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Abstract 

 Isotopic analyses of zircons from the Brealito basin, Northwestern Argentina, are 

combined with new field observations to elucidate the tectonic architecture of the Andean 

Eastern Cordillera.  The basin is delineated by the local extent of the Pirgua Sub-group, 

composed of clastic sediments deposited during a Cretaceous episode of intra-cratonic 

extension known as the Salta Rift.  The intrusion of the Famatina Arc into the Pampean 

Puncoviscana Formation is exposed in the footwalls of the rift graben.  Contact 

metamorphic features are present around the Brealito and Angostura Plutons, in the 

southern Cachi Range, and in a zone of mixing and assimilation between country rock 

and the Famatina Batholith at the southern end of the Valle Luracatao.  Uranium-lead 

ages obtained by LA -MC-ICPMS of zircons from Famatina plutonic rocks show a trend of 

eastward-younging emplacement during the Ocloyic Orogeny.  Uranium-thorium-helium 

ages from the same zircons indicate a period of exhumation in the Carboniferous, 

consistent with the Acadian-equivalent Chànica Orogeny, and zircons with high uranium 

concentrations record Salta Rift extension in the early Cretaceous.  Field observations of 

conglomerate units and U-Pb ages of detrital zircons from the Pirgua Subgroup indicate 

that Cretaceous syn-rift sediments were almost entirely derived from Famatina-related 

plutonic rocks to the west of the basin, with an additional component from the 

Puncoviscana Formation.  Compared to the nearby Angostaco and Pucara basins, there is 

relatively little storage of Neogene sediments in the Brealito basin, and uranium-thorium-
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helium ages from detrital zircons in the Pirgua have not been reset.  These data suggest 

that the Brealito basin did not experience significant reburial during the Andean Orogeny, 

but was rapidly incorporated into the modern cordillera as an intermontane basin, 

bypassed by foredeep sedimentation.  This long history of localized deformation suggests 

that the Brealito basin is the location of a crustal-scale heterogeneity that has controlled 

regional structures throughout the Phanerozoic. 

Keywords:  U-Pb geochronology, zircon helium, Pirgua, Salta Rift 
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1. Introduction – Geologic Setting 

Between 23° south latitude and 26° south latitude, deformation in the Andean 

Cordillera and adjacent foreland is characterized by the presence of steep, eastward-

dipping thrust faults carrying Mesozoic conglomerate deposits in their hanging walls.  

This distinctive zone is commonly known as the Santa Barbara orogenic system, after the 

range of backthrust-dominated mountains that break the Andean foreland in northern 

Argentina.  Analysis of fault geometries, hanging wall stratigraphy, and seismic imaging 

from the distal foreland has led to the paleogeographic reconstruction of the intra-cratonic 

Salta Rift (Figure 1), which comprises a series of Cretaceous extensional basins 

approximately coeval with the opening of the South Atlantic Ocean, radiating from a 

paleo-high near the provincial capital of Salta (Salfity and Marquillas, 1994).  The 

distinctive structural style of the Santa Barbara orogenic system results from reactivation 

and inversion of Salta Rift normal faults as high-angle reverse faults during modern 

Andean shortening (Carrera and Munoz, 2008). 

 Syn-rift sediments crop out in the Eastern Cordillera, where the basins are filled 

by the Salta Group, a thick (>5 km) sequence of upward-fining Cretaceous sediments that 

record extension and a period of thermal subsidence which followed crustal thinning.  

Coarse basal conglomerates and syn-rift clastic facies of the Pirgua Subgroup are overlain 

by sandstones and shallow-water carbonates of the Maastrichtian-Paleocene early post-

rift Balbuena Subgroup, and by the sand- and mudstones of the late post-rift Santa 

Barbara Subgroup (Salfity and Marquillas, 1988).  Typically, Salta Rift basins can be 

identified wherever this sequence is inverted above basement rocks, and in particular 

where the massive conglomerates of the basal Pirgua are found in the hanging wall of 
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steeply dipping reverse faults.  Though there are some rift-related volcanic rocks (Galliski 

and Viramonte, 1987), they are not widely distributed.  The general paucity of tuffaceous 

material, also, has frustrated attempts at basin geochronology; existing age constraints are 

from biostratigraphic data (Marquillas et al., 2005). 

The western-most known basin of the Salta Rift – the Brealito basin – is now an 

intermontane basin in the Andean Eastern Cordillera between 25°-26° south latitude and 

65°-66° west longitude, adjacent to the internally-drained Puna Plateau.  The basin is 

delineated by the local extent of the Pirgua Subgroup, unroofed and exposed by Andean 

structural inversion.  In the southern half of the basin, Pirgua sediments lie in a broad 

syncline astride the regional intrusive contact between an Ordovician batholith and the 

Puncoviscana Formation, a thick sequence of Cambrian meta-sedimentary basement 

rocks (Figure 2).  In the northern basin, Pirgua rocks are folded in a steep syncline atop 

the Cambrian metasedimentary basement, adjacent to the Brealito pluton.  The entire 

basin, and the Cachi Range immediately to the north, has been uplifted and exposed by 

east-dipping inverted normal faults that lie sub-parallel to the deformation front of the 

modern Andes (Carrera et al., 2006).  Outcrops of the Neogene Payogastilla Group (Grier 

and Dallmeyer, 1990) cover Pirgua and the basement at the southern end of the study 

area.   

2. Methods 

Prior to sample collection, new field mapping was undertaken to define the 

location, orientation, and vergence of major structural features, to elucidate the contacts 

between basement rocks, and to observe facies relationships within the Pirgua Subgroup.  

Key areas were mapped at 1:50,000 scale, and compiled with existing map data from 
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previous workers (cf. Hongn and Seggiaro, 2001).  A simplified version of this map is 

shown in Figure 2. 

During reconnaissance of the field area, two samples of the medium- to coarse-

grained Pirgua Subgroup were collected for uranium-lead dating of detrital zircons.  

Sample 08JA06 was collected from the basal Pirgua Subgroup where it rests on the 

Cambrian metasedimentary Puncoviscana Formation, four kilometers west of the town of 

Molinos.  Sample 08JA06B was collected ~100 meters above the depositional contact of 

the Pirgua Subgroup on the Brealito pluton, two kilometers south of the village of 

Brealito.  Samples from the plutonic rocks of the Brealito pluton at Cerro Arcaguay, the 

Cachi Range, and the Angostura Granite near Cerro Rumio were collected in conjunction 

with structural mapping.  Meta-igneous samples of plutonic rocks affected by ductile 

shear and/or intense pegmatization were collected from the Colome block, and from 

Quebrada Aguadita. 

 All samples were processed by standard methods for separating zircons.  U-Pb 

analysis was conducted by laser-ablation multicollector inductively-coupled-plasma mass 

spectrometry (LA -MC-ICPMS) at the University of Arizona LaserChron Center, using 

methods and data analysis procedures described by Gehrels et al. (2008).  Only isotopic 

data of acceptable discordance, in-run fractionation, and precision are considered further.  

Normalized probability distribution diagrams of U-Pb age analyses were generated for 

detrital samples, for comparison and identification with potential source terranes (as in 

Dickinson and Gehrels, 2003).  Three or four zircon grains with optimum U-Pb 

concordance and precision were selected from each sample for analysis by (U-Th)/He at 

the Arizona Radiogenic Helium Dating Laboratory.  Zircons were removed from the 
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polished epoxy LA-MC-ICPMS mounts, cleaned of epoxy residue, and loaded individually 

into niobium foil tubes.  Single-grain aliquots were subsequently heated and degassed in 

vacuo by an Nd:YAG laser.  Helium was cryogenically concentrated, purified, and 

measured by isotope dilution with a 3He spike in a quadrupole mass spectrometer.  

Subsequently, uranium and thorium in each grain were measured in solution by ICPMS.  

Analytical procedures are described in detail in Reiners et al. (2004) and Reiners and 

Nicolescu (2006), and standard alpha ejection corrections (Farley et al., 1996) were 

applied to each grain. 

3. Results 

3.1 U-Pb Results  

The reported ages of igneous samples, shown in Figure 3, are determined from the 

weighted mean of the 206Pb/238U ages of the concordant and overlapping analyses.  Grains 

with anomalously older ages were interpreted to represent inherited material, and were 

excluded from the weighted average.  All ages are Early and Middle Ordovician, ranging 

between 491 Ma and 464 Ma.  (The complete data table for igneous samples is given in 

Appendix A.)  These results are consistent with U-Pb monazite ages found by previous 

workers (Lork and Bahlburg, 1993), and the generally accepted interpretation that these 

igneous bodies were emplaced during the Ordovician Ocloyic Orogeny, well recognized 

in the Sierras Pampeanas (Hongn and Riller, 2007). 

Most samples show at least some inherited ages, including several zircon cores of 

Paleo-Proterozoic age and many of Neo-Proterozoic Grenville and Pampean ages (Figure 

4; cf. Ramos, 2008).  As these ages are very similar to the age range of detrital zircons in 

the Puncoviscana Formation (Adams et al., 2008) into which these plutons intrude, they 
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are likely the product of assimilation between the plutons and the surrounding country 

rock.  Nevertheless, in all samples it is possible to identify a coherent group of young 

ages, unaffected by inheritance, that define the ultimate stage of pluton crystallization.  

Several of the samples show evidence of multi-stage emplacement and cooling probably 

unrelated to assimilation, which can be tentatively identified by performing an 

“unmixing” deconvolution operation on Gaussian age distributions (after Sambridge and 

Compston, 1994).  Deconvolution of age data from the Cachi Range sample shows 

coherent groups in the age results at approximately 483 Ma, 470 Ma, and 452 Ma.  

Similarly, the Angostura Granite near Cerro Rumio has coherent age groups at both 476 

Ma and 452 Ma. 

Detrital zircon ages from both samples of Pirgua are combined and plotted 

together on a relative age-probability diagram in Figure 5.  There are small components 

of Archaean, Paleo- and Meso-Proterozoic ages, significant Grenville and Pampean 

components, and a very strong Ordovician peak.  In general the Pampean and older ages 

are similar to published ages of the Puncoviscana Formation (Adams et al., 2008), and 

the distinct peak in the Early Ordovician is consistent with the ages of the local plutons.  

The complete data table for detrital samples is given in Appendix B. 

3.2 (U-Th)/He Results 

Corrected helium ages fall between ~ 450 Ma and ~ 100 Ma.  In general, there is 

an inverse correlation between helium ages and effective uranium (eU), which expresses 

the total α activity of all radioactive elements in a crystal as a concentration of uranium 

(Gastil et al., 1967).  This relationship stands out clearly on Figure 6.  Despite very low 

Th/U ratios observed in some aliquots during both U-Pb and (U-Th)/He analysis, there is 
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no correlation between helium cooling age and the Th/U ratios of a given sample or 

aliquot.  With the exception of detrital zircons from sample Pirgua I, aliquots with an eU 

of less than 500 ppm show an apparently random distribution of Paleozoic cooling ages, 

and samples do not fall into coherent age clusters.  Aliquots with high estimated eU show 

a general trend of cooling in late Jurassic and Cretaceous time.  The complete table of (U-

Th)/He data is given in Appendix C. 

 Also interesting are results from sample Pirgua I, collected from the Pirgua 

Subgroup in the southern Brealito basin.  Aliquots analyzed from this sample all have eU 

< 500 ppm, and are dominated by zircons with relatively old U-Pb ages.  The weighted 

mean of aliquot cooling ages is 329 ± 15, reliably dating the cooling of this sample to the 

Carboniferous Period. 

4. Discussion 

4.1 Field Relationships 

 Where exposed, the contact between plutonic rocks and meta-sedimentary 

basement is clearly intrusive.  Contact metamorphic features are present around the 

Brealito and Angostura plutons, and in the southern Cachi Range, where mineral textures 

show progressive growth and metasomatism close to the plutons.  In addition, a broad (> 

1 km) zone of mixing and assimilation between country rock and the batholith is exposed 

at the southern end of the Valle Luracatao (Figure 7). 

 The batholith and adjacent plutonic blocks show a distinct ductile shear fabric, 

striking NW-SE, subvertical, and exposed at the range front in the southern Valle 

Luracatao (Figure 8).  Rotated feldspar porphyroclasts are common, and S- and C-fabrics 

may be discerned in the orthogneiss, indicating a left-lateral sense of shear.  The fabric 
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gives rise to a prominent, sub-vertical joint plane that can be recognized in air photos and 

satellite images.  The shear fabrics and joint planes are cut by reverse faults near 

Quebrada Aguadita. 

 Pirgua Subgroup sediments fine upwards and eastward away from the batholith.  

Adjacent to the batholith, Pirgua conglomerates are massive, consolidated talus deposits, 

uniformly derived from the plutonic rocks (Figure 9).  The bottom of the section further 

into the middle of the basin shows normally-graded conglomerates deposited by 

confined-channel flows, commonly > 5 meters thick.  These deposits are overlain by 

stacked fluvial sandstones in which trough cross-bedding, overbank deposits, and root 

casts are common (Figure 10).  Interbedded mudstones become more common further 

upsection. 

4.2 Igneous U-Pb Ages 

 U-Pb ages from igneous rocks indicate an episodic and eastward-younging trend 

of magma emplacement.  The oldest age, 490.8 ± 2.7 Ma, comes from undeformed rocks 

of the batholith along the western edge of the study area.  These rocks are widely 

recognized as the Famatina-related Faja Eruptiva de la Puna, an enormous (several 

hundred kilometers long) complex of plutons produced by eastward-subduction (Toselli 

et al., 2002).  Famatina-related igneous rocks are variably dated by K-Ar and U-Pb 

(monazite) as Middle to Late Ordovician in age (Rapela, et al., 1992), using the timescale 

of Ogg et al. (2008).  The present data unequivocally extend the crystallization age of the 

batholith into the Early Ordovician.  A suite of U-Pb ages close to 470 Ma define a 

second episode of magmatic emplacement, which crops out as a chain of plutons 

intruding the Puncoviscana Formation along a NNW-SSE trend.  A small population of 



12 

these ages is also present within the sample from the main batholith, where small (< 30 

cm wide) dikes cross-cut exposures of the undeformed granitoid near Quebrada Aguadita, 

suggesting that magmatism continued throughout the basin, even as the main locus 

shifted east.  Both the Angostura pluton and the granitic rocks sampled in the Cachi 

Range have small populations of 452.1 Ma.  These ages suggest a late magmatic episode 

that locally produced a limited volume of material east of the Faja Eruptiva, tens of 

millions of years after the emplacement of the main batholith. 

The chain of individual plutons with U-Pb dates around 475 Ma, apparently 

following the cessation of batholith growth, suggests that there was a fundamental change 

in the tectonic regime.  On the basis of shear fabrics near the margin of these plutons, 

Hongn and Riller (2007) attribute the geometry of pluton emplacement to a 

transpressional tectonic regime that experienced simultaneous orogen-parallel extension.  

They envision enormous en echelon tension gashes in the mid- and upper crust, 

accommodated by prominent ductile shear zones.  The present age data further support 

their hypothesis, as does the observation of low-grade metamorphic assemblages in the 

contact aureoles of the Cachi Range and Brealito plutons, which suggest relatively 

shallow emplacement and low levels of magmatic volatile fluids.   

4.3 Provenance 

 Clast counts of conglomeratic layers within the Pirgua Subgroup indicate that 

there is a difference in provenance between the northern and southern halves of the basin.  

The western synclinal limb of the southern basin is dominated by massive basal 

conglomerates composed almost exclusively of phenocryst-bearing granitoid boulders 

that are identical in hand sample to exposures of the adjacent batholith.  Basal 
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conglomeratic strata on the eastern synclinal limb include a small component of plutonic 

rocks, but are mostly composed of slates, phyllites, and schists from the high-grade meta-

pelites of the La Paya Formation near Cerro Rumio.  Exposure of the center of the basin 

is not adequate to determine whether these conglomerates inter-finger, which would place 

constraints on the pre-shortening width of the basin.  In this instance, though, it is clear 

that sediment was shed from paleo-highs on both sides of the basin into the developing 

rift.  The probability distribution of detrital zircon U-Pb ages from Pirgua samples 

supports this model.  With a wide peak in the Early Ordovician at ~ 480 Ma, the 

distribution includes components that are younger than ~ 460 Ma.  These ages require 

some source other than the batholith to the west, which could have been supplied from 

the intrusive rocks at Cerro Rumio or the Angostura Granite.  

 There are no outcrops of the Puncoviscana Fm. or its equivalents in the northern 

half of the basin, where the eastern basin edge is defined by the apparently depositional 

contact of Pirgua Subgroup conglomerates and coarse fluvial sandstones that onlap the 

Brealito pluton beneath Cerro Arcaguay.  Because they are so compositionally and 

texturally similar, it is not possible to reliably discriminate between the intrusive rocks of 

the batholith (to the west) and the pluton (to the east) where they are found in Pirgua 

conglomerate strata.  Similarly, the detrital zircon age distribution of Pirgua samples does 

not have sufficient resolution to distinguish between the different plutonic sources.  The 

most likely scenario, consistent with facies relationships observed in the field, is that the 

batholith to the west provided the single sediment source to the northern half of the basin.  

This uni-polar model of basin sediment distribution indicates that the Brealito pluton was 
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not a paleo-high during Cretaceous extension, and suggests that subsidence was 

controlled by the basin-bounding normal fault to the west.   

4.4 (U-Th)/He ages 

Initial inspection of (U-Th)/He results is unpromising – only one of the samples 

gives a coherent cooling age (Figure 6).  Instead, the combined cooling ages show a very 

good inverse correlation to the eU of the individual sample aliquots.  This correlation 

suggests that high eU is related to systematically higher helium diffusivity, resulting in 

abnormally low closure temperatures.  The data remain a good indication of the long-

term basement unroofing, though the varying and unknown diffusivities of the aliquots 

renders them useless for constraining specific episodes of intra-basinal deformation.  

Even so, more than half of the sample aliquots from several different locations reached 

their cooling ages during the Cretaceous, describing a regional cooling event consistent 

with the timing of the Salta Rift.   

The one coherent cooling age comes from aliquots of detrital zircons from the 

Pirgua Subgroup, which together yield an average corrected cooling age of 329 ± 15 Ma.  

Since this age precedes the deposition of the Pirgua by 200 million years, the observed 

cooling age must be related to the exhumation of the Pirgua protolith.  The U-Pb ages of 

the four measured aliquots – with ages from the Ordovician (1), the Proterozoic (2), and 

the Archean (1) – suggest that the Pirgua represents a composite of the local basement, 

with pre-Cambrian ages derived from the Puncoviscana Formation, and Ordovician ages 

from the Famatina-related igneous plutons.  This hypothetical provenance, supported by 

field observations (see above), suggests that the Puncoviscana basement underwent at 

least partial exhumation during Carboniferous time. 
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These age data correspond to the Chánica Orogeny of Ramos (1988), a 

Carboniferous episode of transpressional folding equivalent to the Acadian Orogeny in 

North America.  The Chánica punctuates the stratigraphy of northern Argentina with a 50 

million year hiatus and an angular unconformity (Starck, 1995), and Toselli et al. (2002) 

report the formation of orthogneiss and mylonites in the Eastern Cordillera during this 

time.  The magnitude of deformation implied by these observations would be sufficient to 

unroof the Puncoviscana Basin.  Additional thermochronometry would be necessary to 

determine whether Brealito Basin sediments were produced by this event and stored, or 

produced entirely by subsequent exhumation related to the development of the Salta Rift. 

The absence of Neogene cooling ages indicates that reburial of the basin during 

the recent Andean Orogeny has been relatively minor, compared to the amount of 

Neogene sediment stored in adjacent basins.  Deeken et al. (2006) presented thermal 

models based on apatite fission tracks from basement rocks in the vicinity of the Brealito 

basin indicating that the basement dropped below the zircon-helium closure temperature 

near the beginning of Cretaceous time.  Coutand et al., (2006), working with fission 

tracks in detrital apatites in the adjacent Pucara and Angastaco Basins, inferred that the 

local basins were subsequently reburied by the Andean foredeep during Neogene time, 

when the Angastaco basin received more than six kilometers of sediment.  

Though burial in the Andean foredeep was sufficient to reach the fission track 

partial annealing zone, the zircon-helium system has not been reset in the Brealito basin.  

Zircons tectonically denuded in situ on rift footwall blocks might remain unaffected by 

reburial of the basin, but both detrital samples analyzed in this study were collected from 

the base of the local stratigraphy where they might be expected to have experienced 
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maximum burial in the rift and in the foredeep.  Assuming the slowest cooling rates 

possible, relatively long hold times at depth, an average geothermal gradient (Reiners and 

Brandon, 2006), and ignoring the high diffusivities resulting from radiation damage, the 

basal Pirgua can be buried up to five kilometers without necessarily resetting the zircon-

helium chronometer.  Although Sabino (2002) correctly reported that the total thickness 

of Pirgua in the Brealito basin is only a fraction of the total section measured in other 

basins, at least one kilometer of Pirgua sediment is exposed at the western margin of the 

basin.  The upper formations of the Salta Group – together comprising another kilometer 

of sediment – are present to the west of the Cretaceous basement (Bosio et al., 2009), 

although certainly not in their maximum thickness.  In addition, the adjacent Angostaco 

basin experienced at least six kilometers of sedimentary and tectonic burial in the 

Neogene foredeep (Coutand et al., 2006).  Taken together, there has been more than 

enough local sedimentation to reset the zircon-helium chronometer, especially 

considering the zircon population of increased diffusivity and consequent low closure 

temperatures.  The absence of any young helium ages indicates that foredeep 

sedimentation largely bypassed the Brealito basin, suggesting that the basin was rapidly 

incorporated into the Andean wedge-top depozone. 

5. Conclusions 

The fundamental basement architecture of the Brealito Basin is the transition, 

over a zone of 10-15 kilometers, between the metasedimentary Puncoviscana Formation 

and the Ordovician intrusive rocks of the Faja Eruptiva.  Repeated localization of strain 

during orogenic events throughout the Phanerozoic suggests that the contact between 

these fundamentally different basement types forms a crustal-scale heterogeneity that has 
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exerted a controlling influence over the tectonic evolution of the basin and the 

surrounding area.  Subsequent to diachronous emplacement of Famatina-related intrusive 

rocks during the Ocloyic orogeny, zircon helium cooling ages and local mylonitization of 

intrusive rocks suggest that the local basement experienced significant unroofing during 

the Chánica Orogeny.   Zircon helium cooling ages from the entire basin also describe a 

long-term cooling trend that culminates with the extension of the Cretaceous Salta Rift, 

whose maximum western extent approximates the trend of the basement contact.  During 

the Andean Orogeny, the basement contact was again the locus of a major deformation, 

reactivating as a series of high-angle back thrusts and delineating the high-relief 

boundary between the Eastern Cordillera and the Puna Plateau.  Compared to the nearby 

Angostaco and Pucara basins, there is relatively little storage of Neogene sediments in the 

Brealito basin, and uranium-thorium-helium ages of zircons have not been reset.  These 

data suggest that the Brealito basin did not experience significant reburial during the 

Andean Orogeny, but was rapidly incorporated into the modern cordillera as an 

intermontane basin bypassed by foredeep sedimentation. 
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Figure 1 

 
 

Figure 1a. Shaded relief map of the Central 
Andes, showing morpho-tectonic domains 
(after Jordan et al., 1983).  SBS = Santa 
Barbara System. 

Figure 1b. Location of Salta Rift sub-basins.  Marquillas et al. (2005) outline early basins with normal 
fault symbols, and post-rift basins with a heavy black line; post-rift paleo-highs are shaded gray. The 
study area is located by the heavy red rectangle. Sub-basin abbreviations are: A Alemania; B Brealito; M 
Metan; R El Rey; S Sey; TC Tres Cruces; LO Lomas de Olmedo.  
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Figure 2 

 
Figure 2.  Geologic map of the Brealito basin.  Roads and localities given for reference.  Sample location 
abbreviations as follows: 1) Quebrada Aguadita block; 2) Colomé block; 3) Angostura Granite; 4) Brealito 

Pluton; 5) Cachi Range granitoid; 6a & b) Pirgua Subgroup detrital samples (see text for discussion) 
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Figure 2, Continued 
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Figure 3 
 

 
Figure 3. Concordia diagrams showing the youngest population from each igneous sample.  Ages shown are determined from the weighted mean of the 206U/238U 

ages.  MSWD is the mean square of the weighted deviates.  Age uncertainties and error ellipses are shown at 1-sigma level, including systematic errors. 
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Figure 4 
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Figure 4.  Concordia plots of all U-Pb ages.  Error ellipses are at 1-sigma level.  Note that the Pirgua Subgroup is a detrital sample, all others are igneous 
samples.  All samples show some inheritance of older material.
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Figure 5. 
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Figure 5.  Probability distribution of detrital zircon U-Pb ages from samples of the Pirgua Subgroup. Note 
the strong age peak at ~480 Ma.  Histogram bins are 20 My.
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Figure 6. 
 
 

 
 
 

 
Figure 6a. Distribution of zircon-helium ages as a function of “effective uranium.”  Zircons with high eU 
have higher diffusivities and lower closure temperatures, representing relatively shallow depths.  Figure 

6b. Zircon helium ages by sample.  Upper shaded gray bar delineates Carboniferous Chanica Orogeny from 
~365 Ma to ~ 318 Ma (Toselli et al., 2002) ; lower shaded gray bar delineates Salta Rift extension, from the 

beginning of crustal thinning ~ 150 Ma to the beginning of post-rift deposition ~ 85 Ma (Salfity and 
Marquillas, 1994). 
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Figure 7 

 

 
Figure 7.  Metasedimentary basement near the contact with the Faja Eruptiva batholith, exposed in a 

canyon north of Quebrada Aguadita.  The main body of the batholith is to the right of this view.  Field of 
view is ~ 20 meters wide.  Highly deformed pegmatite dikes intrude chloritized country rock.  Detail shows 

re-crystallization of meta-sedimentary protolith. 
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Figure 8 

 

 
Figure 8.  Jointing pattern of mylonitized granitoid follows the shear fabric across the landscape.  

Photograph is along the range front of the southern Valle Luracatao, facing northwest.  Outcrop detail 
shows a pegmatite dike intruded into the mylonitic granitoid, parallel to shear fabric described by preferred 
orientation of porphyroblasts, visible at right.  S-C fabrics are most well-developed immediately adjacent to 

the dike.  The plane of the image is horizontal; north is to the upper right. 
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Figure 9 

 

 
Figure 9.  Outcrops of fluvial strata within the Pirgua Subgroup, exposed in the canyon of the Rio 
Luracatao.  Outcrop pictured in upper left is ~ 15 meters high.  Lenticular sand bodies bounded by 

erosional surfaces fine upward from coarse-grained pebbly sandstone to very fine-grained sandstone.  
These individual channel deposits are 2-6 meters thick.  Cross-bedding is common in coarse layers 

(pictured at right); root casts and dendritic mottling patterns are common in fine-grained layers (pictured 
lower left; compass is 20cm long). 
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Figure 10. 

 

 

 
Figure 10.  Outcrops of the basal conglomerate and mudstone member of the Pirgua Subgroup.  The clast-
supported basal conglomerate (pictured upper left and right) fines upward from boulders to pebbles and 

sand.  Lobes of the comglomerate (upper left, area of view ~  8 meters wide) are up to 5 meters thick and 
tens of meters wide.  Clasts are angular to sub-rounded, and composed exclusively of porphyritic granitoid.  
In areas of poor exposure, the conglomerate can be mistaken for an in situ granitoid.  Mudstone strata are 

common near the top of the section are common.  Outcrops are thinly-bedded, friable, and recessive 
(pictured lower left; outcrop is ~ 3 meters high).  Parasitic folds are common (lower right), suggesting a 

possible intra-formational detachment surface.



29 

References 
 

Adams, C. J., Miller, H., Toselli, A. J., and Griffin, W. L., 2008, The Puncoviscana 
Formation of northwest Argentina: U-Pb geochronology of detrital zircons and 
Rb-Sr metamorphic ages and their bearing on its stratigraphic age, sediment 
provenance and tectonic setting. Neues Jahrbuch für Geologie und Paläontologie, 
v. 247, p. 341–352. 

 
Blakey, R.C., 2008, Gondwana paleogeography from assembly to breakup—A 500 m.y. 

odyssey.  In Fielding, C.R., Frank, T.D., and Isbell, J.L., eds, Resolving the Late 
Paleozoic Ice Age in Time and Space.  Geological Society of America Special 
Paper 441, p.1-28. 

 
Bosio, P.P., Powell, J., del Papa, C., and Hongn, F., 2009, Middle Eocene deformation-

sedimentation in the Luracatao Valley: Tracking the beginning of the foreland 
basin of northwestern Argentina.  Journal of South American Earth Sciences, v. 
28, p. 142-154. 

 
Carrapa, B., Strecker, M.R., and Sobel, E.R., 2006, Cenozoic orogenic growth in the 

Central Andes: Evidence from sedimentary rock provenance and apatite fission 
track thermochronology in the Fiambalá Basin, southernmost Puna Plateau 
margin (NW Argentina).  Earth and Planetary Science Letters, v.247, p.82–100. 

Carrera, N., Munoz, J.A., Sabat, F., Mon, R., and Roca, E., 2006, The role of inversion 
tectonics in the structure of the Cordillera Oriental (NW Argentinean Andes).  
Journal of Structural Geology, v. 28, p. 1921-1932. 

Carrera, N., Muñoz, J.A., 2008, Thrusting evolution in the southern Cordillera Oriental 
(northern Argentine Andes): Constraints from growth strata.  Tectonophysics, 
doi:10.1016/j.tecto.2007.11.068 

Coutand, I., Carrapa, B., Deeken, A., Schmitt, A.K., Sobel, E.R., and Strecker, M.R., 
2006, Propagation of orographic barriers along an active range front: insights 
from sandstone petrography and detrital apatite fission-track thermochronology in 
the intramontane Angastaco basin, NW Argentina.  Basin Research, v.18, p.1–26, 
doi: 10.1111/j.1365-2117.2006.00283.x 

Deeken, A., Sobel, E.R., Coutand, I., Haschke, M., Riller, U., and Strecker, M.R., 2006, 
Development of the southern Eastern Cordillera, NW Argentina, constrained by 
apatite fission track thermochronology: From early Cretaceous extension to 
middle Miocene shortening.  Tectonics, v.25, TC6003, 
doi:10.1029/2005TC001894 

Dickinson, W.R., and Gehrels, G.E., 2003, U-Pb ages of detrital zircons from Permian 
and Jurassic eolian sandstones of the Colorado Plateau, USA; paleogeographic 
implications.  Sedimentary Geology, v. 163, p. 29–66, 
doi:10.1016/S00370738(03)00158–1 



30 

Farley, K.A., Wolf, R.A., and Silver, L.T., 1996, The effects of long alpha-stopping 
distances on (U-Th)/He ages.  Geochimica et Cosmochimica Acta, v. 60, p. 4223–
4229. 

Galliski, M.A, and Viramonte, J.G., 1988, The Cretaceous paleorift in northwestern 
Argentina: A petrologic approach.  Journal of South American Earth Sciences, 
v.1, no.4, p. 329-342. 

Gastil, R.G., DeLisle, M., and Morgan, J.R., 1967, Some effects of progressive 
metamorphism on zircons.  Geological Society of America Bulletin, v. 78, p. 879-
906. 

Gehrels, G.E., Valencia, V., Ruiz, J., 2008, Enhanced precision, accuracy, efficiency, and 
spatial resolution of U-Pb ages by laser ablation–multicollector–inductively 
coupled plasma–mass spectrometry: Geochemistry, Geophysics, Geosystems, v. 
9, Q03017. 

  
Grier, M.E., and Dallmeyer, R.D., 1990, Age of the Payogastilla Group: Implications for 

foreland basin development, NW Argentina.  Journal of South American Earth 
Sciences, v.3, no.4, p. 269-278. 

Hongn, F.D., and Riller, U., 2007, Tectonic evolution of the western margin of 
Gondwana inferred from syntectonic emplacement of Paleozoic granitoid plutons 
in Northwest Argentina.  The Journal of Geology, v.115, p.163–180. 

Hongn, F.D., Seggiaro, R.E., 2001. Hoja Geológica 2566-III, Cachi, 1:250.000. Mapa 
geológico y capítulo Tectónica. SEGEMAR. Boletín 248, p. 53-65. 

 
Jordan, T.E., Isacks, B.L., Allmendinger, R.W., Brewer, J.A., Ramos, V.A., and Ando, 

C.J., 1983, Andean tectonics related to the geometry of the subducted Nazca 
Plate. Geological Society of America Bulletin, v. 94, p. 341–61. 

 
Lork, A., and Bahlburg, H., 1993, Precise U-Pb ages of monazites from the faja eruptiva 

de la Puna oriental, and the Cordillera Oriental, NW Argentina. XII Congreso 
Geologico Argentino y II Congreso de Exploracion de Hidrocarburos Actas, v. 
IV, p. 1–6. 

 
Ludwig, K.R., 2003. Isoplot 3.00. Berkeley Geochronology Center, Special Publication 

No. 4, 70 p.  

Marquillas, R.A., and Salfity, J.A., 1988, Tectonic framework and correlations of the 
Cretaceous-Eocene Salta Group; Argentina.  In: Bahlburg, H., Breitkreuz, Ch., 
Giese, P., eds., Lecture Notes in Earth Sciences, v.17, The Southern Central 
Andes.  Springer-Verlag, Berlin Heidelberg, p.119-136. 



31 

Marquillas, R.A., del Papa, C., Sabino, I.F., 2005, Sedimentary aspects and 
paleoenvironmental evolution of a rift basin: Salta Group (Cretaceous-Paleogene), 
northwest Argentina, International Journal of Earth Science, v. 94, p. 94-113. 

Ogg, J.G., Ogg, G., and Gradstein, F.M., 2008, The Concise Geologic Time Scale.  
Cambridge: Cambridge University Press. 

Rapela, C. , Coira, B. , Toselli, A. and Saavedra, J., 1992, The Lower Paleozoic 
magmatism of Southwestern Gondwana and the evolution of the Famatinian 
Orogen.  International Geology Review, v. 34, p. 1081-1142.  
doi:10.1080/00206819209465657 

Ramos, V.A., 1988, Late Proterozoic-Early Paleozoic of South America: a collisional 
history.  Episodes, v. 11, p. 168-174. 

Ramos, V.A., 2008, The basement of the Central Andes: The Arequipa and related 
terranes.  Annual Reviews in Earth and Planetary Sciences, v.36, p.289-324.  
doi:10.1146/annurev.earth.36.031207.124304 

Reiners, P.W., 2005, Zircon (U-Th)/He Thermochronometry.  Reviews in Mineralogy 
and Geochemistry, v. 58, p. 151-179. 

Reiners, P.W., and Brandon, M.T., 2006, Using thermochronology to understand 
orogenic erosion.  Annual Reviews of Earth and Planetary Sciences, v. 34, p. 419-
466. 

Reiners, P.W., and Nicolescu, S., 2006, Measurement of parent nuclides for (U-Th)/He 
chronometry by solution sector ICP-MS.  ARHDL Report 1, 
http://www.geo.arizona.edu/~reiners/arhdl/arhdl.htm 

Reiners, P.W., Spell, T.L., Nicolescu, S., and Zanetti, K.A., 2004, Zircon (U-Th)/He 
thermochronometry: He diffusion and comparisons with 40Ar/ 39Ar dating.  
Geochimica et Cosmochimica Acta, v. 68, p. 1857–1887. 

Sabino, I.F., 2002, Geologıa del Subgrupo Pirgua (Cretacico) del noroeste argentino. 
Doctoral thesis, Universidad Nacional de Salta, pp 1–260. 

 
Salfity, J.A., and Marquillas, R.A., 1994, Tectonic and sedimentary evolution of the 

Cretaceous-Eocene Salta Group Basin, Argentina.  In: Salfity, J.A., ed., 
Cretaceous Tectonics of the Andes.  Earth Evolution Sciences, Friedrich Vieweg 
& Sohn, p. 266–315. 

Sambridge, M.S., and Compston, W., 1994, Mixture modeling of multi-component data 
sets with application to ion-probe zircon ages.  Earth and Planetary Science 
Letters, v. 128, p. 373-390. 

Starck, D., 1995, Silurian-Jurassic stratigraphy and basin evolution of Northwestern 
Argentina.  In: Tankard, A.J., Suarez, R., and Welsink, H.J., eds, Petroleum 



32 

Basins of South America.  American Association of Petroleum Geologists 
Memoir 62, p. 251-267. 

Toselli, A.J., Sial, A.J., and Rossi, J.N., 2002, Ordovician magmatism of the Sierras 
Pampeanas, Sistema de Famatina and Cordillera Oriental, NW of Argentina.  In: 
Acenolaza, F.G., ed., Aspects of the Ordovician System in Argentina.  
INSUGEO, Serie Correlacion Geologica, v. 16, p. 313-326. 

Viramonte, J.G. and Petrinovic, I.A., 1999, La Caldera de Culampaja: una caldera 
basaltica en la Puna Austral, XV Congreso Geologico Argentino, Actas II, p. 235. 

Viramonte, J.G., Kay, S.M., Becchio, R., Escayola, M., and Novitski, I., 1999, 
Cretaceous rift related magmatism in central-western South America.  Journal of 
South American Earth Sciences, v.12, p.109-121. 

 



33 

 



34 

 



35 

 



36 

 



37 

 



38 

 



39 

 



40 

 



41 

  



42 

 



43 

 

 


