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ABSTRACT

We investigated the Neoproterozoic–early 
Paleozoic evolution of the Gondwanan mar-
gin of the north-central Andes by employing 
U-Pb zircon geochronology in the Eastern 
Cordilleras of Peru and Ecuador using a 
combination of laser-ablation–inductively 
coupled plasma–mass spectrometry detrital 
zircon analysis and dating of syn- and post-
tectonic intrusive rocks by thermal ionization 
mass spectrometry and ion microprobe. The 
majority of detrital zircon samples exhibits 
prominent peaks in the ranges 0.45–0.65 Ga 
and 0.9–1.3 Ga, with minimal older detri-
tus from the Amazonian craton. These data 
imply that the Famatinian-Pampean and 
Grenville (= Sunsas) orogenies were available 
to supply detritus to the Paleozoic sequences 
of the north-central Andes, and these oro-
genic belts are interpreted to be either buried 
underneath the present-day Andean chain 
or adjacent foreland sediments. There is evi-
dence of a subduction-related magmatic belt 
(474–442 Ma) in the Eastern Cordillera of 
Peru and regional orogenic events that pre- 
and postdate this phase of magmatism. These 
are confi rmed by ion-microprobe dating of 

zircon overgrowths from amphibolite-facies 
schists, which reveals metamorphic events 
at ca. 478 and ca. 312 Ma and refutes the 
previously assumed Neoproterozoic age for 
orogeny in the Peruvian Eastern Cordillera. 
The presence of an Ordovician magmatic 
and metamorphic belt in the north-central 
Andes demonstrates that Famatinian meta-
morphism and subduction-related mag-
matism were continuous from Patagonia 
through northern Argentina to Venezuela. 
The evolution of this extremely long Ordo-
vician active margin on western Gondwana 
is very similar to the Taconic orogenic cycle 
of the eastern margin of Laurentia, and our 
fi ndings support models that show these two 
active margins facing each other during the 
Ordovician.

Keywords: Gondwana, Andes, Peru, geochro-
nology, zircon, Paleozoic.

INTRODUCTION

The Andes represent the locus of continued 
plate convergence through much of the Pha-
nerozoic. Whereas Andean deformation and 
magmatism have been extensively studied, the 
early evolution of much of the proto-Andean 
margin remains poorly understood. The main 
reason is because exposures of pre-Andean 
basement rocks are in many places extremely 

limited because they are either obscured by later 
tectonic events along the convergent margin or 
buried by the ubiquitous volcanic cover.

This problem is particularly acute in the 
north-central Andes, where Precambrian base-
ment is not exposed for over 2000 km along 
strike, from 15°S in Peru to 2°S in Colombia. 
This corresponds to the distance between the 
northern extent of the Arequipa-Antofalla base-
ment (Fig. 1), a Proterozoic crustal block that 
experienced 0.9–1.2 Ga Grenville metamor-
phism (Loewy et al., 2004; Wasteneys et al., 
1995), and the southernmost basement expo-
sures in Colombia, the Proterozoic Garzón 
inlier (Restrepo-Pace et al., 1997; Cordani et al., 
2005). This zone is also characterized by sub-
stantial development of Andean foreland sedi-
ments to the east, so that the basement geology 
peripheral to the orogen is not known with any 
degree of certainty.

However, in the Eastern Cordilleras of Peru 
and Ecuador, Paleozoic metasedimentary 
sequences are well exposed. Most of these 
sequences, including the Marañon Complex in 
Peru (Fig. 2) and the Isimanchi and Chiguinda 
Units of the Cordillera Real in Ecuador 
(Fig. 2), are considered to be autochthonous 
with respect to the Gondwanan margin (Hae-
berlin, 2002; Pratt et al., 2005). Hence, their 
heavy mineral assemblages, and, in particular, 
their detrital zircon populations, should reveal 
information regarding their source areas—in 
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this case the Gondwanan margin of the north-
ern Andes. Furthermore, granitic magmas that 
intrude these sequences can carry inherited 
zircon, which will also provide source infor-
mation, particularly with respect to deeper 
crustal levels that would otherwise be impos-
sible to sample.

The age and number of orogenic episodes 
in these Paleozoic sequences are poorly con-
strained, especially in the high-grade meta-
morphic sequences of the Eastern Cordillera of 
Peru. It is thus entirely unknown how this region 
relates to other zones along the proto-Andean 
margin of Gondwana, where the Paleozoic 
geological history is signifi cantly better under-
stood (e.g., northern Argentina and Venezuela-
Colombia; see Ramos and Aleman, 2000, for a 
review). However, the metasedimentary rocks 
of the Peruvian Eastern Cordillera are intruded 
by several phases of Paleozoic magmatism that 
can be temporally related to the various regional 
orogenic episodes. The combination of precise 
U-Pb zircon geochronology from these intrusive 
rocks with the provenance information described 
already thus provides new constraints on both 
the timing of orogeny and the paleogeography 
of the Gondwanan margin of the north-central 
Andes during the Paleozoic.

REGIONAL GEOLOGY

The Andes of Ecuador can be subdivided 
into a Western Cordillera, consisting of accreted 
Late Cretaceous oceanic rocks, and an Eastern 
Cordillera (the Cordillera Real), which consists 
of Mesozoic plutons emplaced into probable 
Paleozoic metamorphic pelites and volcanics 
(Fig. 2). The southern boundary of the accreted 
oceanic rocks is marked by the Gulf of Guaya-
quil (Fig. 2). The metamorphic belts of the Cor-
dillera Real continue into northern Peru (Fig. 2), 
where there is a marked change in the orienta-
tion of the Andean chain at ~6°S, termed the 
Huancabamba defl ection.

South of the Huancabamba defl ection, the 
Peruvian Andes are composed of a Western 
Cordillera, consisting of Mesozoic sediments 
intruded by a Mesozoic arc (the Coastal Batho-
lith) with younger Tertiary volcanics and local-
ized plutons (the Cordillera Blanca), and an 
Eastern Cordillera, consisting of a sequence 
of metasedimentary schists and gneisses (the 
Marañon Complex) intruded chiefl y by Carbon-
iferous and Permian-Triassic plutons (Fig. 2). 
The basement to the Western Cordillera north 
of 14°S is unexposed but is believed to repre-
sent accreted oceanic material (Polliand et al., 
2005, and references therein); south of 14°S, the 
Coastal Batholith is intruded into Proterozoic 

gneisses of the Arequipa-Antofalla basement 
(Figs. 1 and 2).

Cordillera Real of Ecuador

There is very little age control on the Paleo-
zoic metamorphic pelites and volcanics of the 
Cordillera Real of Ecuador, and opinion dif-
fers as to whether the majority of the units are 
allochthonous (e.g., Litherland et al., 1994) 
or autochthonous terranes (e.g., Pratt et al., 
2005). The uncertainty relates to the tectonic 
signifi cance attached to north-south faults that 
run along the spine of the Cordillera Real. 
The model of Litherland et al. (1994) invokes 
these faults as major Mesozoic terrane-bound-
ing sutures that separate a series of suspect ter-
ranes. These are illustrated on Figure 2 and are, 
from west to east: Guamote (continental), Alao 
(island arc), Loja (continental), Salado (island 
arc), and Amazonic (continental craton). The 
model of Pratt et al. (2005) considers these units 
autochthonous as they share a similar structural 
history, while the majority of the major terrane-
bounding sutures are reinterpreted as intrusive 
contacts between major plutons and pelites that 
were reactivated during Andean tectonics. The 
major phase of fault movement in the region 

(which has  apparent vertical displacements of 
many kilometers) is believed to be Miocene–
Pliocene in age (Pratt et al., 2005).

Eastern Cordillera of Peru

Existing age constraints on the timing of 
deposition and metamorphism of metasedimen-
tary schists and gneisses of the Eastern Cordi-
lle ra (the Marañon Complex) are very poor. Nd 
model ages cluster between 1.5 and 2 Ga (Mac-
farlane, 1999), while a poorly defi ned Neopro-
terozoic age has been assigned to the metamor-
phism based on bulk, unabraded U-Pb zircon 
data (ca. 630–610 Ma lower intercepts) from 
granulitic gneisses in central Peru (Dalmayrac et 
al., 1980). Recent research has demonstrated the 
presence of an Early Ordovician (484 ± 12 Ma) 
metamorphic event in the Marañon Complex 
(Cardona et al., 2006).

Existing constraints on the timing of mag-
matism and younger deformation events in the 
Peruvian Eastern Cordillera are also sparse. 
However, although based on a very limited geo-
chronological data set (in particular U-Pb zir-
con), two principal plutonic belts of Paleozoic to 
Mesozoic age can be distinguished in the Peru-
vian Eastern Cordillera (Mišković et al., 2005): 
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Figure 1. Map of South 
America illustrating the 
major tectonic provinces 
and the ages of their most 
recent metamorphic events 
(adapted from Cordani et 
al., 2000). Precambrian 
and Paleozoic inliers in the 
Andean belt are shown in 
black and light gray, respec-
tively.
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Figure 2. Geological map of Peru and Ecuador illustrating the major Paleozoic metamorphic and magmatic belts along with the Proterozoic 
gneisses of the Arequipa-Antofalla block. Inset fi gures A–F illustrate zircon probability density distribution diagrams for both metasedi-
mentary and magmatic (inherited cores) samples. Geology was adapted from Litherland et al. (1994) and Leon et al. (2000).
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Mississippian I-type metaluminous to peralumi-
nous granitoids, chiefl y restricted to the segment 
north of 11ºS, and Permian to Early Triassic 
S- to A-type granitoids in central and southern 
Peru (Fig. 2). Additionally, the signifi cance 
and extent of a Late Devonian–Pennsylvanian 
orogenic cycle (the “Eohercynian orogeny” of 
Mégard, 1978) remain uncertain. Samples from 
the Eastern Cordillera of Peru come from two 
regions (Figs. 2, 3A, and 3B) in northern and 
central Peru, respectively.

SAMPLING

Ecuador

Sample 99RS28 (Fig. 2; grid coordinates 
for all samples are listed in the relevant data 
tables in the GSA Data Repository1) was 
selected for detrital U-Pb age zircon analy-
sis by laser-ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS); it 
is a quartzite from the Chiguinda Unit, part of 

the presumed allochthonous Loja terrane of 
Litherland et al. (1994). This unit consists of 
quartzites and black phyllites of poorly con-
strained age thought to be post-Silurian based 
on undiagnostic miospore data (Litherland et 
al., 1994).
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Figure 3. Geological maps, cross sections, and sample localities with ages from selected regions of the Eastern Cordillera of Peru (see Fig. 2). 
(A) Geological map of the northern section of Eastern Cordillera with names of plutons discussed in the text in italics (adapted from Leon 
et al., 2000). (B) Geological map of the northern section of Eastern Cordillera (after Mégard, 1978). Legend as in A. (C) Cross-section X-X′ 
through the Pacococha adamellite (after Mégard, 1978). Line of section is indicated in B. (D) Cross-section Y-Y′ in the vicinity of Tarma 
(after Mégard, 1978). Line of section is indicated in B.

1GSA Data Repository item 2007110, Tables DR1, 
DR2, DR3, and DR4, is available on the Web at 
http://www.geosociety.org/pubs/ft2007.htm.  Requests 
may also be sent to editing@geosociety.org.
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Sample 99RS65 (Fig. 2) is a phyllite selected 
for detrital zircon LA-ICP-MS dating from the 
Isimanchi Formation, which forms part of the 
Amazonian cratonic cover. It consists of very 
low-grade phyllites and marbles and has a poorly 
constrained Carboniferous–Late Triassic age 
based on fi sh remains (Litherland et al., 1994).

Northern Peru

Sample AM076 (Figs. 2 and 3A) is a strongly 
foliated greenschist-facies Marañon Complex 
psammite selected for detrital zircon LA-ICP-
MS U-Pb dating from the type area of the Mara-
ñon Complex—the Marañon valley north of 
Pataz in northern Peru. Here the Marañon Com-
plex is locally overlain by Middle Ordovician 
graptolite-bearing slates of the Contaya Forma-
tion (Wilson and Reyes, 1964), but opinion is 
divided on whether this contact is conformable 
or an orogenic unconformity (Haeberlin, 2002).

Samples DC 04/5–2 and DC 05/6–5 (Figs. 2 
and 3A) are strongly foliated granodiorites 
(defi ned here as the Sitabamba orthogneiss) with 
conspicuous augen of relic igneous plagioclase 
and development of metamorphic biotite and 
garnet (Fig. 4A). The Sitabamba orthogneiss 
intrudes the Marañon Complex in the  southwest 

portion of the Marañon Complex outcrop 
(Fig. 3A; Wilson et al., 1995). Thermobaromet-
ric estimates for the metamorphic assemblages 
are 700 °C and 12 kbar (Chew et al., 2005). 
Sample DC 04/5–2 was selected for precise 
U-Pb zircon dating using isotope-dilution ther-
mal ionization mass spectrometry (TIMS) tech-
niques, to constrain the timing of intrusion and 
LA-ICP-MS dating of inherited zircon cores. 
Sample DC 05/6–5 was selected for U-Pb ion-
microprobe dating to constrain the timing of 
intrusion further to the southeast (Fig. 3A).

Samples DC 05/5–4 and DC 05/5–7 (Figs. 2 
and 3A) were also taken from the Marañon 
Complex. The metamorphic grade of the Mara-
ñon Complex in this region is substantially 
higher than in that to the south (e.g., sample 
AM076), and consists of biotite-garnet para-
gneisses intruded by a series of leucosomes 
that share the same foliation as the coun-
try rock (Fig. 4B). DC 05/5–4 is a sample of 
the high-grade paragneiss host rock that was 
selected for detrital zircon LA-ICP-MS U-Pb 
dating. Particular care was taken during sam-
pling and subsequent sample preparation to 
ensure that no visible leucosome vein mate-
rial was present. DC 05/5–7 was sampled from 
a thick, foliated leucosome (5 m across) for 

U-Pb ion-microprobe dating to constrain the 
timing of leucosome development.

Sample DC 05/5–10 (Fig. 3A) is from a 10-cm-
thick fi ne-grained granodioritic dike that cuts the 
regional gneissic fabric in the Marañon Complex 
and is presumably related to the nearby Balsas 
granodiorite pluton of presumed Mississippian 
age (Fig. 3A). The Balsas pluton has yielded a 
K-Ar biotite age of 347 ± 7 Ma (Sanchez, 1983). 
This post-tectonic dike was selected for U-Pb 
ion-microprobe dating to provide a minimum age 
on the timing of deformation in the region.

Central Peru

Sample SU 03–19 (Figs. 3B and 3C) was 
taken from the Pacococha adamellite, which 
cuts the Marañon Complex in central Peru. It is 
post-tectonic with respect to the ductile defor-
mation fabrics in the Marañon Complex and 
is overlain unconformably by Mississippian 
sediments (Fig. 3C; Mégard, 1978). It is unde-
formed on a hand specimen scale, but magmatic 
biotite is pervasively chloritized, and the pluton 
is prominently jointed with a series of vertical 
basic dikes exploiting the fi ssures (Fig. 3C; 
Mégard, 1978). The sole existing age constraint 
is a K-Ar biotite age of 346 ± 10 Ma (Mégard, 

C
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Late fault

Figure 4. Field photographs from the northern part of the Eastern Cor-
dillera of Peru. (A) Sheared granodioritic gneisses of the Sitabamba ortho-
gneiss. Sample DC 05/6–5, which yields a U-Pb secondary ion mass spec-
trometry (SIMS) zircon intrusion age of 445.9 ± 2.4 Ma, was collected at this 
locality. Lens cap is 6 cm across. (B) Foliated leucosomes within high-grade 
metasediments of the Marañon Complex. Sample DC 05/5–7, which yields 
a U-Pb SIMS zircon age of 477.9 ± 4.3 Ma for leucosome development, was 
collected at this locality. The Marañon Complex host rock was also sampled 
for detrital zircon analyses (DC 05/5–4) in a zone that did not exhibit leuco-
some development. Pencil is 15 cm long. (C) Hualluniyocc adamellite, dem-
onstrating the foliated nature of the intrusion, basic enclaves, and late-stage 
brittle deformation. Sample SU 03–20, which yields a U-Pb thermal ioniza-
tion mass spectrometry (TIMS) zircon intrusion age of 325.43 ± 0.57 Ma, 
was collected at this locality. Lens cap is 6 cm across.
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1978). This sample was selected for U-Pb ion-
microprobe dating to provide a minimum age 
for the timing of deformation in the region.

Sample SU 03–20 (Figs. 3B and 3D) was 
selected from the Hualluniyocc adamellite, one 
of the intrusions sampled for this study in the 
area of Tarma. It is strongly foliated in the fi eld 
and contains abundant basic enclaves (Fig. 4C). 
It contains abundant minor faults, and primary 
igneous biotite is altered to chlorite. The per-
vasive brittle deformation affecting both the 
Pacococha and Hualluniyocc adamellites is 
schematically illustrated in the cross sections of 
Figures 3C and 3D. The pluton is locally over-
lain by Late Permian sediments and cuts vol-
caniclastic sediments of Mississippian age and 
was thus regarded as a late Hercynian intrusive 
by Mégard (1978). This sample was selected for 
U-Pb TIMS zircon dating.

Sample SU 03–21 (Figs. 3B and 3D) was sam-
pled from the Huacapistana Granite of Mégard 
(1978) west of Tarma, which is a foliated mig-
matitic granite that occurs within the main belt 
of Marañon Complex outcrop (Fig. 3D). It is 
regarded as having formed coeval with the sec-
ond phase of deformation in the Marañon Com-
plex and thus is Precambrian in age (Mégard, 
1978). It was sampled for U-Pb ion-microprobe 
dating to provide a constraint on the timing of 
deformation in the region.

Sample SU 03–22 (Figs. 3B and 3D) was 
taken from the Utcuyacu Granite west of Tarma. 
This is a nondeformed monzonitic granite that 
cuts all fabrics in the Marañon Complex and is 
regarded as Andean (Cretaceous to Neogene) in 
age (Mégard, 1978). This sample was selected 
for U-Pb TIMS zircon dating to constrain the 
timing of deformation in the Marañon Complex.

Samples SU 03–24 and SU 03–25 (Figs. 2, 
3b, and 3D) were also sampled from the Mara-
ñon Complex. Sample SU 03–24 is a foliated 
migmatitic paragneiss that closely resembles 
the migmatic Huacapistana Granite. Sample 
SU 03–25 is foliated garnet-biotite schist from 
the Marañon Complex. Thermobarometric 
estimates for the metamorphic assemblage are 
600 °C and 11 kbar (Chew et al., 2005). Sample 
SU 03–24 was selected for U-Pb ion-micro-
probe zircon dating to constrain the timing of 
intrusion and LA-ICP-MS dating of inherited 
zircon cores. Sample SU 03–25 was selected for 
detrital zircon dating by LA-ICP-MS.

U-Pb GEOCHRONOLOGICAL DATA

ICP-MS Dating of Detrital and Inherited 
Zircon

U-Pb dating of detrital zircons from clastic 
sediments is a powerful tool for determining 
sedimentary provenance and crustal evolution. 
Additionally, the spatial resolution afforded by 
in situ techniques (e.g., ion microprobe or LA-
ICP-MS) has enabled analysis of zircon crystals 
that exhibit multiple stages of growth. When 
combined with detailed cathodoluminescence 
(CL) imaging, source information can therefore 
also be obtained from inherited detrital zircons 
in granitic magmas derived from melting of 
sedimentary rocks at depth (e.g., Zeck et al., 
2004). In situ LA-ICP-MS U-Pb zircon ages 
were obtained from samples AM076, 99RS28, 
99RS65, DC 05/5–4, and SU 03–25 (clastic 
metasediments) and samples DC 04/5–2 and 
SU 03–24 (S-type granitic melts with abun-
dant, large inherited zircon cores). U-Pb iso-
topic data and calculated U-Pb ages are listed 
in Table DR1. Tables DR1–DR4 are in the 
GSA Data Repository (see footnote 1), while 
detailed analytical techniques are described in 
the Appendix. Combined U-Pb age probabil-
ity-density-distribution (PDD) plots and histo-
grams (which illustrate concordant data only, 
i.e., where the error ellipse intersects the con-
cordia) are shown as insets A to F in Figure 2 
and are discussed later.

U-Pb TIMS and LA-ICP-MS Dating 
and Initial Hf Isotopic Composition of 
Magmatic Zircon

U-Pb isotopic data, calculated U-Pb ages, and 
zircon morphologies are listed in Table DR2, 
and Hf isotopic compositions of the dated zircon 
are listed in Table DR3 (see footnote 1). U-Pb 
concordia diagrams are illustrated in Figure 5, 
and detailed analytical techniques are described 
in the Appendix.
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Figure 5. Concordia diagrams (A–E) for 
magmatic zircon samples dated by thermal 
ionization mass spectrometry (TIMS) and 
laser-ablation–inductively coupled plasma–
mass spectrometry (LA-ICP-MS). Hf data 
for the magmatic zircon dated by TIMS are 
also presented. Sample identifi cation of TIMS 
data points corresponds to Tables DR2 and 
DR3. Errors are at the 2σ level. MSWD—
mean square of weighted deviates.
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The crystallization of the granodioritic pro-
tolith of the Sitabamba orthogneiss in northern 
Peru (DC 04/5–2; Figs. 2 and 3A) has been 
constrained by both U-Pb TIMS dating of a dis-
tinct subpopulation of acicular magmatic zircon 
(two concordant single-grain analyses yielding 
a concordia age of 442.4 ± 1.4 Ma; Fig. 5A) and 
LA-ICP-MS U-Pb dating of coarse (up to 50 µm 
thick) rims of magmatic zircon (concordia age 
[Ludwig, 1998] of 444.2 ± 6.4 Ma; Fig. 5B). 
Further TIMS data only yielded strongly discor-
dant points and are not shown. There was only a 
limited amount of Hf isotopic data for this sam-
ple (as there were only two TIMS data points), 
but the difference in ε

Hf(T)
 values of −8.8 and 

+2.0 for the two dated zircon grains was sub-
stantially larger than the range shown by other 
samples (Table DR3 [see footnote 1]; Fig. 5A).

The Hualluniyocc adamellite (SU 03–20; 
Figs. 3B and 3D) yielded a concordia age of 
325.4 ± 0.6 Ma based on four concordant data 
points (Figs. 5C and 5D). Dated zircons were 
slightly pinkish, ~200 µm long, and were pris-
matic to long prismatic (length:width ratio [l:w] 
= 4:1); their morphology corresponded to type 
S22 on a Pupin typogram (Pupin, 1980). Some 
crystals contained elongate and rounded melt 
inclusions. One zircon (Fig. 5C) yielded a discor-
dant analysis that pointed to an inherited compo-
nent of a 481 ± 230 Ma age. Although this upper 
intercept age was poorly constrained, it should be 
noted the ca. 480 Ma peak was very prominent 
in the LA-ICP-MS detrital zircon data. The ε

Hf(T)
 

values of the four concordant data points ranged 
from −2.3 to −0.1 (Table DR3 [see footnote 1]; 
Fig. 5D). The two discordant analyses 4 and 5 
had lower ε

Hf(T)
 values of −3.4 and −4.3, consis-

tent with an older crustal source for the Hf.
The Utcuyacu Granite (SU 03–22; Figs. 3B 

and 3D) yielded a concordia age of 307.1 
± 0.7 Ma based on four concordant data points 
(analyses 2, 3, 6, 7; Fig. 5E). Dated zircons 
were ~80 µm long and were short prismatic. 
They also corresponded to a type S22 morphol-
ogy on a Pupin typogram (Pupin, 1980). Most 
crystals contained abundant inclusions, some 
of which were found in the center of the crys-
tal and which probably represented cores. Two 
separate zircons yielded older concordia ages of 
316 Ma and 322 Ma (Fig. 5E). These zircons 
were presumably xenocrysts derived locally 
from the Carboniferous magmatic arc that had 
been incorporated into the melt. The ε

Hf(T)
 values 

of all the data points ranged from −3.2 to +0.5 
(Table DR3 [see footnote 1]; Fig. 5A).

U-Pb Ion-Microprobe Dating of Zircon

U-Pb isotopic data and calculated U-Pb 
ages are listed in Table DR4 (see footnote 1). 

 Scanning-electron micrograph (SEM) CL images 
of representative dated zircons are illustrated in 
Figure 6, and U-Pb Tera-Wasserburg concordia 
diagrams are illustrated in Figure 7. A common 
Pb correction was only applied to samples that 
exhibited signifi cant levels of 204Pb. Detailed ana-
lytical techniques are described in the Appendix.

Central Peru
The Pacococha adamellite (SU 03–19; 

Figs. 3B and 3C) yielded a single zircon popu-
lation consisting of short prismatic, orange-
brown grains (l:w of ~2:1). Grains were typi-
cally ~150–200 µm long and were euhedral 
with well-developed terminations (Fig. 6A). 
The grains were dark under CL and exhibited 
oscillatory zoning. No inherited cores were 
analyzed, and 13 spots from the rims of nine 
separate crystals yielded a concordia age of 
474.2 ± 3.4 Ma. Th/U ratios of the magmatic 
rims typically clustered between 0.1 and 0.35, 

and the spots were uncorrected for common Pb 
(Table DR4, see footnote 1).

The Huacapistana Granite (SU 03–21; 
Figs. 3B and 3D) and the Marañon Complex 
migmatitic paragneiss (SU 03–24; Figs. 2, 
3B, and 3D) closely resembled each other in 
terms of their zircon populations. They will be 
considered together, and the CL images of SU 
03–21 (Fig. 6B) can be considered represen-
tative of SU 03–24. The population consisted 
of medium-sized (between 100 and 200 µm in 
diameter), colorless, well-faceted grains. The 
grains were typically subspherical or stubby 
prisms. Under CL, all grains contained inher-
ited cores that formed the majority of the crys-
tal. The inherited cores were nearly always 
rounded but exhibited a wide variety of internal 
zoning and CL intensity patterns. The bound-
ary between the inherited core and the mag-
matic rim was commonly characterized by a 
thin (1–5 µm) black zone under CL, which was 

Figure 6. Representative zircon petrography for secondary ion mass spectrometry (SIMS) 
analyses: scanning electron microscope–cathodoluminescence images from (A) Pacococha 
adamellite, (B) Huacapistana Granite, (C) leucosome within the Marañon Complex, (D) 
Sitabamba orthogneiss, and (E) Carboniferous microgranite dike. Sample identifi cation of 
SIMS data points corresponds to Table DR4 (see text footnote 1). All quoted ages are con-
cordia ages, and uncertainties are at the 2σ level. All images use the scale bar in E.
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Figure 7. Tera-Wasserburg concordia diagrams (A–L) showing zircon ages for samples dated by secondary ion mass spectrometry (SIMS). 
Spot numbers are those given in Table DR4 (see text footnote 1). MSWD—mean square of weighted deviates.
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sometimes overgrown by a bright white zone 
of irregular thickness. The succeeding outer 
portions of the crystal typically displayed an 
irregular zoning pattern and were gray under 
CL (Fig. 6). The total thickness of the rim was 
seldom greater than 40 µm. Where possible, 
analyses were confi ned to the gray outer por-
tions of the rim. Inherited cores for both sam-
ples yielded ages that ranged between 500 and 
340 Ma (Figs. 7B and 7D). Eight spots from the 
rims on eight separate grains yielded a concor-
dia age of 310.1 ± 2.3 Ma (Fig. 7C) for sample 
SU 03–21. Six spots from the rims of six sepa-
rate grains yielded a concordia age of 312.9 
± 3 Ma (Fig. 7E) for sample SU 03–24, albeit 
with a relatively high mean square of weighted 
deviates (MSWD) of 7.5. Th/U ratios from the 
rims of both samples were typically extremely 
low, clustering around 0.01 (Table DR4, see 
footnote 1). Three out of eight rims in sample 
SU 03–21 were corrected for common Pb, while 
all six rims in sample SU 03–24 were corrected 
for common Pb (Table DR4, see footnote 1). 
Five of these six analyses are shown uncor-
rected for common Pb on an inverse concordia 
diagram (Fig. 7F). They yield an intercept age 
of 313.8 ± 3.0 Ma (MSWD = 0.84), assuming 
the anchor for the intercept has a present-day 
average terrestrial common Pb composition of 
207Pb/206Pb = 0.83 (Stacey and Kramers, 1975), 
which corroborates the accuracy of the com-
mon Pb correction.

Northern Peru
The Marañon Complex leucosome (DC 

05/5–7; Figs. 2 and 3A) yielded an extremely 
diverse population of zircons. The majority of 
the population was composed of large (often up 
to 200 µm in diameter) faceted grains (which 
were either long prismatic, short prismatic, or 
subspherical in habit, with a discrete subpopu-
lation of small prismatic, euhedral zircons that 
rarely exceeded 100 µm in length). Under CL, 
the distinction between the two subpopulations 
was clear. The small euhedral prisms were CL 
dark and had faint idiomorphic zoning (Fig. 6C) 
with rare inherited cores. The coarser grains 
showed a thin (10–30 µm) CL dark rim with 
faint idiomorphic zoning, which surrounded a 
large inherited core that made up the majority of 
the zircon crystal (Fig. 6C). The inherited cores 
exhibited a wide variety of forms, zoning pat-
terns, and CL intensities, which refl ect the vari-
able nature of the precursor detrital zircon popu-
lation. Four spots from the CL dark regions on 
four separate grains yielded a concordia age of 
477.9 ± 4.3 Ma (Fig. 7H), which is interpreted 
as the crystallization age of the leucosome. Both 
the large faceted grains and the small prismatic 
grains were analyzed (Fig. 6C). One inherited 

core (27) was analyzed and yielded a 206Pb/238U 
age of 1093 ± 16 Ma, while another analysis (7), 
which yielded an age marginally older than the 
concordia age (206Pb/238U age of 494 ± 10 Ma), 
is interpreted as a mixture between a magmatic 
rim and inherited core. Th/U ratios of the mag-
matic rims were typically extremely low, aver-
aging around 0.05 (Table DR4, see footnote 1). 
All four magmatic spots were corrected for 
common Pb (Table DR4, see footnote 1).

The Sitabamba orthogneiss (DC 05/6–5; 
Figs. 2 and 3A) yielded one population of long 
prismatic (up to 300 µm long) zircons that were 
predominantly euhedral with sharp terminations 
(Fig. 6D). CL images exhibited bright oscilla-
tory zoned rims that commonly surrounded a 
slightly darker oscillatory zoned core. The per-
centage of the population that contained poten-
tially inherited cores is estimated at less than 5%, 
although no such grains were analyzed. Eleven 
spots from the CL bright marginal regions on 
nine separate grains yielded a concordia age of 
445.9 ± 2.4 Ma (Fig. 7J), which is interpreted to 
be the age of intrusion. Th/U ratios of the dated 
zircons clustered between 0.1 and 0.4, although 
one outlier (13) had a Th/U ratio >1 (Table DR4, 
see footnote 1). Analyses were uncorrected for 
common Pb (Table DR4, see footnote 1).

The Balsas microgranite dike (DC 05/5–10; 
Fig. 3A) yielded two major populations of zir-
cons. The fi rst population consisted of elongate 
prismatic zircons (typically between 200 and 
250 µm long) that were euhedral with sharp 
terminations (Fig. 5E). They were CL dark and 
displayed a characteristic sector zoning. The 
second population consisted of stubby prismatic 
zircons (l:w typically of ~2:1) that were also 
euhedral with well-developed terminations. CL 
images exhibited a prominent oscillatory zon-
ing. Neither population exhibited clear inher-
ited cores. These two morphologies comprised 
~95% of the total zircon population. Six spots 
from six separate grains from the sector-zoned 
population yielded a concordia age of 343.6 
± 2.6 Ma (Fig. 7L), which is interpreted to be 
the intrusion age of the dike. These analyses 
were characterized by Th/U ratios between 0.35 
and 0.5 (Table DR4, see footnote 1). Five spots 
from fi ve separate grains from the oscillatory 
zoned population yielded a concordia age of 
483.8 ± 3.6 Ma (Fig. 7J). These analyses were 
typically characterized by Th/U ratios less than 
0.1 (Table DR4, see footnote 1). One grain that 
did not conform to the two zircon morphologies 
described above was also analyzed. It yielded a 
206Pb/238U age of 453 ± 10 Ma (Fig. 7K, spot 6) 
and was characterized by a high Th/U ratio of 
>0.9 (Table DR4, see footnote 1). The spots 
were uncorrected for common Pb (Table DR4, 
see footnote 1).

TECTONIC EVOLUTION OF THE 
EASTERN CORDILLERA OF PERU

Central Peru

U-Pb zircon data from the sampling transect 
in the Eastern Cordillera of Central Peru clearly 
demonstrate that the Marañon Complex has 
been affected by two major orogenic events. The 
post-tectonic Pacococha adamellite (SU 03–19; 
Figs. 3B and 3C) constrains all polyphase 
deformation within the Marañon Complex 
prior to 474.2 ± 3.4 Ma (Fig. 7A). However, 
25 km to the southeast, the syn-D2 migmatitic 
Huacapistana granite (SU 03–21; Figs. 3B and 
3D) and syn-D2 migmatic paragneisses in the 
Marañon Complex (SU 03–24; Figs. 2, 3B, and 
3D) yielded ages of 310.1 ± 2.3 Ma and 312.9 
± 3.0 Ma, respectively (Figs. 7C and 7E). The 
timing of this Pennsylvanian (ca. 312 Ma) tec-
tonothermal event is corroborated by the pres-
ence of deformed plutons at 325.43 ± 0.57 Ma 
(Hualluniyocc adamellite,  SU 03–20; Figs. 3B, 
3D, and 5D) and entirely undeformed plutons at 
307.05 ± 0.65 Ma (Utcuyacu granite, SU 03–22; 
Figs. 3B, 3D, and 5E).

Detrital zircon data have been obtained from 
a Marañon Complex meta-sandstone (SU 03–
25) from the same transect (Figs. 3B and 3D) 
that had been affected by the late Carboniferous 
(ca. 312 Ma) tectonothermal event. Although 
the age spectrum is not illustrated on Figure 2 
due to the small number of analyses (n = 15), 
the presence of young grains at ca. 470 Ma 
(Table DR1, see footnote 1) implies that this 
sample has undergone post–470 Ma metamor-
phism. The data from the Marañon Complex 
in central Peru suggest that it is composed of 
two separate units: an older unit that under-
went metamorphism prior to 474 Ma, and a 
younger unit (which contains detritus presum-
ably derived from the ca. 470 Ma magmatic 
belt) that was deformed ca. 312 Ma. The contact 
between these two units remains uncertain, but 
it should be noted that the region was strongly 
deformed during the main compressional phase 
of the Andean orogeny (the late Eocene Incaic 
phase; Steinmann, 1929) and that the precise 
locations of many of the Andean thrusts remain 
speculative, particularly where they affect the 
lithologically monotonous metasediments of the 
Marañon Complex.

Northern Peru

U-Pb zircon data from the sampling transect 
in the Eastern Cordillera of northern Peru also 
demonstrate that the Marañon Complex has been 
affected by at least two major orogenic events. 
A foliated leucosome from garnet-bearing 
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 paragneisses in the Marañon Complex yielded 
a concordia age of 477.9 ± 4.3 Ma (DC 05/5–7; 
Figs. 2, 3A, and 7H), which is interpreted as dat-
ing leucosome generation. It is suggested that this 
event correlates with the pre–474 Ma deforma-
tion in central Peru, i.e., there was a ca. 478 Ma 
orogenic event that affected part of the Marañon 
Complex for several hundred kilometers along 
the Eastern Cordillera. Importantly, the para-
gneiss host rock (DC 5–5-4) to the leucosomes 
contained no zircons younger than ca. 750 Ma 
(Fig. 2C; Table DR1 [see footnote 1]).

The presence of a younger orogenic event in 
northern Peru is indicated by two separate lines 
of evidence. First, the protolith to the Sitabamba 
orthogneiss (samples DC 04/5–2 and DC 
05/6/-5; Figs. 2 and 3A) crystallized between 
442 and 446 Ma (Figs. 5A, 5B, and 7J), and, 
therefore, the high-grade metamorphic assem-
blages (700 °C, 12 kbar; Chew et al., 2005) in 
the orthogneiss must postdate this. Second, a 
strongly deformed greenschist-facies Marañon 
Complex psammite (AM076; Figs. 2D and 3A) 
contains a prominent peak in the detrital zircon 
population at ca. 470 Ma (Fig. 2D; Table DR1 
[see footnote 1]) not seen in the older Marañon 
Complex rocks. For the purposes of discussion 
here, these two units are termed the “Old” and 
“Young” Marañon Complexes, respectively 
(e.g., Fig. 8D). The young Marañon Complex 
rocks must have undergone post–470 Ma oro-
genesis, and we tentatively correlate this event 
with the post–442 Ma event experienced by the 
Sitabamba orthogneiss. However, this event is 
older than the Pennsylvanian (ca. 312 Ma) event 
seen in central Peru because the young Marañon 
Complex rocks in northern Peru (with the prom-
inent ca. 470 Ma detrital zircon peak) are uncon-
formably overlain by Mississippian (ca. 340 Ma) 
sediments (Wilson and Reyes, 1964).

Interpretation and Correlation with Events 
in the Arequipa-Antofalla Basement

With the present data, we can reliably con-
strain two orogenic events in the Eastern Cordi-
llera of Peru at ca. 478 Ma and ca. 312 Ma, and 
loosely constrain a third to 440–340 Ma. The 
ca. 478 Ma event is interpreted to be of regional 
extent, and the Neoproterozoic age previously 
assigned to this metamorphism (Dalmayrac et 
al., 1980) is interpreted to be a result of unre-
solved multiple inheritance in bulk, unabraded 
zircon fractions.

These data also demonstrate the existence 
of an Ordovician-Silurian magmatic belt 
(474–442 Ma) in the Eastern Cordillera of 
Peru. These plutons (the Sitabamba orthogneiss 
and the Pacococha adamellite) have chemis-
try compatible with formation at a  continental 

subduction zone (high large ion lithophile 
element [LILE]/high fi eld strength element 
[HFSE] ratios, negative Nb anomalies) simi-
lar to the Ordovician-Silurian magmatic rocks 
that intrude the Proterozoic gneisses of the Are-
quipa-Antofalla basement (Loewy et al., 2004; 
Mukasa and Henry, 1990). Recent geochrono-
logical studies employing U-Pb TIMS single 
zircon dating have demonstrated that the major-
ity of early Paleozoic arc-related magmatism in 
the Arequipa-Antofalla Block falls within the 
476–440 Ma age range (Loewy et al., 2004), 
very similar to the age range for magmatism in 
the Eastern Cordillera quoted here. Additionally, 
there is evidence for Ordovician metamorphism 
in the Arequipa-Antofalla basement (Loewy et 
al., 2004). Greenschist-facies metamorphism in 
southern Peru occurred after the intrusion of a 
464 ± 4 Ma megacrystic granite at Ocona and 
prior to the emplacement of undeformed gran-
ites at Mollendo at 468 ± 4 Ma (Loewy et al., 
2004), and amphibolite-facies metamorphism 
occurred at Belén in northern Chile prior to the 
intrusion of massive granodiorites at 473 ± 2 Ma 
and 473 ± 3 Ma (Loewy et al., 2004).

Combined, these data demonstrate the pres-
ence of an Early Ordovician magmatic and met-
amorphic belt that runs along the western mar-
gin of the Arequipa-Antofalla basement and is 
offset northeastward into the Eastern Cordillera 
(Fig. 8). We suggest that the change in strike of 
the belt results from the presence of an original 
embayment on the western Gondwanan margin 
during the early Paleozoic. This embayment 
was then fi lled by subsequent accretion of oce-
anic material (which represents the basement to 
the Western Cordillera; Polliand et al., 2005), 
probably during the Carboniferous (Mišković et 
al., 2005).

INTERPRETATION OF THE DETRITAL 
ZIRCON DATA

In interpreting these data, the relationship of 
the sedimentary sequences (or the crustal blocks 
from which the granitic melts inherited their 
zircon) with respect to the Gondwanan margin 
is critical. If the units are autochthonous (or 
parautochthonous), then the detrital zircon age 
signatures obtained can be used to constrain the 
paleogeography of the hinterland—the Gond-
wanan margin of the north-central Andes. The 
detrital zircon spectrum itself cannot be used 
to assess the exotic status of the units in ques-
tion. Currently, there is a very limited data set 
for the early Paleozoic sequences within the 
Andean belt, so the characteristic detrital zircon 
signature of this margin (if one indeed exists) 
is not known. Detrital zircon data do exist for 
Early Cambrian sandstones from the Argentine 

 Precordillera (Thomas et al., 2004), but this ter-
rane is exotic to the Gondwanan margin (Dalla 
Salda et al., 1992). In considering the detrital zir-
con data presented here, we consider the Isiman-
chi Formation of the Cordillera Real of Ecuador 
(99RS65) to be autochthonous with respect to the 
Gondwanan margin, since it is a cratonic cover 
sequence (Litherland et al., 1994), and thus its 
detrital zircon spectrum can be used to recon-
struct the evolution of this segment of the Gond-
wanan margin. Additionally, the Marañon Com-
plex is commonly accepted as an autochthonous 
Gondwanan margin sequence (e.g., Haeberlin, 
2002). The status of the other units and crustal 
blocks is uncertain. The Chiguinda Unit of the 
Cordillera Real was thought to be allochthonous 
(Litherland et al., 1994), but recent research sug-
gests an autochthonous origin (Pratt et al., 2005). 
The similar detrital age distributions in the two 
samples would be consistent with an autochtho-
nous origin for the Chiguinda Unit. Clearly, it is 
diffi cult to assess whether the crustal blocks that 
were the source of the sampled granitic melts are 
autochthonous or allochthonous, but the country 
rock at the depth of emplacement is composed 
of presumed autochthonous Marañon Complex 
metasediments.

The majority of samples exhibit a prominent 
peak between 0.45 and 0.5 Ga, which tempo-
rally overlaps with the onset of subduction-
related magmatism in the Eastern Cordillera of 
Peru (this study), the Famatinian arc (Fig. 1) of 
northern Argentina (Lork and Bahlburg, 1993; 
Pankhurst et al., 1998), Patagonia (Pankhurst 
et al., 2006), the Arequipa-Antofalla basement 
of southern Peru and northern Chile (Fig. 1; 
Loewy et al. 2004), Venezuela (the Caparo Arc 
of Bellizzia and Pimentel, 1994), and Colombia 
(Boinet et al., 1985). Further prominent peaks 
are found within the ca. 0.5–0.65 Ga age range, 
and these ages are typical of the Brasília–Pan 
African orogenic cycles. Signifi cantly, less 
detritus lies within the ca. 0.7–0.9 Ga age range 
(this trend is particularly evident in samples DC 
04/5–2 and SU 03–24). Between a third and a 
half of all grains in each sample lie within the 
0.9–1.3 Ga age range, and the largest peaks are 
commonly encountered between 1 and 1.2 Ga. 
These ages are comparable to the Elzevirian 
orogeny of the Grenville orogen, or the Sun-
sas orogen of the southwest Amazonian craton 
(Fig. 1; Santos et al., 2002). With the exception 
of sample DC 04/5–2, there is a very limited 
amount of detritus in the 1.3–1.7 Ga age range. 
Very minor peaks are encountered at 1.7–1.9 Ga 
and at ca. 2.6 Ga in some samples, but the 
amount of detritus older than ca. 2 Ga is mini-
mal. The tectonic signifi cance of the detrital zir-
con data is discussed next and combined with 
the U-Pb zircon magmatic and meta morphic 
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constraints described previously to produce a 
model for the evolution of the proto-Andean 
margin of the north-central Andes.

EVOLUTION OF THE GONDWANAN 
MARGIN OF THE NORTH-CENTRAL 
ANDES

Pre-Gondwanan history (1000–600 Ma)

Figure 8 is a schematic reconstruction of the 
evolution of the Gondwanan margin of the north-
central Andes. The Sunsas orogen of the south-
west Amazonian craton is invoked as a potential 
source region for the abundant ca. 0.9–1.3 Ga 
peaks observed in the detrital zircon popula-
tions. We infer that the Sunsas orogen  continues 

in a northwestern direction underneath the 
thick pile of foreland sediments to the east of 
the northern Andes (Fig. 1), where it is likely to 
be contiguous with the ca. 1 Ga gneissic base-
ment inliers in the Colombian Andes (Fig. 8A; 
Restrepo-Pace et al., 1997; Cordani et al., 2005). 
The Arequipa-Antofalla basement is likely to 
have accreted at this time (Loewy et al., 2004). 
Since the amount of older detritus is minimal, 
the Sunsas orogen might have served as a “topo-
graphic barrier” to the transport of detritus from 
the Paleoproterozoic–Archean core of the Ama-
zonian craton (Fig. 8A).

The time period between 800 and 600 Ma 
(Fig. 8B) is represented by a very small amount 
of detritus in the detrital zircon spectra (Fig. 2), 
but the source is uncertain. During this time, 

Laurentia detached from the Rodinian super-
continent, contemporaneous with the amalga-
mation of the East and West Gondwana cratons 
(Hoffman, 1991; Dalziel, 1991; Figures 11 and 
12 in Dalziel 1997; Meert and Torsvik, 2003; 
Pisarevsky et al., 2003). There is little evidence 
on the western Gondwanan margin for magma-
tism at this time, although this is at least partly 
due to the restricted amount of Precambrian 
basement exposed within the Andean belt. Juve-
nile extensional magmatism (dacite dikes) has 
been dated at 635 ± 4 Ma in the Arequipa-Anto-
falla basement of northern Chile (Loewy et al., 
2004). This rifting event probably involved the 
partial detachment of the Arequipa-Antofalla 
basement, which was subsequently reaccreted 
during the Pampean orogen (Loewy et al., 2004). 
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geology is from Cordani et al. 
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A-type orthogneisses of mid-Neoproterozoic 
age (774 ± 6 Ma) have been documented from 
the Grenvillian basement of the Precordillera 
terrane and are interpreted as representing the 
breakup of Rodinia (Baldo et al., 2006). Exten-
sion-related volcanism related to the breakup of 
Rodinia has been identifi ed in the Puncoviscana 
fold belt of northwestern Argentina (Omarini et 
al., 1999), but this volcanism is primarily basic 
in nature and is therefore unlikely to be a signifi -
cant source of zircon.

Other potential sources include the Precam-
brian (ca. 650–580 Ma) basement of eastern 
Venezuela (Marechal, 1983) or the north-south–
trending Brasília belt, which developed in 
response to the convergence of the Amazonian 
and São Francisco cratons (Fig. 1). The Brasí-
lia belt contains both 0.8–0.7 Ga syncollisional 
granitoids and 0.9–0.63 Ga arc meta-tonalites 
and meta-granodiorites (Pimentel et al., 1999). 
However, the southwestward extensions of the 
Brasília belt toward the western Gondwanan 
margin (the Paraguay belt and the Tucavaca belt 
of Bolivia) are younger (0.6–0.5 Ga; Pimentel 
et al., 1999) and thus cannot have been a source 
of detritus for the time period in question. It is 
diffi cult to envisage how the Brasília belt could 
have been a source for the early Paleozoic basins 
of the western Gondwanan margin basins when 
there is minimal detritus from the intervening 
Amazonian craton.

The Active Gondwanan Margin

By the onset of the Phanerozoic (Fig. 8C), 
the entire western part of the Gondwana margin 
was active. This was the inception of the Terra 
Australis orogen (Cawood, 2005; see Fig. 3). A 
synthesis of the Paleozoic accretionary history 
of the proto-Andean margin of Gondwana is 
given by Ramos and Aleman (2000).

Figure 8C illustrates the margin sequences of 
the north-central Andes, which would include 
the old Marañon Complex identifi ed in this study 
and the Chiquerío and San Juan Formations, 
which rest unconformably on the Arequipa-
Antofalla basement in southern Peru (Caldas, 
1978). No magmatism has been identifi ed in the 
north-central Andes at the onset of Phanerozoic 
(Fig. 8C) to account for the ca. 550 Ma peaks 
seen in some of the detrital zircon spectra (e.g., 
samples 99RS28, AM076), but there is abun-
dant subduction-related granitoid magmatism 
and high-grade metamorphism, which initiated 
at ca. 530 Ma in the Sierra Pampeanas (Fig. 1) 
in northern Argentina (Rapela et al., 1998; 
Lucassen and Becchio, 2003). We tentatively 
suggest that our detrital zircon data document 
the existence of an early (pre-orogenic) phase 
of Pampean subduction-related  magmatism in 

the north-central Andes that is presently buried 
underneath the present-day Andean chain or 
adjacent foreland sediments.

The new ages for major phase of metamor-
phism in the Eastern Cordillera of Peru, pre-
sented here as Famatinian (ca. 480 Ma) and 
not Neoproterozoic, as previously thought 
(Dalmayrac et al., 1980), demonstrate that this 
Early–Middle Ordovician orogenic cycle runs 
the length of the western Gondwanan mar-
gin (Fig. 8D) and is broadly contemporaneous 
with the onset of Famatinian metamorphism 
to the south (18–34ºS) (470–440 Ma; Lucas-
sen and Franz, 2005, and references therein) 
and in Colombia and Venezuela (Bellizzia and 
Pimentel, 1994). Additionally, the existence 
of a subduction-related magmatic belt in the 
Eastern Cordillera of Peru is demonstrated, and 
U-Pb zircon dating of arc plutons constrains this 
event to 474–442 Ma. It is also represented by 
an important Early Ordovician peak in the detri-
tal zircon record. This demonstrates that Fama-
tinian-age magmatism spans the length of the 
margin (Figs. 8D and 8E) from Venezuela (the 
ca. 495–425 Ma Caparo Arc of Bellizzia and 
Pimentel, 1994) and Colombia (Boinet et al., 
1985) to northern Argentina (ca. 490–470 Ma; 
Pankhurst et al., 2000).

The Argentine Precordillera, a terrane derived 
from southern Laurentia (Dalla Salda et al., 
1992) that collided with Gondwana in the Mid-
dle Ordovician (Ramos et al., 1986), shows that 
Laurentian crustal fragments were clearly inter-
acting with Gondwana during the early Paleo-
zoic. The nature of this interaction has proved 
contentious (see Thomas and Astini, 2003, for 
a review), and various authors favor either (1) 
a Laurentia–western Gondwana collision, pro-
ducing a continuous Taconic–Famatinian oro-
genic belt (e.g., Dalla Salda et al., 1992; Dalziel 
et al., 1994), (2) a connection between the Pre-
cordillera and a distal promontory on Laurentia 
(the Ouachita embayment), which then collided 
with Gondwana (e.g., Dalziel, 1997), or (3) a 
Precordillera microcontinent, which detached 
from Laurentia during the Cambrian and drifted 
across the Iapetus ocean basin to collide with 
the proto-Andean margin of Gondwana during 
the Ordovician (Astini et al., 1995). Although 
it is somewhat beyond the scope of this article 
to present detailed arguments for the competing 
hypotheses, Figure 8E depicts the Precordillera 
terrane as a detached Laurentian microcontinent, 
in keeping with recent research, which empha-
sizes a wide separation between Laurentia and 
Gondwana during the Early–Middle Ordovician 
(Thomas et al., 2002) and evidence that the Pre-
cordillera acted as an indenter during the Middle 
Ordovician collision episode (Astini and Dávila, 
2004). Evidence from this study that Famatinian 

metamorphism and magmatism was continuous 
along the western Gondwanan margin shows 
that the early Paleozoic evolution of western 
Gondwana was similar to that of Laurentia (the 
Taconic orogenic cycle) and that they had com-
parable tectonic histories over several thousand 
kilometers along strike.

The latest stages of the evolution of the north-
central proto-Andean margin involved the depo-
sition of post-Famatinian cover sequences (the 
young Marañon Complex of this study; Fig. 8E). 
These sequences contain abundant Famatinian 
zircon (Fig. 2). A prominent magmatic gap then 
appears to follow along the margin for nearly 
100 m.y. The youngest phase of pre-Carbonif-
erous magmatism in the Eastern Cordillera of 
Peru is dated to 442 Ma (DC 04/5–2; Fig. 5A), 
while the oldest Carboniferous magmatism is 
the 344 Ma microgranite dike (DC 05/5–10; 
Fig. 7L) associated with the Balsas pluton in 
the northern Eastern Cordillera. An identical 
magmatic gap has been reported in the proto-
Andean margin further to the south in northern 
Chile and northwestern Argentina according 
to Bahlburg and Hervé (1997), who invoked a 
passive-margin setting during this period. This 
period of magmatic quiescence along the mar-
gin from northern Peru (5ºS) to northern Chile 
(30ºS) is slightly complicated by the Silurian–
Devonian bulk fraction U-Pb zircon ages (lower 
intercept ages) for arc-related magmatism in 
the Arequipa-Antofalla basement of southern 
Peru (Mukasa and Henry, 1990). However, 
more recent single-crystal U-Pb zircon dating 
from the same batholith did not yield any ages 
younger than 440 Ma (Loewy et al., 2004), and 
it is very likely that the lower intercept ages of 
Mukasa and Henry (1990) were anomalously 
young due to the diffi culty in deconvoluting the 
combined effects of Pb loss and inheritance in 
bulk zircon U-Pb data.

The Mississippian (Fig. 8F) was marked by 
the renewal of subduction-related magmatism. 
However, the tectonic setting of the north-cen-
tral proto-Andean margin is complicated. The 
northern parts of the margin (e.g., Venezuela) 
record continental collision (the Alleghenian 
orogeny) between Gondwana and Laurus-
sia (Ramos and Aleman, 2000). Farther to the 
south, in the Eastern Cordillera of Peru, there is 
a transition to an active-margin setting. A phase 
of I-type subduction-related granitic magma-
tism at ca. 342 – 325 Ma is followed by Penn-
sylvanian (ca. 312 Ma) high-grade metamor-
phism and crustal anatexis. This event has been 
related to the accretion of an outboard oceanic 
terrane that is now buried beneath the Western 
Cordillera (Miškovíc et al., 2005). This event 
is broadly contemporaneous with the Toco tec-
tonic event and the high-pressure metamorphism 
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in the Sierra Limon Verde Complex of northern 
Chile (Bahlburg and Hervé, 1997), which is 
interpreted as a deformed convergent-margin 
accretionary complex. Additionally, a similar 
phase of Mississippian I-type granitic magma-
tism followed by Pennsylvanian S-type granites 
representing crustal anatexis has been identifi ed 
in Patagonia (Pankhurst et al., 2006), where col-
lisional orogeny is related to the accretion of the 
Deseado terrane. Combined, this phase of Penn-
sylvanian tectonism can be considered to be part 
of the Gondwanide orogeny, a pan-Pacifi c oro-
genic event that represents the terminal phase in 
the Terra Australis orogen (Cawood, 2005) prior 
to the fi nal assembly of Pangea.

CONCLUSIONS

The detrital zircon data from the north-cen-
tral proto-Andean margin demonstrate that the 
basement to the western Gondwanan margin 
was likely composed of a metamorphic belt of 
Grenvillian age, upon which an early Paleozoic 
magmatic belt was situated in a similar way to 
the Sierra Pampeanas and Famatina terranes of 
northern Argentina. This is based on the pres-
ence of prominent peaks between 0.45–0.65 Ma 
and 0.9–1.3 Ga in the detrital zircon record of 
Paleozoic sequences in the Eastern Cordilleras 
of Peru and Ecuador.

Plutons associated with this early Paleozoic 
subduction-related magmatic belt have been 
identifi ed in the Eastern Cordillera of Peru and 
have been dated by U-Pb zircon TIMS and ion 
microprobe to 474–442 Ma. This is in close 
agreement with the ages of subduction-related 
magmatism in the Arequipa-Antofalla basement 
(Loewy et al., 2004). This early Paleozoic arc is 
clearly not linear since it jumps from a coastal 
location in the Arequipa-Antofalla basement to 
several hundred kilometers inland in the East-
ern Cordillera further to the north (Fig. 2). This 
is interpreted as an embayment on the proto-
Andean margin at the time the arc was initiated; 
if this is the case, the northern termination of the 
Arequipa-Antofalla basement in the vicinity of 
Lima (Fig. 2) is an Ordovician or older feature.

The arc magmatism pre- and postdates phases 
of regional metamorphism in the Eastern Cordi-
llera of Peru. U-Pb zircon ion-microprobe dating 
of zircon overgrowths in high-grade leucosomes 
demonstrates the presence of a metamorphic 
event at ca. 478 Ma and refutes the previously 
assumed Neoproterozoic age for orogeny in the 
Peruvian Eastern Cordillera. The presence of an 
Early to Middle Ordovician–age magmatic and 
metamorphic belt in the north-central Andes 
demonstrates that Famatinian metamorphism 
and subduction-related magmatism were con-
tinuous from Patagonia (Pankhurst et al., 2006) 

through northern Argentina and Chile to as far 
north as Colombia and Venezuela, a distance 
of nearly seven thousand kilometers. The pres-
ence of an extremely long Early–Middle Ordo-
vician active margin on western Gondwana 
invites comparison with the Taconic–Grampian 
orogenic cycle of the eastern Laurentia margin 
(which is of similar age and strike length) and 
supports models that have these two active mar-
gins facing each other during the Ordovician.

U-Pb zircon ion-microprobe dating of zircon 
overgrowths in migmatites have been dated at 
ca. 312 Ma, and they represent a previously 
unreported high-grade Gondwanide event that 
affected the Peruvian segment of the proto-
Andean margin. The original relationship 
between the Carboniferous and Ordovician met-
amorphic belts is uncertain because they were 
later affected by Andean (Eocene–Oligocene) 
thrusting, but, overall, the pattern of crustal 
growth in the north-central Andes (Fig. 8F) 
implies that this area was dominated by a series 
of progressive crustal accretion events, which 
resulted in a series of age domains that become 
younger away from an old Amazonian core.

APPENDIX

U-Pb Zircon Geochronology

Zircons were separated from several kilograms 
of sample by conventional means. The sub–300 µm 
fraction was processed using a Wilfey table, and then 
the Wilfey heavies were passed through a Frantz mag-
netic separator at 1 A. The nonparamagnetic portion 
was then placed in a fi lter funnel with di-iodomethane. 
The resulting heavy fraction was then passed again 
through the Frantz magnetic separator at full current. 
A side slope of 1º was used to separate nonparamag-
netic zircons for TIMS and ion-microprobe analysis 
to maximize concordance, while a side slope of 10º 
was used for LA-ICP-MS analyses to prevent poten-
tial fractionation of the detrital population. All zircons 
were handpicked in ethanol using a binocular micro-
scope, including those for detrital zircon analysis. Zir-
cons for TIMS analyses were air-abraded to remove 
marginal zones that are prone to Pb loss.

TIMS Analytical Technique

The zircon grains were washed in dilute HNO
3
 

and rinsed several times in distilled water and acetone 
in an ultrasonic bath. A mixed 205Pb-235U spike was 
added prior to dissolution in a mixture of HF and 
HNO

3
 using steel-jacketed Tefl on bombs. Chemical 

separation of Pb and U was done on anion exchange 
resin using minimal amounts of ultrapure acids. Isoto-
pic analysis was performed on a MAT262 mass spec-
trometer equipped with an ion counting system. The 
latter was calibrated by repeated analysis of the NBS 
982 standard using the 208Pb/206Pb ratio of 1.00016 for 
mass bias correction (Todt et al., 1996) and second-
order nonlinearity calibration of the electron multiplier 
(Richter et al., 2001). Total procedural Pb blank was 
estimated at 0.8 ± 0.5 pg. Common Pb in excess of 
this amount was corrected with the model from Stacey 
and Kramers (1975) for the respective 206Pb/238U age 

of the zircon. The uncertainties of the isotopic compo-
sition of the spike, blank, and common Pb were taken 
into account and propagated to the fi nal uncertainties 
of isotopic ratios and ages. Ages were calculated using 
ISOPLOT (Ludwig, 2003). U-Pb data are plotted as 
2σ error ellipses (Fig. 5).

Determination of Hf Isotopic Composition

The Hf fraction was isolated from the Zr + Hf + 
rare earth element (REE) fraction of the Pb column 
chemistry using Eichrom Ln-spec resin and mea-
sured in static mode on a NuPlasma multicollector 
ICP-MS using MCN-6000 and ARIDUS nebulizers 
for sample introduction. The Hf isotopic values were 
corrected for a 176Lu/177Hf value of 0.0005, typical of 
zircon. The Hf isotopic ratios were corrected for mass 
fractionation using a 179Hf/177Hf value of 0.7325 and 
normalized to 176Hf/177Hf of 0.28216 of the JMC-475 
standard. The isotopic ratios for the chrondritic uni-
form reservoir (CHUR) are those of Blichert-Toft and 
Albarède (1997).

Ion-Microprobe Analytical Technique

Zircons were mounted in a resin disk along with 
the zircon standard and polished to reveal the grain 
interiors. The mounts were gold-coated and imaged 
with a Hitachi S-4300 scanning electron microscope 
(SEM), using a cathodoluminescence probe (CL) to 
image internal structures, overgrowths, and zonation. 
Secondary electron mode (SE) imaging was employed 
to detect fractures and inclusions within the grains. 
U-Th-Pb zircon analyses (Table DR4, see footnote 1) 
were performed on a Cameca IMS 1270 ion micro-
probe following methods described by Whitehouse et 
al. (1999), which were modifi ed from Whitehouse et 
al. (1997). U/Pb ratio calibration was based on analy-
ses of the Geostandards zircon 91500, which has an 
age of 1065.4 ± 0.3 Ma and U and Pb concentrations of 
80 and 15 ppm, respectively (Wiedenbeck et al., 1995). 
Replicate analyses of the same domain within a single 
zircon were used to independently assess the validity of 
the calibration. Data reduction employed Excel macros 
developed by Whitehouse at the Swedish Natural His-
tory Museum, Stockholm. Age calculations were made 
using Isoplot version 3.02 (Ludwig, 2003). U-Pb data 
are plotted as 2σ error ellipses (Fig. 7). All age errors 
quoted in the text are 2σ unless specifi cally stated oth-
erwise. Common Pb corrections were only applied to 
samples that exhibited signifi cant levels of 204Pb, and 
they are indicated in Table DR4 where applied (see 
footnote 1). Corrections assume a present-day average 
terrestrial common Pb composition (Stacey and Kram-
ers, 1975), i.e., 207Pb/206Pb = 0.83. A detailed rationale 
for choosing present-day Pb as a contaminant is given 
by Zeck and Whitehouse (1999).

LA-ICP-MS Analytical Technique

Zircons were mounted in 2.5-cm-diameter epoxy-
fi lled blocks, polished, and cleaned in deionized water 
and ethanol. Isotopic analysis of zircons by laser-abla-
tion ICP-MS followed the technique described in 
Kosler et al. (2002). A Thermo-Finnigan Element 2 
sector fi eld ICP-MS coupled to a 213 NdYAG laser 
(New Wave UP-213) at Bergen University was used 
to measure Pb/U and Pb isotopic ratios in zircons. The 
sample introduction system was modifi ed to enable 
simultaneous nebulization of a tracer solution and laser 
ablation of the solid sample (Horn et al., 2000). Natural 
Tl (205Tl/203Tl = 2.3871; Dunstan et al., 1980), 209Bi, and 
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enriched 233U and 237Np (>99%) were used in the tracer 
solution, which was aspirated to the plasma in an argon-
helium carrier gas mixture through an Apex desolva-
tion nebulizer (Elemental Scientifi c) and a T-piece tube 
attached to the back end of the plasma torch. A helium 
gas line carrying the sample from the laser cell to the 
plasma was also attached to the T-piece tube.

The laser was set up to produce energy density of 
~3 J/cm2 at a repetition rate of 10 Hz. The laser beam 
was imaged on the surface of the sample placed in the 
ablation cell, which was mounted on a computer-driven 
motorized stage of a microscope. During ablation, the 
stage was moved beneath the stationary laser beam to 
produce a linear raster (~15 × 50 µm) in the sample. 
Typical acquisitions consisted of a 45 s measurement 
of analytes in the gas blank and aspirated solution, 
particularly 203Tl-205Tl-209Bi-233U-237Np, followed by 
measurement of U and Pb signals from zircon, along 
with the continuous signal from the aspirated solu-
tion, for another 150 s. The data were acquired in time 
resolved–peak jumping–pulse counting mode with 1 
point measured per peak for masses 202 (fl yback), 203 
and 205 (Tl), 206 and 207 (Pb), 209 (Bi), 233 (U), 237 
(Np), 238 (U), 249 (233U oxide), 253 (237Np oxide), and 
254 (238U oxide). Raw data were corrected for dead 
time of the electron multiplier and processed offl ine in 
a spreadsheet-based program (Lamdate; Kosler et al., 
2002) and plotted on concordia diagrams using Iso-
plot (Ludwig, 2003). Data reduction included correc-
tion for gas blank, laser-induced elemental fraction-
ation of Pb and U, and instrument mass bias. Minor 
formation of oxides of U and Np was corrected for 
by adding signal intensities at masses 249, 253, and 
254 to the intensities at masses 233, 237, and 238, 
respectively. No common Pb correction was applied 
to the data. Details of data reduction and corrections 
are described in Kosler et al. (2002) and Kosler and 
Sylvester (2003). Zircon reference material 91500 
(1065 Ma; Wiedenbeck et al., 1995) and an in-house 
zircon standard (338 Ma; Aftalion et al., 1989) were 
periodically analyzed during this study.
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