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ARTICLES

Crustal Evolution along the Early Ordovician Proto-Andean Margin of
Gondwana: Trace Element and Isotope Evidence from the

Complejo Igneo Pocitos (Northwest Argentina)

Thorsten Kleine,1 Klaus Mezger, Udo Zimmermann,2

Carsten Münker, and Heinrich Bahlburg3

Zentrallabor für Geochronologie, Institut für Mineralogie, Universität Münster,
Corrensstrasse 24, 48149 Münster, Germany

(e-mail: kleine@erdw.ethz.ch)

A B S T R A C T

The Paleozoic geodynamic evolution of the proto-Andean margin of Gondwana was characterized by extensive sub-
duction processes associated with the docking of several terranes. The major and trace element as well as Sr-Nd-Pb
isotope composition of plutonic rocks from the Complejo Igneo Pocitos (CIP) are used here to constrain the processes
of magma genesis in the Early Ordovician continental arc along the proto-Andean margin of Gondwana in northern
Chile and northwestern Argentina. U-Pb sphene ages of Ma for the CIP date the time of intrusion. The CIP476 � 2
comprises two magmatic suites, each with a distinct and homogeneous isotope composition that was acquired by
magmatic processes in the deep crust or mantle. Both suites are strongly enriched in incompatible trace elements
and display a Sr-Nd isotope composition intermediate between mid-ocean ridge basalt (MORB) and Andean continental
crust. The petrological, geochemical, and isotopic characteristics are best modeled by generation of the CIP melts in
a subduction setting. Multicomponent modeling shows that the trace element and isotope inventory of group 1
samples can be generated by admixture of ∼0.5% melts from subducted sediments and 1%–2% of MORB-derived
fluids to the mantle source. Constant initial Sr and Nd isotope compositions at varying SiO2 contents for both suites
exclude significant modification of the melts by assimilation and fractional crystallization processes in upper-crustal
levels. Assimilation of group 1 parental magmas in the deep crustal MASH (melting, assimilation, storage, and
homogenization) zone with 20%–25% crustal material, however, produced the group 2 parental magmas. The CIP
can be considered to be the northern continuation of the Early Ordovician Famatinian arc known from central
Argentina. As indicated by the Nd-Pb isotope composition of the CIP, this arc was built on continental crust of
Middle Proterozoic age. Similar protolith ages have been reported for the Famatinian arc in the southern Andes and
for the Late Precambrian–Early Paleozoic metamorphic basement of the central Andes. The identification of MASH
processes requires a thick continental crust in order to enable melting and assimilation at the base of the crust.
Thickening of the crust can be related to the Pampean orogeny at ∼500 Ma. Magmatic rocks from the Famatinian
arc in the southern Andes display a more crustlike Sr-Nd isotope signature compared with the CIP, suggesting that
crustal thicknesses in the Early Ordovician continental arc decreased from south to north.

Introduction

Active continental margins are a major site of con-
tinental crust formation and orogenic activity. The

Manuscript received October 7, 2003; accepted February 24,
2004.

1 Present address: Institut für Isotopengeologie und Mineral-
ische Rohstoffe, Sonneggstrasse 5, CH-8092 Zürich, Switzerland.

2 Department of Geology, Rands Afrikaans University, P.O.
Box 524, 2006 Auckland Park, Johannesburg, South Africa.

3 Geologisch-Paläontologisches Institut, Universität Mün-
ster, Corrensstrasse 24, 48149 Münster, Germany.

chemical and isotopic composition of magmas gen-
erated in continental arc settings reflects contri-
butions of several sources including the mantle
wedge beneath the arc, fluids derived from the mid-
ocean range basalt (MORB) portion of the down-
going slab, melts from subducted sediments, and
assimilated continental crust (e.g., Arculus and
Powell 1986; Ellam and Hawkesworth 1988; Hil-
dreth and Moorbath 1988; Pearce and Peate 1995;
Johnson and Plank 1999). Crustal contributions to
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504 T . K L E I N E E T A L .

Figure 1. Terrane map for northwestern Argentina and northern Chile with the location of the Complejo Igneo
Pocitos (modified from Bahlburg et al. 2000).

primary mantle-derived magmas may occur by
combined assimilation and fractional crystalliza-
tion (AFC) in shallow crustal levels (DePaolo 1981)
or by melting, assimilation, storage, and homoge-
nization (MASH) in deep crustal zones (Hildreth
and Moorbath 1988; Davidson et al. 1990; McMil-
lan et al. 1993). In the present-day volcanic zone of
the Andes, which comprise one of the most prom-
inent and best-developed examples of continental
arc magmatism, variations in the chemical and iso-
topic composition of volcanic rocks can be related
to changes in the composition and thickness of the
continental crust through which the magmas pass
during their ascent (e.g., Hickey et al. 1986; Hil-
dreth and Moorbath 1988; Davidson et al. 1990;
McMillan et al. 1993). In this article, crustal con-
tributions to arc magmas in an Early Ordovician
continental arc along the proto-Andean margin of

Gondwana are examined and compared to the pro-
cesses active in the recent volcanic zone of the An-
des. Identification and quantification of the crustal
contamination processes provide constraints on the
nature and structure of the continental crust onto
which the Ordovician arc was built and have im-
portant implications for the understanding of the
Early Paleozoic geodynamic evolution of the proto-
Andean margin of Gondwana.

In this article, plutonic rocks of the Complejo
Igneo Pocitos (CIP) exposed in the southern Puna
of northwestern Argentina (Zappettini et al. 1994)
were analyzed for their major and trace element and
Sr-Nd-Pb isotope composition. In addition, high
precision U-Pb ages were obtained for magmatic
sphenes. The CIP was chosen for this study because
the plutonic rocks presumably originated in an Or-
dovician continental arc along the proto-Andean
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Figure 2. Geological map of the Puna region. 1 p Salar de Pocitos; 2 p Complejo Igneo Pocitos; 3 p Archibarca
granite (modified from Zimmermann and Bahlburg 2004).

margin of Gondwana (fig. 1; Bock et al. 2000; Zim-
mermann and Bahlburg 2004), and they play a key
role in the reconstruction of this ancient arc system
in the area of northern Chile and northwestern Ar-
gentina. In particular, the extent and significance
of the arc activity in this area and further north is
under debate (e.g., Bahlburg and Hervé 1997; Bock
et al. 2000; Zimmermann and Bahlburg 2004). A
related question is whether or not the Famatinian
arc known from central Argentina (e.g., Pankhurst
and Rapela 1998; Rapela et al. 1998) and the north-
ward-lying Puna arc formed as part of the same arc
system in Early Ordovician time. The major and
trace element as well as Sr-Nd-Pb isotope compo-
sitions of the CIP are used here to constrain the
petrogenesis of the plutonic rocks by multicom-
ponent modeling and to put further constraints on
the Early Paleozoic geodynamic evolution of the
proto-Andean margin of Gondwana.

Paleotectonic and Geological Setting

The geodynamic evolution of the proto-Andean
margin of Gondwana in Paleozoic times was char-
acterized by the repeated onset of subduction pro-
cesses associated with the docking of several ter-
ranes (Ramos et al. 1986; Ramos 1988; Pankhurst
and Rapela 1998; Rapela et al. 1998). In the area of
present-day central Chile and central Argentina,
the Cuyania-Precordillera and Chilenia terranes are
considered to have been amalgamated to Gond-
wana during the Paleozoic (fig. 1; Ramos et al. 1986;
Ramos 1988). Rocks associated with Early Paleo-
zoic subduction activity are widely distributed in
the Sierras Famatina and Sierras Pampeanas in cen-
tral Argentina and are generally referred to as the
Famatinian arc (e.g., Pankhurst and Rapela 1998;
Rapela et al. 1998). In contrast, the Paleozoic geo-
dynamic evolution further north, in the area of
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Table 1. U-Pb Sphene Data

Sample
U

(ppm)
Pb

(ppm)

Atomic ratiosa Ages (Ma)b

206Pb
204Pb

208Pb
206Pb

207Pb
206Pb

207Pb
235U

206Pb
238U

206Pb
238U

207Pb
235U

207Pb
206Pb

A-G-2 302.0 41.43 230.0 .6700 .05644 � 15 .5975 � 31 .07678 � 35 477 476 470 � 6
A-G-5 185.7 27.58 357.1 .9813 .05640 � 20 .5941 � 32 .07640 � 30 475 473 468 � 8
A-5-3 210.6 32.89 240.4 .9771 .05644 � 18 .5963 � 30 .07663 � 29 476 475 470 � 7
T 27 327.7 47.49 160.5 .6132 .05650 � 28 .5994 � 39 .07694 � 30 478 477 472 � 11
T 28 286.6 39.17 175.4 .6125 .05659 � 27 .5789 � 50 .07419 � 53 461 464 476 � 10
T 29 184.1 39.52 132.1 1.563 .05637 � 36 .5919 � 46 .07615 � 29 473 472 467 � 14
a The 206Pb/204Pb ratios are measured ratios. 207Pb/206Pb and 208Pb/206Pb are corrected for mass discrimination, spike, blank, and initial
lead. Initial Pb compositions were obtained from analysis of coexisting K-feldspars.
b Decay constants used in age calculations: , .238 �10 �1 235 �10 �1l U p 1.55125 # 10 yr l U p 9.8485 # 10 yr

Figure 3. U-Pb concordia diagram for the intermediate
Complejo Igneo Pocitos samples: light gray p Group 1;
white p Group 2; dark gray p monzogranite. The
sphene separates were obtained by sieving the sample
through a 180–500-mm fraction. They were purified by
washing in deionized water, by magnetic separation, by
separation by heavy liquids (bromoform-acetone), and by
handpicking. The sphenes were washed in warm deion-
ized water and 2 N HCl to remove surface contamina-
tions and were spiked with a mixed 205Pb-235U spike be-
fore digesting in a 5 : 1 mixture of concentrated HF and
HNO3 in 3-mL screw-top Teflon vials inside Krogh-style
Teflon bombs at 180�C for 3 d.

northern Chile and northwestern Argentina (south-
ern central Andes), is much less well constrained.
Major differences exist between models that pro-
pose extensive subduction processes in Ordovician
times, culminating in either the docking of terranes
(e.g., Ramos 1988; Bahlburg and Hervé 1997; Coira
et al. 1999) or a continent-continent collision be-
tween Gondwana and Laurentia (Dalla Salda et al.
1992; Dalziel et al. 1994; Dalziel 1997), and those
models that suggest a geodynamic evolution dom-
inated by intracrustal recycling processes with mi-
nor contributions of juvenile magmatism (Damm
et al. 1990; 1994; Bock et al. 2000; Lucassen et al.
2000; Zimmermann and Bahlburg 2004).

The CIP is exposed in the southern Puna (be-
tween 25�00�S and 24�50�S and 67�07�W and
67�00�W) and intruded into mafic to ultramafic
rocks (hereafter Puna ultramafics; fig. 2). The in-
trusion contact between the CIP and the Puna ul-
tramafics is marked by the occurrence of black
walls (Zimmermann 1999). Their petrogenesis is
related to metasomatic processes at the contact be-
tween intermediate to felsic intrusions and mafic
to ultramafic host rocks (e.g., Barton et al. 1991).
The black walls consist mainly of biotite and minor
clinopyroxene and were used in this study, besides
U-Pb analyses of sphenes, to date the intrusive
event. Early Ordovician arc activity in the Puna
area is evident from the volcanosedimentary suc-
cessions exposed in the northern Puna (Bahlburg
1998), from the Tollilar and Diablo formations ex-
posed in the southern Puna (Zimmermann 1999),
and from subduction-related magmatic rocks in
north Chile (Choschas granodiorite in the Com-
plejo Igneo–Sedimentario del Cordon de Lila) and
in the western reaches of the southern Puna (Ar-
chibarca granite; Bahlburg and Hervé 1997).

The Puna region is of particular interest for the
geodynamic evolution of the proto-Andean margin
of Gondwana during the Early Paleozoic. The Puna
ultramafics have been interpreted as Ordovician

ophiolites representing the suture between the pro-
posed Pampia and Arequipa-Antofalla terranes (e.g.,
Bahlburg and Hervé 1997). In more recent studies,
a MORB-related origin of these rocks was excluded,
and an island arc setting was suggested (Bahlburg
et al. 1997; Coira et al. 1999; Bock et al. 2000). Due
to the lack of a terrane boundary, Bahlburg et al.
(2000) proposed a contiguous Arequipa-Pampia ter-
rane. Origin and evolution of the CIP magmas, and
in particular their relationship to the Famatinian
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Figure 4. Rb-Sr clinopyroxene-biotite isochron. For the
age calculation, only the clinopyroxene and biotite 1 data
are included. The different biotites refer to different grain
sizes: biotite cm; biotite –63 mm; biotite1 ≈ 0.3 2 p 125

mm. The biotites were ground under ethanol using3 ≤ 63
an agate mortar. They were purified by washing in deion-
ized water and ethanol. Clinopyroxene separates were
obtained by sieving the sample through a 180–500-mm
mesh. They were purified by washing in deionized water
and handpicking. The biotite and clinopyroxene mineral
separates were spiked with a mixed 87Rb-84Sr spike and
digested in hot concentrated HF-HNO3 (5 : 1) in screw-
top Teflon vials. Rb and Sr were separated by the same
cation exchange techniques as described for whole-rock
samples.

Table 2. Rb-Sr Data from the Black Wall Sample

Sample
Rb

(ppm)
Sr

(ppm)

87Rb
86Sr

87Sr
86Sr

Biotite 1 678.1 85.93 23.17 .857552 � 24
Biotite 2 248.9 339.3 2.125 .719593 � 14
Biotite 3 225.3 367.9 1.773 .717816 � 26
Clinopyroxene 37.04 104.5 1.026 .708659 � 13

arc in central Argentina, provide important con-
straints on the paleotectonic setting of the Puna
ultramafic and the Paleozoic geodynamic evolution
of the Puna region.

Samples and Analytical Techniques

The magmatic rocks of the CIP can be subdivided
petrographically into monzodiorite, monzonite,
quartz monzonite, and monzogranite. The domi-
nant phases are hornblende, plagioclase, and alka-
lifeldspar. Some samples contain clinopyroxene in
the matrix as well as inclusions in hornblende. Bi-
otite is generally rare and occurs predominantly as
a late growth along the rims of hornblende. Acces-
sory phases include titanite (particularly in inter-
mediate samples), apatite, allanite, and magnetite.
Plagioclase shows typical magmatic zoning. K-
feldspar commonly displays exsolution, and some
occur as microcline. All magmatic rocks show
signs of low temperature alteration, particularly
sericitization of feldspars and breakdown of horn-
blende to chlorite and epidote.

The samples were analyzed for major and trace
elements by standard x-ray fluorescence (XRF)
techniques at the Institut für Mineralogie und
Geochemie at the University of Köln and by
inductively coupled plasma mass specrometry
(ICP-MS) at the Activation Laboratories, Lancas-
ter, Ontario. For the Rb-Sr and Sm-Nd whole-rock
isotope analyses, ∼50 mg of the samples were
spiked with a mixed 87Rb-84Sr and a mixed 149Sm-
150Nd tracer and were digested in concentrated
HF-HNO3 (5 : 1) in 3-mL screw-top Teflon vials
inside Krogh-style Teflon bombs at 180�C for 3 d.
Rb, Sr, and rare earth elements (REE) were sepa-
rated by using standard cation exchange columns
with DOWEX AG 50 W-X 8 resin. Nd and Sm were
separated from the other REE using HDEHP-
coated Teflon columns. Sr, Sm, and Nd isotope
measurements were performed on a VG Sector
54 thermal ionization mass spectrometer operat-
ing in dynamic mode for Sr and Nd and in static
mode for Sm. Rb was analyzed using a Teledyne
SS 1290 mass spectrometer operating in sequen-
tial mode. Nd and Sr isotopes were normalized to

and . Re-146 144 86 88Nd/ Nd p 0.7219 Sr/ Sr p 0.1194
peated measurements of the La Jolla Nd standard
and the Sr standard NBS 987 during the course of
this study gave (2j,143 144Nd/ Nd p 0.511853 � 14

) and (2j, ).87 86n p 8 Sr/ Sr p 0.710318 � 20 n p 6
Analytical errors in the 87Rb/86Sr and 147Sm/144Nd
ratios are always smaller than 1% and 0.1%, re-
spectively. Blanks for Sr, Rb, Nd, and Sm were
estimated to be 0.2 ng, 0.04 ng, 0.03 ng, and 0.06
ng, and are negligible.

For the Pb isotope and U-Pb isotope analyses,
separation of Pb was achieved using a HCl-HBr
chemistry, and U was separated using a HCl chem-
istry. U and Pb isotope measurements were carried
out using a VG Sector 54 thermal ionization mass
spectrometer in static mode. Both elements were
loaded separately on Re single filaments following
the H3PO4 silica gel method (Cameron et al. 1967).
U and Pb isotope analyses were corrected for mass
fractionation by a factor of and0.11% � 0.02%

per amu, respectively. The repro-0.13% � 0.02%
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Table 3. Whole Rock Major- (in wt%) and Trace- (in ppm) Element Composition of the Complejo Igneo Pocitos
Samples

Sample

Group 1 Group 2

T28dT30a T105a A-5-3b A-G-5b A147b A151b A155b A-G-2b T17c T18a T27b T29b

SiO2 47.8 49.3 60.4 59.5 55.4 58.8 60.9 58.9 64.8 48.6 56.8 60.3 68.4
TiO2 .78 .78 .45 .45 .79 .59 .53 .62 .37 1.18 .67 .45 .29
Al2O3 15.4 14.4 19.0 18.6 17.9 19.8 19.1 17.8 17.5 15.5 17.6 18.2 15.8
FeOtot 7.80 7.73 4.06 3.95 6.04 4.54 3.57 4.95 2.29 7.28 5.14 2.96 2.62
MnO .16 .18 .11 .11 .14 .10 .10 .11 .05 .16 .12 .09 .10
MgO 9.16 9.50 1.69 1.72 3.00 2.09 .89 2.46 .54 8.46 2.69 .96 .90
CaO 10.5 9.52 4.35 4.20 5.55 5.77 3.28 5.07 2.33 10.1 5.56 2.67 1.54
Na2O 1.99 2.25 4.82 4.90 5.27 3.12 4.23 5.28 5.22 3.02 5.04 4.32 6.59
K2O 2.00 2.06 4.75 4.67 3.80 5.25 6.59 3.75 5.21 2.46 3.7 7.41 3.13
P2O5 .24 .21 .3 .3 .51 .3 .17 .36 .09 .41 .4 .16 .16
L.O.I. 3.07 2.69 .54 .99 1.01 .6 .36 .61 .49 1.48 .79 .79 1.19

Total 98.9 98.6 100.5 99.3 99.5 101 99.8 99.9 98.8 98.5 98.6 98.4 100.8
Sc 35 28 9 10 17 12 9 13 n.a. 31 10 n.a. n.a.
V 252 213 101 100 172 123 89 125 48 265 151 76 57
Cr 392 412 n.a. 46 25 28 10 30 n.a. 299 30 19 n.a.
Ni 144 160 9 10 14 13 5 13 8 147 13 10 4
Rb 110 102 142 151 260 148 228 223 211 169 216 199 309
Sr 809 682 1870 1760 1010 1094 1703 899 897 921 1080 846 973
Y 22 23.4 22.3 20.3 35.1 21 30 33 30.2 30 33.5 27 15.8
Zr 113 127 450 427 450 322 533 424 509 194 477 493 237
Nb n.a. 24.5 39.1 34.7 41 12 20 20 41.4 25.7 33.8 21 37.7
Cs n.a. 5.3 4.9 5.8 17 n.a. n.a. n.a. 5.9 8.6 7.9 n.a. 7.2
Ba 512 668 2310 2180 1250 850 1939 1137 1600 1210 1310 892 1270
Hf n.a. 3.33 8.62 8.22 10.3 n.a. n.a. n.a. 11.2 4.88 10.2 n.a. 5.27
Pb n.a. 9 23 17 54 n.a. n.a. n.a. 39 9 35 n.a. 36
Th 17 13.1 54.9 46.3 89.6 43 64 67 42.7 21.3 50.0 58 74.4
U 11 3.48 6.86 7.18 20.5 17 20 18 11.7 5.35 10.2 16 11
La n.a. 39.5 195 169 193 n.a. n.a. n.a. 141 69.9 137 n.a. 130
Ce n.a. 95.7 312 271 333 n.a. n.a. n.a. 231 143 272 n.a. 205
Pr n.a. 11.7 28.7 25.0 33.2 n.a. n.a. n.a. 21.7 16.5 27.3 n.a. 18.5
Nd n.a. 47.0 91.9 79.2 113 n.a. n.a. n.a. 69.8 65.5 97.2 n.a. 58.9
Sm n.a. 8.13 11.3 9.85 16.7 n.a. n.a. n.a. 10.2 11.8 14.8 n.a. 7.18
Eu n.a. 2.15 2.88 2.6 3.27 n.a. n.a. n.a. 2.26 2.67 3.07 n.a. 1.81
Gd n.a. 5.89 8.83 8.16 12.7 n.a. n.a. n.a. 7.96 8.86 10.6 n.a. 5.41
Tb n.a. .81 .9 .81 1.39 n.a. n.a. n.a. 1.05 1.17 1.27 n.a. .57
Dy n.a. 4.27 4.08 3.67 6.56 n.a. n.a. n.a. 5.23 5.69 6.03 n.a. 2.8
Ho n.a. .82 .73 .68 1.16 n.a. n.a. n.a. 1.01 1.02 1.13 n.a. .51
Er n.a. 2.36 2.12 1.95 3.22 n.a. n.a. n.a. 2.94 2.85 3.19 n.a. 1.51
Tm n.a. .35 .29 .28 .44 n.a. n.a. n.a. .42 .36 .44 n.a. .21
Yb n.a. 2.28 1.93 1.87 2.76 n.a. n.a. n.a. 2.91 2.23 2.91 n.a. 1.4
Lu n.a. .33 .25 .25 .37 n.a. n.a. n.a. .43 .31 .4 n.a. .21
LaN/YbN 11.7 68.1 60.8 47.2 32.8 21.1 31.8 62.9

Note. Major elements, Sc, and Ni were analyzed using x-ray fluorescence (XRF). For selected samples, trace elements were analyzed
using inductively coupled plasma mass spectrometry. For samples that were not analyzed for rare earth elements, trace element
data determined using XRF are reported. analyzed; on ignition.n.a. p not L.O.I. p loss
a Monzodiorite.
b Monzonite.
c Quartz-monzonite.
d Monzogranite.

ducibility of the Pb standard NBS 982 was esti-
mated to be 0.04%, 0.06%, 0.07%, and 0.02% for
the 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, and 207Pb/
206Pb ratios, respectively. Run-to-run uncertainties
in the U/Pb ratios were estimated to be 0.3%. The
total procedural blanks for Pb and U were 20–70 pg
and 2 pg, respectively. Measured Pb ratios for the
blank are , ,206 204 207 204Pb/ Pb p 18.36 Pb/ Pb p 15.72
and . A blank correction for Pb208 204Pb/ Pb p 38.31
was insignificant for the Pb-rich K-feldspars. The
uncertainties for the U/Pb and 207Pb/206Pb ratios and
ages were calculated according to the method of
Ludwig (1991). They include the reproducibility of
the standard, common Pb and blank corrections as
well as within-run uncertainties and the uncer-
tainties in the U/Pb ratio of the spike.

Geochronological Results

U-Pb analyses on sphenes from the intermediate to
felsic samples are summarized in table 1 and figure
3. For samples with low 206Pb/204Pb ratios, the effect
of the corrections for common Pb on the calculated
ages is significant. Therefore, it is critical to know
the appropriate isotope composition of the com-
mon Pb component very precisely. Leaching K-
feldspars with HF has been shown to remove its
radiogenic Pb component, so that the Pb isotope
composition of leached K-feldspar should be ap-
proximately identical to the initial Pb isotope com-
position of the K-feldspars at the time of its closure
(e.g., Ludwig and Silver 1977). Therefore, the Pb
isotope composition of coexisting K-feldspars can
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Table 4. Rb-Sr and Sm-Nd Whole-Rock Isotopic Data

Sample
Sr

(ppm)
Rb

(ppm)
Sm

(ppm)
Nd

(ppm)

87Rb
86Sr

87Sr
86Sr

measured

87Sr
87Sr

initial

147Sm
144Nd

143Nd
144Nd

measured

143Nd
144Nd
initial

e(Nd)
initial

TDM

(Ma)

A 147 989.4 254 13.9 93.17 .744 .710696 � 9 .705651 .09012 .512312 � 6 .512031 .1 1007
13.3 89.68 .08942 .512327 � 6 .512048 .5 984

A 151 1156 144 7.61 51.29 .359 .707709 � 9 .705272 .08972 .512312 � 8 .512032 .1 1004
A 155 1701 221 16.3 119.8 .376 .708064 � 11 .705514 .08247 .512320 � 7 .512063 .7 941
A-G-2 906.2 210 13.2 91.21 .672 .710138 � 9 .705583 .08760 .512319 � 8 .512046 .4 979
T 17 882.2 203 8.74 60.37 .667 .710275 � 12 .705748 .08751 .512256 � 8 .511983 �.8 1052

8.69 60.85 .08635 .512265 � 8 .511996 �.6 1032
T 18 904.9 171 10.1 56.17 .548 .709558 � 12 .705841 .1089 .512370 � 8 .512030 .1 1100
T 27 1024 203 11.4 77.66 .574 .709474 � 10 .705585 .08879 .512297 � 7 .512020 �.1 1014
T 29 873.2 194 11.9 79.85 .644 .709768 � 9 .705398 .08996 .512314 � 15 .512033 .2 1003
A-G-5 1724 152 9.05 71.81 .255 .705657 � 8 .703928 .07620 .512385 � 8 .512147 2.4 829
A-5-3 1799 140 10.9 83.64 .227 .705431 � 16 .703893 .07862 .512408 � 8 .512163 2.7 818

1807 138 9.72 74.70 .221 .705405 � 21 .703904 .07867 .512400 � 8 .512154 2.5 827
T 30 825.8 111 6.08 35.78 .388 .706832 � 9 .704199 .1028 .512462 � 12 .512141 2.3 919
T 105 669.4 103 6.87 40.16 .447 .707024 � 9 .703994 .1034 .512451 � 9 .512129 938

670.6 103 6.85 40.10 .444 .707010 � 12 .703999 .1033 .512461 � 9 .512139 2.2 923
T 28 1005 298 6.16 49.46 .859 .709361 � 10 .703534 .07523 .512375 � 9 .512140 2.3 834

6.26 49.89 .07583 .512358 � 9 .512122 1.9 855

Note. at the time of intrusion (476 Ma) are calculated relative to chondrite uniform reservoir with present-day values ofe(Nd)
and (Jacobsen and Wasserburg 1960). Nd model ages are calculated with a depleted-143 144 147 144Nd/ Nd p 0.512638 Sm/ Nd p 0.1967

mantle reservoir and present-day values of and (Goldstein et al. 1984).143 144 147 144Nd/ Nd p 0.51315 Sm/ Nd p 0.217

be used for the common Pb corrections. All ana-
lyzed sphenes except those from sample T 28 gave
concordant ages resulting in a concordia age of

Ma. This age is identical to the 207Pb/206Pb476 � 2
age of sample T 28, which is considered to be
slightly discordant due to recent Pb loss (fig. 3).
Therefore, this sample is not included in the cal-
culation of the concordia age. The U-Pb age of

Ma is interpreted to be the time of intru-476 � 2
sion of the CIP and is identical to but of higher
precision than previously reported K-Ar ages of

Ma for an amphibole separate and494 � 20
Ma for a biotite-amphibole separate for470 � 17

monzonites of the CIP (Blasco et al. 1996).
Rb-Sr data for biotite and clinopyroxene sepa-

rates from the black wall sample are listed in table
2 and shown in figure 4. The black wall sample
mainly consists of coarse biotite grains (0.5–1 cm
in length) surrounded by fine-grained biotites. Sep-
arates of both fractions were analyzed for their Rb-
Sr systematics. A clinopyroxene separate and a
coarse-grained biotite (biotite 1) define an isochron
corresponding to an age of Ma (fig. 4). This472 � 5
age is identical to the U-Pb sphene age. The two
fine-grained biotite separates (biotites 2 and 3) do
not plot on the isochron. Compared to biotite 1,
they display much lower Rb/Sr ratios, most likely
indicating interaction with a fluid phase enriched
in Sr. This interaction possibly changed the Rb/Sr
ratio and the Sr isotope composition resulting in
an offset from the isochron.

The low initial 87Sr/86Sr of 0.70176 � 0.00010
from the black wall isochron provides important

information about the age of the Puna ultramafics
in which the CIP intruded. The isotope composi-
tion of the black wall can be considered as a mix-
ture of material from the CIP and the surrounding
crust. Because the initial 87Sr/86Sr of the black wall
is significantly lower than those for the CIP of
∼0.704–0.706, the Puna ultramafics must have a
87Sr/86Sr ratio at 476 Ma that was significantly lower
than the initial ratio of the black wall. Such low
87Sr/86Sr values can only be maintained in old
crustal domains with low Rb/Sr ratios, indicating
that the Puna ultramafics in which the CIP in-
truded is of Proterozoic age. This result is consis-
tent with the interpretation of structural data that
indicate a Precambrian age (Mon and Hongn 1991).
The Puna ultramafics, therefore, cannot represent
Ordovician ophiolithes, indicating that there is no
terrane boundary between the Pampia and
Arequipa-Antofalla crustal blocks. These results
provide strong support for the interpretation of
Bahlburg et al. (2000), who proposed a contiguous
Arequipa-Pampia terrane.

Major and Trace Element and Sr-Nd-Pb
Isotope Composition

Major and trace element analyses and Sr-Nd-Pb iso-
tope data for the CIP rocks are listed in tables 3–
5. SiO2 contents are consistent with the modal
compositions of the examined samples and show
the division into monzodiorites and more evolved
rocks comprising monzonites and monzogranites.
All samples are metaluminous with an alumina
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Table 5. Pb Isotope Data of Leached K-Feldspar

Sample

206Pb
204Pb

207Pb
204Pb

208Pb
204Pb

A 147 18.34 15.62 38.06
18.33 15.61 38.02

A 155 18.48 15.61 38.11
A-G-2 18.44 15.62 38.10
T 17 18.54 15.62 38.12

18.54 15.62 38.13
T 18 18.42 15.62 38.10
T 27 18.50 15.61 38.15
T 29 18.56 15.63 38.19
A-G-5 18.48 15.60 38.13
A-5-3 18.45 15.61 38.12
T 30 18.45 15.64 38.18

18.43 15.64 38.16
T 105 18.45 15.64 38.19

18.45 15.64 38.20
T 28 18.55 15.62 38.25

Note. The K-feldspar separates were obtained by sieving the
sample through a 180–500-mm fraction. They were purified by
washing in deionized water, by magnetic separation, by sepa-
ration by heavy liquids (bromoform-acetone), and by handpick-
ing. The K-feldspars were washed in warm aqua regia, leached
twice in H2O-HF mixtures, and dissolved in concentrated HF.

saturation index (A.S.I. p molar Al O /Na O �2 3 2

. The molar ratio of Al2O3/CaO � K O) ! 12

classifies the examined samplesNa O � K O 1 12 2

as calc-alkaline rocks. In general, MgO, FeOtotal,
TiO2, and CaO decrease with increasing SiO2 while
K2O and Na2O increase. All CIP rocks show similar
trace element patterns with a strong enrichment
in incompatible elements and pronounced negative
Nb and Ti as well as positive Pb anomalies (fig. 5).
The mafic samples display the highest contents in
compatible elements (Sc, V, Cr, Ni) and are less
enriched in most incompatible elements compared
to the more evolved rocks. Despite the above out-
lined similarities, differences in the major and trace
element characteristics can be observed between
the two CIP suites (the distinction between two
groups is based on Sr-Nd isotopes and is discussed
below). Differences in the fractionation behavior
are evident from different positions and slopes in
plots of P2O5, TiO2, and Th versus SiO2, Al2O3 ver-
sus CaO, and Sc versus V (fig. 6). Additionally, frac-
tionation of the REE is more pronounced in group
1 samples with LaN/YbN ratios from ∼12 for a mon-
zodiorite to ∼68 for the most evolved monzonite.
LaN/YbN ratios in group 2 samples first increase
from ∼21 for the monzodiorite to ∼47 for the less
evolved monzonite and then decrease again to val-
ues around 32 for the more evolved monzonites.
Furthermore, at a given SiO2 content, group 2 sam-
ples tend to have higher contents of most of the
incompatible trace elements than rocks from group
1.

Based on Sr and Nd isotope data back-calculated
to 476 Ma, the samples can be subdivided into two
groups, both comprising mafic and more evolved
rocks. Samples from group 1 display homogeneous
initial 87Sr/86Sr ratios ranging from 0.7039 to 0.7042
and homogeneous initial values between 2.2 andeNd

2.7. Group 2 rocks are characterized by initial 87Sr/
86Sr ratios between 0.7053 and 0.7058 and initial

values ranging from 0.8 to 0.7. Sample T 28 iseNd

distinct from these two groups and displays the
least radiogenic Sr isotope composition and val-eNd

ues similar to those of group 1, and, consequently,
can be considered to represent a third group. How-
ever, because this possible third group is only rep-
resented by one sample, it will not be discussed in
further detail. Despite the differences in the Sr and
Nd isotope compositions, all CIP rocks show a nar-
row range in their initial Pb isotope composition,
with 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios
ranging from 18.34 to 18.59, 15.6 to 15.64, and
38.06 to 38.25.

Key observations that need to be explained by
any successful model for the petrogenesis of the
CIP include (1) the similarity in major and trace
element composition of all examined samples in-
dicating a cogenetic origin, (2) the development of
two distinct parental magmas as evident from dif-
ferences in the initial Sr and Nd isotope composi-
tions, and (3) the remarkably homogeneous isotopic
composition within each group. Further important
features are the high degree of enrichment of the
incompatible trace elements at SiO2 contents as
low as 48 wt% and the observed higher contents
of most of the incompatible trace elements in group
2 samples at a given SiO2.

Discussion

The Sr and Nd isotope systematics indicate the
contribution of mantle and crustal sources to the
generation of the CIP magmas (fig. 7). Hence, Nd
model ages of the CIP rocks cannot be interpreted
as real crust formation ages but nevertheless pro-
vide a lower limit for the age of the crustal com-
ponent. The Nd model ages for the CIP range from
800 to 1100 Ma, indicating a Proterozoic age for the
crustal sources. In the 207Pb/204Pb-206Pb/204Pb dia-
gram, the examined samples intersect the Stacey
and Kramers (1975) Pb evolution curve at younger
ages than indicated by the U-Pb crystallization age
for the CIP (fig. 8). In combination with the Nd
model ages, this indicates incorporation of a most
likely Middle Proterozoic crustal component. This
interpretation is consistent with the remarkably
low initial 87Sr/86Sr of the black wall rocks, which

This content downloaded from 130.92.9.55 on Tue, 20 Sep 2016 06:40:30 UTC
All use subject to http://about.jstor.org/terms



Journal of Geology P R O T O - A N D E A N C R U S T A L E V O L U T I O N 511

Figure 5. The normal-MORB-normalized trace element plots for selected samples from the Complejo Igneo Pocitos.
Normalizing factors according to Hofmann (1988).

also suggests a Proterozoic age for the crust into
which the CIP intruded. Some models for the Early
Paleozoic geodynamic evolution of the proto-
Andean margin of Gondwana in the area of the
southern central Andes propose a continent-
continent collision between Gondwana and Lau-
rentia (Dalla Salda et al. 1992; Dalziel et al. 1994).
Based on the Pb isotope data for the CIP and the
Andean crust (F. Lucassen, pers. comm.), this is un-
likely, because the 207Pb/204Pb ratio of the CIP and
the Andean crust are more radiogenic than the
Southern Grenville Province of North America (fig.
8). The crustal component in the CIP magmas is
significantly older than the formation age of the
Southern Grenville Province.

Mixing of mantle and crustal sources most likely
can be attributed to the generation of the CIP mag-
mas in a subduction-zone setting. This interpre-
tation is consistent with the trace element com-
positions (most notably the strong enrichment of
incompatible elements at low SiO2 contents) and
the occurrence of primary hornblende. Due to the
involvement of a fluid phase, subduction-related
magmas are characterized by elevated andfO2

values resulting in the stabilization of horn-pH O2

blende (Gill 1981; Sisson and Grove 1993a, 1993b).
Possible magmatic sources in arc-related magmas
include the mantle wedge (most likely similar to
the source of MORB), MORB-derived fluids, sub-
ducted sediments, and continental crust that may
be assimilated during magma ascent (e.g., Arculus
and Powell 1986; Ellam and Hawkesworth 1988;

Hildreth and Moorbath 1988; Pearce and Peate
1995; Johnson and Plank 1999). The trace element
and isotope composition of the CIP is evaluated
below to estimate the contributions of these dif-
ferent sources. The role of fractional crystallization
and crustal assimilation is compared to contami-
nation of the subarc mantle source by MORB-
derived fluids and subducted sediments. These re-
sults are then combined in a petrogenetic model in
which the contribution of the different sources is
quantified by multicomponent modeling.

Fractional Crystallization and Crustal Assimilation
Processes. A general fractional crystallization
trend is indicated by decreasing FeOtotal, MgO, CaO,
Sc, V, Cr, and Ni contents with increasing SiO2,
indicating fractionation of hornblende and/or cli-
nopyroxene. Hornblende is probably the major frac-
tionating phase due to its high modal content in
the CIP rocks. Decreasing TiO2 contents with in-
creasing SiO2 (fig. 6) suggests magnetite fractiona-
tion and supports the classification as calc-alkaline
rocks, where magnetite fractionation controls the
TiO2 trends. For the differentiated rocks from group
2, additional fractionation of apatite and plagioclase
is evident from decreasing P2O5, CaO, and Al2O3

contents with increasing SiO2 (fig. 6). In contrast,
increasing Sr and Ba contents with increasing SiO2

content (not shown in fig. 6) rule out significant
plagioclase fractionation in the evolution of group
1 samples. Abundances of the light rare earth ele-
ment (LREE) increase with increasing SiO2 for
group 1 samples most likely indicating fractiona-
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Figure 6. Selected major and trace element plots for the two Complejo Igneo Pocitos groups. Arrows indicate
schematic fractional crystallization trends. mt p magnetite; ap p apatite; hbl p hornblende; cpx p clinopyroxene;
sph p sphene; all p allanite.
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Figure 7. Plot of �Nd versus 87Sr/86Sr for the Complejo
Igneo Pocitos (CIP) rocks at the time of intrusion (476
Ma). Data fields from mid-ocean ridge basalt (MORB;
Hofmann 1997), the Andean crust (F. Lucassen, pers.
comm.), and the formation Tollilar (Zimmermann 1999)
are shown for comparison. Based on their Sr and Nd iso-
tope composition, the CIP samples can be divided into
two groups. Both suites are intermediate in their Sr and
Nd isotope composition between MORB and Andean
crust, indicating mixing between these components.

Figure 8. Plot of 208Pb/204Pb and 207Pb/204Pb versus 206Pb/
204Pb for the Complejo Igneo Pocitos (CIP) rocks at the
time of intrusion. Data fields of mid-ocean ridge basalt
(MORB; Hofmann 1997), Andean crust (F. Lucassen, pers.
comm.), and Southern Grenville Province (DeWolf and
Mezger 1994) are shown for comparison. Data from
MORB were back-calculated using a m value of 8.5 and
a q value of 40. The Pb isotope composition of the crustal
reservoirs were back-calculated applying m values of 8
and 10 and q values of 30 and 40. The Pb isotope com-
position of all examined CIP samples can be modeled by
mixing of average MORB with a crustal component as
indicated by schematic mixing lines. The similarity in
Pb isotope composition between the CIP and the Andean
crust suggests that the crustal component is dominated
by local sources. Incorporation of a component derived
from the Southern Grenville Province in North America
is not consistent with the Pb isotope data from the CIP.

tion of hornblende. The same trend can be observed
for the monzodiorite and the less evolved monzo-
nite (sample A 147) from group 2. With further in-
creasing SiO2, LREE contents decrease in group 2
samples due to fractionation of a LREE-enriched
phaselike sphene or apatite (Miller and Mittlefehlt
1982).

Correlations of Sr and Nd isotope ratios with
SiO2 are useful in constraining the nature and ex-
tent of crustal assimilation processes. The combi-
nation of fractional crystallization and crustal as-
similation in shallow crustal niveaus (AFC;
DePaolo 1981) is expected to result in rising 87Sr/
86Sr ratios and decreasing values with increasingeNd

SiO2 content (DePaolo 1981), as indicated by sche-
matic arrows in figure 9. Despite the large range in
bulk compositions from 48%–65% SiO2, both CIP
suites display no variation in their Sr and Nd iso-
tope compositions (fig. 9), and, consequently, sig-
nificant crustal assimilation processes in shallow
levels can be ruled out. The two CIP suites, there-
fore, acquired their distinct and homogeneous iso-
tope composition during deep crustal or mantle
magmatic processes. This interpretation is further
supported by similarities between both groups in
(1) the general fractional crystallization behavior,
(2) the trace element distribution, (3) the range in
SiO2 contents, and (4) the phenocryst assemblages
and textures.

In contrast to AFC processes, crustal assimilation
by melting, assimilation, storage, and homogeni-
zation in deep crustal zones (MASH; Hildreth and
Moorbath 1988) results in parental magmas with a
distinct and homogeneous isotope composition. In
order to evaluate the role of such MASH processes,
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Figure 9. Plots of �Nd and 87Sr/86Sr versus SiO2. Arrows
indicate the schematic magmatic trends for pure frac-
tional crystallization in a closed system and for a com-
bination of assimilation and fractional crystallization
(AFC). All examined samples lack evidence of shallow-
level assimilation of continental crust during magma
crystallization. The AFC processes therefore appear to be
restricted to the deep crustal melting, assimilation, stor-
age, and homogenization zone.

Nd-Pb mixing lines between a primitive arc basalt
and Andean crust were calculated (fig. 10). The
composition of island arc basalts is thought to be
unaffected by any significant crustal contamina-
tion but reflects in almost all cases incorporation
of subducted sediments and MORB-derived fluids
in the genesis of the magma (e.g., McCulloch and
Gamble 1991). However, the effect of source con-
tamination by subducted sediments on the trace
element composition can be considered negligible
compared with the compositional variations
caused by fluctuations in the input of MORB-
derived fluids. Therefore, the composition of the
average arc basalt reported by McCulloch and Gam-
ble (1991) was chosen here as representative of a
primitive arc basalt unaffected by involvement of
any crustal material. The isotopic composition of
this melt was chosen to be identical to that of the
depleted mantle, again neglecting any modification

by subducted sediments. The different mixing lines
shown in figure 10 refer to assimilation of crustal
material of varying compositions, covering the
range reported for Andean crust. group 1 samples
are too radiogenic in 207Pb/204 and 208Pb/204Pb at a
given �Nd to be the result of pure deep crustal MASH
processes. The elevated 207Pb/204Pb and 208Pb/204Pb
ratios rather indicate significant involvement of
subducted sediments, because marine sediments
are often characterized by elevated 207Pb/204Pb and
208Pb/204Pb ratios (e.g., Hickey et al. 1986; Ben Oth-
man et al. 1989). The Nd and Pb isotope compo-
sitions of group 2 rocks, however, are consistent
with an origin by deep crustal MASH processes (fig.
10).

Evidence for Source Contamination by MORB-
Derived Fluids and Subducted Sediments. The com-
bination of Nd and Pb isotopes is particularly useful
in deciphering mixing processes among the de-
pleted MORB-mantle, MORB-derived fluids, and
melts from subducted sediments. Subducted sedi-
ments contain orders of magnitude more Pb than
the depleted MORB-mantle and, therefore, control
the Pb isotope composition of subarc mantle do-
mains (e.g., White and Dupré 1986). Mixing be-
tween the depleted MORB-mantle and minute
amounts of subducted sediments therefore is ex-
pected to result in radiogenic Pb isotope ratios and
almost no effect on the �Nd values. Due to the high
fluid mobility of Pb compared to Nd, MORB-
derived fluids are characterized by high Pb/Nd ra-
tios (e.g., Tatsumi et al. 1986). Consequently, ad-
dition of MORB-derived fluids as a third
component lowers the Pb isotope composition
without changing the Nd isotope ratio significantly
(fig. 11).

Nd-Pb mixing lines between the depleted MORB-
mantle and melts from subducted sediments for
different amounts of fluid addition are shown in
figure 11. The similarity in Pb isotope composition
between the CIP and the Andean crust suggests the
crustal component in the CIP melts (fig. 8) to be
dominated by local sources. The Nd isotope com-
position of the subducted sediments, therefore, is
assumed to be that of the volcano-sedimentary For-
mation Tollilar, which gives a good estimate for
the upper crustal composition in the area of the
southern Puna in Ordovician time (Zimmermann
1999). The Pb isotope composition of the depleted
MORB mantle was deduced from Hofmann (1997),
and that of subducted sediments was estimated
from the mixing lines shown in figure 8. The trace
element composition of MORB-derived fluids and
melts from subducted sediments are from Münker
(2000), and the Nd and Pb isotope composition of
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Figure 10. Crustal contamination of a primitive arc
basalt in the melting, assimilation, storage, and homog-
enization (MASH) zone. The Pb-Nd assimilation and
fractional crystallization (AFC) mixing lines shown were
calculated using a value r of 0.6, which is widely used
in modeling deep crustal MASH processes (e.g., Hildreth
and Moorbath 1988). The crystallizing mineral assem-
blage consists of 20% hornblende, 40% clinopyroxene,
20% orthopyroxene, 10% olivine, and 10% plagioclase.
These phases are generally known to dominate the evo-
lution of basaltic magmas in a volcanic arc setting (e.g.,
Gill 1981). The partition coefficients used were taken
from the following references: plagioclase, orthopyrox-
ene, olivine (Dunn and Sen 1994); clinopyroxene (Hart
and Dunn 1993); hornblende (Brenan et al. 1995). The Nd
and Pb concentrations of the endmembers are those of
average continental crust (20 and 13 ppm, respectively)
and those of the average arc basalt reported by Mc-
Culloch and Gamble (1991; 10 and 4 ppm, respectively).
The different mixing lines shown refer to assimilation of
crustal material of varying isotope compositions. The
isotope composition of the Andean crust has been chosen

to be , –38.4,208 204 207 204� p �6 Pb/ Pb p 37.9 Pb/ Pb pNd

–15.65, and –18.55. Using a less206 20415.58 Pb/ Pb p 18.1
negative �Nd value steepens the AFC mixing lines but
would result in an unreasonable high assimilation rate
of around 80% or even higher values. The crustal con-
tamination model only can account for the isotope com-
position of group 2 samples but not for the isotope com-
position of group 1 rocks.

MORB-derived fluids was chosen to be identical
with the values for the depleted mantle. Compo-
sitions for the endmembers used are summarized
in the caption of figure 11.

The isotopic composition of group 1 samples can
be modeled by admixture of 0.5% melt from sub-
ducted sediment and between 1% and 2% MORB-
derived fluid to the mantle wedge (fig. 11). These
results agree very well with those observed for re-
cent arc systems (e.g., White and Patchett 1984;
White and Dupré 1986; Ellam and Hawkesworth
1988) and show that the assumptions made in the
modeling are valid. The isotope composition of
group 2 samples, however, is not in accord with a
pure source assimilation model because addition of
different amounts of MORB-derived fluid are
needed depending on whether the 206Pb/204Pb, 207Pb/
204Pb, or 208Pb/204Pb ratios are used. The Nd-Pb iso-
tope composition of group 2 rocks requires an ad-
ditional component, most likely represented by
continental crust, which contaminated the melts
during their ascent.

Four Components in Group 2 Magmas: Crustal Con-
tamination in the MASH Zone. As shown in figure
10, the isotope composition of group 2 samples can
be modeled by the modification of primitive arc
basalts by AFC processes. In order to better eval-
uate and quantify the role of crustal assimilation
processes in the petrogenesis of group 2 rocks, the
effect of combined assimilation and fractional crys-
tallization processes on the Sr and Nd isotope com-
position of the group 1 monzodiorites was modeled.
The group 1 monzodiorites provide the best esti-
mate for the composition of the group 2 parental
magmas because they have not been modified by
crustal contamination during their ascent. The re-
sults of the modeling are shown in figure 12. As
discussed earlier, crustal contamination is re-
stricted to the deep crustal MASH zone, and there-
fore a ratio of assimilated to fractionated material
r of 0.6 is used in the AFC calculations. All param-
eters applied in the AFC calculations are summa-
rized in figure 12.
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Figure 11. Modeling source contamination by subducted sediments and mid-ocean-ridge-basalt-derived (MORB-
derived) fluids. The solid lines are calculated three-component Pb-Nd isotope-mixing curves among the depleted
mantle wedge (DMM; ppm, ppm), a 15% melt from subducted sediment ( ppm,Nd p 0.7 Pb p 0.018 Nd p 135

ppm), and a fluid derived from the MORB portion of the downgoing slab ( ppm, ppm). ThePb p 129 Nd p 1 Pb p 25
trace element composition of both melt from subducted sediments and MORB-derived fluid are from Münker (2000).
Nd and Pb concentrations for the DMM are from Geochemical Earth Reference Model, and the Nd isotope composition
is deduced from MORB data from Hofmann (1997). The Pb isotope composition of the DMM and the subducted
sediments were estimated from the mixing lines shown in figure 8. The Nd isotope composition of subducted sed-
iments was assumed to be that of the volcano sedimentary formation Tollilar (Zimmermann 1999). The isotope
composition of MORB-derived fluids is identical to that of the DMM. The Pb isotope composition of the three-
component mixture is strongly controlled by the input of subducted sediments. However, addition of MORB-
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derived fluid to a mixture of DMM and subducted sediment lowers the Pb isotope signature significantly without
affecting the Nd isotope composition. The source contamination model can account for the isotope composition of
group 1 rocks but not for the isotope composition of group 2 samples.

The parental melt of group 2 samples can be pro-
duced by crustal contamination of a melt sampled
by the group 1 monzodiorites and concomitant
crystallization of 30%–40% of the magma body in
the deep crustal MASH zone. Using an r value of
0.6, this refers to assimilation of 20%–25% of
crustal material (fig. 12). As indicated by variations
in the Zr content of both CIP parental magmas,
further intrasuite fractionation of the melts in a
closed system following contamination in the deep
crustal MASH zone is required (fig. 12). This dif-
ferentiation process took place after efficient ho-
mogenization of the contaminated magma and was
not accompanied by crustal assimilation, thus
maintaining the isotope composition of the melts
constant. This process most likely occurred at shal-
lower crustal levels where only insufficient heat
was generated during fractional crystallization of
the magma to assimilate crustal material. During
these intrasuite differentiation processes, the more
evolved melts from both groups and the group 2
monzodiorite (sample T 18) were generated. The
group 2 monzodiorite cannot represent the parental
magma of group 2, because its low SiO2 content of
48 wt% can barely be explained by crustal contam-
ination. Assuming a SiO2 content of 60 wt% for
the contaminating crust, the lower limit of the SiO2

content of the group 2 parental magma can be es-
timated by simple mass balance to ∼52 wt%. The
true SiO2 content for the contaminated melt is
probably higher, because further SiO2 enrichment
results from fractional crystallization accompany-
ing the process of crustal contamination. Due to
its low SiO2 content, the group 2 monzodiorite can
be interpreted as a cumulate mainly consisting of
hornblende.

In deep crustal MASH processes, garnet might be
expected to occur as a residual phase (McMillan et
al. 1993). In this case, the REE in the CIP melts
should be strongly fractionated, because garnet
preferentially incorporates the heavy REE in its
crystal lattice. The REE abundances of the CIP sam-
ples, however, are significantly less fractionated
than would be expected from the presence of re-
sidual garnet. Melting experiments in tonalitic sys-
tems have shown that garnet only occurs as a re-
sidual phase at relatively low degrees of partial
melting (Caroll and Wyllie 1989; Skjerlie and John-

ston 1992), suggesting that garnet in the source of
the CIP melts was consumed during earlier mag-
matism, if it was present at all.

All geochemical data combined are consistent
with the following petrogenetic model: all CIP
magmas are derived from a typical subarc mantle
source previously enriched by addition of ∼0.5%
sediment melt and 1%–2% MORB-derived fluids.
The overall similarity in major and trace element
compositions among all examined samples can be
attributed to an origin by subduction-related mag-
matic processes. The development of two parental
magmas, each with a distinct and homogeneous
isotope composition, can be attributed to the dif-
ferent extent of crustal assimilation processes,
which were only important during the petrogenesis
of group 2 samples. The constant Sr and Nd isotope
composition at varying SiO2 restricts the crustal
contamination to the deep crustal MASH zone, re-
sulting in an efficient homogenization of the mag-
mas. Assimilation of crustal material provided an
additional source of incompatible trace elements
and therefore can account for the higher degree of
enrichment of most of the incompatible trace el-
ements at a given SiO2 content observed for group
2 samples.

Conclusions and Geodynamic Implications

The CIP magmas were generated in an Ordovician
continental arc. The identification of deep crustal
MASH processes requires that this arc was built on
thickened continental crust in order to enable melt-
ing and assimilation processes at the base of the
crust (e.g., Hildreth and Moorbath 1988). The Nd-
Pb isotope composition of the CIP indicates a Mid-
dle Proterozoic age for the continental crust in the
study area. Similarly, Pankhurst et al. (1998) pro-
posed that the underlying crust of the Ordovician
Famatinian arc in the Southern Andes is of Middle
Proterozoic age. The CIP, therefore, can be consid-
ered to be the northern continuation of the
Famatinian arc, which extended from central Ar-
gentina to northern Chile. Given the rather ho-
mogeneous Middle Proterozoic Nd model ages of
the Late Precambrian–Early Paleozoic metamor-
phic basement in the area between the Arequipa
Massif in the North and the Argentine Precordillera
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Figure 12. Plots of �Nd and 87Sr/86Sr versus Zr with as-
similation and fractional crystallization (AFC) mixing
lines between group 1 monzodiorites and Andean con-
tinental crust. For the ratio of assimilated to fractionated
material as well as the composition of the crystallizing
mineral assemblage, see figure 10. The different mixing
lines shown refer to assimilation of crustal material of
varying isotope composition. The Sr and Nd isotope com-
position of the contaminant was estimated from the data
field in figure 7 and ranges from to 0.71987 86Sr/ Sr p 0.709
and �Nd values between �9 and �3. The Sr, Nd, and Zr
concentrations of Andean continental crust are the val-
ues for average continental crust (330, 20, and 120 ppm,
respectively). Assimilation of 20%–25% crustal material
and concomitant crystallization of 30%–40% of the
magma body results in a melt isotopically indistinguish-
able from the group 2 parental magma.

in the South (Lucassen et al. 2000) and of Paleozoic
sedimentary rocks from northern Chile and north-
western Argentina (Bock et al. 2000), extension of
the Ordovician Famatinian arc further north up to
the Arequipa Massif seems possible. Thickening of
the crust on which the Famatinian arc was built
can be related to the Pampean orogeny at ∼500 Ma
(Lucassen et al. 2000).

The Puna ultramafic rocks are of Proterozoic age
and part of the crustal block on which the Ordo-
vician arc was built. These results render it un-

likely that the Puna ultramafics represent ophio-
ithes related to a Paleozoic terrane boundary (e.g.,
Bahlburg et al. 1997). This interpretation is consis-
tent with Nd isotope evidence from Paleozoic sed-
imentary rocks from this region that preclude any
significant obduction of ocean floor (Bock et al.
2000). The Early Ordovician intrusive rocks of the
Archibarca granite in the western reaches of the
southern Puna have the same age as the CIP and
have been interpreted as witnesses of an Early Pa-
leozoic subduction zone (Palma et al. 1986; Bahl-
burg and Hervé 1997). At a given SiO2 content,
rocks from the Archibarca granite display lower al-
kali metal concentrations than the CIP samples
(data in Coira et al. 1999), which is consistent with
the assumption of an east-dipping subduction zone
at the proto-Andean margin of Gondwana (e.g., Ra-
pela et al. 1998).

A comparison of the Ordovician Famatinian arc
with the recent continental arc of the Andes pro-
vides important constraints on the structure of the
Ordovician arc. The rate of crustal assimilation ob-
served for magmas from the volcanic zone of the
Andes almost always seems to reach values around
20% (G. Wörner, pers. comm.). A similar assimi-
lation rate of 20%–25% has been deduced for the
CIP magmas, indicating a strong similarity be-
tween the MASH processes active in the Ordovi-
cian and Andean continental arcs. In the Andes,
variations in the chemical and isotopic composi-
tion of volcanic rocks can be related to changes in
the composition and thickness of the continental
crust (e.g., Hickey et al. 1986; Hildreth and Moor-
bath 1988; Davidson et al. 1990; McMillan et al.
1993). Andean volcanic rocks exhibit a more crust-
like Sr-Nd isotope composition than the CIP, in-
dicating that thicknesses of the Ordovician crust
in the area of the CIP were lower than in the present
Andes. Likewise, volcanic rocks from central Ar-
gentina sampling the southern part of the Fama-
tinian arc display a more crustlike Sr-Nd isotope
composition than the CIP, suggesting that the
thickness of the continental crust onto which the
Famatinian arc was built decreased from south to
north.
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