two main factors: i) 

steepening of the subduction zone in the 5-3 Ma period, indirectly evidenced by the 

westward movement of the arc front at that time and ii) co- and postseismic crustal 

stretching associated with giant subduction-related earthquakes. However, recent seismic 

tomographies allow relating lower crustal attenuation, higher heat flows and upper crustal 

extension to tearing of the subducted Nazca plate at depth (Figure 15). In these models, 

geometry of the asthenospheric window coincides accurately with the area occupied by 

retroarc volcanic eruptions and tectonic activity of the Loncopué Trough suggesting a 

strong linkage. 
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Figure Captions 

 

Figure 1. Study area at the retroarc zone of the Southern Central Andes.  Rupture zones of 

the  large  Maule  (2010)  and  Valdivia  (1960)  earthquakes,  as  well  as  other  minor 

earthquakes, indicated by black dashed lines (after Ruegg et al., 2009). Quaternary retroarc 

volcanism, shown as grey areas, and location of the Loncopué Trough on it. Black dashed 

lines correspond to Mesozoic to Cenozoic basins in the area. 

 
Figure 2. Geological map of the Loncopué Trough and neighbor western Agrio fold and 

thrust   belt   (see   location   in   a   more   general   perspective   in   figure   1).   Structural 

reconstructions done in this work are indicated as A-A´, B-B´, C-C´, and D-D´ transects 

shown in figure 10. 

 

Figure 3. Early Pliocene outcrops of the Cola de Zorro Formation over the the Agrio 

Caldera that shows wedge-like geometries. 
 

Figure 4. Pliocene to Quaternary domes and ignimbrites associated with the Nuco-Pehuen 

caldera formation (see Figure 2 for location). 
 

Figure 5. Distal pyroclastic flows and associated reworked materials over the axial part of 

the Loncopué Trough covering Pliocene rocks. 
 

Figure 6. a) Aerial view of the Loncopué Trough (continuous white and dashed black lines 

represent normal faults recognized in previous works bounding the eastern and western 

Loncopué Trough respectively; see text for further details). Note to the west the presence of 

the arc front represented by the Callaqui, Copahue and Nevados de Chillán volcanoes and 

immediately to the east the Agrio and Nuco Pehuén calderas over the western Loncopué 

Trough. Even further to the east, the axial part of the trough is dominated by lava flows that 

are covering pyroclastic deposits. Ar-Ar ages of these flows indicate an 800 to 300 Ka 

period of emplacement (radiometric ages performed in the Servicio Nacional de Geología y 

Minería de Chile). To the east, the western part of the Agrio fold and thrust belt where 

Mesozoic sections are exposed is observed. b and c) 
40

Ar/
39

Ar ages obtained for samples B- 

4 and -9 respectively whose position is indicated in (a). 

 
Figure 7.  a) Analyzed samples through the arc front and adjacent Loncopué Trough (the 

red circles in the northern Loncopué Trough are the new samples analyzed in this work) 

(coordinates of samples of this work are given in table 1). Comparison of basalts and 

basaltic andesites (SiO2≤55%) across the Southern Central Andes, as a function of distance 

from the trench (b, c, and d). Nb contents as a function of MgO showing arc rocks mostly 

with Nb<10 ppm and backarc rocks up to 50 ppm. Arc minor eruptive centers (MEC) also 

shown for comparison. 
 

Figure 8. A) Aerial view of the Agrio fold and thrust belt and the Loncopué Trough to the 

west. Long wave-length structures at the western Agrio fold and thrust belt are the result of 

tectonic inversion of Late Triassic to Early Jurassic halfgrabens at depth. Jcu: Jurassic Cuyo 

Group,  Jto: Jurassic Tordillo  Formation,  Jvm: Jurassic Vaca Muerta Formation,  Kmu: 

Cretaceous Mulichinco Formation, Tci: Tertiary intrusives, Qtv: Quaternary volcanic rocks 

(see Figure 4 for details). B) Structure of the Agrio fold and thrust belt at the Cerro Mocho 

area: Jvm: Jurassic Vaca Muerta Formation, Kmu: Cretaceous Mulichinco Formation, Kla: 

Cretaceous Agrio Formation, Tci: Tertary intrusives, Qtv1 and Qtv2: Quaternary volcanic 

rocks. 
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Figure 9. 3D representation showing the relation between topography, reduced to the pole 

magnetic anomaly and gravity inversion model that represents the basement topography at 

depth (Rojas Vera et al. 2010, 2014). Note that the eastern fault system of the Loncopué 

Trough can be recognized as strong lateral gradients in magnetic and gravity data. 

 
Figure 10. 3D structural model of the Loncopué Trough and Agrio fold and thrust belt areas 

through time. a) Restoration to the Late Jurassic sag phase of the Neuquén Basin. Note the 

location of the Jurassic half-graben depocenters in the western Agrio fold and thrust belt 

and  the  Loncopué  Trough  area  (fault  planes  are  indicated  as  grey  planes).  b)  Late 

Cretaceous restoration coinciding with the first compressive stage, where the contractional 

structure is the result of the inversion of previous extensional structures. c) 3D structural 

restoration to late Oligocene-early Miocene times, during the opening of the Cura Mallín 

Basin in the Loncopué Trough. Note that extensional faulting affects the Late Cretaceous- 

Eocene topography inducing its lateral relaxation beneath Paleogene sedimentary sections. 

d) Pliocene to Quaternary extensional stage that defines the present morphology of the 

trough (main fault planes are marked in grey). See location of transects in Figure 2. 

 
Figure 11. a) SRTM 90 x 90 DEM of the study area, where the Loncopué Trough is 

outlined with a rectangle and the arc front with a dashed line. b) Curie temperature depth in 

kilometers calculated from magnetic data, corresponding to the 573ºC isotherm. Note two 

areas where the Curie isotherm is anomalously shallow beneath the Loncopue Trough and 

the Entre Lomas Rift where extension is registered in Late Cenozoic times (Cristallini et al., 

2006). c) Moho depth calculated from gravity data. Note how the Loncopue Trough 

coincides with the area of an attenuated Moho. d) Elastic effective thickness calculated 

from gravity data, where low values coincide with areas of relatively high heat flow 

evidenced by a shallower Curie point. 

 
Figure 12. 3D block diagram showing the relation between topography (with main rift 

systems represented such as Loncopué, Entre Lomas and Huincul), asthenospheric plumes 

described by Burd et al. (2014) from magnetotelluric data, Curie temperature depth, Moho 

topography and effective elastic thickness (Te). Note that the thermal anomaly determined 

beneath the Loncopué Trough is coincident with an attenuated Moho, and an area of low 

elastic thicknesses.  Similarly, the Entre Lomas Rift coincides with an area of lower crustal 

attenuation, low elastic thicknesses and high thermal flux revealed from a shallower Curie 

isotherm. 
 

Figure 13. a) Vs vertical-slice tomographies between 37 and 39ºS at the study area (Pesicek 

et al., 2012) where a slab tearing has been described for the lapse 5-3 Ma. Note that the 

lower crustal attenuation zone described by Yuan et al. (2006) beneath the Loncopué 

Trough coincides at surface with the area of slab tearing. b) Subducted slab depth contours 

according to Pesicek et al., (2012) interrupted by the slab tearing that determines the 

development of an asthenospheric window beneath 38ºS, coincident with the northern limit 

of the Loncopué Trough; c) Moho depth contours determined from inversion of gravity 

data that show the attenuation of the lower crust above the asthenospheric window south of 

the area of slab tear. 

 
Figure 14. a) Interferogram (Tong et al., 2010) and aftershocks associated with the Maule 

earthquake, superimposed to coseismic displacements measured from GPS data. Note a 

strong velocity gradient from 7-8 cm in the western retroarc zone to more than 3 m at the 

Pacific coastal zone. Black lines indicate normal faults produced during coseismic 

displacements (Aaron et al., 2013). White and thick-dashed line represents the easternmost 
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position of the magmatic arc during late Miocene times, which has led to the proposal of a 

shallow subduction setting in the area (see text for further details); b) aftershocks associated 

with the development of the extensional fault developed in the Pichilemu region in the 

Chilean forearc and the related Maule rupture zone (see focal mechanism) (NEIC catalog, 

USGS 2012). 
 

Figure 15. Shuttle topography over the NEIC-USGS seismic catalog plotted in a 3D 

perspective. Note the transition of the seismogenic zone that illuminates the subducted slab 

from flat in the north to steeper in the south and the location of the tearing proposed by 

Pesicek et al. (2012). Note also how this tearing coincides with the area of development of 

the Loncopué Trough at surface. 

 

Table 1. Major and trace element composition of samples collected in this study from the 

northern Loncopué Trough  (Major and trace XRF analyses were done at the Institute of Earth 

Sciences, Lausanne University, Switzerland; ICP-MS trace elements were analyzed at the 

Department of Earth Sciences, Rice University, USA). 
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Table 1 

 
Sample FOL-42 FOL-43 FOL-47 FOL-48 NE06 NE05 FOL-53 NE04 FOL-44 

FOL-
CENT 

 
Lithology 

Ol+cpx 
basalt 

Ol+cpx 
basalt 

Ol+2px 
bas. 

andesite 
2px-ol 

andesite 
2px-ol 

andesite 
Ol+cpx 
basalt 

Ol+cpx 
basalt 

2px 
andesite 

2px 
andesite 

Opx 
andesite 

 
Lat (°S) 37.691 37.709 37.708 37.369 37.328 37.011 37.197 36.933 37.664 37.128 

 
Long (°W) 70.620 70.756 70.833 70.683 70.734 70.810 70.755 70.917 70.900 70.826 

X
R

F 
m

aj
o

r 
e

le
m

en
ts

 (
w

t%
) 

SiO2 49.03 50.75 53.48 55.41 60.41 52.74 52.79 55.63 58.52 59.14 

TiO2 1.39 1.37 1.23 1.29 1.40 1.04 0.95 0.92 0.87 0.99 

Al2O3 17.85 17.33 17.89 17.72 15.77 18.78 17.78 17.51 18.43 17.91 

Fe2O3 9.42 9.11 8.81 8.75 7.54 9.17 9.20 7.80 7.67 7.16 

MnO 0.15 0.13 0.13 0.15 0.11 0.17 0.15 0.14 0.14 0.15 

MgO 5.37 5.19 4.48 3.36 1.72 4.97 6.26 3.54 2.31 1.72 

CaO 8.61 7.54 7.61 6.84 4.49 8.85 8.27 7.33 6.18 5.03 

Na2O 3.23 3.38 3.35 3.34 3.84 2.97 2.61 3.27 3.61 4.71 

K2O 1.34 1.59 1.82 1.98 2.98 0.93 1.06 1.37 1.65 1.54 

P2O5 0.15 0.17 0.11 0.25 0.22 0.20 0.12 0.10 0.18 0.33 

LOI 0.17 -0.10 0.65 0.47 0.38 0.14 0.29 0.27 0.38 0.52 

Cr2O3 0.03 0.02 0.02 0.01 
 

0.02 0.03 0.01 
  NiO 0.01 0.01 0.01 

  
0.01 0.01 

   Sum 96.76 96.49 99.59 99.57 98.86 99.98 99.52 97.88 99.93 99.20 

            

X
R

F 
tr

ac
e 

el
em

en
ts

 (
p

p
m

) 

Nb 9.6 11.4 10.8 10.0 11.8 5.5 4.0 5.1 5.0 8.6 

Zr 141 208 259 264 352 101 99 138 152 231 

Y 30.5 23.6 33.0 36.4 35.8 19.6 22.4 19.6 24.7 27.2 

Sr 704 680 605 489 312 459 521 492 557 542 

Rb 25.0 33.8 47.0 58.6 98.4 17.0 22.6 34.8 33.4 24.4 
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Th 4 6 9 8 11 4 5 5 6 4 

Pb 5 10 11 12 15 5 10 9 6 5 

Ga 20 20 20 21 20 20 18 20 17 21 

Zn 74 79 73 85 69 65 70 72 49 86 

Ni 84 71 54 26 6 56 73 18 <2 <2 

Cr 176 129 107 33 4 114 209 46 3 <2 

V 206 177 160 168 140 169 184 153 105 44 

Ce 37 41 61 45 55 14 38 36 37 50 

Ba 377 390 548 481 570 258 260 395 404 460 

La 24 27 39 24 39 8 9 <4< 13 28 

            

IC
P

-M
S 

tr
ac

e 
e

le
m

en
ts

 (
p

p
m

) 

La 
   

25.51 27.32 
   

16.28 22.34 

Ce 
   

56.23 63.60 
   

33.57 52.10 

Pr 
   

7.51 8.08 
   

4.32 7.11 

Nd 
   

33.04 34.63 
   

18.78 32.33 

Sm 
   

7.47 7.72 
   

4.33 7.23 

Eu 
   

1.83 1.79 
   

1.45 2.24 

Tb 
   

1.13 1.15 
   

0.69 1.01 

Gd 
   

7.45 7.47 
   

4.39 6.79 

Dy 
   

6.49 6.63 
   

4.17 5.49 

Ho 
   

1.29 1.30 
   

0.87 0.97 

Er 
   

3.64 3.69 
   

2.58 2.66 

Tm 
   

0.53 0.54 
   

0.39 0.38 

Yb 
   

3.38 3.44 
   

2.50 2.45 

Lu 
   

0.51 0.51 
   

0.39 0.36 

Hf 
   

6.22 8.25 
   

3.23 4.82 

Ta 
   

0.617 0.642 
   

0.309 0.278 

U 
   

2.13 2.93 
   

1.29 0.85 
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