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1, Introduction 

A B S T R A C T 

The enigmatic Arequipa Massif of southwestern Peru is an ourcrop of Andean basemem rhar underwem 
Grenville-age metamorphism. and as sllch ir is important for [he betler mnsrraim of Laurentia-Amazonia 
ties in Rodinia reconstruction models. U-Pb SHRllvlP zircon dating has yielded new evidence on the evo
lution or the Massif between Middle Paleoprotemzoic and Early Paleozoic The oldest mck-rorming 
events occllrred in major orogenic events between ca. 1.79 and 2.1 Ga (Orosirian to Rhyacian), involving 
early magmatism (1.89-2.1 Ga, presllmably emplared thmugh parrly Archaean continental CrIlsr), sedi
mentarían of a rhick seQllence of terrigenolls sediments, UHT metamorphism at ca. 1.87 Ga, and late felsic 
magmatism at ca, 1.79 Ga. The Atico sedimemary basin developed in the Late-Mesoproterozoic and detri· 
tal zircons were red rmm a sOllrce area similar lO the high-grade Paleoprotemzoic basement. bUI also 
from an unknown source rhar provided Mesoprotemzoic zircons DI' 1200-1600 Ma, The Grenville-age 
melamorphism was of low-P type; ir both reworked the Paleoproremzoic rocks and also affected the Atí
ca sedimenrary rocks. Meramorphism was diachronolls: ca. 1040 Ma io the QuilcJ aod Camaná areas and 
in lhe San juán Marcona dornain, 940 ± 6 Ma in the Moliendo area, and between 1000 and 850 Ma in the 
Atico domain. These metamorphic domains are probably tectooically jllXtaposed. Comparison with coe
val Grenvillian processes in Laurentia and in southern Amazonia raises rhe possibility thar Grenvillian 
melamorphism in the Arequipa Massif reslllted fmm extension and not fmm collision, The Al'equipa Mas
sif experienced Ordovician-Silllrian magmatism al ca, 465 Ma. inclllding anonhosites formerly consid
ered to be Greovillian. and high-T melamorphism deep wilhin the magmalic are. Focused 
retrogression along shear zones or unconformities took place between 430 and 440 Ma. 

The Arequipa Massif (Cobbing and Pitcher. 1972; Shackleton 
et al., 1979) is an outcrop of metamorphic rocks and cross-cutting 
batholiths at least 800 km long and 100 km wide. along rhe deserr 
coast of southem Pern, between the Andean Cordillera and the 
Chile-Peru rrench (Fig, 1), It is part of the Andean basement thar 
crops out both as disconlinuous inliers throughout the belt and 
in uplifted blocks in the Andean foreland, fram as far nonh as 
Venezuela to as far south as the Sierras Pampeanas of Argentina 
(e,g" Ramos, 2008), Metamorphic racks of the Arequipa Massif 
are mostly metasedimentary and range fmm amphibolite to 
granlllite facies, Pervasive retrogression under greenschist-facies 
was focllsed within late strongly sheared zones, Early dating of 
granlllites between Caman.] and Moliendo (Fig. 1) by Rb-Sr 

(whole-rock isochrons) and U-Pb (bulk dating of zircons) first re
sulted in Precambrian ages of ca. 1.8-1.95 Ga (Cobbing et al., 
1977: Dalmayrac et aL. 1977: Shackleton et al.. 1979). Regional 
metamorphism in the Areqllipa Massif according to these authors 
resulted from a single Paleoprorerozoic tectonorhermal event; 
the age of sedimentary protoliths was estimated at ca. 2,0 Ga, 
Emplacement of pllltons and metamorphic reworking under low
grade conditions took place in the Paleozoie al ca, 450 Ma and ca, 
390 Ma (Shackleton et al., 1979), 

Paleogeographic models of Proterozoic continems as developed 
in the 19905 led to a renewed interest in the study of the Areqllipa 
Massif. According to these models most continental masses were 
united into a large superconrinent called Rodinia by the end of 
the Mesoproterazoie as a result of the Grenvillian orogeny (e,g, 
Moares, 1991; Hoffman. 1991 l, In Hoffman's model, and in more 
recent paleogeographical reconstructions. the Amazonian era ton 
appears juxtaposed to Laurentia (the ancestral North America era
ton) at ca, 1,0 Ga. although their relative positions vary from one 
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Fig. 1. Sketch map of the Arequipa Massif showing domains distinguished in the text and location of samples. Insets show the location of the Arequipa Massif in South 
America and relationships with other pre-Andean outcrops in Northern Chile and Argentina. 

version to another (e.g., Dalla Salda et aL, 1992; Dalziel, 1994, 
1997; Sadowski and Bettencourt, 1996; Sadowski, 2002; Loewy 
et al., 2003; Tohver et al., 2004; Li et al., 2008). Amazonia broke 
away from Laurentia in the Neoproterozoic, leading to the opening 
of the lapetus Ocean, and the intervening Grenvillian orogen broke 
into conjugate belts along the margins of the rifted continents. 
Because Grenvillian ages were known from elsewhere in South 
America, lending credence to the Laurentia-Amazonia connection 
in this way, the age, paleogeography and tectonics of the Arequipa 
Massif became the subject of thorough isotope (Nd and Pb) and 
renewed geochronological research (Wasteneys et al., 1995; 
Tosdal, 1996; Bock et aL, 2000; Loewy et aL, 2003, 2004). 

U-Pb single-grain zircon dating of granulites yielded Grenvil
lian ages for the high-grade metamorphism of ca. 1200 Ma near 
Quilca, and ca. 970 Ma near Moliendo, with protolith ages of ca. 
1.9 Ga (Wasteneys et al., 1995). The age of regional metamorphism 
in the Arequipa Massifwas thus switched from Paleoproterozoic to 
Late-Mesoproterozoic and the Massif was re-interpreted as having 
originated within the Grenville province. Further conventional zir
con U-Pb dJting WJS cJrried out by Loewy et JI. (2004) on igneous 
gneisses of the San Juán and Moliendo areas. They inferred a com
plex history of crystallization of protoliths between 1851 and 
1818 Ma, and at ca. 1790 Ma, with development of an earlier gneis
sic fabric (MI metamorphism) prior to the latter event. Grenville
age metamorphism (M2) took place at ca. 1052 Ma at San Juán and 
935 Ma near Moliendo, suggesting a north-to-south younging of 
the metamorphic peak. A retrograde metamorphic overprint (M3) 
and conspicuous granite magmatism took place in the Ordovician 

at ca. 465 Ma (Loewy et al., 2003). Martignole and Martelat 
(2003) focused on the structure, geochronology and mineralogy 
of the high-grade metamorphism between Camaná and Moliendo, 
which they c1assified as of the UHT type (T> 900 oC; 1.0-1.3 GPa) 
on account of ubiquitous peak assemblages with orthopyrox
ene + sillimanite + quartz and the local coexistence of sapphi
rine + quartz. They attempted to date this metamorphism by 
in situ chemical (CHIME) U-Th-Pb determinations on monazites; 
the calculated ages range from 1064 to 956 (±50) Ma, with a peak 
ca. 1.0 Ga. 

The Arequipa Massif has long been considered to be the north
ern exposure of a larger hypothetical continental block that crops 
out as basement inliers within the Andean Cordillera in northern 
Chile and Northern Argentina, Le., the composite Arequipa-Anto
falla craton (Ramos, 1988). This block includes a Grenvillian base
ment with post-Grenvillian metamorphic and igneous overprints 
as young as OA Ga (Loewy et al., 2003). Isotope (Nd and Pb) and 
geochronological considerations led Casquet et al. (2008) to estab
lish comparisons between the Arequipa Massif and Grenvillian 
terrJnes recognized in the Western SierrJs PJmpeJnJs of NW 
Argentina, Le., the Andean foreland, thus enlarging the boundaries 
of the Arequipa-Antofalla block. However, both the role of the 
Arequipa-Antofalla block in the Grenvillian orogeny and its pre
Grenvillian history are still poorly known. Based on similarities 
in 1.8-1.0 basement rocks and pre-rift glacial sedimentary cover 
sequences, Dalziel (1992, 1994) proposed that the Arequipa Massif 
was the tip of a promontory of NE Laurentia that was accreted to 
Amazonia during the Grenvillian orogeny. Sadowski and Betten-



court (' 996, and references therein) proposed a similar paleogeog
raphy. I-Iowever, further resting of the hypothesis and new Pb-iso
tope composition evidence led to an alternative postulated source 
for rhe Areq uipa-Antofalla craton in the Kalahari craton (Loewy 
et al., 2003). According to Loewy et al. (2004) docking of the or
phaned allocthonous Arequipa-Antofalla eraron ro Amazonia rook 
place at ca. , .04 Ga during the Sunsás orogeny, a Grenville-age tec
tonic evenr long recognized in SE Bolivia and along the SW margin 
of Amazonia in Brazil (Litherland er al., , 989; Cordani and Teixeira, 
2007, among others). 

Ir is now widely accepted that rhe Grenvillian orogeny played 
an important role in Central Andean South America, as evidenced 
by the Arequipa Massif and rhe Wesrern Sierras Pampeanas (e.g., 
Rapela et al., this volume). Moreover Grenville-age rocks have long 
been recognized in rhe basemenr of rhe Northern Andes (e.g., Rest
repo-Pace et al., 1997; Cordani et al., 2005b) and along the south
ern margin of rhe Amazonian craton (Cordani and Teixeira, 2007). 
However the pre-Grenvillian history and the time and mode of 
accretion of the Grenvillian rerranes to nearby Amazonia, and cor
relations with the alleged Laurentian conjugate margin, still re
main specularive. 

This contribution is aimed at better constraining the igneous 
and metamorphic history of the Arequipa Massif by means of 
new U-Pb SI-IRIMP determinarions and complementary geochem
ical evidence. We conclude that the Massif was the site of a com
plex hisrory that consisted of sedimentation, magmatism and 
metamorphism (UHT) in the Paleoproterozoic, development of a 
sedimentary basin in the Mesoproterozoic, Grenville-age medium
to high-grade metamorphism, and local metamorphic reworking 
and magmatism in the Early Paleozoic. 

2. Geological setting 

The most comprehensive geological description ofthe Arequipa 
Massif is that of Shackleton et al. (1979). We retain here some of 
the domains that they distinguished to better locate our samples. 
A summary description fo11 ows, based on their work and our 
own observations. 

2.1. The northem sectíon 

The San Juá n Marcona area in the north (Fig. 1) consists of a 
basement and a discordant cover sequence. The latter is formed 
by glacial diamictites of the Chiquerio formation followed by a car
bonate cap, the San Juán formation, both probably Neoproterozoic 
(Chew et al., 2007). The basement consists of banded migmatitic 
gneisses and minor fine-grained gneisses, strongly dismembered 
concordant pegmatites, concordant and discordant amphibolite 
dykes, and foliated megacrystic granite of ca. 1790 Ma (Loewy 
et al., 2003). Late granitic plutons cutting the discordance are 
Ordovician (Loewy et al., 2003). The Atíco domaín, between Atico 
and Ocoña is medium-grade, with staurolite (+andalusite; 
Shackleton et al., 1979) schists, grey metasandstones, variably ret
rogressed amphibolites and concordant pegmatite sheets. South
ward, this domain merges into a low-grade zone, the Ocoña 

phyIloníte zone that consists of strongly strained greenish chlo
rite-muscovite schists, grey metasandstones, quartz veins and con
cordant foliated pegmatite bodies. Shear bands, i.e., S-C' structures, 
are widespread and suggest that this is a shear zone with a top
to-the-NE sense of movement. Relics of an older foliation with 
discordant pegmatite dykes are locally preserved in strain shad
ows, outside which pegmatites are transposed to parallelism with 
the shear foliation. This shear zone was attributed to Paleozoic tec
tonism, probably Devonian, on structural grounds only (Shackleton 
et al., 1979). However, one foliated granite within the zone yielded 

an Ordovician age of ca. 464 Ma that was argued by Loewy et al. 
(2003) as emplaced shortly prior to the low-grade metamorphism 
(M3). The large Atíco igneous complex consists in large part of dior
ites variably retrogressed to chlorire - epidore - albite, and abun
dant pegmatite dykes. This complex, along with its southern 
prolongation in the Camaná igneous complex, was attributed an 
age of ca. 450 Ma by Shackleton et al. (1979) on the basis of a com
bined Rb-Sr whole-rock isochron. 

2.2. The southem sectíon 

The Camaná-MoIlendo domain is the largest one and consists of 
high-grade rocks that underwent granulite facies UHT metamor
phism, with a paragenesis containing orthopyroxene + sillima
nite + quartz and sapphirine + quartz (Martignole and Martelar, 
2003). It consists for the most part of monotonous banded migmat
itic gneisses formed by variably resritic mesosomes and alternaring 
leucosomes (Fig. 2a). Augen-gneisses are found locally, such as 
near Moliendo, thar probably formed by srrerching of banded 
migmatites within strongly strained shear zones. Peneconcordant 
but unstrained muscovite pegmatite sheets are irregularly distrib
ured throughour rhe domain, more abundant in the north and 
northwest belween Quilca and Camaná. Foliation is very regular 
over long distances. I-Iowever changes in dip and strike can be 
mapped on a regional scale due to large upright post-foliation 
folds. Small-scale (cm ro m) syn-foliation folds are locally found. 

a 

b 

Fig. 2. (a) Banded migmatitic gneisses near Quilca traversed by Cainozoic basaltic 
dykes. (b) Basement outcrop near 110. Mylonitic porphyritc granites (P) with 
disrupted anorthosite lenses (A), and dark bands of tine-grained mylonitic gneisses 
(M). 



2.3. The 110 domain 

The southemmost 110 domain is from rhe main Massif 
by a cover of Mesozoíc and Cenozoic sedimemary rocks. This do
main is a medium- ro low-grade shear zone wirh strongly retro
gressed igneous prorolirhs. The main facies is reddish, 
foHated, porphyriric Boudins of coarse anorrhosire rhat re
sulted from stretching of older larger bodies are aligned wirhin rhe 
foliJted porphyritic granite. A rhird facies consists of narrow bands, 
parallel ro foliarion, of a dark rack thar con
tains irregularly distributed feldspar porphyroclasts. Contacts are 
sharp or gradual. Sorne bands look Iike sheared porphyritic gran
ites; others as appear to be derived from dykes that underwent 
local m ingling with the host Strain in crea ses fmm anortho
síte through the dark bands to the mylonitic foliation is 
common Martignole et al. (2005) considered the 
protoliths to be part of a Grenvillian AMCG suite. 

J_ Sampling and pel:rol~raphiic 

Out of a of the whole Massif from San 
down to 110, eight were chosen for U-Pb SHRIMP dating 
of zircons and for Nd Two muscovite 
samples were collected fmm pegmatites. was aimed at 
deciphering the complex geological of this basement and 
particularly to constrain the age of the GrenviHian tectonothermal 
evento Because of the tectonic implications and the expected influ
ence of the Grenvillian anorthosite in UHT 
metamorphism (e.g., Arima and Gower, 1991, and references 

one target was the anorthosite and allied mcks fmm 110. 
Determining the protoliths of many of the metamorphic rocks 
was difñcult, particularly for the highly rocks of 
the c.:Jm • .m<.Í-Mollendo domain, and so Ove 
from this domain were also for REE 

Jocations are shown io 
abbreviated mineralogy and the work carried out on 
each sample are shown in Table 1. More detailed 

of the rocks Céln be found in Supplementary Table 1, 
obtainabJe from the journaJ of South American Earth Sciences Sup
plementary data File #1. 

Table 1 
Short dt'Scription of rocks selected for U-Pb SHRIMP zircon d.1ting ;lnCl geochemlsrry. 

Coordinares Domain Rack 

4. Analytical metbods 

~alnPles for Sr and Nd were crushed and pow-
dered ro ",,200 mesh. Powders were first decomposed in 4 mI HF 
and 2 mi HN03 in Tel10n digestion bombs for 48 h at 120 oC. and 
finally in 6 M HCI. Elemental Rb, Sr, Sm and Nd were determined 

isorope dilution using enriched in 87Rb. 149Sm and 
Ion were used to separate the ele-

mems for isoropic Rb. Sr and REE were separated 
Bio-Rad AG50 12 carion resino Sm and Nd were further 
separared from the REE gmup using bio-beads caated with 10% 
HDEHP. AH were carried out on a VG Sector 54 
multicollecror mass specrmmerer at the Geocronología y Geoquí
mica Isorópica Madrid. Spain, 
Nd and Sr isorope data are shown in Tables 2 and 3. 
REEs were analysed ar ACTIABS (Canada) by TCP MS (Table 4), 

U-Pb analyses were performed on samples SHRIMP 
RG ar rhe Research School of Earrh Sciences. The Australian Na
tional Universiry. Canberra. Zircon were mounted in 
epoxy wirh of rhe Temara reference zircon, ground 
approximarely half-way through and polished. Reflected and tr,1I15-
mitted lighr phoromicrographs. and carhodo-Iuminescence (U) 
SEM images. were used to decipher [he imemal srructures of rhe 
sectioned and ro rarger areas within [he zircons. 
Each analysis consisted of six scans rhrough the mass range. The 
data were reduced in a manner similar to thJt described by Wil
Iiams (1998, and references therein), rhe SQUID Excel macro 
of (2001). U-Pb data are in Supplementary Table 2 obtain
able from the Journa! of South American Earth Sciences Data File 
2#. Results are shown in 3-5 and described below. 

5. Zircon SHRIMP U-Pb salnples and results 

5.1. M;\R-8 

(meta-igneous) Zi rcans il re elon-
gace (less chan 150).1m in !ength) sub-rounded [O euhedrJ! in 
shape. Cl show rhar most consist of il care ilnd il 

rimo Cores are elongate euhedral prisms, although with resorption 
fe,l(ures, with oscillatory zoning that rellects an igneous 
Rims show low-luminescence and are [O be ana!ysed. 

AbbrevIi¡ted werk 

MAR-8 15'24'2J 3"5.75'08' 16.8'W S. Juan Marcena Fine-grained gnelSS. Daotl( to rhyoda(ltJ( Qtz. PI. Kfs. Ms, ehl, Op, Cb, Zrn 
Lew-grade retrogresslon: strong 

OCO-26 16021.)'32.5"5,73·07'24.7'W S. Juan Marcena Med ium-gr ade me~sandstone 
CAM-2 16°32' )7,2"5. no31'23.2"W (amaná-Mollendo Banded migmatitic gnelss 
CAM-6 11)°30'403"5. no3B'16.fi"W (,.maná- Moliendo Gneiss (mesosome) 

CAM-7 J 1)°30'40.3"S. 72°313' lo.o"W (,.maná- Moliendo Banded migmatitic gnelss 
QU1-1O J 6°42'52.9"S. 72°25' lB.9"W C.amaná- Moliendo Banded migmatitic gnelss 

QUJ-J6 16°40·59.3"S. 12 0 2CY05.9"W úmaná-Mollendo Banded migmatitic gnelss 

MOl-J7 16°54'59.2"5. 12°02' SO.4"W Camar.á-Mollendo Augen-gneiss 

lLO-J9 17°27'59.2"5. 71 0 22' 19.9"W 110 Reddl~h myloniric porphynClc gral1itt'. 
I..ow-grade retrogresslOl1: strol1g 

lLO-20 17°27'59.2"S. 71 "22' 19.9"W 110 MylorHtlC dark gnelss. 
low-gr.ade rerrogresslOl1: moderate 

lLO-2.3 17°2S'Sfi.l "S. 71 °21'S6.4"W 110 anorthosite. 

Analytlcal work: S~ U-Pb SHR1MP; I ~ Nd lsotope composition: R ~ REEs (hemICa! an.alysis . 
• For a detiuled description see Supplementary rabie m Data RepoSltory . 

•• Mmeral abbreviations ac.cordmg to $nvola and Schmld (2007). Order reflects relarive modal amounrs. 

Qrz. PI. Ms, Elr, Zm 
Qrz, PI, Kfs. Opx. Sil, Sr. Mag, Zrn S, r, R 
Qrz, Kfs, PI. Grt, Sill, Mag. Br, 1, R 
ehl. Ser, Zr, Ap, Sp 
Qrz. Kfs. PI, Grt, Sil, Sr, Mag, 2m S, l. R 
Qrz, Kfs. Slll, Sr, Opl<, PI, Mag, ehl, 1, R 
Ser, Zm, Ap 
QtL, PI, Kfs, Br, Sill, Grr, Mag, Ser, S.!, R 
Chl, Zm 
Qrz, Kfs, PI, Grr, Sil, Mag, Er, Ser, 
Ep, ehl, Zm 
Qtz, ehl, Ep, rl. Kfs, Ttn, 11m, Ser, S, 1, R 
AII1, Ap, FI. 2r 

Qrz, PI, Hb, Br, ehl, Ser, Ep. AII1, S, 1, R 
Mt, Ap, 2m 
PI, Hb, St, Ten, Rt. 11m. Ser. Ch!. Ep S. 1. R 



Tabl~ 2 
Sm-Nd isorope composirion of selecred rocks from rhe Camaná-Mollendo and 110 domains_ 

Sample Sm (ppm) Nd (ppm) Sm/Nd 1-47Sml'-4-4Nd 

CAM-2 5_59 30.3 0_1845 0_1 ll5 
CAM-6 6_57 34.4 0_1910 0_ll54 
CAM-7 5_1 27.1 0_1882 0_ll37 
QUI-10 7_3 39.9 0_1830 O_ll 06 
QUI-16 6_57 37.5 0_1752 0_1059 
lLO-19 8.01 50.7 0_1580 0_0955 
¡LO-20 10 60 0_1667 0_1007 
lLO-23 1_02 4.46 0_2287 0_1383 

Nd isoropic raCios were normalized ro '46Nd/'44Nd" 0.7219_ 
La Jolla Nd scandard gave a mean 1-43Ndl'-4-4Nd of 0_511847:!: 0_00001 (n" 9). 
The 26 analyrical errors are 0_1% in '-4 7Sm /'-4-4Nd and 0_006% in 1-43Ndl'-4-4Nd_ 
Decay conséanr was A.Sm" 6.54 x 10 12 a-l. 

1-43Ndl'-4-4Nd 

0.511333 
0.511348 
0.511294 
0.511322 
0.511343 
0.511996 
0.511940 
0.512274 

eNd-46S TOM(46S) eNd,OOO eNd'700 TOM 

-14.6 -6.9 2445 
-14.8 -7.5 2513 
-15.6 -8.2 2549 
-14.7 -6.9 2440 
-13.7 -5.5 2314 

-6.4 1691 
-7.8 1791 
-3.6 1483 

T
Prr 

is model age according co DePaolo er al. (1991). 
14 Sm/l 4-4Nd and 143Nd/144Nd values assumed co be 0.1967 and 0.512636 for CHUR. and 0_222 and 0.513114 for depleced-mande. respeccively_ 

Tabl~ 3 
Rb-Sr composirion of muscovire from pegmarires_ 

Sample 

JC-01C Ms 
QUI-005 Ms 

Rb 

609.412 
526.469 

Sr isoCopic racios were normalized co 8SSr/88Sr= 0.1194-

Sr 

6_52 
6_664 

NBS987 scandard gave a mean 87Sr/8SSr racio of 0_710216 :!: 0.00005 (n = 10). 
The 26 analyrical errors are 1% in Q7Rb/Q6Sr. 0_01% in Q7Sr/Q6Sr. 
Decay conséanrs used were A.Rb" 1.42 x 10 11 a-l_ 
Model ages assumes inicial Q7Sr/Q6Sr values berween 0_703 and 0_715 

(a) MAR-B 
0.3 

Rb/Sr 

93.4681 
79.0020 

1 
0.2 

Mean = 1796 ± 13 Ma 
MSWD= 1.5 

? 
:o 
a.. 800 
~ 

0.1 

o 

p 

, Upper int8rcept 1033 ± 23 Ma 

MSWD of 9pt discordia = 0.50 

Lowar intsrcept 469 ± 70 Ma 

2 3 4 5 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

463_637 
338.286 

(b) OCO-26 

6 

8_0ll008 
5_614221 

~1000M8 

Model age Ma 

1100 
1015 

400 800 1200 11SOO *lOO 2400 2800 3200 

8 10 12 14 16 18 

Fig.3. U-Pb SHRIMP data for samples fmm the northern section of the Arequipa Massif. 204Pb-corrected data are plotted as ] 6 error ellipses in Wetherill Concordia diagrams, 
with typical cathodo-Iuminescence images displayed below. (a) MAR-8 (San Juán Marcona) shows data for cores (grey shading) trending away fmm ca. ] 800 Ma, interpreted 
as an igneous pmtolith age, and rims (white ellipses) plotting on a Discordia between ca. ] 000 Ma (Grenvillian age of main metamorphism) towards ca. 470 Ma (Famatinian 
overprint). (b) OCO-26 (Atico) shows a rather discordant spread of data fmm Archaean to Neopmtemzoic, with the 207Pb/206Pb ages concentrating at ca. ]000 Ma 
(metamorphism). 
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Fig.4. U-Pb SHRIMP data for samples from the southern secaon of the Arequipa Massif. 204Pb-corrected data are plotted as 1 (J error ellipses in Wetherill Concordia diagrams. 
(a) CAM-2 shows a strong bipolar distribution of ages e06Pb/238U for <1000 Ma, 207Pb/206Pb for > 1000 Ma), indicating Pb-Ioss from a major events at ca. 1900 Ma and a second 
concentration around 1000 Ma. (b) CAM-7 and (c) QUI-16 show similar patterns with additional discordance (white ellipses indicate data ignored in the discordia !it). (d) 
MOL-17 from the Moliendo area (cathodo-Iuminescence image shown below) al so has three highly concordant data points for zircon rims at 940 Ma. 

Eighteen points were analysed including rims and cores. Nine 
cores yielded 207Pbj206Pb ages between 1210 and 1813 Ma. If anal
yses with discordance >-10% are rejected (#12 and #17), the 
remaining spots plot near Concordia and yield a mean 207Pbj206Pb 
age of 1796 ± 13 Ma (MSWD == 1.5), which is interpreted as the 
crystallization age of the igneous protolith. The high ThjU values 
of cores (0.32-0.34), typical of igneous zircons, reinforce this inter
pretation. Rims are high-U (mostly over 1000 ppm) and with very 
low ThjU values (mostly <0.2) typical of a metamorphic origino Rim 
analyses plot on a discordia with an upper intercept at 
1033 ± 23 Ma and a lower intercept at 469 ± 70 Ma; taken as the 
ages of Grenvillian metamorphism and Early Paleozoic overprint, 
respectively. The latter gave rise to more pronounced Pb-Ioss in 
the Grenvillian rims than in the relict cores. 

5.2.0CO-26 

Metasandstone (Fig. 3b). The zircons from this sample are 
mostly equant, round to sub-round grains that range up to 
200)lm in diameter but with many less than 50-100 )lm. The 
grains are generally c1ear and colourless, with only sorne c10uded 
grains, and sorne that may be frosted due to surface transport. 
The Cl images reveal a complex internal structure (Fig. 3b). Many 
grains comprise a zoned igneous centre, overgrown by metamor
phic zircon with homogeneous CL. Also common are grains with 
metamorphic central areas with lighter or darker Cl outermost 
metamorphic zircon. Sorne grains have multiple stages of zircon 
growth, the outermost invariably being a bright Cl metamorphic 
rimo 
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magmatic CIystallization as Ordovician in age. 

Given the complex nature of the zircon population, 105 areas 
were analysed on 70 zircon grains. The analyses range up to 30% 
discordant, although many are within analytical uncertainty of 
Concordia in both the Wetherill (204Pb-corrected data) and Tera
Wasserburg (data uncorrected for common Pb) diagrams. The rel
ative probability plot shows a majar peak at 1000 Ma, with slightly 

younger subordinate groups of analyses at ca. 940 Ma and ca. 
840 Ma, a sequence of minor peaks through the Mesoproterozoic 
(ca. 1200, 1260, 1340, 1500), and a significant concentration in 
the interval 1650-2030 Ma, as well as a few older ages back to 
2770 Ma (Archaean). The older ages are comparable to those seen 
in other samples reported here. We interpret the major peak at ca. 



Table 4 
REE analyses of granulires, 

CAM-2 CAM-6 CAM-7 QUI-lO QUI-16 

La 42,8 46.4 37,7 58.1 55.3 
Ce 86,] 93.2 76,8 115 110 
Pr 9.46 10.5 8.43 12.4 ]],8 

Nd 30.3 34.4 27,1 39,9 375 
Sm 559 657 5,1 7.3 6.57 
fu 1.32 1.28 1.1 1,71 1,5 
Gd 4.44 5,54 3,94 S.32 4,88 
Tb 0,75 0.89 0,63 0,86 0,76 
Dy 4.44 5.09 3,S6 4,93 4.21 
Ha 0,88 0.96 0,68 0,92 0,77 
Er 2.49 2.72 1.84 2.5S 2.1 
Tm 036 039 0,7.6 0.34 0.28 
Yb 2,28 2.42 1S7 2,15 1.62 
Lu 033 035 0,7.3 0.33 0.24 
REE 191.5 210:1 168.9 251.8 237.5 

(Ll/Yb)N 13.5 ]3,8 17.2 19.4 245 
(Ll/Sm)N 4,9 4.6 4,8 5,1 5.4 

(Gd/Y~)N 1,6 1.9 2,1 2,0 2.5 
Eu/Eu 0,8 0.6 0,8 0,8 0,8 

1000 Ma as corresponding to peak metamorphism of Grenville-age 
in [he Atico domain. Al! older ages are interpreted as ref1ecting 
detrital grains, mostly igneous, but also metamorphic mantles. 

The data giving the youngest ages tend to plot aboye the Con
cordia curve in the Tera-Wasserburg diagram (not shown), in part 
forming a Pb-Ioss discordia. These areas are considered to have lost 
radiogenic Pb and are not interpreted as rellecting Neoproterozoic 
metamorphic zircon. However, the presence of ages of 850-950 Ma 
in the analyses of the outer areas and rims to structmed grains re
cord mean rhar a case can be made for meramorphic zircon devel
opment later than 1000 Ma, 

On the basis of this interpretation, peak metamorphism oc
Cllrred at ca. 1000 Ma and the sedimentary protolith may well have 
formed between this time and the next oldest minor peak at ca. 
1200 Ma, Le., Late-Mesoproterozoic. 

S3. CAM-2 

Migmatitic gneiss (mesosome) (Fig. 4a). The zircons from this 
sample are equant-[o-elongate, round to sub-round in shape and 
less than 200 11m in Jength. The Cl images reveaJ a range ofinternal 
structures. Sorne areas are zoned igneolls zircon. whilst other areas 
have an irregular wispy structure. and yet others areas are broad 
and homogeneous. These featmes indicate a range of zircon crys
tallization events from simple igneous crystallization, to recrystal
lized zones and then finally metamorphic zircon growth. 

Twenty-four areas were analysed on 21 zircon grains covering 
the range of internal CL structures, and yielding a bimodal distribll
tion. In general the zoned igneous zircon yields olcler Proterazoic 
dates, whereas the more homogeneous metamorphic areas yield 
Grenvillian dates. But this is not always the case: [he outer more 
homogeneous areas on grains #16 and #18 borh yield older Pro te
rozoic dates. whilst the weakly zoned area analysed on grain #17 is 
Grenvillian in age. Centres and rims were analysed on grains #10, 
#15 and #21. Both areas on grain # 10 yield concordant Grenville 
dates, though the irreguJarly zoned eore (#10.2) is older than the 
homogeneolls metamorphic rim (#10.1). The irregularly zoned 
core of grain #15 is ca. 1960 Ma whereas lhe homogeneous rim 
is ca. 1050 Ma. The zoned eore of grain #2'] is ca. 1890 Ma, with 
the homogeneous rim Grenvillian at ca. 1040 Ma. 

Overall, the older grollp consists of igneolls and perhaps meta
morphic eore zircon with a range of nearly concordant 207Pb¡206Pb 
ages of1760-1950 Ma, bllt with a composite peak at ca. 1900 lVla. 
The Grenvillian metamorphic group is rather variable with. at the 
older end, one concordant age at 1125 Ma and one less so at ca. 

1210 Ma, and at the younger end. two 206Pb/238U ages less than 
1000 ma that probably indicate either Pb-Ioss of Grenvillian areas 
or a sllperimposed rhermal event peaking at ca. 980 lVla. The 
weighted average of the six remaining 206Pb/238Pb ages is 
1040 ± 11 (MSWD = 0.90), which is taken as the peak of Grenvillian 
metamorphism, 

5.4. CAM-7 

Migmatitic gneiss (mesosome) (Fig. 4b). The zircons fram this 
sample are round, eqllant-to-elongate grains that range from less 
than 100 /!n1 in diameter to 200 11m or more in length. A few mul
ti-Iobate grains are present, represenring metamorphic over
growths. The Cl images, as of sample CAIVl-2 show a variety of 
textures and featmes. There are areas of zoned igneous zireon, usu
ally more centrally locatee! within the grains, with both irregular 
ane! homogenous CL structures in outer areas (mantles) ane! rims. 

Twenty-seven areas have been anaJysed on 20 zircan grains 
with rim-and-core pairs analysed for seven grains. The zoned igne
ous core to grain #17 has an Archaean 207Pb/206Pb age of ~,2690 Ma 
whereas rhe more homogeneolls rim area, interpreted as metamor
phic, is Grenvillian in age with a 206Pb¡2J8U e!ate of ~ 1120 Ma. The 
outer are as and zoned igneous zircons provide a range of nearly 
concordant 207Pb¡206Pb e!ates, mostly aroune! 1860-2080 lVla. The 
Wetherill plot for the 204Pb-carrected data clearly shows rhar 
whilst sorne areas are near Concordia at about either 1950 Ma or 
1000 Ma, many of the areas analysed are discordant and would 
he on a simple discordia between tbese two end-members, A dis
cordia Hne litted to a selected group of 22 analyses gives an upper 
intercept of 1924 ± 25 Ma and lower intercept of 1026 ± 32 Ma 
(MSWD = 3.7), the Jatter being taken as rhe age of peak Grenvillian 
metamorphism, The analyses not included in rhis general discore!ia 
Hne are for #15.2, with rhe youngest 207Pb¡206Pb date, and those 
with 207Pbj206Pb dates older than 2000 Ma. 

From the current data set it is clear that e!etrital igneous zircon 
and probably overgrowths of Paleoproterozoic age are cammon in 
this sample. New zircon formee! during a Grenville-age event is 
present. A nllmber of the grains/areas analysed show variable 
rae!iogenic Pb-Ioss at this time ane! so lie on a discore!ia trend. 

SS QUI-16 

Migmatitic gneiss (mesosome) (Hg. 4c). Separated zircons are 
mostly ca. 200l1m in length, equant to slightly elongated. and 
sllb-rollnd in form, CL images show complex imemal structllres, 
with small relict eores (in sorne cases with igneous zoning) sur
rollnded by mantles of variable thickness most of which show 
broad faint oscillatory zoning, and low-Iuminescence rims. The Jal
ter are lIslIally complete and discordant to the earlier strllctures; 
they are of irregular thickness, up to 50 ~lm or more on some grain 
tips. 111e textures are interpreted as due to detrital igneous crystals 
ancl successive stages, probably lwo, of metamorphic overgrowth. 

Sixteen areas were analysed on ']5 grains. Borh core and mantle 
were analysed in grain #1. Two analyses (#4 ane! #8) were carried 
out on well-developed rims; their 207Pb/206Pb ages arel 079 Ma 
ane! 1995 Ma. The other spots were on mantJes: Th¡U ralios are 
generally high (0.07-3.33, with 12 of 16 ratios being >0.2). If the 
more imprecise analyses are excluded, the rest plot on a simple 
discordia (MSWD = 0.9) with an upper intercepl at 1861 ± 32 Ma 
and a poorly delined lower intercept ar 1011 ± 73 lVla. 

S.6. MOL-J7 

Augen-gneiss (uncertain protolith) (Fig, 4d). The zircons from 
this sample are round to sub-round grains rhat are generally clear. 
The Cl images show complex internal structure; many grains have 



zoned igneous eores, interpreted as igneous, overgrown by more 
homogeneous, probably metamorphie zireon. 

Sixteen grains were analysed, with most of the analyses on the 
more homogeneous outer areas of the grains interpreted as meta
morphic. The exeeptions are the analyses of grain #16, where the 
zoned eore was also analysed (both eore and rim giving Archaean 
ages of ca. 2900 Ma). The analyses are generally low in U and the 
Th¡U ratios range to very high values (0.16-4.06), apart from those 
of grains #10 and #11 (0.08). The analyses mostly plot on a simple 
discordia between 1892 ± 62 Ma and 973 ± 82 Ma (MSWD rather 
high at 2.4). There are a number of diseordant analyses, but these 
do not indicate the presence of intermediate Mesoproterozoic zir
con. The three youngest Grenvillian areas are highly concordant 
and yield a defined Concordia age of 940 ± 6 Ma (MSWD = 0.004), 
which is taken as the best age for the Pb-loss and possible meta
morphie event. There is a possibility that this rock underwent an 
older thermal event responsible for the Paleoproterozoic ages of 
sorne overgrowths. The ultimate age of the protolith is unknown 
as insufficient data were obtained from cores. 

5.7. /LO-J9 

Mylonitic porphyritic granite (Fig. 5a). The abundant zircons in 
this sample are elongate, mostly ~·200 ~lm in lenglh, or longer, 
with either sllb-rollnd or pyramidal terminations. Many grains 
can be seen to be strongly zoned under transmitted light and 
although many are c1ear and colourless a few are dark and metam
ict. Cl shows a variety of internal structures. Many grains and areas 
within grains are simple oscillatory zoned zircon, bllt there are 
prominent grains with very irregular internal features and in 
places these wispy featmes overprint and cross-cut what is inter
preted to be tbe primary simple igneous zoning. 

Twenty-tbree areas were analysed on 20 grains covering the fllll 
range of comple.x internal CL structures. AII 23 analyses yield 
206Pb¡2J8U ages in the range 41 5-465 Ma and the relative probabil
ity plot sbows a broad peak or peaks centred at about 450 Ma. 
Apart fram tbree analyses (#3, #4.1 and #15) lbe data are low in 
common Pb and rhe 204Pb-corrected data are within uncertainty 
of Concordia. There is no evidence for any Grenville-age event in 
tbese zircon grains. Tbere is a wide range in U and Th contents, 
bllt the Th¡U ratios are moderate to higb, reflecting the dominantly 
igneolls nature of the zoned zircon. If the three analyses with high 
common Pb and all otbers witb >]0% diseordanee are exclllded, 
three possible age peaks can be recognized: ca. 460 Ma, ca. 

446 Ma and ca. 432. llle yOllnger peak could be related to retro
gression within the shear zone (overprinting fea tu res in zircon 
grains) wbicb is strong in this rock. 

5.8. /LO-20 

Dark myloniric gneiss (Fig. 5b). Tbe zircons from tbis sample are 
mostly slender, elongate grains with subbedral terminations. More 
eqllant and bulkier elongate grains are also present, tending to be 
coarser-grained, up to 250 jJ.m in length and 50 jJ.m in width. The 
Cl images show a complex internal structure. Wbilst many grains 
bave length-parallel zoning (interpreted as igneous), more homo
geneous, possibly metamorphic, zircon is present both as rims 
and in plaees forming anastomosing embayments into tbe zoned 
igneolls zircon. 

Twenty-six areas were analysed on 21 grains (Fig. 5b). A wide 
range of the internal structures noted aboye were analysed, with 
botb tbe zoned igneolls and tbe more bomogeneolls areas inter
preted as metamorpbic analysed on a nllmber of single grains. 
Tlle reslllting data form a dispersed grouping tllat is dominantly 
within uncertainty of the Tera-Wasserburg Concordia. Two analy
ses, #2.2 and #6"1, are more enricbed in eommon Pb; tbe former 

yields a yOllng 206Pb¡2J8U date of ca. 438 Ma and tbe area analysed 
is considered to bave lost radiogenic Pb. The relative prabability 
plot of 206Pb¡238U ages shows a dominant bell-shaped peak, which 
yields a weigbted mean age of 464 ± 4 (MSWD ~ 1.07). It is note
wortby that tbis grouping includes both zoned igneous and the 
more homogeneous zircon areas; thus rhe igneous emplacement 
and subseqllent meramorphic developments in rhese grains oc
curred within the analytical uncertainty of 464 Ma. On tbe older 
age side, tllefe is a subordinate grouping around ca. 480 Ma (four 
analyses give a mean of 483 ± 7 Mal and scattered older dates to 
ca. 512 Ma. The central areas to a number of grains were analysed 
as it was originally presumed that this rock would yield a Grenvil
lian age. Ilowever, whilst there are scatrered analyses older than 
the dominant Ordovician peak, there is no evidence for such a 
Grenville event. 

5.9. JLO-23 

Anorthosite (Fig. 5e). Only a few zircon grains were separated 
fram this sample (seven on [he pmbe mOllnt). They are elongate 
and range fram clear sllbhedral forms to dark, metamicr subhedral 
grains. The CL images are very dark, bur relicr igneous zoníng can 
be seen. 

Seven areas were analysed on six grains; they bave bigb-U rang
ing from 1700 to 3065 ppm, with relatively moderate Th and Th¡U 
ratios in rbe range 0.08-0.2·1. This is on rhe slightly low side for 
normal igneous zircon but may reflect late-stage magma tic crystal
lisation or partial melting. The areas analysed are low in common 
Pb. bllt not ideal in terms of zircon clarity or good CL structllre. Tbe 
relative probability plor for tbe limited nllmber of analyses is irreg
ular, with one clearly older analysis and sorne skew to the young 
age side. A weighred mean of the 206Pb¡2J8U ages for five of the se
ven analyses provides an estirnated crystallis<ltion date of 
464 ± 5 Ma (MSWD ~1.0). 

6, Pegmatites 

Beeallse Rb is strongly fraetionated in muscovite relative to Sr, 
the 87Sr¡86Sr ratio in rhe mineral increases very qLJickly with time 
and the calculated age is insensitive to lhe assumed inirial values 
for calc-alkaline magmas. Tbe ages of two muscovite samples ob
tained in this way were 1000 and 1100 IVla (Table 3), i.e., Grenvil
lian. Tllese pegmatites, alrhougll roughly concordant to rheír hosr 
rocks, do not show evidence for ductile deformation and¡or super
imposed metamorpbism, and che Rb-Sr ages are taken as approx
imately dating magmalic crystallization. 

7, REE and Nd isotope data 

REE data for five samples of higb-grade gneis ses fram lhe Ca
maná-Moliendo domain (Table 4) are plotred in Fig. 6. They show 
enrichment in LREE relative to HREE, with (La¡Yb)N values between 
13.5 and 24, and a small negative Eu anomaly (Eu/Eu' = ca. 0.8). 

REE patterns are remarkably similar in lhe five gneisses suggesting 
thal they were all derived from rhe same type of protolith. They 
are also strikingly similar to those of shales, e.g., the Nortb American 
Sbale Composite (Taylor and Mclennan, 1988), so lhal it may be in
ferred rllat rhe gneisses were derived from derrital sedimentary 
rocks. The small differences among the five rocks analysecl befe 
may be attributed to variable melt exrraetion during migmatizarion. 

Nd isolope composition is available for the five higb-grade 
gneisses (Table 2). Tbey yielded tNdt values of -5.5 to -8.2 ar 
the reference age of 1700 Ma. Nd single-srage depleted-mantle 
model ages (T DM, DePaolo, 198·1) range between ca. 2.3 and 2.5 Ga. 
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America Shale Composice REE parcern (Taylor and McLennan. 1988) is added for 
comparison. 

Nd isotope composition is also available for three meta-igneous 
rocks from rhe Bo domain. eNdt values at rhe refE'fence age of 
475 Ma (Table 2) differ significantly from one rock to another: 
-6.4 (ILO-19), -7.8 (ILO-20) and -3.6 (ILO-23), the larrer being 
for the anorthosite. The value for IW-20, the mafic gneiss, is less 
primitive than that of the granite, perhaps indicating different pro
toliths and not only stl'ain differences between the lwo rocks as 
might be argued from field evidence alone. 

8. Discussion 

Two views emerge from these data: (1) the geological history of 
the Arequipa Massif covers a very long period of time, between 
Paleoproterozoic and Early Paleozoic (OrdovicianjSilurian), and 
(2) three main rock-forming events took place, at widely separated 
times: in the Paleoproterozoic, in the Late-Mesoproterozoic and in 
the Paleozoic. 

8.1. The Paleoproterozoic. An oId orogeníc hístory 

The protolith of the strongly retrogressed quartzose gneiss 
MAR-8 from the San Juán Marcona domain was a felsic igneous 
rock, probably volcanic or subvolcanic. Its age of 1796 ± 13 Ma 
(Late Paleoproterozoic) coincides with a discordia upper intercept 
age of 1793 ± 6 Ma found by Loewy et al. (2004) for a retrogressed 
foliated megacrystic granite nearby (sample UjPb-3). The age of ca. 
1.79 Ga thus corresponds to an event of felsic magmatism. More
over, this age constrains the age of the host metasedimentary rocks 
that were coeval or older. 

Migmatitic gneisses of the Camaná-Mollendo domain, although 
separated from the San Juán domain by the Atico medium-grade 
rocks and the Ocoña phyllonite zone, probably correspond to the 
same geological domain, although they are generally less retro
gressed and appear to contain material older than the igneous pro
tolith in the San Juán Marcona doma in. Most of the migmatitic 
gneisses are probably metasedimentary, as inferred from both 
the similarity of their REE pattern to those of shales and the high 
peraluminosity evidenced by the mineral compositions (Martig
nole and Martelat, 2003). 

AII the samples contain Paleoproterozoic zircons that under
went a metamorphic overprint of Grenvillian age. Low-discordance 
Paleoproterozoic ages range from 1.76 to 2.1 Ga. A few scattered 
Archaean zircons were also found (ca. 2.7 Ga in CAM-7, ca. 2.9 Ga 
in MOL-17). Moreover, the Paleoproterozoic ages embrace detrital 

cores with relict igneous zoning and thick sub-rounded, homoge
neous or weakly concentrically-zoned, overgrowths (manrIes). 
The latter features are common in high-grade metamorphic zircons 
(Vavra er al., 1999; Corfu er al., 2003). Most of the analysed areas 
were overgrowths, most of them with ThjU values higher than 
mosr metamorphic zircons (which rend to have values <0.1). This 
facr however has been also recognized in other high-grade meta
morphic areas (e.g., Goodge et al., 2001) and, of particular rele
vance, in UHT metamorphic regions, e.g., in the Napier Complex, 
Antarctica (Carson et al., 2002). Such high ThjU values in metamor
phic mantles are attributed to U-depletion during UHT metamor
phism prior to zircon growth (Black et al., 1986; Carson et al.. 
2002). We propose that the zircon overgrowths in rhe Arequipa 
Massif migmatitic gneisses probably resulted from UHT metamor
phism during the Paleoprorerozoic. 

Samples CAM-2 and CAM-7 contain detrital igneous cores of 
1890-2080 Ma that along with rhe few Archaean cores referred 
to above, suggest magmatic events in the source area of the sedi
menrary proroliths in the Middle Paleoproterozoic (Rhyacian and 
Orosirian) and in the Archaean. Most of the analysed zircon areas 
plot on discordias resulting from Pb-Ioss during Grenvillian meta
morphism, and as mosr correspond to mantles on older cores, the 
upper intercept ages probably date metamorphism. The strongest 
cases are for samples QUI-16 and MOL-17, whE'fe only oVE'fgrowths 
were considered for regression; the resulting ages are 
1861 ± 32 Ma and 1892 ± 62 Ma, respectively. Thus a metamorphic 
event at ca. 1.87 Ga is inferred for the Paleoproterozoic over
growths. Whether these Paleoproterozoic overgrowrhs forrned 
in situ or were detrital is more difficult to assess. Zircon grains in 
samples QUI-16 and MOL-17 show overgrowths that are quite reg
ular and complete around detrital igneous cores (Fig. 4). This might 
be taken as compatible with overgrowth formation in situ and con
sequently with a metamorphic event in the Camaná-Mollendo do
main at ca.1.87 Ga. This interpretation strengthens that of Loewy 
et al. (2004), who argued on geological grounds for a metamorphic 
event (M1) and deformation at ca. 1.8 Ga, i.e., prior to the intrusion 
of the megacrystic granite (UjPb3). Consequently, the age of the 
sedimentary protoliths of the migmatitic gneisses can now be 
bracketed with sorne confidence between ca. 1.87 and the mini
mum age of detrital igneous zircons, i.e., ca. 1.9 Ga. In consequence 
sedimentary protoliths formed shortly before metamorphism. 
Quite similarly Cobbing et al. (1977), Dalmayrac et al. (1977) and 
Shackleton et al. (1979) argued in favour of a granulite facies regio
nal metamorphism between ca. 1.8 and 1.95 Ma, with protolith 
ages of ca. 2000 Ma. However, these authors considered that the 
granulitic gneisses resulted from a single metamorphic event and 
did not recognize the superimposed Grenvillian event (see below). 

Nd isotope values (TDM between ca. 2.3 and 2.55 Ga) suggest 
that Nd in the Camaná-Mollendo migmatitic gneis ses is largely re
worked from an old continental crustal material, Paleoproterozoic 
andjor Archaean. This is compatible with the presence in sorne 
samples of old detrital zircons of ca. 2690 Ma (CAM-7) and ca. 
2900 Ma (MOL-17) that indicate an Archaean source. Moreover, 
the crustal source of the zircons experienced magmatism at differ
ent times between ca. 1.9 and 2.1 Ga, probably with addition of a 
juvenile component to the upper continental crust. This constitutes 
a significant fingerprint of the source area, i.e., old Nd model ages 
and a younger zircon population. 

As for the Paleoproterozoic, the pattern that emerges from zir
con ages and the geological and geochemical evidence is one of 
an orogeny between ca. 1.79 and 2.1 Ga (Orosirian to Rhyacian) 
involving: (a) early magmatism (between 1.89 and 2.1 Ga), pre
sumably through partly Archaean continental crust, (b) sedimenta
tion of a thick seq uence of terrigenous sediments, (c) UHT 
metamorphism at ca. 1.87 Ga, and (d) late felsic magmatism at 
ca. 1.79 Ga. 



8.2. The Arico domain: a Mesoproterozoic sedimenta/y basin 

The only sample from this medium-grade metamorphic domain 
(OCO-26) shows similarities to the migmatitic gneisses of the Ca
maná-Moliendo domain, but also significant differences. Many 
low-discordaoce areas yield ages betweeo 1700 aod 2030 Ma aod 
a few are Archaean, between 2600 and 2800 Ma (one discordant 
age ca. 3100 Ma). These ages are from detrital igneous cores and 
metamorphic maotles, aod are similar to the Proterozoic to Ar
chaean low-discordance ages fOllnd in rhe Camaoá-Mollendo and 
San Juán domaios. 00 the other hand, OCO-26 cootains zircons 
with nearly concordant ages between ca. 1200 and ca. 1600 Ma. 
This grollp of ages has not been recognized in the high-grade do
mains; we interpret these zircons as detrita!. Grenvillian metamor
phism started at ca. l 000 Ma. 

Deposition of t he sedimentary protolith of OCO-26 occurred be
tween ca. 1200 and ca.l 000 Ma, Le., in the Late-Mesoproterozoic. 
Detrital zircons were fed from a so urce area similar to the high
grade Camaná-Mollendo and San JlIán domains, bllt also from an 
lInknown source that provided the Mesoproterozoic zircons of 
'1200- '1600 Ma, The Atico domain can thus be interpreted as a sed
imentary basin deposited on a Paleoproterozoic high-grade base
ment consisting of igneolls and metamorphic rocks. Cobbing 
et al. ('1977) first considered the Arico metasedimenrary rocks to 
be yOllnger than the Moliendo high-grade gneisses beca use of 
the presence of quartzites, absent in Camaná-Mollendo doma in. 
However this opinion was challenged by Wasteneys et al. (1995). 

8.3. The Grenville-age metamorphic event 

AH the zircon poplIlations from the San JlIán, Arico and Ca
maná-Moliendo samples show the imprint of a metamorphic 
event Lare-Mesoproterozoic to Early Neoproterozoic in age. This 
metamorphism produced Pb-Ioss on both older zircon igneolls 
cores and on Paleoproterozoic overgrowths, giving rise to linear 
discordias, and probably new overgrowths in the form of contrast
ing 11Iminescence rims. Recorded Grenvillian ages can be bracketecl 
between ca. 940 and ca. l 080 Ma, taking age llncertainties into ac
collnt. In the Camaná-Mollendo domain Grenvillian ages are 
apparently older in the Quilca ancl Camaná samples (CAM-2: 
1040±11 Ma; CAM-7: 1026±32 Ma; QLJI-16: 1011 ±73 Ma) than 
in the Mollendo sample (MOL-17: 940 ± 6 Ma), a fact that was also 
recognized by Wasteneys et al. (1995; point C: 966±5 Ma) and by 
Loewy et al. (2004: sample U/Pb-2: 935 ± 14 Ma). Sample MAR-8 
fmm the San Jllán Marcona domain yielded an age of 
1033 ± 23 Ma for the Grenvillian event, i.e., within error of those 
of the southern Camaná-Mollendo domain. The weighted average 
age of metamorphism in Northern Camaná-Mollenclo and San Juán 
Marcona is '] 037 ± 19 Ma, r n the Atico doma in we fOllnd a spread of 
Grenvillian ages between ca. 1000 and ca. 840 Ma. The latter do
main lInderwent only Grenvillian metamorphism, in contrast with 
the Ca maná-Moliendo domain, which besides Grenvillian meta
morphism llnderwent an older Paleoproterozoic event. Martignole 
and Martelat (2003) carried out chemical dating of monazites from 
the Camaná-Mollendo domain and found a spread of Grenvillian 
ages: statistically meaningful ages of ca, 1000 Ma were obtained 
for three samples near Ca maná. Moreover, muscovite pegmatites, 
probably migmatitic melts, were emplaced during the Grenvillian 
evenl (1000 and 1100 Ma) as inferrecl from the Sr isotope compo
sition of mllscovites presented here. 

Grenville-age metamorphism at Arequipa took thus place in as 
many as three separate episodes: (1) ca. 1040 Ma in the QlIilca and 
Camaná areas of the Camaná-Mollendo domain, and in the San 
JlIán Marcona domain, (2) at 940 ± 6 Ma in the Moliendo area of 
the Camaná-Mollendo domain; (3) between ca. 1000 and 840 Ma 
in the Atico doma in. This evidence suggests that in the Arequipa 

Massif metamorphic domains are jllxtaposed that underwent 
Grenvillian metamorphism at different times and had different 
cooling histories. 

It is difficult to distinguish the effects of the Grenvillian meta
morphic overprint on the older UHT paragenesis. Martignole and 
Martelat (2003), althollgh favouring a single metamorphism of 
Grenville-age, leave rhis qllestion open, suggesting that this might 
correspond to the lowest-P event (I < 900 OC) they recognized. In 
our hypothesis thar the UHT metamorphism in Arequipa was 
Paleoproterozoic, temperatures attained during Grenvillian meta
morphism had to be high enough to completely reset the Th
U-Pb system in monaziles (ca. 730 oC; Copeland et al., 1988; 
Parrish, ']990) lInless the monazite formed only during the 
Grenvillian event. Moreover Grenville-age Ms-pegmatites are 
evidence for renewed partial melting at this time. High-grade 
metamorphic conditions were thus probably attained dllring 
Crenvillian metamorphism in the Camaná-Mollendo domain. In 
the Arico domain however, Grenvillian metamorphism only 
attained P-Tvallles within the stability field of staumlite + andalllsite 
(Shackleton et al.. 1979) implying a low-pressure type of 
metamorphism, 

8.4. Paleozoie events: the Ordovician magmatie are 

Ordovician crystallization ages found here for the igneous pro
toliths of the 110 domain were unexpected. lIIIartignole et al. (2005) 
interpreted these rocks as a Grenvillian AIIIIGC (anorthosite
mangerite-charnockite-granite) suite 00 the basis of locally 
preservecl relict high-temperatllre minerals slIch as pyroxenes 
and alleged metamorphic garnet. and NcI model ages of ca. 
1.15 Ga. In ollr samples those minerals are absent. However miner
als such as hornblende, biotite and rutile (in anorthosite) are pre
served in the less retrogressed rocks (ILO-20 and ILO-23) and 
also arglle in favour of an earlier high-temperature history includ
ing igneous crystallization in a cleep magma chamber and meta
morphism. The latter, which ís evídenced by zircon overgrowths 
on igneous cares (e.g., ILO-20), look place within lhe analylical 
lIncertainty of the crystallízation ages. Ages of igneolls zírcons 01' 
ca. 460 Ma place this magmatism within the Famatinian orogenic 
cycle, well-known in NW Argentina, which took place along the 
proto-Andean margin 01" Gondwana (pankhurst et al., 2000; 
Dahlqllist et al.. 2008, and references therein). Loewy et al. 
(2004) obtained LJ-Pb ages between 440 and -%8 Ma for late 
granitic intrusions in the Arequipa Massif. Nd isotope composition 
(Table 2) slIggest that the 110 magmatism involved variable 
contamination with an evolved continental crust (ENcl = -3.6 to 
-7.8; TDlv! = 1.5 to 1.8 Ca) with some evídence for mixíngjmínglíng 
between magmas. 

A Paleozoic metamorpllic evem is also recorded in the San JlIán 
Marcona domain. Here (sample MAR-8). an event that producecl 
variable Pb-Ioss of Grenvillian and Paleoproterozoic zircon is sug
gested by a discorclia with a lower intercept al 469 ± 70 Ma. Strong 
retrogression in the San jllánllllarcona and Ocoña areas was attrib
uted by Loewy et al. (2004) to an M3 tectonothermal event at ca. 
465 Ma, i.e., Ordovician, as inferrecl from the U-Pb ages of alleged 
pre- ami post-metamorphic pllltons in the area. This event cone
lates with the Marcana event of Shackleton et al. (1979). which 
procluced a foliation (S3) and greenschísr-facies retrogression of 
the basement gneisses. The Ocoña phyllonile zone that separales 
the Arico domain from the Camaná-lIIIollendo domain was atrrib
uted to this M3-S3 event (Shackleton et al., 1979; Loewy et al., 
2004). 

In the 110 domain, zircons from the mylonitic dark gneiss ancl 
mylonitic porphyritic granite record evidence of overprinting ar 
430-440 Ma that could be related to retrogression within the shear 
zone. This age is within error of tllar fOllnd at San JlIán lIIIarcona 



and attests to metamorphie processes in Ordovician to Silurtan 
rimes. This Ordovician ro Silurian low-grade meramorphic over
print was largely restricted to shear zones and basement areas near 
the contact with cover sequences of Neoproterozoic age. such as in 
the San Juán Mareona domain (Shackleton et al.. 1979; Chew et al.. 
2007). foeused f10w ofwater-rieh f1uids along these zones played a 
significant role in metamorphism. Large areas of the Arequipa 
Massif. however. do not record any evidence of Paleozoic 
metamorphism. 

85 Correlations and geodynamic implications 

There is agreemenr that rhe Laurentian and Amazonian cratons 
were juxtaposed across the Grenvillian orogenic belt at the end of 
Rodinia amalgamation at ca. 1.0 Ga Dalla Salda et aJ.. 1992; 
Dalziel. 1994. 1997; Sadowski and Bettencourt. 1996; Sadowski. 
2002; Loewy et al.. 2003; Tohver et al.. 2004; Li et al.. 2008). Mod
els differ however on the relative position of these cratons. either 
in the NE (relative to present-day North Ameriea) or in the SE. 

7 shows a paleomagnetieally-eonstrained paleogeography at 
ca. 1.2 Ga. Le., the age of eoHision aeross rhe GrenviHe
age Sunsás orogen. according to Tohver et al. (2004). It shows the 
loeatíon of the GrenviHe belt of North America and its 
eounterpart along the wesrern and southwestern margin of 
Amazonia. together with outerops of basement in the Central An-
des with GrenviHian ages of interest to this contribution. 

Massif is a Paleoproterozoic inlier overprinted by 
rhe GrenviHian orogeny. Correlarion wirh other Paleoprorerozoic 
terranes is hindered the isolation of the Arequipa Massif. Com
pared with the ages of Paleoproterozoic orogenies in Laurentia 
(e.g., Goodge and Vervoort, 2006, fig. 1; Goodge et al., 2004, fig. 
16) the age range of 1.76-2.1 Ga of Paleoproterozoic zircon in the 
San and Camaná-Mollendo domains embraces the Yavapai 
orogeny (1.7-1.8 and the Penokean and Trans-Hudson oroge
nies (1.8-2.0 Ga; Schulz and Cannon, 2007; Whitmayer and Karl
strom, 2007). Ir formerly part of Laurentia, the Arequipa Massif 
would be a relic of the pre-Grenvillian southern of the con
tinent (present coordinates) isolated from the northern Paleoprote-
rozoic belts by younger juvenile belts (Mazatzal and 
the Granite-Rhyolite 1.7-1.3 Ga; 7). The Laurentian 
connection was initially favoured by Dalziel (1992, 1994) and 
Sadowski and Bettencourt (1996, and references therein), whereas 
Loewy et al. (2003) an alternative source in the Kalahari 
craton. Rocks of equivalent age are also found in the Ventuari-Tap-

belt of the Amazonian craton (2.0-1.8 Ga; Cordani and Teixe
ira, 2007), although the latter is a belt whilst 
the Massif is a block of reworked continental crust. More
over the Ventuari-Tapajós belt is quite distant from the Arequipa 
Massif in current reconstructions, which would imply a SI;2;flillGlflt 
lateral before Grenvillian Irrespec-
tive of the cratonic source it is commonly that the Arequ-
ipa Massif lay between Laurentia and Amazonia in Rodinia (e.g., 
Cordani et al.. 2005b; Ramos, 2008). 

The Rio Apa block, south of Amazonia (Fig. is an-
other area to be considered, with U-Pb SHRIMP zircon ages largely 
coincident with those of detrital zircons in the Arequipa ""b"'ULOL 

ic et al., 2008). Here widespread ¡y"",,...,rn'r1 

ses (1.94 Ga) were intruded by plutons of the Alumiador 
Intrusive Suite (ca. 1.83 Ga) and younger were 
formed between 1.7 and 1.76 Ga. Nd model ages are between 2.2 
and 2.53 Ga et al., 2005a). Allegedly 
metamorphism was medium- to high-grade (Cordani et al., 
2008), but so far no evidence of UHT metamorphism has been re
corded. The Rio Apa block was overprinted by a thermal event at 
ca. 1.3 Ga (Cordani et al., 2005a), i.e., at the end of the Rondo
nian-San Ignacio orogenies (e.g., B6ger et al., 2005; Cordani and 

Teixeira, 2007) and together with the Arequipa Massif could thus 
be parr of a larger Paleoproterozoie eraron acerered to Amazonía 
at a still uncertain time, probably 1.3 Ga or earlier. The Maz do
main in the Western Sierras Pampeanas of contains 
metasedimentary rocks with Paleoproterozoie zircons (1.7-
1.9 Ga) and old Nd model ages (1.7-2.7 Ga), and was also reworked 
by the Grenvillian orogeny (Casquet et al., 2008), so that it could 
also be part of the same continental block (Casquet et al., 2009). 

Aceretion of the Massif to Amazonia was arrribured ro 
the Grenville-age Sunsás orogeny by Loewy et al. (2004). Grenvil
lían ages of igneous roeks and metamorphism were early reeog
nized along the southeastern margin of the Amazonian eraton by 
Priem et al. (1 971) and Litherland er al. (1989, and referenees 
therein). The latter authors coined the na me Sunsás orogeny for 
this teetonothermal event and attributed to it an age of 1000-
950 Ma on the basis of Rb-Sr and K-Ar Orogeny involved 
shearing, folding and metamorphism diserere belts thar wrap 
around an older metamorphic core, the Paraguá block (ca. 1.7 Ga; 

et al.. 2005), overprinted in turn by the Rondonian-San Igna
cio orogenies belween 1.5 and 1.3 Ga (Sadowski and Bettencourt. 
1996; Cordani and Teixeira, 2007). Tohver et al. (2005) summa
rized the Grenvillian history as consisting of lwo events, an older 
one of alleged Laurentia-Amazonía eollision (1 .2- 1.12 Ga; U jPb 
and 39Arj40Ar metamorphie ages), and a younger one of intraconti
nental strike-slip morion at ca. 1 1. The seeond evenr 
Aguapei-Nova Brasilandia orogeny) was also aecompanied by 

and Metamorphism was mostly of 
but reached facies ar Nova Brasilandia, dated 

at 1.09 Ga with 920 Ma. Precise U-Pb SHRIMP ages 
led Boger et al. (2005) to constrain Sunsás contractional deforma
tion as ca. 1070 Ma. Santos et al. (2008) revisited the 
tectonic evolution of the southern margin of Amazonia and 
re-interpreted the Sunsás orogeny as an autochthonous orogen 
involving four orogenic pulses between 1465 and 1110 Ma, sug-

a laurentia-Amazonia connection at ca. 1450 Ma. In any 
case, the period between 1070 Ma and ca. 980 Ma was apparently 
a period of craton stabilization, with magma
tism the southern of Amazonia (Santos et al., 2008; 
Cordani and Teixeira, 2007, and references therein). 

In the Grenville province of Canada the Grenvillian orogeny 
embraces rocks and events with ages between ca. 1.3 and 
0.95 Ga (Davidson, 1995; Bartholomew and Hatcher, this 
Between 1100 and ca. 980 Ma two contractional PnlS(J(lPS 

considered by Rivers (2008, and references therein) as 
from older orogenic events and the only representatives of the 
Grenvillian orogeny: the widespread penetrative Ottawan ...... ,.'¡y"" .... r 

phase (1090-1020 Ma) and the Rigolet event (ca. 1000-980 Ma). 
Rivers (2008) argued that collapse of the Ottawan orogen, thick
ened as a result of probable Laurentia-Arnazonia collision, took 

during the time interval 1050-1020. Former contractional 
structures were reworked in this extensional phase and AMGC 
complexes were intruded that heated the middle crust. Horst

structures developed at this time in the upper crust. 
During the time interval 1020-950 Ma the Grenville province 
underwent renewed contraction, focused mainly within the Para
uthocthonous Belt near the Grenville front. The hinterland how-
ever underwent extensional over this 
with development of extensional shear zones, deep ductile detach
ments and medium-Iow pressure metamorphism (Rivers, 2008). 

The contractional phase of the Ottawan orogeny (1090-
1050 Ma) (time equivalent of the Sunsás orogeny) and the older 
nr,-,..,.",,.,,r events known in the Grenville province of Canada, 
Le., the Elzevirian and the are not 
in the Arequipa Massif. However, the coincidence of the Arequipa 
Massif ages of 1040-840 Ma with protracted exten
sion both in the laurentian Grenville and in southern Amazonia 
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Fig. 7. Paleogeographical reconstruction of Laurentia and Amazonia at ca. 1.2 Ga (Tohver et al., 2004), showing Precambrian orogenic belts with ages according to Goodge 
et al. (2004, lig. 16), Tohver et al. (2004) and Cordani and Teixeira (2007) (Laurentia in its presentposition). Outcrops ofbasementwith Grenvillian ages in southern Laurentia 
and in the Central Andean regio n (Peru, NW Chile and Argentina) have been included (the latter in its present position relative to Amazonia). Laurentia: TH, Trans-Hudson and 
related mobile belts; P, Penokean orogen; y, Yavapay orogen; M, Mazatzal orogen; GR, Granite-Rhyolite province; FM, Franklin mountains outcrop; VHM, Van Horn 
Mountains outcrop; LU, Llano Uplift outcrop. Amazonía: MI, Maroni-Itacaiunas Province; CA, Central Amazonia province; VT, Ventuari-Tapajós province; RNJ, Rio Negro 
Juruena province; R, Rondonian-San Ignacio province: Sunsás, orogenic belts of Grenvillian age along southern Amazonía; AM, Arequipa Massif (Peru); RA, Rio Apa outcrop 
(Brasil, Paraguay); WSP, Western Sierras Pampeanas (Argentina); G, Garzón Massif lColombia); ST, Santander Massif (Colombia). 

suggests that metamorphism in Arequipa, which was of low-P 
type, might be related to overall extension and heating, and not 
to contraction as formerly thought. The precise tectonic setting re
mains unknown and more structural work is required to constrain 
it. Laurentia-Amazonia collision took probably place earlier, either 
at ca. 1.2 Ga (Tohver et al., 2005) or later during the Ottawan (Sun
sás) orogeny (Rivers, 2008) but is not recognized in the Arequipa 

Massif except for the detrital zircons of 1200-1260 Ma in the Atico 
metasedimentary rocks. Whether formerly part of Laurentia or of 
Amazonia, or other, the location of Arequipa before collision re
mains uncertain. 

The Atico sedimentary basin that formed between 1200 and 
1000 Ma might be also related to the protracted extensional event 
referred to aboye, or it could be a foreland basin resulting from 



Laurentia - Amazonia eollision. The magmatism at 110 that in
cluded anorthosites was not involved in the Grenvillian meta mor
phism. Grenvillian metamorphic domains with different P-T-t 
histories were probably juxtaposed aeross low-grade shear zones 
in the Ordovician-Silurian during the contraetional Famatinian 
orogeny. 

9. Condusions 

The Arequipa Massif is a Paleoproterozoic inlier in the South 
American Grenville-age orogen. It was probably part of a larger 
continental block that also inclllded the Río Apa block and the 
Western Sierras Pampeanas Maz terrane. 

The Paleoproterozoic pattern that emerges is one of an orogeny 
between ca. 1.79 and 2.1 Ga (Orosirian to Rhyacian) involving: (al 
early magmatism (between ·1.89 and 2.1 GaJ, presumably intruded 
through partly Archaean continental crust, (b) sedimentation of a 
rhick sequen ce of terrigenolls sediments, (cl UHT metamorphism 
at ca. 1.87 Ca, and (d) late felsic magmatism at ca. 1.79 Ca. 

The Arico domain can be interpreted as a sedimentary basin 
deposited on a Paleoproterozoic high-grade basement consisting 
of igneolls and metamorphic rocks. Deposition occlIrred between 
ca. 1 200 and ca.l 000 Ma, Le., in the Late-Mesoproterozoic. Detrital 
zircons were fed from a source area similar to the high-grade Ca
maná-Moliendo and San JlIán domains, bllt also from an llnknown 
sOllfce that provided Mesoproterozoie zircons of 1260-1600 Ma. 

Grenville-age metamorphism at Areqllipa took place in IIp to 
three stages: (1) ca. 1040 Ma in the QlIilca and Camaná areas of 
the Carnaná-Mollendo dorna in, and in the San JlIán Marcana do
main, (2) 940 ± 6 Ma in rhe Moliendo area of the Camaná-Mollen
do domain; (3) between 1000 and 850 Ma in rhe Atico domain. In 
the Arequipa Massif rnetamorphic domains are therefore jllxta
posed that lInderwent different Grenvillian meramorphic histories. 
The geodynamic signiticance of Grenvillian metamorphism is lIn
known bllt it cOllld be related to extension and not to collision as 
formerly arglled. 

During tlle Early Paleozoic the Arequipa Massif lInderwent rnag
matism at ca. 465 Ma and focused retrogression along shear zones 
or lInconformities between 430 and 440 Ma. 
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