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ABSTRACT 

The Cretaceous-Paleogene Salta Group of the central Andes was deposited during 

the transition from Mesozoic continental extension to late Mesozoic through Cenozoic 

ocean-continent convergent margin orogeny. At the Hornocal syncline in NW Argentina, 

2400 m of Pirgua Subgroup is exposed in a syncline formed by thrust reactivation of a 

Cretaceous normal fault. These strata consist of two fining-upward sequences. The first 

sequence consists of alluvial fan conglomerates, massive sandstones, and silty paleosols. 

After a disconformity, deposition continued with east-flowing river-deposited coarse 

sandstones fining upwards to medium-grained massive sandstones. Clast compositions of 

conglomerates and modal framework analysis of sandstones indicate derivation from 

local, mature, continental source rocks. Detrital zircon analysis indicates a local basement 

lithology provenance, the Puncoviscana Formation, which contains Cambrian to latest 

Proterozoic and mid-Proterozoic age peaks. Upper Cambrian, Carboniferous, Jurassic, 

and Cretaceous (Pirgua Group) samples also contain a similar signal, in addition to rare 

Jurassic and Paleozoic grains. In comparison, sandstones in the contemporaneous 

Purilactis group in adjacent northern Chile have an immature composition and abundant 

Cretaceous zircons. The differing provenance of these two units, the sharing of a 

secondary zircon source, and west-flowing paleocurrents in the Pirgua Subgroup together 

imply a Cretaceous-age upland separating the two basins. As the 78 Ma depositional age 

of the syn-orogenic Purilactis Group sample overlaps with the age constraints for the syn-

extensional Pirgua Subgroup, which is reconciled in two exploratory tectonic models. 
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INTRODUCTION 

The Andes are the type example of a continental orogenic system created by 

compressional stresses associated with an ocean-continent convergent margin. Although 

it is well understood that the modern Andes are related to subduction of the Nazca plate 

beneath South America, it remains unclear when the tectonic environment became fully 

contractional along the length, and across the width of the range. Continental rifting 

related to the breakup of Gondwana affected the interior of South America through the 

Mesozoic to the Cretaceous (Uliana et al. 1989, Ramos and Aleman 2000). Extensional 

faulting may have continued until the early Miocene in the Atacama Basin on the western 

slope of the Andes (Panamont et al., 2004). Such Cenozoic extension is consistent with 

one end member view, in which major contractional deformation in the central Andes did 

not begin until the Miocene (Allmendinger et al., 1997, Jordan et al. 2001). Other 

stratigraphic and thermochronologic work suggests that contractional deformation in the 

central Andes began during the Eocene or earlier (Coutand et al. 2006, Carrapa et al. 

2006, DeCelles et al. 2007, Hongn et al., 2007). Elsewhere in the orogen, the earliest 

estimates of the timing of orogenesis are Late Cretaceous to Paleocene in Bolivia and 

southern Argentina (DeCelles and Horton, 2003; Mosquera and Ramos, 2006), and as 

early as the mid-Cretaceous in the Atacama Basin (Mpodozis et al. 2005, Arriagada et al. 

2006) and in the southern Andes (Fildani and Hessler 2005). 

The Salta Group of NW Argentina occupies a central geographical and temporal 

position to address issues concerning the temporal transition between extension and 

contraction in the central Andes. Cretaceous to Paleogene strata of the Salta Group have 
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been interpreted as the fill of a complex of grabens in a continental rift (Cominguez and 

Ramos 1995). Since rifting, Andean compressional stresses inverted the rift, uplifting and 

exhuming the Salta Group by thrusting along reactivated Cretaceous normal faults (Grier 

et al. 1991, Kley et al. 2002; Carrera et al., 2006; Figure 3). At the Hornocal syncline in 

Jujuy Province, Argentina, 2400 m of the Pirgua Subgroup of the Salta Group is exposed 

in the hanging wall of the inverted Cretaceous Hornocal Fault, providing an excellent 

location to study the basin stratigraphy. 

In this study, a measured section of the Pirgua Subgroup at the Hornocal syncline 

provides insight into the paleogeographic and tectonic evolution of the region. 

Sedimentary provenance is elucidated by using detrital zircon U-Pb age populations 

obtained by laser ablation multi-collector inductively coupled plasma mass spectrometry 

(LA-MC-ICPMS), by petrographic slide point counting, and by clast counts of 

conglomerates. In addition, preliminary provenance studies were undertaken in the 

Purilactis Group of Northern Chile. The sedimentological and provenance results provide 

new constraints on Cretaceous paleogeography, the tectonic setting of the Salta Rift, and 

the onset of Andean orogenesis. 
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GEOLOGIC SETTING 

The Salta Group is located in the central Andes of Argentina, is up to 4000 m 

thick, and is bounded by Cretaceous age normal faults that were inverted subsequent to 

basin formation (Marquillas et al. 2005). A geologic introduction to the Pirgua Subgroup 

of the Salta Group comprises modern tectonic setting, Cretaceous tectonic setting, 

stratigraphy, magmatism, and basement geology. 

MODERN TECTONIC SETTING 

From west to east, the modern central Andes are divided into the following 

tectonogeomorphologic provinces: the ~1000 m elevation Longitudinal Valley or Central 

Depression, the Precordillera, the high peaks of the Western Cordillera, which bound the 

Puna plateau to the west and mark the position of the modern arc, the Eastern Cordillera 

comprising the eastern margin of the Puna plateau, and the Santa Barbara Ranges within 

the disrupted, modern retroarc foreland basin. The Salta Group is exposed across much of 

the central Andes in NW Argentina; most outcrops are in the Eastern Cordillera and 

Santa Barbara Ranges surrounding the cities of Salta and Jujuy (Figures 1, 2). The 

morphology of these ranges is thought to reflect reactivation of Cretaceous normal faults 

in a thrust sense during Neogene contraction (Grier et al. 1991, Kley and Monaldi 2002, 

Kley et al., 2005, Carrera et al., 2006, Monaldi et al. 2008). To the north of the study 

area, in the Subandean Ranges, Neogene deformation is expressed in a thin-skinned style 

within a thick Paleozoic sedimentary sequence (Kley et al. 2005). To the south, the large 

basement-cored uplifts of the Sierras Pampeanas are the expression of compression 

related to flat-slab subduction (Jordan et al. 1983, Cahill and Isacks 1992, Ramos et al. 
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2002). Crustal shortening estimates for these two adjacent mountain systems are greater 

than those for the Santa Barbara Ranges (Kley and Monaldi 1998). Returning to the 

latitude of the Salta Group, the basin extends to the east, where it is buried beneath 2000-

4000 m of Cenozoic foreland basin deposits (Cominguez and Ramos 1995). To the west 

are modest exposures of the Salta Group on the central high elevation plateau of the 

Andes, the Altiplano-Puna. The western boundary of this plateau is mostly covered by 

modern arc volcanics, concealing pre-Cenozoic geology. Farther west, the siliciclastic 

Purilactis Group of the northern Chilean Precordillera to the west of the Atacama Basin is 

age-equivalent to the Salta Group, although it may be related to local thrusting rather than 

regional extension (Mpodozis et al. 2005, Arriagada et al. 2006). 

CRETACEOUS TECTONIC SETTING 

Whereas the Salta Group is currently located within the eastern flank of the 

Andean orogen, it formerly occupied a more peripheral position almost 500 km to the 

east of the Cretaceous Andean arc (Figure 1). Initiation of this Andean magmatic arc 

occurred along the modern Pacific coast during the Early Jurassic (Scheuber et al., 1994). 

By Cretaceous time, contractional deformation in the backarc may have already been 

causing thrust faulting and deposition of the syn-orogenic Purilactis Group. Since the 

Cretaceous, both the magmatic arc and thrust front have advanced eastward to their 

current positions in response to ~200 km of subduction erosion in the forearc and ~500 

km of thrust belt propagation (Horton et al. 2001, Kay et al. 2005, Haschke et al. 2006, 

Arriagada et al. 2006). Rapid seafloor spreading in the Atlantic Ocean began in the early 

Cretaceous (Eagles 2007). Stretching of South American crust related to the opening of 
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the Atlantic was partly accommodated by development of a series of continental rifts that 

trend northwestward from the southeastern coast of the continent towards the Salta Group 

outcrop region in northwestern Argentina (Uliana et al. 1989, Ramos and Aleman, 2000). 

In northwestern Argentina, the preferred interpretation is that the Salta Group represents 

one of these rift basins (Marquillas, 2005). Cretaceous extension in the Salta Rift is 

estimated at 10%, or ~25 km (Grier et al. 1991). The influence of the nearby Andean 

orogen on the Salta Group remains unclear. 

STRATIGRAPHY 

The Salta rift system of NW Argentina consists of the continental clastic Pirgua 

Subgroup, overlain by the clastics, limestones, and evaporites of the Balbuena and Santa 

Barbara Subgroups (Sabino 2002, Marquillas et al. 2005). The Lomas de Olmedo sub-

basin in the Salta Rift system is referred to as a typical tectonic graben, with three main 

evolutionary stages (Bianucci and Homvoc, 1992; Cominguez and Ramos, 1995). Six 

other sub-basins, which surround the central Salta-Jujuy high, share a broadly similar 

stratigraphy (Figure 2). The Pirgua Subgroup is the lowermost sedimentary package in 

the Salta Group. The basal La Yesera Formation consists of a fining upward sequence, 

from breccias and conglomerates to sandstones and siltstones. These include redbeds 

interpreted as continental fluvial facies, as well as eolian and local lacustrine facies? 

(Saltify and Marquillas, 1999). A second conglomerate unit forms the top of the 

formation, which is up to 2500 m thick in total, near basin controlling normal faults. 

Above the La Yesera Formation is the Las Curtiembres Formation, the upper half of the 

second fining-upward sequence. Lacustrine siltstone dominates this unit, which is up to 
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2000 m thick near basin-bounding faults. The Los Blanquitos Formation is uppermost in 

the Pirgua Subgroup, and marks the end of the syn-extensional phase according to 

Marquillas et al. (2005). It is composed of arkosic and lithic sandstones 750 to 1500 m 

thick in the center of the basins, and contains two fining upwards sequences of red 

sandstones with a wide variety of facies; it is more extensive than the underlying units. 

The Pirgua Subgroup is overlain by the Paleogene strata of the Balbuena (yellow 

limestone, evaporites, shale) and Santa Barbara Groups (siltstone, limestone, sandstone); 

this study is focused only on the Pirgua Subgroup . 

MAGMATISM 

The Salta Group records three volcanic events (Saltify and Marquillas, 1999, 

Viramonte et al. 1999). In the lower Pirgua Subgroup in the southern part of the basin, 

alkalic volcanics erupted from near the Isonza and Aconquija lineaments (Figure 2), with 

K-Ar dates ranging from 128 to 90 ± 5 Ma. Alkalic granites of similar age intrude the 

basement near the Tres Cruces sub-basin to the north. The second phase of magmatism is 

the Las Conchas basalt complex, which is interbedded with the upper Las Curtiembres 

Formation. It yielded K-Ar dates ranging from  78 Ma to 76 ± 5 Ma, and is found in the 

Alemania sub-basin along N-S striking faults. The third episode of volcanism is recorded 

by tuffs (60 ± 2 Ma) in the Yacoraite Formation of the Balbuena Subgroup. 

BASEMENT GEOLOGY 

Basement geology beneath the Salta Rift consists mostly of the late-Precambrian 

to Cambrian Puncoviscana Formation, a strongly deformed (transposed) but generally 

low-grade sedimentary package that has been attributed to deposition in a rift between the 
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Antofalla and Pampia basement terranes (Ramos 2008). Subsequently during the 

Ordovician, the Famatinian granitic arc developed in the area (Otamendi 2003, Hongn 

and Ritter 2007), whereas a clastic platform sequence was deposited to the north. The El 

Toro lineament (Figure 2), which strikes E-W across the Puncoviscana basin, marks a 

major discontinuity in the basement. To the south are Precambrian shield rocks, whereas 

to the north are Ordovician clastics and subordinant Silurian and Devonian strata. The 

easterly Lomas de Olmedo sub-basin is likely an inherited Devonian structure or the 

southern margin of the Bolivian Tarija Basin (Saltify and Marquillas, 1999). During Late 

Paleozoic time a marine sedimentary sequence continued to accumulate in the 

northernmost parts of the Salta Rift region. These gave way to eolian sandstones during 

the Permian and Jurassic: the Tacuru Group (Starck et al. 1993, Starck 1995). Finally, 

possibly related to the onset of rifting, granitoids dated at ~150 Ma were intruded into the 

Tusaquillas Batholith Complex near Salta (Cristiani et al. 1999). 
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SEDIMENTOLOGY 

SECTION LOCATION 

The Pirgua Subgroup is exposed at the study location in the northwestern limb of 

the Hornocal syncline, which involves the entire Salta Group as well as possibly the 

underlying Paleozoic stratigraphy (see geologic map in Figure 4, and context photo in 

Figure 5). The sedimentology of the Pirgua Subgroup at the Hornocal syncline is 

documented in measured sections HOR1 and HOR2 (Figure 6 – see insert for full 

resolution, Table 1). These were measured with a Jacob staff and Abney level at a 5 cm 

scale. Measuring began near the basal contact with Jurassic eolianites of the Tacuru 

Group (Starck et al. 1993, Starck 1995), and continued up-section until reaching the 

Lecho Formation of the Salta Group (Marquillas et al. 2005). Section HOR1 terminates at 

the crest of a ridge; the far side of the ridge is a bare dip slope which leads directly to the 

beginning of section HOR2 (Figure 3, Figure 5). Sections HOR1 and HOR2 combine to 

cover the entire Pirgua subgroup in an unbroken succession. Total stratigraphic thickness 

of the Pirgua Subgroup is 2400 m at this locality, lacking interruption by any major 

faults. All 1200 m of section HOR1 is correlated to the La Yesera Formation; the first 

250 m of section HOR2 to the Las Curtiembres Formation, and the remaining 700 m of 

HOR2 to the Los Blanquitos Formation. 

LA YESERA FORMATION 

The lower La Yesera Formation is 500 m thick. The lowermost 140 m is not 

included in the section heights, as it was estimated using GPS locations because of 

Neogene cover. The covered interval consists of cobble to boulder sized conglomeratic 
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breccia, dark grey to black with a sub-vertical orientation. Clasts within this package are 

angular and poorly sorted. The conglomerates are massive, although there are occasional 

hints of bedding planes and imbrication. The conglomeratic breccia lithology continues 

upwards for 100 m into the start of measured section HOR1, for a total thickness of 240 

m. Up-section from the HOR1-100 m level, pebble to cobble conglomerate beds 2-10 m 

thick are interbedded with fine to coarse, horizontally stratified or massive sandstones, 

with minor laminated siltstone. The conglomerates contain clasts of grey sandstone and 

quartzite. 

The lower La Yesera Formation is interpreted to have formed in an alluvial fan 

environment, consistent with its proximity to the contemporaneously active Hornocal 

Fault (Figure 4; also Kley et al. 2002). The more fine-grained intervals are interpreted as 

overbank deposits that accumulated away from the axial channel as it migrated across the 

fan. 

There is an abrupt transition at HOR1-230 m to the upper portion of the La 

Yesera Formation, which consists of more than 1000 m of massive, red, medium-grained 

sandstone. The majority of this interval has no visible internal structures or bedding, 

often for thicknesses of up to 100 m at a time. Within these monotonous sandstones, there 

are rare matrix-supported conglomerates, irregular pebble lenses, and occasional floating 

pebbles. There are two intervals which provide exceptions: the first from HOR1-550 m to 

HOR1-700 m, and the second from HOR1-900 m to HOR1-1130 m. These intervals 

contain 1-10 m thick beds of light grey to red sandstone with horizontal stratification, 
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ripple cross-lamination, large trough cross-stratification, and weak prismatic cleavage. 

The pebble lenses and floating pebbles are absent from these beds. 

The upper La Yesera Formation is interpreted to have been deposited in a low-

energy river system over an extensive sand flat, distal enough to be only carrying sand-

size and smaller grains. The massive intervals with pebble lenses could also be from a 

similar depositional environment, with original sedimentary structures destroyed by 

pedogenesis or bioturbation. Alternatively, these massive units could represent coarse-

grained loessite, without the preservation of dune facies. 

LAS CURTIEMBRES FORMATION 

The lowermost 250 m of section HOR2 consists of the Las Curtiembres 

Formation. Composed mainly of soft siltstone, it forms the topographical recession of 

section HOR2 relative to the location of HOR1 (Figure 5). The lowest 150 m of section 

HOR2 consists of massive red-brown siltstone with hints of prismatic cleavage. In 

addition, there are 1-10 m thick fine to medium-grained sandstone beds exhibiting 

horizontal stratification or small tabular current ripples. In the 100 m up to the HOR2-250 

m level, this pattern becomes more regularized with 1-3 meter sequences of siltstone to 

fine-grained sandstone exhibiting burrows, prismatic cleavage, and carbonate nodules. 

The carbonate nodular horizons are interpreted as paleosol carbonates, and the 

horizontally stratified sandstone units as sand flats. The Las Curtiembres Formation was 

likely deposited during a time of reduced denudation and sediment input, allowing time 

for paleosol formation. It seems that a lake not was present here, as has been interpreted 
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for this formation in other parts of the Salta Rift, because of the lack of significant 

laminated siltstone. 

LOS BLANQUITOS FORMATION 

The remaining 700 m of section HOR2 correlates to the Los Blanquitos 

Formation. The first 100 m of this unit are dramatically coarser than the underlying Las 

Curtiembres Formation. In addition, the basal contact is a minor erosional unconformity. 

Here, 1-3 m thick granule to clast-supported pebble conglomerates are interbedded with 

2-5 m thick intervals of light gray to red medium- to very coarse-grained sandstone, with 

abundant trough cross-bedding. Clast composition of the conglomerates is dominated by 

quartzite and sandstone, the latter both finely laminated brown and quartz-rich grey 

varieties. For another 130 m upwards, there continue to be 1-3 m thick massive pebble 

conglomerate beds, with some imbrication and lenses of tough cross-stratified sandstone. 

Interbedded with these are massive medium-grained sandstone with floating pebbles. 

Above the HOR2-480 m level, conglomerates are reduced to rare pebble lenses and the 

section is dominated by red, medium-grained massive sandstone without clear bedding or 

sedimentary structures. Prismatic cleavage, carbonate nodules, burrows, and hematite 

concretions are present. The top of the section at HOR2-960 m is marked by a dramatic 

color change to the blue-gray clean eolianites of the Lecho Formation. 

The lower Los Blanquitos Formation demonstrates the establishment of a high-

energy, sediment-laden river in the basin, which resulted in deposition of traction current 

facies such as horizontally stratified conglomerate and coarse sandstone and trough cross-

stratified coarse-grained sandstone. In the upper part of the unit, the sandstones lack 
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horizontal and trough cross-stratification, and are more massive with rare gravel beds. 

This broader trend is interpreted as an evolution from high-energy fluvial to distal 

floodplain or eolian depositional settings. 

PALEOCURRENTS 

Paleocurrent indicators were measured wherever possible in sections HOR1 and 

HOR2. The primary technique was measuring the limbs of trough cross-beds in 

sandstones (method I of DeCelles et al., 1983). Trough cross-bedding represents 

migration of 3D dunes in large channels, and is therefore a good indicator of significant 

paleoflow directions, rather than minor meanders or aberrations. For each paleocurrent 

measurement at least ten limbs were measured, and then plotted on a stereonet (e.g. 

Figure 7). The fold axis solution to these orientations represents the average slip face 

direction and therefore current transport direction. A supplementary paleocurrent 

measurement method was the orientation of imbricated cobbles. The strike and dip of ten 

cobble A-B planes was measured, with the trend of the pole to this plane indicating the 

paleoflow direction. Results from both of these paleocurrent methods were rotated back 

to depositional configuration by removing the effects of post- Cretaceous bedding tilt. 

Paleocurrent data are sparse and irregularly distributed in section HOR1 (Figure 

7). If anything, they indicate a weak trend of paleoflow towards the north. In section 

HOR2, more convincing trough cross-bedding in the lowermost part of the Los 

Blanquitos Formation indicates paleoflow toward the east. 
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SEDIMENTOLOGY SUMMARY 

La Yesera Formation totals 1300 m in thickness. The lower 370 m grades 

upwards from proximal cobble-sized alluvial fan conglomerates to more distal traction-

dominated fan deposits with medium-grained overbank deposits. At the HOR1-230 m 

level, the section becomes dominated by massive reworked eolian or fluvial deposits, 

punctuated by rare gravel lenses. With the exception of two episodes of medium-energy 

north-flowing river deposits with current ripples, these massive sandstones continue to 

the top of HOR1. At the base of HOR2, Las Curtiembres Formation consists of 230 m of 

stacked paleosols and minor fine-grained sandstones. The lower Los Blanquitos 

Formation was deposited as coarse cross-bedded sandstone in a west-flowing river 

system. These deposits grade upward into a series of medium-grained massive sandstone 

with weak paleosol formation. 

Most broadly, the Pirgua subgroup at the Hornocal syncline can be described as 

two fining upward sequences. The first begins with alluvial fan conglomerates in La 

Yesera Formation, progresses through a thick section of massive sandstones, and 

terminates in the silty paleosols of Las Curtiembres Formation. The second, entirely 

within Los Blanquitos Formation, begins with east-flowing river-deposited coarse 

sandstones with an erosional base and fines upwards into medium-grained massive 

sandstones. 
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PROVENANCE 

Provenance data from the Pirgua Subgroup, when supplemented by data from 

older adjacent units, constrain the source of the sediments. Clast counts indicate that the 

Pirgua Subgroup conglomerates contain quartzite, sandstone, and quartz clasts (Figure 6 

– see insert for full resolution), consistent with sediment sources in the adjacent 

Puncoviscana Formation and Paleozoic stratigraphy of the Eastern Cordillera. 

Petrographic point counting and U-Pb isotopic dating of detrital zircons were also 

conducted, and are presented in the sections below. 

POINT COUNTING METHODS 

Modal framework compositions of 16 samples were determined by point-counting 

standard thin sections stained for K-feldspar and Ca-plagioclase feldspar. The majority 

(11) of these samples are from the Pirgua Subgroup at the Hornocal syncline; other units 

sampled for comparison include the Tacuru Group (1), Carboniferous (1), Puncoviscana 

Formation (1), and Purilactis Group (2). For each thin section, 450 grains were counted 

according to the Gazzi-Dickinson method (Dickinson and Suczek 1979), in which 

crystals larger than silt-sized within lithic grains are counted as monocrystalline grains 

(Ingersoll et al. 1984). Grain types counted in this study are listed in Table 2. 

POINT COUNTING RESULTS 

Point counting data are shown in four ternary diagrams (Figure 8, Table 3). The 

main field includes samples from the Pirgua Subgroup, Tacuru Group, Carboniferous, 

and Puncoviscana, unless otherwise labeled. The Purilactis samples are outliers and are 

labeled separately. 
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The Pirgua Subgroup samples fall into the Recycled Orogen (RO) and 

Continental Block (CB) fields. Counted grains are >90% quartz for all samples. Lithics 

are mainly quartz sandstones and quartz tectonites, with volcanic grains virtually absent. 

Feldspar content is <10% for all Pirgua Subgroup and associated samples and is 

dominated by K-feldspar. These data are consistent with the Pirgua Subgroup being 

recycled from mature continental lithologies, such as the adjacent Puncoviscana 

Formation. 

In stark contrast, the Purilactis Group samples are more immature and plot in the 

Magmatic Arc (MA) field. Quartz content is less than 50%, and when only 

monocrystalline grains are considered the samples are ~80% plagioclase feldspar; 95% of 

lithic grains are volcanic. These compositions indicate an immature, volcanic-rich 

magmatic arc source terrane. 

DETRITAL ZIRCON METHODS 

Seven samples were collected for detrital zircon U-Pb analysis from the Salta 

Group and other adjacent units. Beginning with the stratigraphically lowest, samples 

collected from the vicinity of the Hornocal syncline include: one Precambrian to 

Cambrian Puncoviscana Formation quartzite, one Cambrian Meson Group quartzite, one 

Carboniferous (Las Peñas Formation?) sandstone, one Jurassic Tacuru Group sandstone, 

and two Pirgua Subgroup sandstones. In addition, one arkosic sandstone sample from the 

Cretaceous Purilactis Group in Chile was analyzed for comparison. In this section, the 

zircon separation process is described, followed by analytical methods, results, and then 

finally interpretations. 
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Quartz-rich medium-grained beds were selected in the field where possible, and 

sampled for >1 kg of sandstone or quartzite. After being crushed with a mortar and 

pestle, samples were sieved at 60-mesh to isolate grains smaller than 250 microns. These 

were agitated in water to remove the clay fraction and some of the low-density minerals. 

Then, each sample was placed in 1,1,2,2-tetrabromoethane (TBE - density 2.95 g/cm3) 

causing denser grains such as zircon to sink to the bottom. Sample HOR2-894 yielded no 

dense grains after this step, so it was excluded from further analysis. After heavy liquids 

separation the sample was passed through a Frantz magnetic separator to remove 

magnetic heavy minerals. Finally, after inspection by optical microscope, the grains were 

mounted in epoxy and polished to enable isotopic analysis. 

U-Pb geochronology of zircons was conducted by LA-MC-ICPMS at the Arizona 

LaserChron Center (Gehrels et al. 2008). The analyses involved ablation of zircon with a 

New Wave/Lambda Physik DUV193 Excimer laser (operating at a wavelength of 193 

nm) using a spot diameter of 35 microns. Interpreted ages are based on 206Pb/238U for <1 

Ga grains and on 206Pb/207Pb for >1 Ga grains. This division at 1 Ga results from the 

increasing uncertainty of 206Pb/ 238U ages and the decreasing uncertainty of 206Pb/207Pb 

ages as a function of increasing age. Analyses that are >30% discordant (by comparison 

of 206Pb/238U and 206Pb/207Pb ages) or >5% reverse discordant were excluded from 

interpretation. 

DETRITAL ZIRCON RESULTS 

U-Pb detrital zircon age results are displayed in Table 4 as well as relative age-

probability diagrams (Figure 9; program at www.geo.arizona.edu/alc). These diagrams 
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show each age and its uncertainty (for measurement error only) as a normal distribution, 

and sum all ages from a sample into a single curve. 

The Puncoviscana (PUNC1) and Meson Group samples have detrital zircon ages 

which are dominated by grains from 510 to 560 Ma and 490 to 560 Ma, respectively, 

with greatest abundance for both at ~540 Ma. This peak is defined by 34 of 75 grains 

analyzed for the Puncoviscana Formation, and 35 of 90 granis for the Meson Group. 

These ages provide a Cambrian maximum age for the two formations, Late Cambrian for 

the Meson Group. In addition, both units have trace, older zircons ranging in age from 

560 Ma to 700 Ma, and a secondary peak between 0.9 Ga and 1.2 Ga. Finally, both 

samples contain rare Archean grains; these are most abundant in the Meson Group 

sample from 2.0 to 2.2 Ga. 

The Carboniferous (Las Peñas Formation?) sample (SM20070629-1 [Pz]) 

contains grains as young as 310 Ma, consistent with its stratigraphic age assignment. A 

minor number of grains have ages spread through the remainder of the Paleozoic. The 

main age population is diffuse and defined by 38 of the 85 zircons analyzed, which range 

from 520 to 670 Ma and shows a peak at ~590 Ma. A secondary peak appears at 0.9 to 

1.2 Ga, and minor Archean grains do not show systematic abundances. The zircons in 

this sample are consistent with recycling of the Puncoviscana Formation, with minor 

additional input of middle Paleozoic and latest Proterozoic grains. 

The Tacuru Group (SM20070628-1 [J]) and Pirgua Subgroup (HOR1-237, 

HOR1-937) detrital zircon signatures are broadly similar and can be described together. 

Each has two or three grains with ages between 150 and 180 Ma. The Pirgua Subgroup 
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samples from the Hornocal syncline do not contain Cretaceous zircons. Although each 

sample also has two to three grains of ~270 Ma age, they do not contain any other 

Paleozoic grains until the Early Ordovician, at 470 Ma. The main age concentration is 

from 470 to 660 Ma, peaking at 560 Ma: 60 of 91 analyses for SM20070628-1[J], 37 of 

79 for HOR1-239, and 40 of 84 for HOR1-937. A minor number of grains are present in 

each sample with ages from 0.8 to 0.9 Ga. The samples also contain a secondary peak 

from 0.9 to 1.2 Ga, and scattered Archean grains. These samples could also have been 

recycled from the Puncoviscana Formation, with additional minor input of Jurassic, 

Permian, and Ordovician grains. 

A sample from the Upper Cretaceous Purilactis Group (PUR2-22) in Chile was 

also analyzed for comparison with the Pirgua Subgroup. The Purilactis sample has a very 

prominent Late Cretaceous peak, with 49 of 93 grains analyzed falling between 68 and 91 

Ma, peaking at 78 Ma. A coherent group of 20 grains from this age peak yield a 

depositional age of 78 +0.25/-0.43 Ma (Figure 10). A secondary peak from 270 to 330 

Ma, as well as a tertiary peak from 430 to 580 Ma characterize the majority of the 

remainder of the zircons. Rare Precambrian grains fall mostly between 0.9 and 1.2 Ga. In 

summary, aside from its primary Late Cretaceous signal, the Purilactis sample contains 

minor inputs of Permian, Ordovician, and Puncoviscana-equivalent grains. 
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DISCUSSION 

Two major fining upwards sequences were identified in the Pirgua Subgroup at 

the Hornocal syncline, compared to three described farther south (Sabino 2004, 

Marquillas et al. 2005). Depositional environments are mostly subaerial: alluvial fan, 

fluvial, and eolian. Clasts were derived from the local Puncoviscana Formation and 

Paleozoic sandstones. Grain compositions similarly reflect mature continental sources: 

quartz-rich with almost no plagioclase or volcanics. Local compositions of the various 

sub-basins reflect the adjacent basement lithologies (Sabino 2002). 

Detrital zircon data are broadly consistent with this view of locally-derived 

continental sediments. The primary signal in all samples is the recycling of the 

Puncoviscana Formation, with age peaks of ~550 Ma and ~1 Ga. The younger of these 

peaks correlates to the Pampean Orogeny, the local expression of the greater 

Braziliano/Pan-African orogeny during the assembly of Gondwana (Finney et al. 2003, 

Loewy et al. 2004). The second corresponds to the Proterozoic Grenville-Sunsas orogeny, 

present to the north in Bolivia and to the south in the Sierras Pampeanas (Finney et al. 

2003, Ramos 2008). The presence of Ordovician zircons in all post-Cambrian samples 

are attributed to the Famatinian arc, which emplaced plutons into this region during the 

collision of a microcontinent (Otamendi 2003, Hongn and Ritter 2007). A source for the 

very small number of Permian grains is undetermined (Choiyoi rhyolite province?). The 

Jurassic zircons found in the Pirgua Subgroup could be derived from the incipient 

Andean arc (Scheuber et al. 1997), or from local Jurassic plutons (Cristiani et al. 1999). 

The absence of Cretaceous grains in the Pirgua Subgroup is not unexpected due to the 
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mature character of these sediments, and the mafic nature of the local volcanics present in 

the basin (Marquillas et al. 2005). Yet, their absence combined with paleocurrents 

flowing from the west implies a significant paleo-divide between the Pirgua Subgroup 

and the magmatic arc during the Cretaceous. 

In sharp contrast to the Pirgua Subgroup, the Purilactis Group samples were 

derived from a much more active tectonic setting. An immature, plagioclase and volcanic 

rich composition suggests a magmatic arc provenance. In addition, the prominent detrital 

zircon age peak at 78 Ma suggests rapid input of first-cycle igneous grains, potentially 

approximating the depositional age. In addition, the presence of a weak signature of 

Permian, Ordovician, and Puncoviscana-equivalent grains suggests the Purilactis Group 

could share a secondary source with the Pirgua Subgroup; this deduction is weakened 

somewhat by the presence of adjacent basement provinces of similar age: Pampia, 

Antofalla, and Chilenia. Nonetheless, this common secondary sediment source, and the 

lack of arc-derived sediments in the Salta Group, together reinforce the suggestion of a 

Cretaceous age Pampean/Famatinian remnant upland between the Salta and Purilactis 

Groups. One explanation for this upland could be a passive orogenic remnant; another 

that it was a rift shoulder of the Salta Rift.  

The depositional age of the Purilactis Group sample overlaps with the age of the 

Pirgua Subgroup. Therefore, the Salta Rift was active at the same time as the Purilactis 

thrust belt, yet located only 400 km to the east. But could both compressional and 

extensional systems exist simultaneously in the backarc of the early Andes? It seems 

more plausible that the two basins were separated chronologically: either Pirgua 



 27 

Subgroup before Purilactis Group, or else intermittent deposition in each of the basins 

through the Cretaceous. 

In the first scenario, the Pirgua Subgroup would be the entire Salta Rift 

sedimentary package. The stratigraphy described in this study would have been deposited 

between 130 Ma and sometime after 90 Ma, the age of the Las Conchas basalts in the Las 

Curtiembres Formation. The overlying Los Blanquitos Formation could have been 

deposited quickly afterwards as a syn-rift unit, or more gradually through the remainder 

of the Cretaceous as a post-rift thermal subsidence package. The latter is suggested by its 

greater areal extent and lesser degree of normal faulting (Marquillas et al. 2005). Either 

way, in this scenario backarc contraction began shortly after 90 Ma, leading to the 

deposition of the Purilactis Group in the foredeep of a fold and thrust belt, including the 

sampled interval at 78 Ma. Then, the Balbuena and Santa Barbara subgroups of the 

Pirgua Subgroup would be unrelated to the Salta Rift, but could instead be distal foreland 

basin deposits (DeCelles et al., 2008). Predictions of this model include a major 

unconformity above the Pirgua Subgroup, and a distal foreland basin character for upper 

Salta Group sediments. This model fails to account for the presence of the lower 

Purilactis Group before 90 Ma. 

In the second scenario, the Salta and Purilactis Groups overlap in time at a broad 

scale, but in detail alternate and are completely disparate. The incipient Andean orogeny 

could have had a primarily contractional backarc, as evidenced by a temporally extensive 

record of thrust faulting and syn-orogenic sedimentation from the mid-Cretaceous to the 

present (Coutand et al. 2001, Horton et al. 2001, Arriagada et al. 2006, DeCelles et al. 
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2007). Extension in the Salta Rift would be accommodated at discrete interludes when 

the backarc stress state temporarily switched. Subduction erosion at the trench is a 

tectonic process that is episodic throughout the Cretaceous in this region (Haschke et al. 

2006). When a portion of the forearc is removed, the lost space must be accounted for 

either by advancement of the subducting plate and trench towards the continent, or else a 

trench-ward migration of the continental interior. In the latter case the motion could be 

accommodated by extension in the backarc. This model predicts that the Salta Group was 

deposited during times of subduction erosion and arc migration, which occurred during 

the Cretaceous at 130-125 Ma and 90-78 Ma (Haschke et al. 2006). A major challenge to 

this hypothesis is the lack of similar rifts in other parts of the Andes that experienced 

subduction erosion. 

Distinguishing between these two Cretaceous tectonic models requires better age 

control of the Salta and Purilactis Groups. In the Pirgua Subgroup, there are possible 

undated tuffs in the Quebrada de las Conchas and Brealito areas. In the Purilactis Group, 

the abundance of juvenile arc material suggests that zircon U-Pb ages often reflect 

depositional ages. In addition, a more detailed study of the provenance patterns of the 

various sub-basins of the Salta Rift and the Purilactis Group would no doubt provide a 

more detailed picture of Cretaceous paleogeography. 
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APPENDIX – FIGURES AND TABLES 

 

FIGURE 1 – Tectonic setting of the Salta Group Marquillas et al. (2005).. (1) Pirgua 

Subgroup extent. (2) Balbuena Subgroup extent. (3) Santa Barbara Subgroup extent. 

Purilactis Group labeled to the west of the Salta Rift. Sub-basins of the Salta Rift are 

abbreviated: Tres Cruces (TC), Lomas de Olmedo (LO), El Rey (R), Metan (M), 

Alemania (A), Brealito (B), and Sey (S). 
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FIGURE 2 – (Left) Salta Group stratigraphy (Marquillas et al. 2005). (Right) Pirgua 

Subgroup isopach map; isopachs in km (Saltify and Marquillas, 1994). 
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FIGURE 3 – (top left) Flatirons in the Balbuena and Santa Barbara Subgroups, Hornocal Syncline. 
(top right) Taken from the top of HOR1 looking NE, shows the dip slope used to correlate to the base of HOR2. 
(bottom left) Evidence of thrusting in the Las Curtiembres Formation, Quebrada de las Conchas. 
(bottom right) Angular unconformity between La Yesera and Puncoviscana Formations, Quebrada de Las Conchas. 31 
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FIGURE 4 – Geologic map of the Serrania de Hornocal, showing section and sample 
locations. Simplified from Kley et al. (2005). 
 



 33 

 

FIGURE 5 – Photo of study area looking south; measured sections HOR1 and HOR2 are marked: 2400 m total thickness. The 

Hornocal Fault runs through the valley between the foreground (Puncoviscana Formation) and background (Salta Group). The 

Hornocal syncline is 3 km across between the Yacoraite Formation of the Balbuena Subgroup, which is near the crest of the 

ridge on both sides. Peaks are at ~5000 m elevation, valley ~3000 m. Locations of Balbuena (B) and Santa Barbara (SB) 

subgroups in the western limb of the syncline are shown, and dip tadpoles indicate local bedding orientation.

33 
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FIGURE 6 – Measured sections HOR1 and HOR2; lithofacies codes in Table 1; see insert 

for full resolution.
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FIGURE 7 – (Left) Paleocurrent measurements taken on trough cross-bedding and 

imbricated cobbles in sections HOR1 and HOR2. Reference measured sections (Figure 6 

– see insert for full resolution) for stratigraphic heights and exact directions. (Right) 

Example of a stereonet calculation to find a trough axis. 
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FIGURE 8 – Point counting ternary diagrams. See Table 2 for grain codes. Labeled fields 

are from Dickinson and Suzcek SP (1979): Recycled Orogen (RO), Continental Block 

(CB) and Magmatic Arc (MA).
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FIGURE 9 – Stacked detrital zircon (DZ) age probability plot
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FIGURE 10 – Upper Cretaceous Purilactis Group (N. Chile) sample (PUR2-22) 

depositional age. 



 39 

TABLE 1 – Lithofacies and interpretations used in this study. Modified from DeCelles et 

al. (2007b). 

Code Description Interpreted Depositional Environment 
Fsl laminated siltstone suspension settling in ponds and lakes 
Fsm massive, light red, bioturbated, 

mottled siltstone w/ carbonate 
nodules 

calcic paleosols 

Sm sandstone lacking internal structures bioturbated or pedoturbated sand; eolian? 
Sh sandstone with plane-parallel 

lamination 
unidirectional current, either shallow or 
very strong 

Sr sandstone with small asymmetric 2D 
and 3D ripples 

unidirectional flows in shallow channels 

St coarse sandstone with trough cross-
bedding 

unidirectional flows in large channels 

Gcm Massive clast-supported 
conglomerate 

sheetfloods and clast-rich debris flows 

Gcmi Imbricated clast-supported 
conglomerate 

traction currents in unsteady fluvial flows 

Gch Stratified clast-supported 
conglomerate 

traction currents in shallow flows 

Gmm Matrix-supported conglomerate debris flows 
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TABLE 2 – Modal petrographic point-counting parameters 

Code Description 
Qm monocrystalline quartz 
Qp polycrystalline quartz 
Qpt quartz tectonite 
Qms sandstone 
C chert 
S siltstone 
Qt total quartzose grains (Qm+Qp+Qpt+Qms+C+S) 
K potassium feldspar 
P plagioclase feldspar 
F total feldspar (K+P) 
Lvm mafic volcanics 
Lvf felsic volcanics 
Lvv vitric volcanics 
Lvx microlitic volcanics 
Lvl lathwork volcanics 
Lv total volcanics (Lvm+Lvf+Lvv+Lvx+Lvl) 
Lsh mudstone 
Lph phyllite 
Lsm schist 
Lm total metamorphic (Lph+Lsm+Qpt) 
Ls total sedimentary (Lsh+C+S+Qms) 
Lt total lithics (Ls+Lv+Lm+Qp) 
L total non-quartzose lithics (Lv+Lsh+Lph+Lsm) 
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TABLE 3 – Point counting mineral abundance data 

Sample Qm% F% Lt% Qt% F% L% Qm% P% K% Lm% Lv% Ls% K:K+P

HOR2-894 0.70 0.13 0.16 0.86 0.13 0.01 0.84 0.02 0.14 0.09 0.18 0.73 0.87
HOR2-541 0.88 0.02 0.10 0.98 0.02 0.00 0.98 0.00 0.01 0.56 0.00 0.44 0.75
HOR2-337 0.72 0.03 0.25 0.97 0.03 0.01 0.96 0.00 0.04 0.04 0.00 0.96 1.00
HOR2-120 0.71 0.02 0.27 0.96 0.02 0.02 0.97 0.00 0.02 0.21 0.00 0.79 0.89
HOR1-1231 0.80 0.04 0.16 0.96 0.04 0.01 0.96 0.00 0.04 0.11 0.07 0.82 1.00
HOR1-1116 0.88 0.00 0.12 0.99 0.00 0.00 1.00 0.00 0.00 0.13 0.00 0.87 1.00
HOR1-937 0.77 0.08 0.15 0.91 0.08 0.00 0.90 0.00 0.10 0.13 0.00 0.87 1.00
HOR1-644 0.66 0.04 0.30 0.94 0.04 0.02 0.94 0.00 0.06 0.09 0.00 0.91 1.00
HOR1-594 0.74 0.01 0.25 0.99 0.01 0.00 0.99 0.00 0.01 0.08 0.00 0.92 1.00
HOR1-462 0.80 0.08 0.11 0.91 0.08 0.01 0.91 0.00 0.09 0.13 0.00 0.87 1.00
HOR1-185 0.55 0.04 0.41 0.90 0.04 0.06 0.94 0.02 0.04 0.18 0.04 0.79 0.63
0628-1 (J?) 0.84 0.03 0.12 0.96 0.03 0.01 0.96 0.00 0.04 0.00 0.00 1.00 0.93
0629-1 (Pz) 0.69 0.04 0.27 0.92 0.04 0.04 0.95 0.03 0.02 0.11 0.00 0.89 0.47
0629-2 (pC) 0.35 0.07 0.59 0.90 0.07 0.04 0.84 0.03 0.14 0.24 0.00 0.76 0.83
PUR2-22 0.07 0.58 0.34 0.31 0.58 0.11 0.11 0.86 0.02 0.00 0.94 0.06 0.03
PUR1-50 0.15 0.53 0.33 0.22 0.53 0.25 0.22 0.73 0.05 0.05 0.95 0.00 0.07
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TABLE 4 – Zircon U/Pb ages and uncertainties in Ma 

PUNC1 ± MESON ± 0629-1 (Pz) ± 0628-1 (J) ± HOR1-237 ± HOR1-937 ± PUR2-22 ±

513       6    488        5       310               8      167            3    150            1    159            3      68            5       

515       9    492        21     313               19    176            2    173            3    183            4      71            4       
524       5    506        11     315               29    240            5    261            5    188            6      73            2       

524       7    506        11     332               7      249            3    263            5    262            6      74            1       
524       8    511        6       365               12    476            11   263            3    335            8      74            1       
526       6    513        5       380               4      485            7    471            9    507            6      74            3       
526       11   514        5       402               8      486            7    481            11   508            7      75            2       
528       12   514        11     407               5      495            26   486            8    516            9      75            1       
529       10   515        9       413               20    498            8    495            10   518            6      75            1       
530       10   517        5       422               13    500            9    498            15   521            6      75            1       
531       11   518        6       445               6      500            5    504            7    522            17    75            2       
532       9    520        9       466               8      501            7    519            7    529            11    76            1       
534       12   520        6       467               7      504            5    530            11   537            9      76            1       

536       5    524        5       473               10    505            5    532            5    538            15    76            2       
538       7    525        5       475               15    508            7    533            5    542            11    77            2       

538       5    525        5       479               8      517            10   537            6    544            7      77            2       
539       5    528        5       480               14    517            7    540            8    546            10    77            1       

539       5    529        5       500               11    520            9    542            5    555            14    77            1       
539       9    529        10     519               13    520            9    542            8    556            5      77            1       
541       5    532        10     521               5      525            7    543            11   556            5      77            1       

541       5    532        10     530               7      527            5    553            7    557            16    78            1       
544       6    533        5       538               13    528            13   558            8    558            5      78            2       

544       5    533        15     550               15    534            5    561            8    559            6      78            2       
549       5    534        5       559               8      537            16   565            5    559            7      78            1       

549       5    538        6       560               17    539            9    565            10   560            5      78            3       
550       5    538        7       564               7      539            7    567            5    566            14    78            1       
550       21   539        5       567               17    539            5    570            6    572            6      78            1       

551       8    539        5       569               16    540            12   570            9    573            5      78            1       
553       5    541        14     569               9      541            13   572            11   580            6      79            2       
555       6    542        7       571               7      541            12   573            5    582            14    79            1       
556       8    546        5       572               27    542            10   575            7    586            11    79            1       
559       22   547        9       576               11    546            41   576            7    590            14    79            3       
560       6    556        5       577               26    548            8    578            9    602            6      79            1       
563       16   557        5       581               16    550            12   581            6    604            11    79            1       

572       7    561        5       581               12    550            5    582            6    606            18    80            1       
621       9    571        9       582               12    554            11   586            6    606            9      80            1       

624       16   581        11     583               19    555            12   589            18   606            6      80            1       
647       6    601        11     584               14    559            17   596            6    608            6      81            2       

671       14   626        6       585               16    561            5    600            6    613            12    81            1       
691       7    637        6       585               20    562            5    602            12   618            20    82            1       
705       7    639        6       586               9      564            19   614            6    626            13    82            1       
710       22   643        6       587               16    565            14   621            15   639            11    82            1       
956       12   679        6       589               18    565            22   749            7    639            15    83            1       
959       18   705        7       591               15    566            13   763            7    656            27    85            2       

1,006    45   706        8       593               9      568            13   847            11   656            6      86            4       
1,018    53   904        8       594               8      570            13   871            8    686            28    87            1       
1,024    78   1,009     86     598               15    574            5    873            33   705            7      87            2       
1,027    20   1,013     55     602               13    575            8    910            29   732            9      90            2       

1,030    85   1,019     52     610               16    575            7    933            9    734            12    91            5       
1,037    65   1,023     84     613               6      576            15   946            9    769            8      114          6       
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TABLE 4 (continued) – Zircon U/Pb ages and uncertainties in Ma 

PUNC1 ± MESON ± 0629-1 (Pz) ± 0628-1 (J) ± HOR1-237 ± HOR1-937 ± PUR2-22 ±

1,040    57   1,040     49     623               18    578            13   999            68   806            12    119          2       

1,043    76   1,041     100   635               9      581            6    1,019         50   878            22    138          2       
1,044    31   1,051     38     636               15    584            12   1,021         31   890            15    140          7       

1,047    63   1,059     48     644               10    585            16   1,027         20   916            17    188          5       
1,047    47   1,072     58     650               10    585            6    1,031         40   920            20    244          3       
1,070    52   1,085     29     669               21    588            32   1,034         32   973            66    266          7       

1,072    70   1,186     48     716               8      592            6    1,036         35   1,032         37    273          4       
1,080    35   1,204     86     746               38    592            6    1,045         62   1,047         65    279          7       

1,098    48   1,205     49     788               19    603            9    1,046         74   1,051         47    284          4       
1,109    58   1,317     45     929               30    610            9    1,094         89   1,061         47    285          6       

1,116    56   1,617     92     948               21    619            11   1,095         25   1,071         56    286          3       
1,121    32   1,796     108   1,012             34    623            11   1,099         20   1,073         42    288          4       
1,123    69   1,803     74     1,029             33    635            15   1,166         25   1,074         60    289          5       

1,246    49   1,921     63     1,042             52    649            10   1,179         40   1,075         28    293          3       
1,260    68   1,926     65     1,047             43    679            6    1,200         34   1,087         44    293          6       

1,327    39   1,943     58     1,055             37    783            20   1,208         26   1,113         45    300          3       
1,786    58   1,959     153   1,062             25    802            8    1,417         67   1,150         55    303          3       

1,994    70   1,976     58     1,083             42    806            10   1,458         23   1,175         101  305          5       
2,060    47   1,980     23     1,144             111  822            13   1,750         44   1,204         48    316          4       
2,153    70   1,988     49     1,154             27    874            33   1,767         18   1,356         153  332          3       

2,473    34   2,005     29     1,296             33    952            20   1,768         21   1,367         45    431          4       
2,482    29   2,033     31     1,299             52    977            9    1,789         23   1,465         50    439          14     

2,642    52   2,051     37     1,422             20    982            9    1,810         40   1,484         34    445          12     
2,746    31   2,078     52     1,797             69    1,035         34   1,833         25   1,490         94    451          4       

2,767    67   2,093     38     1,884             35    1,069         43   1,911         33   1,506         50    463          12     
2,095     59     1,919             24    1,081         90   2,116         33   1,512         148  495          11     
2,096     95     1,987             47    1,106         39   2,680         20   1,787         54    507          8       

2,109     53     2,025             29    1,109         57   2,696         29   1,976         45    513          13     
2,113     41     2,306             38    1,123         51   2,925         16   2,043         62    513          7       
2,128     20     2,553             24    1,156         37   2,045         35    540          9       
2,133     41     2,618             17    1,250         45   2,586         17    551          10     

2,163     32     2,619             38    1,444         61   2,681         17    559          10     
2,171     46     2,716             23    1,867         51   2,711         70    573          7       
2,173     53     2,732             37    1,897         24   3,080         56    582          7       

2,193     55     3,252             40    1,981         57   706          7       
2,196     73     2,005         18   1,026       25     

2,213     32     2,064         34   1,090       31     
2,255     72     2,088         22   1,093       41     

2,676     29     2,161         31   1,114       38     
3,529     37     2,215         18   1,202       36     

3,337         57   1,955       241   

2,038       30     
3,191       53     

(n=75) (n=90) (n=85) (n=91) (n=79) (n=84) (n=93)
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TABLE 5 – Sample database 
Sample Lat. (S) Lon. (W) Elev. (m) So (RHR) Lithology TS P C DZ sample ICPMS

WGS 1984

Note: some samples in the field notes were discarded; these are those that made it to Tucson

Sierrania de Hornocal - near Cianzo>Humahuaca>Jujuy

2191 m of measured section

(two sections are well linked)

HOR2-top (959 m) 23°16.568' 65°10.733' 4238

HOR2-894 sandstone Y Y Y no zircons

HOR2-839 sandstone

HOR2-767 PS carbonate?

HOR2-700 PS carbonate?

HOR2-649 sandstone

HOR2-636 PS carbonate?

HOR2-635 PS carbonate?

HOR2-631 PS carbonate?

HOR2-622 sandstone

HOR2-546 sandstone

HOR2-541 sandstone Y Y

HOR2-449 (12, 63) sandstone

HOR2-337 12, 64 sandstone Y Y Y

HOR2-324 (20, 68) sandstone

HOR2-268 sandstone

HOR2-246 PS carbonate?

HOR2-222 1, 58 PS carbonate?

HOR2-120 sandstone Y Y

HOR2-31 sandstone

HOR2-base 23°16.505' 65°11.241' 3620 (15, 58)

HOR1-top (1232 m) 23°17.877' 65°11.952' 4424

HOR1-1231 sandstone Y Y

HOR1-1202 sandstone

HOR1-1116 sandstone Y Y

HOR1-1006 sandstone

HOR1-937 19, 43 sandstone Y Y Y Y

HOR1-765 26, 45 sandstone

HOR1-644 46, 54 sandstone Y Y

HOR1-594 35, 63 sandstone Y Y Y

HOR1-512 sandstone

HOR1-462 sandstone Y Y

HOR1-421 sandstone

HOR1-373 12, 77 sandstone

HOR1-297 35, 76 sandstone Y Y

HOR1-246 25, 84 sandstone

HOR1-188 180, 83 yellow nodules

HOR1-185 169, 85 sandstone Y Y

HOR1-123 0, 78 sandstone

HOR1-base 23°16.864' 65°12.559' 3569 338, 73

intervening thickness of massive cobble breccia estimated using distance and bedding orientat ion

Pirgua-base 23°16.723' 65° 12.735' 3704  



 45 

TABLE 5 – Sample database (continued) 
Sample Lat. (S) Lon. (W) Elev. (m) So (RHR) Lithology TS P C DZ sample ICPMS

Quebrada de las Conchas - near Cafayate>Salta

1268 m of measured section

(roughly stratigraphic)

QLC3-top (650 m) canyon - no GPS

QLC3-650 sandstone

QLC3-634 sandstone Y

QLC3-601 basalt flow

QLC3-3 tuff

QLC3-base 25°46.516' 65°39.974' 1542 355, 46

QLC2A-top (618 m) 25°46.914' 65°39.940' 1550

QLC2A-532 sandstone

QLC2A-455 8, 45 sandstone

QLC2A-352 354, 39 sandstone

QLC2A-284 12, 39 tuff

QLC2A-185 10, 34 sandstone Y

QLC2A-120 348, 35 sandstone

QLC2A-71 11, 33 sandstone Y

QLC2A-37 30, 25 sandstone

QLC2A-base 25°46.926' 65°40.471' 1426 346, 16

QLC2-top 25°46.820' 65°40.560' 1395

QLC2-89 338, 27 sandstone Y Y

QLC2-8 sandstone Y

QLC2-base 25°46.769' 65°40.797' 1395 352, 15

Pucara

249 m of measured section

(exemplary sections)

PUC3-top (96 m) 25°51.895' 66°18.171' 2398

PUC3-95 sandstone Y

PUC3-46 tuff?

PUC3-26 sandstone

PUC3-9 sandstone

PUC3-base 25°51.968' 66°18.281' 2411 295, 27

PUC2-top (74 m) 25°48.503' 66°18.228' 2373

PUC2-71 sandstone

PUC2-11 sandstone Y Y

PUC2-4 sandstone?

PUC2-base 25°48.515' 66°18.341' 2395 40, 40

PUC1-top (79 m) 25°46.590' 66°18.019' 2423

PUC1-78 sandstone

PUC1-53 sandstone

PUC1-53 sandstone Y

PUC1-base 25°46.558' 66°18.085' 2411 42, 42  
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TABLE 5 – Sample database (continued) 
Sample Lat. (S) Lon. (W) Elev. (m) So (RHR) Lithology TS P C DZ sample ICPMS

Sierra de Candelaria

49 m of measured section

(exemplary sections)

CAN4-top (21 m)

CAN4-20 sandstone

CAN4-6 sandstone Y

CAN4-base 26°09.308' 64°57.734' 1278 196, 18

CAN3-top (5 m)

CAN3-1 sandstone Y

CAN3-base 26°09.120' 64°56.801' 1321 231, 8

CAN2-top (14 m)

CAN2-13 sandstone Y Y

CAN2-2 sandstone

CAN2-base 26°09.141' 64°56.480' 1338 202, 20

CAN1-top (9 m)

CAN1-8 sandstone

CAN1-2 sandstone

CAN1-base 26°09.025' 64°56.398' 1346 194, 19

Brealito

reoccupied Sabino measured sect ion

ISB-top 25°20.875' 65°24.425' 2429

ISB-3678 sandstone

ISB-3410 sandstone

ISB-3355 sandstone

ISB-3275 sandstone Y Y

ISB-3050 sandstone

ISB-2900 PS carbonate

ISB-2630 sandstone Y

ISB-2590 25°20.990' 65°22.788' 2520 no sample

ISB-D 25°20.894' 65°22.802' 2503 196, 90 sandstone

ISB-C 25°20.880' 65°22.852' 2512 194, 83 sandstone

ISB-B 25°21.040' 65°23.227' 2468 tuff?

ISB-A 25°20.922' 65°23.528' 2440 185, 85 sandstone

Atacama, Chile

86 m of measured section

(two separate exemplary sections)

PUR2-top (23 m) 22°54.688' 68°26.130' 2987

PUR2-22 Purilact is Gp Y Y Y Y-Paul

PUR2-6 269, 31 Purilact is Gp

PUR2-base 22°54.701' 68°26.115' 2975

PUR1-top (63 m) 22°54.756' 68°26.034' 2889

PUR1-50 Tonel Fm Y Y

PUR1-31 Tonel Fm

PUR1-base 22°54.805' 68°26.026' 2849 283, 31  
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TABLE 5 – Sample database (continued) 
Sample Lat. (S) Lon. (W) Elev. (m) So (RHR) Lithology TS P C DZ sample ICPMS

Puna

no measured section

SM20070714-2 23°24.699' 66°32.050' 4099 sandstone Y Y

El Rey

no measured section

SM20070711-1 24°43.921' 64°41.887' 1063 sandstone Y Y

Misiones

no measured section

SM20070702-1 27°13.881' 55°32.657' 133 sandstone Y Y

Basement samples

no measured section

SM20070628-1 23°16.723' 65°12.735' 3704 J? sandstone Y Y Y Y

SM20070628-2 23°14.933' 65°12.769' 3282 pC quartzite Y

SM20070629-1 23°10.994' 65°03.490' 4607 Pz sandstone Y Y Y Y

SM20070629-2 23°10.692' 65°10.530' 3895 pC quartzite Y Y Y

SM20070629-3 23°11.812' 65°11.989' 4389 pC quartzite Y

SM20070708-1 25°18.907' 66°21.078' 2699 O? granite Y "Y"

SM20070714-1 23°54.628' 66°49.949' 4099 O sandstone Y Y

MESON - Pete 23°20.978' 66°6.185' 3776 Cam. Quartzite Y Y -Pete

PUNC1 - Pete 24°41.863' 66°43.753' 3813 Cam. Quartzite Y Y-Pete

Samples TS PC DZ sample ICPMS

Total 97 34 16 22 73742 m

Measured section
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