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Abstract The Jurassic to Early Cretaceous magmatic
arc of the Andes in northern Chile was a site of major
additions of juvenile magmas from the subarc mantle
to the continental crust. The combined effect of
extension and a near stationary position of the Jurassic
to lower Cretaceous arc favoured the emplacement
and preservation of juvenile magmatic rocks on a large
vertical and horizontal scale. Chemical and Sr, Nd, and
Pb isotopic compositions of mainly mafic to interme-
diate volcanic and intrusive rock units coherently
indicate the generation of the magmas in a subduction
regime and the dominance of a depleted subarc mantle
source over contributions of the ambient Palaecozoic
crust. The isotopic composition of the Jurassic
(*°°Pb/2%Pb: ~ 18.2; 2O7Pb/**Pb: ~ 15.55; '*Nd/"**Nd:
~0.51277;  ¥Sr/*°Sr: ~ 0.703-0.704) and Present
(*°Pb”%Pb:  ~ 18.5; 2OPb/™Pb: ~ 15.57; 143Nd/
144Nd: ~ 0.51288; ¥'Sr/%°Sr: ~ 0.703-0.704) depleted
subarc mantle beneath the Central and Southern
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Andes (18°-40°S) was likely uniform over the entire
region. Small differences of isotope ratios between
Jurassic and Cenozoic to Recent of subarc mantle-
derived could be explained by radiogenic growth in a
still uniform mantle source.

Introduction

Magmatic arcs are a principal site of extraction of new
crustal material from the asthenospheric mantle (e.g.
Ernst 2000). This material is either accreted to the
continents by the collision of oceanic island arcs or
incorporated directly into the crust of continental
magmatic arcs. The Mesozoic to Recent western margin
of the South American continent in the Central Andes
(18°-27°S) is an example of a continental magmatic arc
without accretion of allochthonous material (e.g. Sche-
uber et al. 1994). The Jurassic to Early Cretaceous is an
exceptional period in the Phanerozoic evolution of this
continental margin, because large volumes of mafic to
intermediate juvenile rocks formed and are preserved
(Fig. 1a). The estimated volume of the juvenile plutonic
and volcanic rocks at 18-27°S is 1.25-2.5 x 10° km? (see
our estimation below) and comparable to the volume of
some large igneous provinces (LIP; e.g. Coffin and
Eldholm 1994). The depositional features, volume, and
composition of the volcanic units in the Jurassic arc are
very different from those of the Cenozoic Andean
volcanism. Lava flows from fissure eruptions are com-
mon and form several kilometer thick piles of volcanic
rocks (e.g. Palacios 1978; Buchelt and Tellez 1988;
Vergara et al. 1995; Németh et al. 2004; Kramer et al.
2005) and are widely distributed in basin like structures
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rather than strato volcanoes and relatively thin cover of The purpose of the paper is (1) to characterize the

volcanic rocks as it is typical of volcanic rocks in the  Sr-, Nd- and Pb isotopic composition of the subarc

Cenozoic magmatic arc (e.g. Francis and Hawkesworth ~ mantle source in the Early Mesozoic magmatic arc of
1994). northern Chile on the basis of our new data on plutonic
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Fig. 1 a Jurassic to lower Cretaceous magmatic arc of northern
and central Chile (hatched area) and its continuation into the
Cretaceous to Tertiary arc of southern central Chile and the
presently active arc (CVZ Central Volcanic zone, SVZ Southern
Volcanic Zone). The late Carboniferous to Permo - Triassic arc
extends from the Costal Cordillera of northern and central Chile
into Precordillera of northern Chile (west of the CVZ) and into
the principal Cordillera (the location of the SVZ) of southern
central Chile. The map is redrawn and modified from Schob-
benhaus and Bellizzia (2001). The stippled line indicates the
tentatively drawn border between the crust reworked during
Early Palaeozoic in the west and the Proterozoic Brazilian shield
(Lucassen et al. 2000). b Major surface occurrences of Triassic,
Jurassic, and lower to mid Cretaceous igneous rocks and
sedimentary rocks with volcanic intercalations, the approximate
position of the deep, transitional, and shallow sections of the
Coastal batholith between Antofagasta and Taltal and sample
locations (see Table Al). Map redrawn from Hoja Geologica
1:1,000,000 (Servicio Nacional De Geologia y Mineria 1982,
Santiago, Chile) and Reutter et al. (1994). Key to the sample
locations: Volcanic rocks: 1 Coast, S of Arica*; 2 Coast, S of
Iquique*; 3 Oficina Viz, Pampa de la Union*; 4 Cerro Quillagua;
5 Punta Alala; 6 Sierra Miranda, NNE of Antofagasta; 7 Cerro
Mantos Blancos, NE of Antofagasta; § Quebrada La Negra, S of
Antofagasta; 9 Caleta Agua Salada**; 10 Cerro Yumbes
(Triassic); 11 Sierra de Candeleros; 12 S of Taltal, Cerro Blanco,
Cerro Plomo; 13 Cerro del Difunto; 14 Quebrada Cachina
(Triassic); 15 Sierra Minillas; 76 Quebrada la Tranquita; 17
Sierra Fraga; plutonic rocks: 18 deep section of the Coastal
batholith**; 19 shallow section of the Coastal batholith; 20 Cerro
Cristales; late Jurassic and early Cretaceous dikes: 18 deep
section of the Coastal batholith**; 21 Cerro Argolla, S. of Taltal.
Additional sample locations: *(Kramer et al. 2005), **(Lucassen
et al. 2002)

and volcanic rocks and to trace the evolution of the
subarc mantle source in the isotopic compositions of
mainly Cenozoic to Quaternary magmatic rocks of the
Central and southern Andes (Fig. 1). (2) We evaluate,
how the composition of this Early Mesozoic magma-
tism and its tectonic setting relates to other near con-
temporaneous or younger sections of the same active
continental margin in central Chile and Peru.

The situation in continental magmatic arcs is com-
plex and compositional effects of material transfer into
the mantle wedge could comprise additions from
altered oceanic crust, subducted oceanic and conti-
nental sediments, continental crust from subduction
erosion of the forearc, and older lithospheric mantle
the latter especially during periods of lithospheric
shortening as in the Cenozoic Andes. A reasonable
resolution of these different additions to the subarc
mantle seems impossible in fossil arcs, if no charac-
teristic signatures are related. Our approach is to
consider the subarc mantle as it is including the pos-
sible additions to the mantle wedge and to distinguish
hybridization processes within the crust on a large
regional and time scale using the common radiogenic
isotope signatures.

Geological setting

This study focuses on the area of the Coastal Cordillera
in northern Chile at 18-27°S (Fig. 1) where a conti-
nental magmatic arc was active from Latest Triassic to
Early Cretaceous (Fig. 1b). Conclusions drawn from
this work are applicable to similar situations south and
north of our study area in the Coastal to Principal
Cordillera of the southern Andes at 28-40°S (e.g.
Vergara et al. 1995; Morata and Aguirre 2003; Lucas-
sen et al. 2004) and the Coast range of southern and
central Peru (e.g. contributions in Pitcher et al. 1985;
Romeuf et al. 1993). Most of the exposed igneous rocks
in the whole area are volcanic, but the study area is
unique insofar as it includes a more eroded, deformed,
and partly metamorphosed section of a composite
batholith at ca. 24°S. The erosion level becomes shal-
lower towards the south (ca. 26°S; Fig. 1b) and there-
fore allows studying the deep plutonic, the subvolcanic,
and the volcanic section in close spatial relationship.
Mesozoic volcanic rocks of the coastal area of
Copiapo and Iquique, northern Chile, have already
been described by Ch. Darwin as the ‘porphyritic
conglomerate formation’ (Darwin, Ch., Geological
observations on South America, available as Project
Gutenberg Etext South American Geology, by Charles
Darwin http://www.gutenberg.org/etext/3620). Since
then, the area has been place of numerous detailed
studies and surveys of the Jurassic magmatism and its
tectonic setting and the Mesozoic sedimentary evolu-
tion. The structure of the deeper crust is known from
geophysical studies, which show a large, north—-south
extended prominent positive gravity anomaly along the
Coastal Cordillera of northern Chile (Gotze and
Kirchner 1997) and higher seismic velocities in the
crust of the Jurassic-Cretaceous magmatic arc than in
the Early Palaeozoic crust east of the arc (ca. 24°-21°S;
e.g. Wigger et al. 1994; Oncken et al. 2003). The high
densities and seismic velocities require substantial
volumes of mafic to intermediate rocks in the crust of
the arc and indicate that the surface expression with
the large amount of mafic rocks continues to depth.

The pre-Mesozoic basement

The western continental margin of South America was
periodically active at least from the Early Palaeozoic
onwards (e.g. Coira et al. 1982), and the geological
processes at this site formed the basement for the
Jurassic magmatic arc. The basement is considered as a
Palaeozoic mobile belt at the western edge of
Gondwana. It consists of reworked crustal material
with a peak of the Nd isotope model ages of its
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metamorphic and felsic magmatic rocks at 1.8-2.0 Ga;
inherited ages from zircons centre at ca. 1.1 and 2.0 Ga
(e.g. Lucassen et al. 2001 and references therein).
These ages mirror the age structure of the western part
of the South American craton, where important crustal
growth occurred at ca. 2 Ga and a metamorphic-
magmatic cycle at ca. 1.1 Ga (Cordani et al. 2000; Sato
and Siga 2002).

The Palaeozoic crust is likely to be of mainly felsic
composition, because magmatism (e.g. Lucassen et al.
2001) and sedimentation (Bock et al. 2000) throughout
the Palaeozoic was dominated by rocks containing high
proportions of recycled Proterozoic continental crust,
whereas juvenile mantle-derived magmatic rocks are
scarce. The oldest rocks of the sampling area are
mainly felsic Early Palaeozoic metamorphic rocks,
which occur in small, scattered outcrops (Damm et al.
1994; Lucassen et al. 1999, 2000, 2001). Early Palaco-
zoic ages of high 7 and moderate P metamorphic
conditions correspond with the ages and P-T condi-
tions of extended occurrences of metamorphic and
magmatic rocks in western Argentina (e.g. Pankhurst
and Rapela 1998; Lucassen and Becchio 2003). We
consider the Palaeozoic crust as the principal compo-
nent (1) in the generation of crustal melts, (2) for
assimilation by mantle derived melts in the crust and
(iii) for the input from the continent into the Jurassic
subduction zone either through sediment-subduction
or tectonic erosion from the upper plate.

The Jurassic arc (18-27°S)

The Latest Triassic is transitional to the Jurassic
regime. A marine ingression occurred in the Latest
Triassic (Tankard et al. 1995) into extensional basins
and bimodal volcanism is related to these structures
(e.g. Suarez and Bell 1992; Morata et al. 2000). In the
working area, small-volume Triassic silicic to interme-
diate volcanic rocks are intercalated with Latest
Triassic continental to shallow marine sedimentary
rocks (Groschke et al. 1988; Suarez and Bell 1992;
Bebiolka 1999; Bartsch 2004; Fig. 1b: sample locations
of Latest Triassic volcanic rocks). Scarce Triassic
intrusions (Berg and Baumann 1985) in the working
area were not investigated in the course of this study.

The dominant depositional features of the Jurassic
up to the Early Cretaceous volcanic rocks are sheet
like extrusions from fissures with abundant lava flows.
Single volcanic edifices are rare. Extrusion was during
the whole activity close to sea level and sub-aquatic
deposition of lava flows occurred repeatedly (for
details see: Kossler 1998; Bartsch 2004; Németh et al.
2004; Kramer et al. 2005). The deposition of the thick
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volcanic sequence in subsiding structures is linked to
dominantly extensional tectonics (e.g. Pichowiak 1994;
Scheuber and Gonzales 1999; Grocott and Taylor
2002). The sedimentation in the adjacent shallow
marine basins in the back-arc region was largely
undisturbed by tectonic movements and occurred in
generally slowly subsiding basins with periodically
active depocentres (Prinz et al. 1994; Ardill et al. 1998).

The Jurassic volcanism started on a large regional
scale at around 200 Ma. Precise timing of the Jurassic
volcanism by isotopic dating remains problematic,
because many volcanic rocks show a hydrothermal
overprint by seawater-rock interaction or by abundant
later intrusions. Burial metamorphism is likely, as
known from other thick piles of mainly Early Creta-
ceous volcanic rocks from an identical setting in central
Chile (e.g. Levi et al. 1989; Aguirre et al. 1999). The
local intercalation of volcanic and shallow marine
sedimentary rocks enables biostratigraphic age brac-
keting in various sections of the arc (ages in Table 1
and Table Al). Between Taltal and Tocopilla the onset
of the Jurassic volcanism was in the Sinemurian (200
191 Ma; stratigraphic ages from International Strati-
graphic Chart UGS, 2000, ISBN 0-930423-22-4),
whereas north of Tocopilla the onset was in the Bajo-
cian (170-164 Ma) according to biostratigraphic
markers (Groschke et al. 1988; Prinz et al. 1994;
Kossler 1998; Hillebrandt et al. 2000; Wittmann 2001).
Earliest spatially related intrusions occur around 200—
185 Ma (Berg and Baumann 1985; Rogers and Haw-
kesworth 1989; Pichowiak 1994; Dallmeyer et al. 1996;
Lucassen and Thirlwall 1998). Biostratigraphic con-
straints allow a tentative subdivision of the volcanic
rocks until the Bajocian (Bartsch 2004) and, north of
Tocopilla, until the Oxfordian (154-146 Ma; Kramer
et al. 2005), where the Jurassic volcanic rocks are
unconformably overlain by Early Cretaceous volcano-
sedimentary rocks (Hillebrandt et al. 2000; Wittmann
2001). In the Early Cretaceous, the main activity of the
arc shifted towards the east, partly overlapping with
the Jurassic arc especially in the southern section
(Fig. 1b). The sample set of the volcanic rocks com-
prises various profiles from the southern (Bartsch 2004;
Lucassen et al. 2002) and northern part (Kramer et al.
2005) supplemented by profiles from the Tocopilla and
Antofagasta area (Fig. 1b).

The Coastal batholith in the study area is subdivided
into a deep, transitional, and shallow section. The deep
section of the Coastal batholith is exposed south of
Antofagasta (23°45'-24°S; Fig. 1b; Rossling 1989;
Lucassen and Franz 1996; Gonzales 1996; Scheuber
and Gonzales 1999) and comprises mafic to interme-
diate (meta) plutonic rocks with uniform mineralogy
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Table 1 continued

Initial 207pp/204py, Initial 208ppy/204py, Initial

206Pb/204Pb

u

Th (ppm)

2.0

U (ppm)

Pb (ppm)

0.81

Sample

38.22

39.67

15.58

15.61

18.16

18.80

182

25

0.27

MCP-5

The Jurassic volcanic rocks are selected from a bigger data set and ’Rb/%°Sr and y in bold letters indicate samples used in the respective isotope diagrams. The complete data set
with XRF and ICP-MS data and isotope composition of the altered samples is in Table Al of the Appendix. The sample order is N-S following the locations in Fig. 1b. 2¢

uncertainties of Pb isotope ratios are better than 0.1%, as established from the replicate analyses of NBS 981 standard. Ages in italics are stratigraphic ages inferred from field

relation (detailed profiles in Bartsch 2004; Kramer at al. 2005). If age bracketing from stratigraphic record or isotopic dating is unavailable, the age is arbitrarily set to 160 Ma (or

140 Ma for the latest Jurassic to early Cretaceous dikes). Ages of the plutonic rocks are inferred from available isotopic age data; for a discussion see the text

“Data from the Ph.D. thesis by Bartsch (2004).

and compositionally layered gabbro intrusions. These
rocks were partly deformed and metamorphosed at
low-pressure of ca. 0.3-0.5 GPa and temperature
decreasing from granulite, amphibolite to greenschist
facies conditions. The mafic unit was intruded by a
uniformly composed, large quartz—diorite pluton to-
wards the South-East (sample location 20 ‘Cerro
Cristales’ in Fig. 1b; Gonzales 1996). In general, the
intrusion-level becomes shallower towards south with
more quartz dioritic to granitoid compositions, but
gabbroic rocks are still present in the transitional sec-

15 Legend volcanic rocks
e Jurassic to lower Cretaceous a
i X Late Triassic
2
=
= 10
o]
Al
©
=z
+
Q
¥ 5
15 | Legend plutonic rocks b
L O shallow section
O transitional
i m deep section
F + Cerro Cristales
9\2 L
= 10
(@) L
o
© L
P4
+ L
Q\. L
¥ 5
0 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1
40 50 60 70

SiO, wit%

Fig. 2 Total alkali versus SiO, classification diagram (volatile
free 100%). a A summary of the composition of Triassic and
Jurassic to lower Cretaceous volcanic rocks from different
sections of the arc; most samples plot within the fields of basaltic
andesite to basaltic trachyandesite. Many rocks have subalkaline
compositions typical of arc—related igneous rocks, but there are
also abundant ‘alkaline’ compositions. (additional data: Palacios
1978; Pichowiak and Breitkreuz 1984; Buchelt and Zeil 1986;
Lucassen and Franz 1994; Bartsch 2004; Kramer et al. 2005). The
compositional field of the early Cretaceous dikes is similar to the
one of the volcanic rocks. b Composition of the deep (including
the Cerro Cristales pluton), transitional, and shallow section of
the Coastal batholith; the grid is shown for easier comparison
with a. (additional data: deep section, Lucassen and Franz 1994;
transitional section, Marinovic et al. 1995). Key to the compo-
sitional fields: B basalt, BA basaltic andesite, A andesite, D
dacite, R rhyolite, V trachy-basalt, VI basaltic trachy-andesite,
VII trachy-andesite, VIII trachyte, Le Maitre (1989)
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Fig. 3 Trace element patterns of average volcanic and plutonic
rocks are normalized to primitive mantle (McDonough and Sun
1995). The volcanic rocks are subdivided into Triassic volcanic
rocks, an alkaline and a subalkaline group of mainly Jurassic age,
and late Cretaceous dikes. The differences between the four
groups of volcanic and subvolcanic rocks are minor and they

tion (Marinovic and Hervé 1988; Hervé and Marinovic
1989). Pervasive deformation and metamorphism are
absent in the transitional section. North of Taltal a
shallow section of the batholith intrudes the Palaeozoic
sedimentary cover and older units of the Jurassic vol-
canic rocks. Locally contacts between sedimentary
rocks and the dioritic batholith are migmatite (Clarke
1998; sample location 19 Fig. 1b).

The isotopic dating of intrusions faces similar
problems as that of the volcanic rocks in the deep
sections of the batholith, where longstanding or re-
peated high temperatures were common (Lucassen and
Franz 1996; Lucassen et al. 1996; Lucassen and Thirl-
wall 1998; Scheuber and Gonzales 1999). The age
spectrum of this deep section is ca. 200-150 Ma, but
the quartz diorite from the same area is ca. 140 Ma and
distinctly younger than the mafic rocks (Pichowiak
1994; Lucassen and Thirlwall 1998 and references
therein). K-Ar ages from the transitional section
indicate a continuous magmatic activity between ca.
180 and 130 Ma (Marinovic and Hervé 1988; Hervé
and Marinovic 1989; Maksaev 1990). The age of the
shallow section of the Coastal batholith studied in this
work is only constraint by a single age of ca. 160 Ma
(K-Ar on biotite; Naranjo and Puig 1984), but this age
coincides with the 160 Ma age group distinguished in a
shallow section of the Coastal batholith further to the
south (ca. 26°-27°S; e.g. Dallmeyer et al. 1996; Wilson
et al. 2000). The other age groups from this area are
ca. 200-180 Ma and ca. 130 Ma. In summary, we as-
sume that the magmatic activity in the arc at the scale
of the investigated area was nearly continuous from

La Pb Sr

Pr

Tb Ho Yb Lu
Y

Zr
Nd

Sm Ti
Hf Eu Gd Dy Er

have element patterns typical of arc generated magmatic rocks.
The plutonic rocks of the deep section comprise ultramafic
cumulate rocks with more variable pattern than the more
evolved rocks, but the overall patterns of the deep and shallow
section of the batholith constrain their generation in the
magmatic arc

Latest Triassic to Latest Jurassic—Early Cretaceous
considering the ages of both, volcanic and intrusive
units. The present surface of the deep section of the arc
was close to erosion already in the late Cretaceous
according to apatite fission track ages (Maksaev 1990;
Andriessen and Reutter, 1994).

Various systems of dykes crosscut the late Palaeo-
zoic units and also late Jurassic plutonic rocks. The
most prominent dike systems with a width of up to
20 m and kilometre-length have been interpreted as
feeder dikes of the volcanic rocks (Pichowiak and
Breitkreuz 1984). The dikes document the latest
magmatic activity in the area. Dikes in this study are
from the shallow section at ca. 26°S (Fig. 1b, location
21) and the previously investigated deep section of the
coastal batholith at ca. 24°S (Early Cretaceous dikes;
Lucassen and Franz 1994; Lucassen et al. 2002).

Chemical and isotopic compositions

Sample selection for geochemistry is a major issue in the
volcanic rocks, which show abundant alteration already
visible in the handspecimen. Detailed sampling of
selected profiles (Bartsch 2004; Kramer et al. 2005 and
references therein) provided a range of rock specimen,
which enabled the selection of the most suitable samples
for the various analytical methods on the basis of thin
sections and XRF data. For XRF analyses a broader
spectrum of variably altered to fresh samples were used
in order to achieve a reasonable covering of the profiles,
whereas trace element analyses were only performed on

@ Springer



Contrib Mineral Petrol (2006) 152:571-589

580
o
u
15¢ . . X
14} o 0
- dikes
131 o oo «° °
F 5] Y
tz 12}t Ofs’ o Volcanic rocks
E o8 o X § - alkalies<6 wt%
11r . ‘%’900 ° ox ) o alkalies > 6wt%
1ol OO. o o® % o X Triassic
o x° o o O |[Plutonic rocks
0.9 X = deep section
u .
O shallow section
0 2 4 6 8 10

La,/Yb,

Fig. 4 Dy,/Yb, and La,/YDb,, of volcanic and plutonic rocks and
dikes. The ratios are low in most samples, i.e., indicate flat REE
pattern and garnet-free sources and contaminants. The scatter in
the rocks from the deep section is related to their cumulate
character. Normalized to C1 chondrite (Sun and McDonough
1989)

moderately altered to fresh samples. Isotope analyses
were performed on the least altered or fresh samples.
Samples for XRF analyses were handpicked after
crushing and before milling; powdered samples for trace
element and isotope determination were additionally

Volcanic rocks Plutonic rocks O Migmatite
O Jurassic m deep section
—+ dikes o shallow section
X Triassic
0.5129J> oR8 = ™G
|
° 5 [ 0.5127 b
05127 \¥lo ~ € H
3 5l 3
_OE ARy © |osize
2 os5125} o
£ X o
3 mantle array
% r 0.5125
& 05123f0 '
- X BSE
* 0.7030 0.7035 7040 Jr
051211 O Pz-crust (Rb depleted)
O (w1 Pz-crust
0.5119 ! ! ! ! !
0.703 0.708 0.713 0.718 0.723 0.728

TSI ST

Fig. 5 Initial Sr and Nd isotopic compositions of Jurassic and
Triassic volcanic rocks, dikes, and plutonic rocks. The inset shows
the depleted quadrant only. Initial ratios of regional important
reservoirs and the migmatite are shown at 160 Ma: MORB
average Pacific MORB compiled from the Petrological Database
of the Ocean Floor http://www.petdb.org; the Nd isotope ratio is
corrected for in-situ decay to 160 Ma using a '*’Sm/**Nd ratio of
0.214; Pz-crust = average Early Palacozoic lower crust (Rb-
depleted) and upper crust (Lucassen et al. 2001). Sr isotopic
composition of bulk silicate earth (BSE) is calculated at 160 Ma
assuming Rb/Sr ratio of 0.03 (McDonough & Sun 1995) and an
initial 3Sr/%Sr of 0.69898 (Allegre et al. 1975). 3Sr/*Sr ratios
for Jurassic seawater (0.7068-0.7074) from Veizer et al. (1997).
Additional data from Lucassen et al. (2002) and Kramer et al.
(2005)
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treated with acetic acid to remove possible carbonate.
Details of sample treatment, analytical methods, and
data quality are in the electronic Appendix. In contrast
to the Jurassic volcanic rocks, the samples of plutonic
rocks, dikes, and Triassic volcanic rocks are not affected
by alteration.

The description of bulk rock major and trace element
composition of the volcanic rocks (Table A1) includes
all analyses irrespective the variable degree of hydro-
thermal overprint, in order to give an overview of some
compositional characteristics of this voluminous volca-
nic rocks without discussion of details of the magmatic
evolution. The presentation of the isotope compositions
aims to distinguish different sources in crust and mantle.
The volcanic rocks for this discussion have been selected
from a bigger data set (including published data), which
also comprises samples with substantial metasomatism
affecting the Rb/Sr and U/Pb ratios (Table Al). The
Sm/Nd system is not affected by the hydrothermal
alteration. The effect of this selection is reduction of the
scatter introduced to the respective isotope ratios by
correction for in-situ decay of samples with high Rb/Sr
and U/Pb ratios and an uncertain age of alteration.
Selection criteria were H,O + CO; <3 wt% and
CO; < 0.5 wt% (all volcanic rock samples), and,
87Rb/*Sr < 0.3 for calculation of Sr isotope ratios and
Z8U/2%Pb < 15 (u ratio) for calculation of Pb isotope
ratios (Table 1). Detailed account to the full data set of
isotope analyses in the volcanic rocks and Rb and U
metasomatism is given in the electronic Appendix

Bulk rock major element composition

The alkali and SiO, contents of the volcanic rocks are
highly variable and range from basalt to trachydacite,
but most samples are basaltic andesite and basaltic
trachyandesite and represent a similar stage of mag-
matic evolution of presumably basaltic parental mag-
mas (Fig. 2a). The origin of the unusually high
alkalinity in many volcanic rocks will be discussed
elsewhere in detail and we restrict here to the
description of the composition of the alkaline rocks in
comparison with the subalkaline rocks of the same arc
system. The other major elements show a similar broad
scatter with indicators of magmatic differentiation. The
Triassic volcanic rocks comprise mainly (trachy-)
dacite to rhyolite (Fig. 2). The composition of dikes
from different areas is similar to the composition of
many volcanic rocks and varies between subalkaline
basalt and dacite, but most samples are basaltic
andesite and basaltic trachyandesite (Fig. 2).

The plutonic rocks follow exclusively a calcalkaline
compositional trend (Fig. 2b). The data are equally
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Fig. 6 Initial Pb isotopic compositions of Jurassic and Triassic
volcanic rocks, dikes, and plutonic rocks. Pz—granite = average
late Palacozoic granite (feldspar data) represents a deeper
section of the crust in the Coastal and Pre-Cordillera (Lucassen
et al. 1999); other reservoirs as in Fig. 5; northern hemisphere
reference line (NHRL; Hart 1984)

distributed over the whole range from 42 to 78 wt%
Si0O, and show no compositional cluster as the volcanic
rocks (Fig. 2). The deep section of the batholith com-
prises gabbro to diorite. The shallow section comprises
mainly quartz—dioritic and some granitic rocks, mafic
compositions are rare and represent local cumulates
(Fig. 2b). Many of the various intrusive units from the
transition between the deep and shallow section
resemble the compositional range of the shallow
section, but some are similar to the gabbros and dior-
ites of the deep section (Figs. 1b, 2b; Marinovic and
Hervé 1988; Marinovic et al. 1995).

Bulk rock trace element composition

The sample set analysed for a range of trace elements
includes data from this study (Table Al) and pub-
lished data of our working group (Lucassen et al.
2002; Bartsch 2004; Kramer et al. 2005). Primitive
mantle-normalized trace element patterns of the vol-
canic rocks are remarkably uniform regardless of age,
geographical position or alkalinity and the main dif-
ference between the samples appears to be the

absolute content of the respective elements. The large
number of samples (n = 149) allows a statistically
significant conclusion. Therefore, we present the data
here as mean values (Fig. 3). The data for individual
samples are in the electronic appendix (Table Al; Fig.
Al). The LILE enrichment, deep Nb and Ta trough
and positive Pb and negative Ti spike is typical of
magmatic rocks generated in magmatic arcs including
rocks from ‘primitive’ island arcs (e.g. Hawkesworth
et al. 1993). La,/Yb, (2-7 most samples, all but three
samples < 10) and Dy,/Yb, ratios (0.9-1.3 most
samples; Fig. 4) indicate flat and uniform REE pat-
tern. Eu-anomalies are absent to moderate (92% of
the samples fall within a range Euw/Eu* 1.1-0.6)
according to the relatively uniform degree of frac-
tionation to basaltic andesite and andesite composi-
tions. Normalized trace element patterns of the
Triassic volcanic rocks and the dikes are similar to
those of the Jurassic volcanic rocks (Figs. 3, 4).

Incompatible trace element contents in the plutonic
rocks from the deep section are generally lower than in
the volcanic or plutonic rocks from the shallow section,
but the patterns show the same characteristics seen in
the pattern of the other plutonic and volcanic rocks
with a negative Nb and positive Pb spike (Fig. 3) and
flat REE pattern (Fig. 4). Trace element patterns of
plutonic rocks from the shallow section are generally
similar to those of the volcanic rocks and the main
difference between the pattern of the volcanic and
plutonic rocks are higher U-Th contents of the latter
(Fig. 3).

In summary, the subalkaline volcanic rocks and
dikes and the plutonic rocks follow mainly a calcal-
kaline evolution despite their different ages and re-
gional distribution. Trace element patterns including
those of alkaline rocks are rather uniform and typical
of magmatic rocks generated in a subduction zone
setting (e.g. Hawkesworth et al. 1993). REE patterns
preclude the presence of substantial amounts of gar-
net in the source of the parental magmas or at depth
of assimilation of wall rock. The Fe-Mg minerals
olivine, clino-, and orthopyroxene dominate the
source mineralogy and the early stages of mineral
fractionation. Amphibole is common only in andesite
to dacite compositions. Eu/Eu* ratios are > 0.6 < 1.1
in most samples and indicate variable fractionation of
plagioclase, which is present as a phenocryst in all
samples. Systematic variations of major and trace
element contents, which can occur regionally and
locally in the volcanic rocks, contain e.g. information
on variable conditions of melting of the samples
(Kramer et al. 2005; Bartsch 2004), but do not affect
their isotopic composition.

@ Springer
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Radiogenic isotopes

Radiogenic isotope composition is indicative for the
contribution of different sources to igneous rocks
during their magmatic evolution from the source re-
gion to the final state of a specific sample. The isotopic
compositions of important endmembers in the crust-
mantle system at the Chilean continental margin are
shown in Figs. 5 and 6. The composition of average
Pacific MORB is used as approximation to the Nd, Sr,
and Pb isotope composition of the large convective
depleted mantle reservoir. The early Palaeozoic crust
and derived sediments are the source for assimilation
in magmatic processes and melt generation within the
crust, the source of sediments from the continent into
the trench, and the source of possible tectonically
eroded material from the continent. Migmatites from
the contact of the shallow plutons represent the local
uppermost crust.

Most volcanic and plutonic rocks plot into the field of
depleted mantle with a restricted range of initial
3Nd/'*Nd (ca. 0.5125 to 0.5128) and *’Sr/*°Sr ratios
(ca. 0.703-0.705). This composition is different from the
ambient Andean continental crust and the average
Pacific MORB (Fig. 5). The isotope compositions of
the plutonic rocks from the deep section are the most
uniform among the different groups and show consis-
tently the most depleted signature. Low *’Sr/*Sr initial
ratios (0.7031-0.7037; Marinovic et al. 1995) of rocks
from the transitional section leave no doubt that they
are part of the composite batholith. The negative cor-
relation of Nd and Sr isotope ratios defined by some
samples is strongest among the Triassic volcanic rocks
and indicates additions of ambient Paleozoic crust, e.g.,
by wall rock assimilation in the plutonic rocks from the
shallow section. Samples QCA 5 to 9 represent a profile
away from the contact to migmatite samples QCA 1-3
and indicate decreasing contamination with increasing
distance (see Table 1). Substantial amounts of Palaeco-
zoic crustal material are present in the composition of
only very few samples. The scatter of *’Sr/*Sr at similar
'“Nd/**Nd in some Jurassic volcanic rocks is attrib-
uted to seawater alteration, but none of the samples
reaches the Jurassic seawater Sr isotope composition
(see also discussion of metasomatism of the volcanic
rocks in the electronic Appendix).

Pb isotope compositions (Fig. 6) of most samples of
the plutonic rocks from the deep section fall into a
small compositional field defined by **°Pb/***Pb (18.1-
18.4), 2°7Pb/***Pb (15.55-15.60), and ***Pb/***Pb ratios
(37.9-38.1), which is different from MORB and local
crust composition. This compositional field is resem-
bled by some samples of the plutonic rocks from the
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shallow section, the volcanic rocks and the dikes,
whereas other samples show influence of the local
Palaeozoic crust and few samples resemble the com-
position of local Palaeozoic granite and migmatite. The
hybrid compositions underline the minor influence of
Palaeozoic crustal material especially considering the
much lower Pb contents of mafic magmas compared
with those from felsic crust.

Discussion

Isotopic composition of the Mesozoic to Recent
subarc mantle

The isotopic composition of the Mesozoic magmatic
rocks (18°-27°) is compared with the composition of
late Tertiary to Recent magmatic rocks from a section
of the Southern Andes (36°-40°S; SVZ; Fig. 1a), where
mantle derived magmatism (e.g. Hildreth and Moor-
bath 1988; Lucassen et al. 2004) continued in a near
stationary magmatic arc since Jurassic (Mpodozis and
Ramos 1989; Kemnitz et al. 2005). The discussion
restricts to Nd and Pb isotope ratios because Sr iso-
topes were influenced by post-magmatic alteration
(nevertheless, most 3Sr/*°Sr ratios plot into the de-
pleted mantle field). The initial Nd isotope composi-
tions of the arc derived rocks show an upper limit of
the most radiogenic values, which form two arrays with
variable ¥Sr/*°Sr ratios within the field of depleted
mantle (Fig. 7a): one with ca. 0.51277 in the Mesozoic
rocks of the north is in excellent agreement with initial
ratios from mineral isochrons from the same rock suite
(Lucassen and Thirlwall 1998), a second one of ca.
0.5129 represents the Tertiary to Recent rocks in of the
south. The initial 2°°Pb/?**Pb ratios also show a ‘nor-
mal’ evolution to slightly more radiogenic composi-
tions from the Jurassic to Recent (Fig. 7b; 18.20 in the
northern, ca. 18.50 the southern section). The most
radiogenic Nd and least radiogenic Pb isotope com-
positions are considered as the best approximation to
the isotope composition of the subarc mantle in the
Jurassic and late Cenozoic, respectively. The correla-
tion of Nd and Sr isotope ratios and of the *°Pb/***Pb
and 2’Pb/**Pb ratios in both sections is explained by
the addition of small amounts of the ambient old
crustal material during magma evolution within the
crust (Fig. 7b), but some contribution to the scatter
could equally origin from small heterogeneities in the
mantle source. The two datasets indicate generally
similar compositions of the subarc mantle source, with
slightly more radiogenic isotope compositions in
the younger southern section and a similarly minor
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Fig. 7 Comparison of a Nd and Sr and b Pb isotopic composition
of Mesozoic igneous rocks (18°-27°S; grey shaded field), Late
Tertiary to Recent igneous rocks of the Southern (36°-40°S),
Late Cretaceous to Recent igneous rocks of the Central Andes,
Pb isotope composition of the Late Cretaceous batholith of
Southern-Central Peru, and regional crust and mantle reservoirs.
Data sources: Tertiary to Recent igneous rocks (36°-40°S) and
Cenozoic igneous rocks of the Central Andes were compiled
from GEOROC data base (http://www.georoc.mpch-main-
z.gwdg.de/georoc); Late Cretaceous and Tertiary rocks of the

influence of crustal contamination in both sections. If
we accept the least crust contaminated and most
‘depleted’ isotopic compositions of the Jurassic arc as
the initial composition of the subarc mantle in the
Jurassic, the difference of the Nd and Pb isotope
compositions between the two sections of different age
could be described by 160 Myr of radiogenic growth
with—compared to MORB type depleted man-
tle—enriched Nd and U resulting in lower "*’Sm/'**Nd
ratio of ~ 0.15 and a higher p of ~ 12, respectively. In
other areas of the Mesozoic to Early Tertiary arc in
Chile (27-36°S), Nd, Sr, (Vergara et al., 1995; Parada

initial

Central Andes: Rogers and Hawkesworth (1989) and Haschke
et al. (2002); CVZ Cenozoic volcanic rocks north of 21°S:
Aitcheson et al. (1995); crust and batholith of South-Central
Peru : Mukasa and Tilton (1985); SLCM is the subcontinental
mantle of the Proterozoic Brazilian shield: Carlson et al. (1996)
Gibson et al. (1996), Marques et al. (1999), Lucassen et al.
(2002), unpublished data of F. Lucassen; average Pz-crust (36°—
40°S) from Lucassen et al. (2004): other data sources see Figs. 5
and 6

et al. 1999; Marschik et al. 2003; Nystrom et al. 1993,
2003) and Pb isotope compositions (Marschik et al.
2003; Nystrom et al. 2003) fit into this scheme.

The isotopic uniformity of the subarc mantle can be
tested further by comparison of the isotopic composi-
tion between the inferred subarc mantle and hybrid
Late Cretaceous to Recent magmas from the northern
section. The variation of the Nd and Sr isotope com-
position in the Andean Late Mesozoic to Recent
magmatic rocks is sufficiently described by mixing of
the inferred subarc mantle composition and the ambi-
ent old continental crust (Fig. 7a). The contributions of
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the crust to the arc magmas increase with the building
of the Cenozoic Andes, i.e. the thickening of the crust
especially in the region of the Andean Plateau north of
27°S (CVZ in Fig. 1a), which was established in
numerous investigations of the chemical and isotopic
composition of the Cenozoic Andean magmatism. Pb
isotope ratios are specifically sensitive to addition of
crust to mantle derived magmas due to a large differ-
ence in the Pb contents, which is high in the crust, and
in many cases different Pb isotope compositions of
crust and mantle. Pb isotope compositions of Cenozoic
volcanic rocks from the CVZ show different Pb isotope
compositions south and north of ca. 21°S (Fig. 7b),
which were interpreted as the influence of different Pb
provinces within the (lower) crust and assigned to
inherited heterogeneity of the Early Palaeozoic to
Proterozoic basement (e.g. McFarlane et al. 1990;
Worner et al. 1994; Aitcheson et al. 1995). Such Pb
isotope variations (Fi.7b) are not seen in Jurassic vol-
canic rocks north of 21°S (Kramer et al., 2005; this
work). They are also absent in the Cretaceous Coastal
Batholith of southern and central Peru, which intruded
into Proterozoic basement with characteristic Pb sig-
natures (Fig. 7b; Mukasa and Tilton 1985). Together
with other evidence for an upper mantle source of the
Peruvian Batholith Mukasa and Tilton (1985) con-
cluded from the near identical Pb isotope compositions
of arc magmatism in Central Chile and their batholith
samples that the crustal contributions were minor and
the Pb isotope compositions dominated by the com-
position of the subarc mantle source.

In summary, the observations suggest a composi-
tional homogeneity of the Sm—-Nd and U-Pb isotope
systems (and Rb-Sr system) in the subarc mantle on a
large time and regional scale. The composition of the
subarc mantle is different from the composition of a
typical depleted asthenospheric reservoir such as
sampled by Pacific MORB. The composition of the
magmatic rocks from the subarc mantle also indicates
no substantial contributions of the old subcontinental
mantle beneath the Brazilian Shield (Fig. 7). The latter
was proposed as a potentially important mantle source
during ongoing shortening in the Cenozoic Andean
orogen (e.g. Rogers and Hawkesworth 1989).

Volume of the Mesozoic magmatism

The generally mafic to intermediate compositions and
the—at the given large scale of the investiga-
tion—uniform isotope signatures of the widely dis-
tributed sample areas indicate mainly juvenile
additions to the crust in the Mesozoic magmatic arc.
The overall volume of the Mesozoic magmatic addi-
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tions (18-27°S) is difficult to estimate, because the
Mesozoic arc continues off shore and is partly eroded.
Geophysical data show a high velocity—high density
structure in the Coastal area 21°-24°S extending to-
ward the trench and ca. 70 km from the cost line inland
(e.g. Gotze and Kirchner 1997; Wigger et al. 1994;
Kosters 1999; Schmitz et al. 1999; Oncken et al. 2003),
which was interpreted as prevailing juvenile mafic to
intermediate magmatic crust (e.g. Lucassen et al.
1996). We infer a similar crustal structure for the whole
investigated section based on the geochemical simi-
larity of the rocks. Assuming a width of outcropping
plutonic and volcanic rocks of 50-100 km and a
thickness of at least 25 km (from geophysical data) the
minimum magmatic addition is 1,250-2,500 km® in
60 Myr per km N-S extension of the arc. There are no
tight constraints whether the Mesozoic magmatism was
continuous or periodically enhanced, but we infer a
near continuous magmatic activity from the age record
of the plutonic and volcanic rocks and the longstanding
thermal anomaly within the crust of the arc (Lucassen
et al. 1996; Scheuber and Gonzales 1999). Assuming a
continuous activity over ca 60 Ma, the average pro-
ductivity was 20-40 km*/(km Myr) and is within lower
to mid-range of average production rates of island arcs
(Dimalanta et al. 2002). The cumulative volume of
the Mesozoic igneous rocks along the studied section
(18-27°S, ca. 1,000 km) is 1.25-2.5x10° km®.
Voluminous arc magmatism also occurs in the
southern and northern continuation of our study area.
Early to Late Jurassic magmatism with dominant
basaltic-andesite composition was reported (Romeuf
et al. 1993, 1994 and references therein) from southern
and central Peru, but detailed geochemical studies are
not available. These rocks represent most likely the
continuation of the Mesozoic arc towards the north.
The Coastal area of central and northern Peru was the
location of intense mantle derived magmatism from
Cretaceous to Early Tertiary comprising abundant
basalt to basaltic-andesite compositions, which
extruded and intruded into N-S extended basin struc-
tures (e.g. Atherton et al. 1983; contributions in Pitcher
et al. 1985). These rocks form a high-density anomaly
at crustal scale in the geophysical image of the crust
(Atherton et al. 1983; Haederle and Atherton 2002).
South of our study area, in Central Chile, mantle
derived magmatism starts in the Jurassic and formed a
large magmatic province mainly of Early Cretaceous
age (e.g. Vergara et al. 1995). Bohm et al. (2002)
observed in the Mesozoic to Recent crust (36-40°S)
similarly high seismic velocities as known at ca. 24°S.
These high velocities have been interpreted to be
caused by mafic to intermediate intrusions. Although
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no cumulative volume estimates for the above volcanic
and plutonic rocks have been published, the volumes of
juvenile additions in the above sections are likely
comparable to those from 18-27°S, which is supported
by the large aerial distribution of volcanic and intrusive
rocks and their prominent appearance in the geo-
physical image.

Juvenile magmatism and tectonic regime

One of the most intriguing observations in the Meso-
zoic arc is the emplacement and preservation of the
large volume of juvenile mafic to intermediate rocks in
the old continental crust without major contributions
of the latter. The following is exemplified for the
Chilean margin of the Central Andes, but should be
equally valid for comparable settings. The regime of
tectonic extension to transtension and occasional
transpression are the dominant tectonic styles in the
Mesozoic Chilean arc and persisted at least from the
late Triassic to late Cretaceous. The extension was
triggered by oblique plate configurations causing ob-
lique subduction in Chile (e.g. Scheuber et al. 1994;
Franzese and Spalletti 2001; Grocott and Taylor 2002).
Extension favours the emplacement of plutonic rocks
within the mid and upper crust (e.g. Glazner 1991,
Grocott and Taylor 2002) and could also have enabled
the ascent of dense mafic melts into the mid crust as
observed in the deep section of the arc at ca. 24°S and
inferred elsewhere from the geophysical image of the
crust. Volcanic rocks, which were deposited in exten-
sional structures, remained close to the sea level
throughout the deposition of the thick piles of volcanic
rocks (e.g. Vergara et al. 1995; Bartsch 2004; Kramer
et al. 2005). They erupted along fissures, an eruption
style typical for extensional (or non-compressional)
settings, e.g. continental flood basalts or volcanism in
extensional back-arcs. Throughout the late Palaeozoic
and Mesozoic, the crustal thickness has been close to
normal, without the creation of a large relief, and thus
without significant exhumation. The mid-crustal sec-
tion of the arc south of Antofagasta seems to be the
only exception (ca. 24°S; e.g. Scheuber and Gonzales
1999).

A second important characteristic of the Mesozoic
arc is the longstanding stability of the arc, which
probably exceeded 60 Myr, because already late
Palaeozoic and Triassic magmatism occurred in the
same area. The compositional effect of such a sta-
tionary position (or oscillation) alone is increasing
hybridization of the composition of the pre-existing
crust with each magma pulse added from the mantle
(which is already traceable as a process at a much

shorter time-scale in single volcanoes of the Cenozoic
Central Andes; e.g. Feeley 1993). Heating of the crust
in the late Palaeozoic arc activity produced granites
with high proportions of re-molten crust, and fusible
minerals such as micas were likely exhausted (Lucas-
sen et al. 1999; Morata et al. 2000). The crustal com-
ponent in arc magmatism of northern Chile increases
again in Late Cretaceous and Early Tertiary magmatic
rocks of northern Chile (e.g. Rogers and Hawkesworth
1989; Haschke et al. 2002), after the arc started moving
eastward on Palaeozoic crust of near-normal thickness,
in which the fusible minerals were not yet exhausted.
Intrusion and extrusion of juvenile magmas continue
up to Recent, where at least one of the favourable
conditions—tectonic extension or stationary position
of the arc—persisted. In the southern section, at ca.
36°-40°S the arc is near stationary since Jurassic
(Mpodozis and Ramos 1989; Kemnitz et al. 2005) and
despite the actual contractional tectonic regime the
isotopic compositions of the present magmatism are
still reflecting the composition of the subarc mantle.

Conclusions

The Jurassic—Early Cretaceous magmatic arc was a
major site of juvenile intermediate to mafic additions
to the old crust of the continental arc, which appears to
be unique in the Phanerozoic history of the Central
Andes. Compositional uniformity and cumulative vol-
ume of volcanic and plutonic rocks produced a large
magmatic province related to an active continental
margin. The preserved volume of juvenile rocks is
comparable to the volumes of LIPs, but the magmatic
activity is distributed over a much longer time than in a
LIP. A major requisite for the formation and preser-
vation of new mafic to intermediate crust in the
Mesozoic arc is not an exceptionally high average
productivity of magmas in the arc, which seems to be
within the normal range of magmatic arcs, but the
long-standing oblique subduction at a non-accretionary
margin triggering extensional tectonics. Extensional
tectonics favoured the emplacement of the magmas in
those parts of the crust, where a preservation of the
magmatic additions is more likely than in others. The
plutons intruded into extensional structures within the
mid and upper crust, are thus more easily exposed and
due to the fact that the crust was not thickened, less
differentiated than in the Cenozoic arc. There is no
direct information from the lower crust, but it is mafic
from geophysical evidence. The volcanic rocks ex-
truded into subsiding basins, i.e. the morphological
elevation of the arc was close to sea level. Erosion is

@ Springer



586

Contrib Mineral Petrol (2006) 152:571-589

less important than in the Cenozoic high Andes and
thick piles of volcanic rocks were preserved. In con-
trast, compressional tectonic settings at active conti-
nental margins favour the formation of thick mafic
keels at the base of the continental crust by magmatic
underplating, which are prone to gravitational insta-
bility and commonly removed by delamination (e.g.
Meissner and Mooney 1998). The high morphologies
above sea level, which expose the volcanic deposits,
strongly contribute to their erosion.

The uniform isotopic composition of the subarc
mantle in the Mesozoic and its evolution to an equally
uniform only slightly different present composition
must have consequences for the composition of the
asthenospheric mantle reservoir linked to the convec-
tive mantle wedge. The similar major element com-
position of the primary arc magmas over the long
period of activity of the Andean arc requires continu-
ous replenishment of the melting zone in the mantle
wedge by ‘fresh’ asthenosphere (e.g. Thorpe et al.
1981) and, hence, the return of the residue to a reser-
voir. This reservoir is most likely located beneath the
continent, because the continuous subduction of the
cold oceanic lithosphere beneath the Andean margin
separates continental and oceanic asthenosphere. The
isotopic composition in the melt region of the mantle
wedge, i.e., in the potential residue, should be very
similar to the composition of the melt. There are no
constraints on the isotopic composition of the ‘fresh’
asthenosphere and we only know the compositions of
the magmas from the subarc mantle. Assuming an
isotopic composition of MORB type depleted mantle
for the ‘fresh’ asthenosphere the observed composition
of arc magmas could reflect well-balanced mixing
within the mantle wedge of ageing MORB type de-
pleted mantle with melts or fluids from ageing reser-
voirs. These reservoirs are altered oceanic crust and
sediments and subducted continental crust (sediments
and tectonically eroded material) with less radiogenic
Nd and more radiogenic Pb and Sr signatures. The fate
of the returned residue in the subcontinental astheno-
sphere is unknown, but the process, which produces
mantle of distinct but uniform composition, is active at
least since 200 Ma and may have modified the com-
position of the asthenosphere reservoir connected with
the mantle wedge.
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