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yielded a concordia age of 543.4 ± 7.2 Ma for the gab-
broic rocks. Other analysed zircons have Mesoprotero-
zoic, and Early Ediacaran core and rim ages indicating 
that the magmas also assimilated Meso- and neoprote-
rozoic crustal material prior to final crystallization. The 
mafic rocks witnessed higher metamorphic grade than 
associated Ordovician rocks, which are unmetamor-
phosed or only affected by anchimetamorphism. The 
gabbros are mostly tholeiitic and enriched in Zr, Th, as 
well as other incompatible elements and have εndt=540Ma 
ranging from 1.3 to 7.4 with most of the values between 
5 and 7. 147Sm/144nd ratios show evidence of weak crus-
tal contamination. The mafic rocks do not reveal any 
affinity to mid-ocean ridge basalts in their geochemistry 
but point instead to an emplacement in an active plate 
margin arc environment. Chromites from ultramafic 
rocks show typical Ti, al, Cr#, Fe3+ abundances found 
in magmatic arc rocks. The formation of the gabbros and 
the associated ultramafic rocks in the southern argen-
tine Puna is related to the evolution of the margin of the 
Pampia terrane, including the Puncoviscana basin, dur-
ing the late neoproterozoic and earliest Cambrian. In 
contrast to previous interpretations, the rocks predate the 
Ordovician evolution of the Central proto-andean active 
margin. Consequently, interpretations assuming these 
rocks to represent an oceanic terrane suture of Ordovi-
cian age have to be dismissed as much as all palaeotec-
tonic models that define Ordovician terranes in the Cen-
tral andes based on assumption that the ultramafic rocks 
and gabbros exposed in the southern Puna mark plate 
boundaries.

Keywords argentina · Western Gondwana margin · 
Puna–Famatina magmatic arc · Ultramafic and mafic 
rocks · Pampia Terrane

Abstract Ultramafic rocks and gabbros are exposed 
in the southern Puna (nW argentina) in tectonic asso-
ciation with continental arc-related Ordovician (vol-
cano) sedimentary successions and granitoids. The ori-
gin of this mafic rock suite has been debated for three 
decades as either representing an Ordovician terrane 
suture, primitive Ordovician arc-related rocks or relics 
of the pre-Ordovician basement in tectonic contact with 
the Ordovician retro-arc basin successions. We present 
the first U–Pb ages of primary and inherited zircon from 
gabbros of this mafic–ultramafic assemblage. la-ICP-
MS analyses on cores and rims of these zircon grains 
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Introduction

In ancient mountain belts, collision zones between differ-
ent plates or tectonostratigraphic terranes are commonly 
marked by ophiolites (Howell et al. 1985). These sutures 
contain dismembered ophiolite assemblages made up of 
peridotites, gabbros and sheeted dike complexes over-
lain by pillow basalts associated with marine, commonly 
pelagic, sedimentary rocks (e.g. Robertson and Xenophon-
tos 1997; Dilek and newcomb 2003; Wright and Shervais 
2008). Complete ophiolite sequences are preserved in some 
locations, although commonly tectonic dismemberment, 
related to the emplacement of the ophiolite, leads to the 
preservation of variable partial combinations of ophiolite 

lithologies. a further feature of dismembered ophiolites is 
the presence of thrusts and relatively broad zones of tec-
tonic mélanges in which sheared ophiolite lithologies are 
mixed with deposits of deep marine or marginal sedimen-
tary facies (aalto 1982; Howell et al. 1985; Keppie 1989).

In the southern Puna of northwest argentina (Fig. 1), 
assemblages of mafic and ultramafic rocks occur in several 
localities in tectonic association with Ordovician marine 
silici- and volcaniclastic units (argañaraz et al. 1973; Coira 
1974; allmendinger et al. 1982; Zappettini et al. 1994; Coira 
et al. 1999; Zimmermann and Bahlburg 2003). On the basis 
of field observations alone, these rocks were interpreted as 
ophiolites marking either the Ordovician active margin of 
Gondwana in this region (since allmendinger et al. 1982) or 

Fig. 1  a Geotectonic units in the Central andes (after Bahlburg and 
Hervé 1997). b Geological map of the Puna (revised after Rapela 
et al. 1992; Coira et al. 1999). c Outcrop location in the southern 

Puna are encircled: 1 Pocitos, 2 Southern Sierra de Calalaste, 3 Que-
brada Volcán. Detailed maps of the exposures can be found in Fig. 1 
data repository
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the late Ordovician suture zone along which the allochtho-
nous arequipa terrane or arequipa–antofalla block collided 
with the proto-andean active margin (Martos 1982; Dalziel 
and Forsythe 1985; Palma et al. 1990; Rapela et al. 1992; 
Forsythe et al. 1993; Blasco et al. 1996; Conti et al. 1996; 
Ramos 1988, 1996, 2008; Rapalini 2005; Ramos et al. 2010;  
Fig. 2a). Recent models propose that the rocks in question 
are related to the Ordovician continental arc system (Coira 
et al. 2009a, b). In view of the poorly constrained age of 
the alleged ophiolite assemblages, Mon and Hongn (1991) 
argued on the basis of structural data for a pre-Ordovician 
age for most of the mafic succession. These authors con-
cluded that the rocks’ formation was older than and inde-
pendent from the Ordovician tectonic setting. This interpre-
tation was supported by Zimmermann and Bahlburg (2003) 
based on provenance data of the host rocks. all mentioned 
models of terrane accretion during the lower Palaeozoic in 
this region and along the alleged suture largely ignore the 
sedimentological architecture of the Ordovician succes-
sions and the evolution of the respective basin in northwest 
argentina and northern Chile (Bahlburg 1990, 1998; Bock 
et al. 2000; Zimmermann and Bahlburg 2003; Zimmer-
mann et al. 2010). The Ordovician geological record of the 
region can be understood in terms of a single active conti-
nental margin basin occupying the southwestern Gondwana 
margin in the southern Central andes of northern Chile and 

northwest argentina (Bahlburg 1990, 1998; Bahlburg and 
Hervé 1997; Bock et al. 2000; lucassen et al. 2000; Egen-
hoff and lucassen 2003; Zimmermann and Bahlburg 2003, 
2005; Egenhoff 2007; Zimmermann et al. 2010; Fig. 1a, b). 

This contribution presents the first U–Pb age data from 
zircon grains from gabbros of the mafic–ultramafic assem-
blage in the southern Puna of argentina. We combine the 
age constraints with geochemical data on this assemblage 
in order to analyse their origin and the tectonic setting of 
their emplacement. These data are used to discriminate 
between and test the proposed models of the origin of the 
studied rocks.

Geological setting of the mafic successions in the 
southern Puna

assemblages of ultramafic, mafic, intermediate and sedi-
mentary rocks occur in the southern Puna of argentina 
in four outcrop regions (Fig. 1). The complex structural 
Phanerozoic geological history of this region comprises 
three larger tectonic events during the Ordovician, Upper 
Palaeozoic and Cenozoic (Ramos 1999), which could have 
modified or destroyed any indicator for possible primary 
intrusive or tectonic contacts. Detailed studies on the sedi-
mentary rocks at the contacts with the mafic rocks did not 

Fig. 2  a Terrane map of nW argentina (from Bahlburg et al. 2009). 
(ANT antofagasta de Chile, ARE arequipa, BUE Buenos aires, LAP 
la Paz, SAJ San Juan, SAL Salta, STG Santiago de Chile. b Detailed 
stratigraphic relations of magmatic and sedimentary rocks in the Puna 

region and the regional tectono-magmatic framework (revised after 
Bahlburg and Hervé 1997; Zimmermann and Bahlburg 2003). note 
that the here shown mafic rocks are not of Ordovician age but in tec-
tonic contact with the shown formations
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reveal any contact metamorphic phenomena, but mylonites 
and talc-rich contact zones of 0.5-m thickness are com-
monly exposed (Zimmermann 1999). In the southern Sierra 
de Calalaste, contact metamorphism of sedimentary rocks 
of presumed Ordovician age (Zimmermann 1999; Zim-
mermann and Van Staden 2002b) caused by mafic rocks 
was observed by Quenardelle and Poma (2008). However, 
Cretaceous mafic rocks are reported in the Central andes 
(lucassen et al. 2007) and can be easily confused with 
those of older successions. We mapped three of the assem-
blages in detail, the ‘Complejo Ojo de Colorados’ (Zap-
pettini et al. 1994) to the south of the Salar de Pocitos, the 
‘Complejo Básico-Ultrabásico Tramontana’ in the southern 
Sierra de Calalaste (Seggiaro et al. 2002; Fig. 1c) and the 
mafic rocks of the Quebrada Volcán (Zimmermann 1999; 
Zimmermann and Van Staden 2002a, b). The fourth out-
crop with presumably similar assemblages in the Sierra de 
la Quebrada Honda (Fig. 1b) is very remote and has been 
visited and studied only briefly.

The mafic rocks underwent a higher grade of metamor-
phism than the very low-grade metamorphic sedimentary 
host rocks (Zimmermann 1999; Zimmermann and Bahl-
burg 2003; Quenardelle and Poma 2008) and show strong 
hydrothermal overprinting. In one exposure continental arc-
related granitoids of the ‘Complejo Ígneo Pocitos’ (Zappet-
tini et al. 1994; Kleine et al. 2004; Fig. 1a data repository), 
have intruded the mafic rocks (‘Complejo Ojo de Colora-
dos’) and the sedimentary rocks of the Tolillar Formation 
at 476 ± 2 (U–Pb on titanites; Kleine et al. 2004). The lat-
ter is dated into the lancefield 2 (late Tremadoc) by the 
occurrence of Araneograptus murrayi (Hall, 1865; lind-
holm, 1991; Zimmermann et al. 1998; Fig. 2b).

Exposures and petrography of the mafic rocks

Salar de Pocitos

The ‘Complejo Ojo de Colorados’ of Zappettini et al. 
(1994; Fig. 1c, a data repository) represents a dismembered 
body and consists of gabbros, monzogabbros, ultramafic 
cumulate rocks and serpentinites penetrated by different 
dike generations of different ages based on field relations. 
Outcrops range from 10 × 200 m to 2,000 × 500 m for the 
gabbros and monzonites and form hills abruptly rising c. 
300 m above the local base level of c. 4,000 m. Cumulate 
rocks and serpentinites occur only in very small lenses of 
10 × 5 m as bodies in the gabbros and are never in contact 
with the sedimentary rocks. The contacts between the gab-
bros and the ultramafic (cumulate) bodies are not exposed. 
The mafic rocks are interlayered tectonically with the sedi-
mentary host rocks of latest Tremadoc age, either the Tolar 

Chico Formation or the Tolillar Formation (Zimmermann 
et al. 1998; Fig. 2b; Fig. 1a data repository.)

The monzogabbros are coarse-grained, rich in plagio-
clase and alkali feldspar. The latter can be up to 2 cm in 
diameter, plagioclase is smaller. The plagioclase is weath-
ered, saussuritised and variably altered to sericite or cal-
cite and associated with amphiboles. Orthopyroxene and 
zircon are accessory phases. The zircon crystals are small 
and mostly rounded. Secondary minerals are epidote, 
chlorite, amphibole and pumpellyite. The gabbros are fine 
to medium grained and consist mainly of hypidiomor-
phic plagioclase, which may be altered and saussuritised, 
small hornblende crystals partly with feldspar overgrowths, 
pyroxene (partly replaced by tremolite) and olivine. acces-
sory phases are orthopyroxene and small, slightly rounded 
but broken zircon grains. The groundmass comprises small 
plagioclase laths and amphibole. as secondary phases 
occur serpentine, chlorite-epidote-phyllosilicate inter-
growths, magnetite and opaque phases. The ultramafic 
rocks have a harzburgitic to lherzolitic composition and 
represent basal cumulates. Olivine (70–85 % of the whole 
rock) is partially transformed to serpentine. Besides oli-
vine, orthopyroxene and magnetite are common. Small oli-
vine crystals contain chromite inclusions. accessory min-
erals include clinopyroxene and small plagioclase grains. 
Pyroxene shows alteration to tremolite. Secondary minerals 
are large brown amphibole, chlorite and serpentine.

Sierra de Calalaste

In the southern Sierra de Calalaste, monzogabbros, gabbros 
and ultramafic cumulate rocks of the ‘Complejo Básico-
Ultrabásico Tramontana’ (Seggiaro and Becchio 1999; 
Fig. 1c, b data repository) occur in sheared, lenticular, lay-
ered intrusive bodies covering an area of 6 km × 300 m, 
and in isolated smaller outcrops (Fig. 1b data repository). 
Ultramafic rocks usually form small lenses within the 
mafic and intermediate intrusive bodies with tectonised 
contacts, which makes any interpretation of the nature of 
the contacts impossible. The biggest ultramafic rock body 
covers an area not larger than 150 × 300 m. Thick (~30 m) 
mylonitic bands occur in greywackes, which are in other 
areas mottled rocks, were recognised (Zimmermann 1999) 
and then recently interpreted as resulting from an intrusive 
emplacement of mafic rocks of unknown age and geo-
chemical characteristics (Quenardelle and Poma 2008), 
and might be related to Mesozoic mafic intrusive activity 
like the Pocitos region. Other contacts show a develop-
ment of talc-rich zones between gabbros and sandstones 
as a result of the emplacement mechanism and subsequent 
multiple deformation, masking the original emplacement 
process.
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Monzogabbros are medium to coarse grained and 
characterised by large plagioclase crystals. alkali feld-
spars are smaller and less abundant, as are hornblende 
and pyroxene. Plagioclase is partly altered and saus-
suritised. Pyroxene is commonly replaced by tremolite. 
Orthopyroxene is less abundant and smaller than clino-
pyroxene. accessory phases are small plagioclase laths 
and minute zircon. Secondary minerals are chlorite, 
epidote, magnetite and possible haematite. Gabbros are 
fine to medium grained, composed of plagioclase laths 
and are, compared to the monzogabbros, richer in horn-
blende and clinopyroxene. Plagioclase is partly altered 
and saussuritised, replacement by clinozoisite, chlorite 
and calcite is common. Pyroxene is commonly replaced 
by tremolite. accessory minerals are olivine and alkali 
feldspar. Olivine is small and mostly altered to serpen-
tine or chlorite. as secondary minerals, chlorite and 
amphibole have been identified. The ultramafic rocks are 
lherzolites or olivine-websterites and have a porphyric 
texture with phenocrysts of clinopyroxene (augite and 
diopside), orthopyroxene (hypersthene) and olivine (for-
sterite). Hypersthene commonly contains small inclu-
sions of serpentinised olivine. Serpentinisation of olivine 
is common; olivine and pyroxene also may be partly 
replaced by chlorite and the biotite-phlogopite series. 
Skeletal magnetite is a common mineral. In some sam-
ples, pyroxene is partly replaced by tremolite. accessory 
plagioclase is altered to sericite and calcite. Secondary 
minerals are serpentine and chlorite.

Quebrada Volcán

The rocks are exposed in two areas. One larger outcrop 
(800 × 200 m minimum) is in tectonic contact with pre-
Ordovician red pelites (Zimmermann and Van Staden 
2002a; Zimmermann 2005) and composed of very fine- to 
coarse-grained mafic rocks (VO and VGS in Table 1 sup-
plementary material and all figures). The second exposure 
(2,000 m × 500 m minimum) is further towards the west 
and separated from the other gabbros and pre-Ordovician 
successions by Cenozoic volcanic rocks. These rocks are 
strongly tectonised and only coarse-grained gabbro occurs 
(EV in Table 1 supplementary material and all figures).

Some of the mafic rocks are fine-grained and strongly 
affected by chloritisation, which destroyed any primary 
textures and hampers mineral identification. The rocks 
display a fine mesh of green-black and white minerals in 
the polarisation microscope and minute quartz. Strongly 
altered (saussuritised and sericitised) plagioclase is abun-
dant. Pyroxene (commonly altered to hornblende, which in 
turn is again strongly altered), olivine and alkali feldspar 
are rare. Magnetite and quartz occur as secondary phase 
besides abundant chlorite.

Analytical methods

X-ray diffraction

Samples have been pulverised in an agate beaker with an 
agate pestle to very fine grain sizes. Then, they have been 
placed in random mounts were analysed on a Siemens D 
5000 (University of Heidelberg, Germany), with Cu Kα 
X-ray radiation, ni filter, Si monochromator, at 40 kV and 
30 ma. Step scan at ~1.5°/min with a step size of 0.02° 2θ.

Major and trace element analyses

Samples were cleaned before geochemical analyses, and 
the weathering surfaces were removed. Only homogene-
ous samples were selected, crushed and milled in an agate 
mill to a very fine powder (<2 μm). Fusion disks were pre-
pared with Spektroflux 100 (lithiumtetraborate) as flux. 
X-Ray fluorescence (XRF) analyses (University of Heidel-
berg, Germany) for major and trace elements were car-
ried out using a SRS 303 (Siemens) wavelength-dispersive 
XRF spectrometer operating at 50 kV and 50 ma. Detec-
tion limits are related to the atomic number, and between 1 
and 10 μg/g for heavy elements. Precision is between 0.5 
and 2 % (1σ), accuracy was controlled by repeated meas-
urements of standards and each sample was measured two 
times. Some trace element and major element analyses 
were carried out by ICP-MS at aCME laboratories (Van-
couver, Canada). Detection limits and preparation proce-
dures can be downloaded from www.acmelab.com. Inaa 
analyses were performed by aCTlaBS (Ontario, Canada) 
and for some samples at Cornell University according to 
standard methods. Detection limits are between 0.5 and 
5 ppm for elements like ag and Cr. Inaa precision based 
on replicate analyses of international rock standards is 
2–5 % (1σ). Further information about detection limits and 
methodology can be downloaded from www.actlabs.com. 
Trace elements measured at Cornell University were done 
by Inaa at Ward laboratory at Cornell University. Further 
information on Inaa analyses at Cornell University, and 
the use of Fe as an internal flux monitor can be found in 
Kay et al. (1987).

Electron microprobe analysis

Quantitative analyses of chromite were carried out on a 
Cameca Cambax 355 electron microprobe with Oxford link 
integrated WDS, set at a voltage of 15 keV. Beam diameter 
was between 2 and 5 µm, and ZaF corrections were done. 
Fe2+ and Fe3+ were calculated from total Fe measurements 
on chromites based on the stoichiometric formula of spi-
nels. Several authors (e.g. Wood and Virgo 1989) pointed 
out that accuracy and precision of such calculations are not 

http://www.acmelab.com
http://www.actlabs.com
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perfect, but precise and accurate enough to obtain reliable 
Fe3+ and Fe2+ concentrations. Each grain was measured 
several times (5–8 spots in the centre) depending on grain 
size.

Isotope analyses

Whole rock powders were digested in a mixture of con-
centrated HF and HnO3 in 3-ml screw-top Teflon® vials 
inside Parr® bombs at ca 180 °C for several days. all 
samples were spiked with a mixed 149Sm-150nd tracer 
prior to dissolution. after complete dissolution, the sam-
ples were dried down and re-dissolved in 2.5 n HCl. 
REE (rare earth elements) were separated using cation 
exchange columns with a DOWEX aG 50 W-X 12 resin 
using HCl. nd and Sm were separated from the other REE 
using HDEHP-coated Teflon® medium. Sm and nd were 
analysed on Re double filaments using a VG-Sector 54 
mass spectrometer with multiple collectors (University of 
Münster, Germany). all nd isotope ratios were normal-
ised to 146nd/144nd = 0.7129. During the course of this 
study, the value obtained for the la Jolla nd-standard was 
0.511868 ± 15 (2σ). The uncertainty for the Sm/nd ratio 
is ≤0.15 %. The total procedural blank for nd was <20 pg. 
Since several 100 ng of nd were used for an individual iso-
tope analysis, the procedural blank is negligible.

Eight magmatic zircon grains from the gabbro of the 
southern Sierra de Calalaste were analysed for their U–Pb 
ages with la-ICP-MS at the Institut für Mineralogie, Mün-
ster. after sieving, the heavy minerals from the <250-µm 
fraction were separated with a sodium polytungstate solu-
tion. Magnetic heavy minerals were removed with a Frantz 
magnetic separator (only SRT1). a random selection of the 
total zircon population was mounted in epoxy and polished 
to expose the centres of the grains. Zircon regions suitable 
for analysis were identified from Cl and backscattered 
electron imaging. Zircon U–Pb geochronology in Münster 
was performed using the method outlined in Kooijman 
et al. (2012). The spot size was 25–35 µm. Total ablation 
time was 55 s, which included 20 s with the shutter closed 
to measure the background. Each spot was pre-ablated with 
three laser shots using a 45-µm beam to remove surface 
common Pb. External standardisation was done using the 
GJ-1 reference zircon (Jackson et al. 2004). Measurement 
of the 91500 standard zircon (Wiedenbeck et al. 1995) as 
unknown indicated a reproducibility of 2.5 % for 206Pb/238U 
and 3.0 % precision for 207Pb/206Pb (2σ). The U and Pb iso-
tope data were processed offline using an in-house Excel® 
spread sheet (Kooijman et al. 2012). Common-Pb cor-
rection was applied if the common 206P of the total 206Pb 
exceeded 1 % using the Pb evolution model of Stacey and 
Kramers (1975). Isoplot/Ex 2.49 (ludwig 2001) was used 
for age calculations (assuming λ(238U) = 1.551 × 10−10a−1 

and λ(235U) = 9.849 × 10−10a−1; Jaffey et al. 1971) of 
U–Pb data from zircons of all analysed samples. Three of 
35 zircon ages were excluded from further consideration 
because of large analytical errors.

Geochemistry

Major element geochemistry

The mafic rocks can be classified as gabbros (SiO2 between 
43.1 and 53.1 wt%) and only some as diorites (Table 1 sup-
plementary material), while the ultramafic rocks would be 
classified as peridotites. The gabbros interlayered with the 
sedimentary rocks of the Tolillar Formation (Table 1 sup-
plementary material, group TOl; Fig. 2b) show the wid-
est variation in alkali element concentrations between 2.2 
and 5.5 wt%. Fe2O3T, MgO and CaO are variable in each 
exposure (Table 1 supplementary material). Only al2O3 is 
significantly lower in the gabbros of the Quebrada Volcán, 
but the SiO2 content is generally slightly higher (~50 wt%) 
than in all other exposures. In an aFM diagram (Fig. 3a). 

Fig. 3  a aFM diagram after Irvine and Baragar (1971). b Y/TiO2 
versus Zr/TiO2 diagram to discriminate between calc-alkaline and 
tholeiitic differentiation trends (after lentz 1998; Piercey et al. 2004)
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most of the rocks follow the tholeiitic trend, but samples of 
the southern Sierra de Calalaste (SC) seem to be calc-alka-
line. Cumulates are depleted in SiO2, al2O3, TiO2, alkali 
elements and strongly enriched in MgO (up to 31 wt%).

Minor and trace element geochemistry

The tholeiitic character of the rocks is better indicated by 
immobile trace elements in a plot Y/TiO2 versus Zr/TiO2 
(Fig. 3b). Only few samples fall in a transitional field 
between tholeiitic and calc-alkaline magmas with Zr/Y 
ratios between 4 and 7 (Table 1 supplementary material). 
In extended trace element diagrams, the samples show their 
general characteristics with relatively uniform enrichment 
in lIlE (large-ion lithophile elements) (Fig. 4a). K2O is 
strongly depleted in all samples, as is P2O5 and Pb. Incom-
patible and immobile elements like Th, U, lREE (light rare 
earth elements) and Zr are mostly enriched. Depletion in 
Ta, nb and Ti is weak (Fig. 4a). Some cumulates are sig-
nificantly different from all other samples and depleted 
in most of the shown elements, but enriched in compat-
ible elements like Cr, ni and Co (Table 1 supplementary 

material data repository). Depletion in incompatible ele-
ments such as Zr and Hf is moderate with values 10× 
higher than chondritic abundances (Fig. 4a; Table 1 supple-
mentary material).

Samples from Pocitos and the Quebrada Volcán show 
flat REE patterns (Fig. 4b) with lan/Ybn ratios mostly 
between 1 and 3 (Table 1 supplementary material). The 
samples from Quebrada Volcán close to antofalla (EV) 
(Fig. 1c) are enriched in HREE (heavy rare earth ele-
ments) relative to others from the same outcrops area 
at Quebrada Volcán (VO), which have higher SiO2 con-
tents. The samples from southern Sierra de Calalaste (SC) 
are partly enriched in lREE, although several samples 
match the flat REE pattern of the rocks from Pocitos and 
the Quebrada Volcán. Cumulates have lower REE abun-
dances than the gabbroic rocks with positive Ce and Eu 
anomalies (Fig. 4b). Chromites from ultramafic rocks show 

Fig. 4  a Samples averages and normalised to chondritic values after 
Sun and McDonough (1989). b Sample averages of rare earth ele-
ments normalised to chondritic values after nakamura (1974)

Fig. 5  a εnd versus time in Ma. The fine-stippled vertical line rep-
resents the crystallisation age of the mafic rocks at 539 Ma, and the 
data are given for TDM in Ma for the mafic rocks. The dark-shaded 
field represents nd isotope systematics for arc lavas and the lighter 
grey-shaded field Ordovician sedimentary rocks. b Fractionation 
value for nd isotopes (f) versus εnd values. Shown are Ordovician 
sedimentary rocks and associated arc lavas and the mafic rocks. The 
one cumulate sample has the expected high f value but its εnd value 
is similar to the gabbros. Data for Ordovician lavas have been taken 
from Bock et al. (2000), for the Ordovician sedimentary rocks from 
Zimmermann and Bahlburg (2003)
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typical Ti, al, Cr#, Fe3+ abundances found in magmatic arc 
rocks. low Ce/Pb (<25) and nb/U (<50) ratios point to a 
continental rather than an oceanic affinity of the magmas 
(Hofmann et al. 1986). Most samples have relatively low 
Y concentrations (±<30 ppm) combined with moderate 
Cr concentrations (100–400 ppm) and ni concentrations 
mostly below 100 ppm, with the exception of gabbros at 
Pocitos exposed in the Tolar Chico Formation (Table 1 sup-
plementary material). These characteristics do not point to 
a typical MORB origin.

Isotope geochemistry

nd isotope compositions

Table 2 presents nd isotope compositions of gabbroic and 
cumulate samples with nd model ages (TDM) and the ini-
tial εnd based on the youngest magmatic zircon age (c. 
540 Ma). In Fig. 5a, εndt is plotted against time. The sam-
ples have a range of neoproterozoic nd model ages (TDM) 
between 560 and 900 Ma with only one sample having a 
Mesoproterozoic TDM. Values for εnd540Ma are between 

+1.4 and +7.4 and are similar to mafic volcanic rocks of 
Ordovician age in the neighbouring regions of the Cordón 
de lila in northern Chile (Fig. 1a) and the eastern Puna of 
northwestern argentina (Bock et al. 2000). The positive 
εndt values mark the juvenile character of the mafic rocks. 
Figure 5b plots fSm/nd values against εndt=540Ma. The dia-
gram shows that the degree of fractionation or assimilation 
of crustal material varies between the gabbroic samples.

Geochronology

U–Pb ages of magmatic zircon

From the gabbroic rocks, magmatic zircon grains could be 
separated for U–Pb age determination by la-ICP-MS. The 
zircons are small (<150 μm), slightly rounded and partly 
broken (Fig. 6a). Thirty ages with very good to acceptable 
σ errors could be obtained from the zoned zircon grains, 
and they range from 1,182 ± 39 to 534 ± 29 Ma (Fig. 6b; 
Table 1). The eight analysed zircon grains gave four groups 
of ages centreed at 1,130, 1,020, 650 and 540 Ma (Fig. 6c; 
Table 1). Of particular interest regarding the age of the 

Fig. 6  a Representative cathodoluminescence images of zircons 
GaB8 and GaB6. Spots GaB8-5 and GaB8-6 were analysed with 
a 25-μm beam, spots 5 and 6 with a 12-μm beam. b Weatherill con-

cordia plot of all obtained ages of zircons in the gabbros. c Obtained 
U–Pb ages younger than 600 Ma with nine data points on a Weather-
ill concordia plot of zircons GaB6 and GaB8
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Table 1  U–Pb isotope data from primary and inherited zircons in gabbros

analysis name Spot U conc. (ppm) Ratios Rho

206Pb/238U ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ

GaB8-5-12 Rim 237 0.0863 0.0050 0.6938 0.0735 0.0583 0.0052 0.55

GaB8-6-12 Rim 236 0.0864 0.0048 0.6985 0.0610 0.0587 0.0039 0.64

GaB8-3-25 Core 271 0.0866 0.0036 0.6906 0.0337 0.0579 0.0015 0.85

GaB8-2-25 Core 285 0.0870 0.0035 0.6992 0.0329 0.0583 0.0014 0.87

GaB8-1-25 Core 330 0.0872 0.0036 0.7019 0.0335 0.0584 0.0014 0.86

GaB6-2-25 Rim 198 0.0873 0.0037 0.7033 0.0352 0.0584 0.0016 0.84

GaB6-4-25 Core 159 0.0877 0.0037 0.7063 0.0350 0.0584 0.0015 0.85

GaB6-3-25 Rim 221 0.0907 0.0040 0.7381 0.0366 0.0590 0.0014 0.88

GaB6-1-25 Rim 184 0.0914 0.0040 0.7418 0.0375 0.0589 0.0015 0.86

GaB5-2-25 Core mm 369 0.1038 0.0034 0.8722 0.0311 0.0609 0.0009 0.92

GaB5-1-25 Core mm 232 0.1053 0.0035 0.8932 0.0339 0.0615 0.0011 0.88

GaB5-4-25 Rim mm 371 0.1073 0.0045 0.9130 0.0438 0.0617 0.0014 0.88

GaB5-3-25 Core mm 365 0.1075 0.0048 0.9085 0.0495 0.0613 0.0019 0.82

GaB2-1-25 Metamict 142 0.1417 0.0042 1.4494 0.0561 0.0742 0.0018 0.77

GaB7-3-25 Core 120 0.1665 0.0073 1.6812 0.0920 0.0732 0.0024 0.80

GaB7-2-25 Core 86 0.1736 0.0078 1.7617 0.0943 0.0736 0.0021 0.84

GaB7-1-25 Core 101 0.1741 0.0074 1.7625 0.0920 0.0734 0.0022 0.82

GaB7-4-25 Core 228 0.1750 0.0086 1.7765 0.1011 0.0736 0.0021 0.86

GaB2-3-25 Rim mm 206 0.1756 0.0037 1.7711 0.0482 0.0732 0.0013 0.77

GaB2-2-25 mm Core 176 0.1763 0.0038 1.7987 0.0507 0.0740 0.0014 0.76

GaB4-1-25 Rim mm 262 0.1795 0.0058 1.8993 0.0653 0.0767 0.0009 0.93

GaB4-2-25 Core mm 262 0.1824 0.0067 1.9430 0.0752 0.0773 0.0010 0.94

GaB1-3-25 1st Rim 165 0.1898 0.0042 2.0139 0.0553 0.0770 0.0012 0.81

GaB1-2-25 Core-Rim 256 0.1916 0.0040 2.0389 0.0543 0.0772 0.0013 0.79

GaB4-3-25 Core-Rim mm 215 0.1916 0.0067 2.0312 0.0787 0.0769 0.0013 0.91

GaB3-3-25 Rim mm 82 0.1920 0.0063 2.0275 0.0816 0.0766 0.0018 0.82

GaB1-5-25 1st Rim 267 0.1927 0.0043 2.0305 0.0522 0.0764 0.0010 0.87

GaB1-1-25 Core 149 0.1929 0.0041 2.1117 0.0613 0.0794 0.0016 0.73

GaB3-2-25 1st Rim mm 102 0.1935 0.0066 2.0568 0.0810 0.0771 0.0015 0.86

GaB1-4-25 Core 270 0.1935 0.0045 2.0853 0.0537 0.0782 0.0009 0.89

GaB3-1-25 Core mm 150 0.1954 0.0063 2.0979 0.0748 0.0779 0.0012 0.91

analysis name Spot ages (Ma) Common Pb Degree of con-
cordance (%)206Pb/238U ±2σ 207Pb/235U ±2σ 207Pb/206Pb ±2σ 206Pb/204Pb f206 %

GaB8-5-12 Rim 533.8 29.7 535.1 44.1 540.8 194.9 * 98.7

GaB8-6-12 Rim 534.0 28.7 537.9 36.5 554.3 146.6 1,249 1.09 96.3

GaB8-3-25 Core 535.2 21.3 533.2 20.3 524.5 56.6 7,557 0.05 102.0

GaB8-2-25 Core 537.5 21.0 538.3 19.6 541.9 51.3 * 99.2

GaB8-1-25 Core 538.9 21.2 539.9 20.0 544.1 53.8 134,998 0.01 99.1

GaB6-2-25 Rim 539.8 21.8 540.8 21.0 544.8 59.3 * 99.1

GaB6-4-25 Core 541.6 21.8 542.6 20.8 546.5 57.8 * 99.1

GaB6-3-25 Rim 559.6 23.4 561.3 21.4 568.2 51.3 * 98.5

GaB6-1-25 Rim 563.7 23.4 563.5 21.9 562.5 56.6 * 100.2

GaB5-2-25 Core mm 636.7 19.8 636.7 16.9 636.8 30.9 20,995 0.06 100.0

GaB5-1-25 Core mm 645.2 20.6 648.1 18.2 657.9 38.0 * 98.1

GaB5-4-25 Rim mm 657.1 26.5 658.6 23.2 664.0 48.0 * 98.9

GaB5-3-25 Core mm 658.4 28.0 656.3 26.3 649.1 66.8 6,386 0.18 101.4



1032 Int J Earth Sci (Geol Rundsch) (2014) 103:1023–1036

1 3

gabbros is the youngest age group. It is represented by 
zircon grains GaB8 and GaB6, which provided nine con-
cordant 206Pb/238U–207Pb/235U ages (Fig. 6c), seven from 
the cores and two from the rim of zircon GaB8. These 
two rim spots were measured with a 12-μm-diameter 
beam and consequently have slightly increased errors. all 
dates from zircon grains GaB8 and GaB6 combinedly 
define a concordia age of 543.4 ± 7.2 Ma (Fig. 6c). The 
weighted average age of these analyses is 542.9 ± 7.5 Ma 
(MSWD = 0.87, probability of fit = 0.54).

The concordia age of 543.4 ± 7.2 Ma is interpreted as 
the intrusion age. This interpretation is based on two inde-
pendent lines of evidence. First, the rims and cores of zir-
con grains GaB8 and GaB6 have a similar age. Second, 
the contact of the Puna ultramafic rocks and gabbros (Com-
plejo Ojo de Colorados, Zappettini et al. 1994) to early 
Ordovician monzonites and monzodiorites of the Complejo 
Ígneo Pocitos is marked by a black wall characterised by 
low initial 87Sr/86Sr values (Kleine et al. 2004). They indi-
cate that gabbros and ultramafic rocks originated in a conti-
nental crust significantly older than the intrusion age of the 
Ordovician plutons at 476 ± 2 Ma (Kleine et al. 2004).

The presented analyses are the first and only reliable 
ages on zircon available for the mafic–ultramafic assem-
blage of the Complejo Ojo de Colorados, and the first 
hard evidence constraining its age. an age of c. 545 Ma 

corresponds to the lowermost Cambrian to Ediacaran and 
connects the intrusive bodies to the Pampean orogeny, 
which took place between 555 and 520 Ma (Rapela et al. 
1998; Schwartz et al. 2008). It establishes the dated rocks 
as a temporal equivalent to the late stages of the evolution 
of the western margin of the Pampia terrane, including the 
Puncoviscana basin (see summary of ages in augustsson 
et al. 2011).

Discussion

The rocks of the mafic complexes at Pocitos, in the Sierra 
de Calalaste and the Quebrada Volcán in nW argentina 
have a predominantly tholeiitic character (Fig. 3). The 
gabbroic rocks show mostly enrichment in Zr and other 
incompatible elements, and moderate depletions in Ta, 
nb and Ti (Fig. 4a; Table 1 supplementary material). This 
indicates a noteworthy crustal contamination, as the rocks 
are not significantly fractionated (Fig. 4b). Comparing the 
geochemistry of the rocks with typical mid-ocean ridge 
basalts (MORB), an extended trace element diagram shows 
that the samples are not similar to MORBs (Fig. 7a). The 
mafic rocks exposed in the Central andes are enriched in 
lIlE, Th, Ta, nb, lREE, Hf and Ti compared to MORB. 
Ce/nb and Th/nb ratios are atypical for MORB and 

* no detectable 204Pb

Table 1  continued

analysis name Spot ages (Ma) Common Pb Degree of con-
cordance (%)206Pb/238U ±2σ 207Pb/235U ±2σ 207Pb/206Pb ±2σ 206Pb/204Pb f206 %

GaB2-1-25 Metamict 854.1 24.0 909.6 23.3 1,047.0 49.4 3,226 0.42 81.6

GaB7-3-25 Core 992.8 40.2 1,001.4 34.8 1,020.4 66.8 * 97.3

GaB7-2-25 Core 1,031.9 43.0 1,031.5 34.7 1,030.6 58.5 1,732 0.44 100.1

GaB7-1-25 Core 1,034.8 40.8 1,031.8 33.8 1,025.3 61.0 1,957 0.45 100.9

GaB7-4-25 Core 1,039.7 47.0 1,036.9 37.0 1,031.0 58.6 * 100.8

GaB2-3-25 Rim mm 1,042.8 20.2 1,034.9 17.6 1,018.3 35.1 5,287 0.18 102.4

GaB2-2-25 mm Core 1,046.8 20.7 1,045.0 18.4 1,041.2 36.9 * 100.5

GaB4-1-25 Rim mm 1,064.5 31.5 1,080.9 22.9 1,114.0 24.6 * 95.6

GaB4-2-25 Core mm 1,080.2 36.3 1,096.0 26.0 1,127.8 25.7 4,154 0.19 95.8

GaB1-3-25 1st Rim 1,120.2 22.9 1,120.2 18.6 1,120.2 32.2 7,173 0.07 100.0

GaB1-2-25 Core-Rim 1,129.7 21.9 1,128.6 18.1 1,126.4 32.3 * 100.3

GaB4-3-25 Core-Rim 
mm

1,130.1 36.5 1,126.0 26.4 1,118.1 32.5 3,739 0.44 101.1

GaB3-3-25 Rim mm 1,132.0 34.2 1,124.8 27.4 1,110.9 46.3 * 101.9

GaB1-5-25 1st Rim 1,135.7 23.2 1,125.8 17.5 1,106.6 25.6 6,041 0.27 102.6

GaB1-1-25 Core 1,137.3 22.0 1,152.6 20.0 1,181.6 39.4 17,081 0.08 96.3

GaB3-2-25 1st Rim mm 1,140.2 35.4 1,134.6 26.9 1,123.7 39.8 6,380 0.12 101.5

GaB1-4-25 Core 1,140.2 24.1 1,144.0 17.7 1,151.1 22.8 * 99.1

GaB3-1-25 Core mm 1,150.6 34.1 1,148.1 24.5 1,143.5 29.8 1,649 0.98 100.6
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might point either to partially crustal contaminated rocks 
or reflect elemental enrichment in their magmatic source 
(Fig. 7). Some samples of the southern Sierra de Calalaste 
have partly higher nb concentrations, while Ce increases 
only slightly (by factor 2) and Th is very similar to con-
centrations in the other gabbros (see Figs. 4a, 7a; Table 1 
supplementary material). However, still none of the sam-
ples points to a typical MORB source. The abundance of 
primary magmatic hornblende does also not support an 
MORB origin. Moreover, we identified chromite in olivines 
of the cumulate rocks at Pocitos with chemical signatures 
typical of arc magmas with Ti2O between 0.84 and 0.99 %, 
low al2O3 (6.2–7.8 %), high Cr# (0.89–0.90) and high Fe3+ 
values (0.14–0.39) (arai 1992; Kamenetsky et al. 2001). 
neodymium isotope systematics demonstrate the juve-
nile character of the rocks with late neoproterozoic TDM, 
except for one sample with a Mesoproterozoic model age, 
when using the age of the youngest zircon separated from 
the gabbros for the calculation of TDM. The dated zircons 
are slightly rounded, and 6 out of 8 grains are considered 
inherited from crustal rocks because of their Meso- and 
neoproterozoic ages. The spread of the initial nd isotope 
ratios, however, is low and indicates that crustal contami-
nation, although present, might not have been a major fac-
tor in the evolution of the magmas from which the gabbros 
crystallized.

The dated gabbros are tectonically associated with 
Ordovician clastic successions, which are part of a wide 
marine retro-arc basin stretching from the west in north-
ern Chile to the east in the argentinean Cordillera Ori-
ental (Fig. 1a). The sedimentary rocks were subject of c. 
20-year-long provenance studies (Bahlburg 1990, 1998; 
Bock et al. 2000; Zimmermann et al. 2002, 2010; Zimmer-
mann and Bahlburg 2003) and revealed not a single argu-
ment for a possible terrane boundary in that area marked 
by the mafic to ultramafic rocks. The clastic Ordovician 
successions comprise nd isotope systematics similar 
to the underlying metamorphic basement and revealed 
crustal reworking without significant input of juvenile 
material, (Zimmermann and Bahlburg 2003), which was 
also revealed in Ordovician continental arc-related lavas 
and plutonic rocks (Bock et al. 2000; Kleine et al. 2004; 
Poma et al. 2004). Detrital zircon analyses of the Ordo-
vician sedimentary rocks hosting the gabbros show an 
overwhelming abundance of Ordovician detrital zircons 
(naidoo et al. 2012). about 90 % of the detrital zircons in 
these successions are younger than 520 Ma (naidoo et al. 
2012) and can be assigned to the active continental margin 
lasting from late Cambrian to Middle Ordovician (Bahl-
burg 1990; Mannheim and Miller 1996; Pankhurst et al. 
1998; Zimmermann and Bahlburg 2003; Zimmermann 
et al. 2010); other ages are extremely rare even those cor-
responding to the Early to Middle Cambrian Pampeanas 

orogeny. Moreover, the host rocks of the gabbros represent 
the top of a sedimentary package with a minimum thick-
ness of 3 km (Zimmermann 1999; Zimmermann et al. 
2002). Field studies demonstrated that despite detailed 
mapping over several km2 (Fig. 1   repository material), 
no xenoliths from intermediate to felsic magmatic rocks or 
sedimentary successions could be found in the mafic bod-
ies. Sedimentary rocks show mylonitic textures along the 
contacts or 1–2-m-wide talc-rich contact zones. The gab-
broic rocks are exposed as elongated lenses in various dif-
ferent levels of the sedimentary rocks (Fig. 1 supplemen-
tary material). Moreover, the metamorphic grade of the 
mafic rocks as indicated by new growth of chlorite, ser-
pentine and amphibole is definitely higher than that of the 
associated sedimentary successions, which were affected 
only by diagenetic to anchimetamorphic conditions (Zim-
mermann 1999; Zimmermann and Bahlburg 2003). In 
view of the field evidence, contamination by the suprac-
rustal Ordovician rocks during intrusion should reveal 
a dominance of Ordovician zircons. However, this is not 
observed. The zircons studied here have Mesoproterozoic, 
Early Ediacaran and Early Cambrian core and rim ages 

Fig. 7  a normalisation of sample averages to MORB after Pearce 
(1983). b Discrimination plot for basaltic magmas and their genesis 
after Wang et al. (2004)
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(Table 1) indicating that the magmas assimilated Meso- 
and neoproterozoic crustal material prior to final intrusion 
at c. 545 Ma, i.e. at the boundary Pre-Cambrian–Cambrian.

Conclusion

Mafic to ultramafic rocks formed at c. 545 Ma are exposed 
in northwest argentina in tectonic contact with Ordovi-
cian sedimentary successions. This study shows that the 
mafic to ultramafic suite is mainly composed of tholeiitic 
to calc-alkaline gabbros, which are affected by hydrother-
mal processes and witnessed new growth of epidote, chlo-
rite, pumpellyite, biotite, serpentine and amphibole, which 
is not recorded in the host rocks and points to a higher 
metamorphic grade. Most of the mafic rocks are enriched 
in lIlE elements and display a slight negative anomaly 
in Ta, nb and partly Ti compared to chondrites (Fig. 4a). 
However, compared to MORB, the rocks are enriched in 
incompatible elements particularly lIlE (Fig. 7a). Cumu-
lates occur in the suite of mafic rocks and contain chromite 
with chemical signatures pointing to arc magmas. neodym-
ium model ages (TDM) are mostly neoproterozoic (Table 2; 
Fig. 5a). The gabbros contain primary zircon grains giving 
an age of 543.4 ± 7.2 Ma and inherited zircon of Mesopro-
terozoic and Ediacaran age (Table 1; Fig. 6c). Models pre-
sented by a number of studies (Dalziel and Forsythe 1985; 
Palma et al. 1990; Rapela et al. 1992; Forsythe et al. 1993; 
Blasco et al. 1996; Conti et al. 1996; Ramos 1988, 1996; 
Rapalini 2005; Ramos 2008) interpreting the rock suite as 
Ordovician MORB have to be considered unlikely because 
they imply (1) young neodymium model ages (TDM) and 
(2), this is a defining argument, the absence of inherited 

zircon crystals. These two major criteria for MORB could 
not be identified in our study.

The formation of the gabbros and the associated ultra-
mafic rocks in the southern argentine Puna was related to 
the evolution of the active western margin of the Pampia 
terrane, including the Puncoviscana basin, during the late 
neoproterozoic and earliest Cambrian. In contrast to pre-
vious interpretations, the rocks are recognised to predate 
the Ordovician evolution of the Central proto-andean 
active margin. Consequently, interpretations and palaeo-
tectonic reconstructions assuming these rocks to represent 
an oceanic terrane suture of Ordovician age have to be 
dismissed.
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