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[1] Understanding Neogene arc crustal thickening in the central Andes requires (1) some estimate
of initial pre-Neogene (prior to 26 Ma) crustal thicknesses and (2) mechanisms that account for the
remaining deficit in crustal thickening (10–30%). Mid-Miocene horizontal crustal shortening can
explain most but not all crustal thickening in the modern central Andean arc. Systematic changes in
geochemical and Sr, Nd, and selected Pb isotopic data of Late Cretaceous–Eocene (�78–37 Ma)
and older arc magmatic episodes from north Chile provide new constraints on both. First, Andean
crust may have been significantly thickened by long-term underplating of mantle-derived basalt from
Jurassic to present. Second, estimated initial (late Eocene) crustal thicknesses of �45 km are
consistent with (1) amphibole- and garnet-bearing residual mineralogies for late Eocene syntectonic/
posttectonic granitoids, (2) lower crustal P wave velocities of 7.3–7.7 km s�1 compatible with
underplated mafic crust, and (3) results from recent experimental petrologic work showing garnet
stability in mafic mineralogies �12 kbar (�40 km crustal thickness). Analogous to older Andean
magmatic episodes in north Chile, newly underplated basaltic crust may account for the remaining
deficit in Neogene crustal thickening. Similar evolutionary patterns in geochemistry and initial Sr
and Nd isotopic characteristics of Andean (200 Ma to present) magmatic rocks suggest that the
Andean orogeny in this region evolved by a combination of processes of repeated arc migration,
tectonic and magmatic crustal thickening, and igneous recycling which was controlled by
periodically changing plate convergence rates and obliquity and corresponding changes in the
rheologic behavior of the continental crust. INDEX TERMS: 1020 Geochemistry: Composition of
the Crust, 1030 Geochemistry: Geochemical cycles (0330), 8159 Evolution of the Earth: Rheology–
crust and lithosphere, 9360 Information Related to Geographic Region: South America; KEYWORDS:
Andean Orogeny, Continental Crust, Recycling, Adakite, TTG, Crustal Thickening

1. Introduction

[2] Geochemical and isotopic variations of modern Andean
magmatic arc rocks tend to correlate with changing crustal thick-
nesses through time in the central volcanic zone (CVZ) [e.g., Kay et
al., 1987, 1991, 1994;Wörner et al., 1988, 1992, 1994; Aitcheson et
al., 1995; McMillan et al., 1989, 1993; Trumbull et al., 1999] and
along the arc in the southern volcanic zone (SVZ) [Hildreth and
Moorbath, 1988]. These correlations assume that melts equilibrated
with and reflect the source mineralogy of a hydrous mafic melting
assimilation storage homogenization (MASH) [Hildreth and Moor-
bath, 1988] crust-mantle boundary. Crustal thickening results in
increasingly higher pressures for the residual mineralogy of melts
produced from this source region. Geochemically, most diagnostic
of pressure-induced changes in the source mineralogy, from lower-
pressure assemblages dominated by plagioclase and clinopyroxene
to higher-pressure amphibole and garnet-bearing mineral assemb-

lages passing through the garnet stability field at depths�12 kbar or
at crustal thicknesses�40 km, are rare earth elements (REEs), Y, Sr,
Al2O3, and Na2O [e.g., Kay et al., 1987, 1991, 1994; Drummond
and Defant, 1990; Rushmer, 1993; Rapp and Watson, 1995; Petford
and Atherton, 1996]. The greatest chemical variations of this type
occur where crust is thickest, i.e., the Western Cordillera and
Altiplano-Puna plateau (up to 70 km [e.g., James, 1971; Isacks,
1988]). Althoughmost of this crustal thickening can be explained by
middle Miocene crustal shortening [Isacks, 1988; Roeder, 1988;
Sheffels, 1990], still enigmatic is the remaining deficit in crustal
thickening (10–30%) that could be attributed to magmatic addition
or to an incorrect assessment of initial (prior to 26 Ma) crustal
thickness [Schmitz, 1994; Allmendinger et al., 1997]. The amount of
material needed to fully balance crustal thickening is large (�20 km
or �500–800 km3 km�1 m.y.�1 during the last 15 m.y. [Allmen-
dinger et al., 1997], and most studies agree that simple magmatic
addition by mantle-derived differentiates can only account for
�20–40 km3 km�1 m.y.�1 of the observed increase in crustal
volume for the central Andes [Reymer and Schubert, 1984; Francis
and Hawkesworth, 1994], insufficient to explain the entire Neogene
crustal thickening.
[3] Constraints on both the missing crustal thickness and a

mechanism for producing them, as well as estimates of crustal
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thicknesses older than 26 Ma between 21� and 26�S come from
older magmatic episodes. Since the beginning of subduction-
related Andean magmatism some 200 m.y. ago, repeated stepwise
eastward shifting of the main axis of arc magmatism generated a
collage of four roughly parallel, eastward younging Andean
magmatic arcs [Coira et al., 1982; Scheuber et al., 1994]: the
Early Jurassic–Early Cretaceous arc along the present Coastal
Cordillera, the Middle Cretaceous arc aligning with the Chilean
Longitudinal Valley, the Late Cretaceous–Eocene arc largely
corresponding to the Chilean Precordillera, and the late Oligo-
cene– late Miocene arc and modern CVZ composing the Western
Cordillera (Figure 1). Each set of arcs in this region is separated by
up to 100-km-wide gaps with little or no magmatic rocks. These
spatial and temporal variations make the north Chilean Andes an
ideal site for studying long-term (�200 m.y.) crustal evolution and
the timing of tectonic and magmatic processes at subduction-
related noncollisional orogens.
[4] We compiled major and trace elements and isotopic data for

these successive arcs and found similar evolutionary patterns in
geochemistry with time. Each suite of arc magmatic rocks is
characterized by systematically increasing La/Yb ratios and
increasing Sr and Nd isotopic enrichment through time. Such
patterns were neglected in previous studies owing to scarcity of
data on rocks older than 26 Ma. Explaining the present anom-
alously thick crust in the central Andes requires that it must be
viewed not just in terms of volumes and magnitudes but also in the
light of its evolution [Allmendinger et al., 1997]. In this paper, we
discuss tectonic and magmatic data mainly from Late Cretaceous–
Eocene magmatic rocks, as this paleoarc may hold the most
important information on pre-Neogene (prior to 26 Ma) crustal
thicknesses. Magmatic activity during this period occurred up to
100 km farther west of the modern volcanic front of the Western
Cordillera, and deriving paleocrustal thicknesses from this arc is a
reasonable but imperfect choice.

2. Database

[5] From the literature we compiled for petrogenetic evalua-
tion major and trace elements and Sr and Nd isotopic data (501
samples) for Andean magmatic arc rocks (200 Ma to present) in
addition to analytical work by Haschke [1999]. Data for Juras-
sic–Early Cretaceous rocks (104 samples) come from the work
of Rogers and Hawkesworth [1989], Lucassen and Franz
[1994], and Kramer et al. [1998]; for Middle Cretaceous rocks
(29 samples), data come from Lucassen and Franz [1994], for
Late Cretaceous–late Eocene rocks (171 samples), data come
from Rogers and Hawkesworth [1989], Maksaev [1990], Döbel
et al. [1992], Williams [1992], Heumann et al. [1993], and
Pichowiak [1994], and for late Oligocene to present magmatic
rocks (197 samples), data come from Kay et al. [1987, 1991,
1994], Wörner et al. [1988, 1994], and Trumbull et al. [1999].
We also present 65 new analyses of volcanic and intrusive rocks
with ages between 78 and 37 Ma, published by Haschke [1999],
to fill spatial and temporal gaps from earlier work and to
establish pre-Neogene crustal thicknesses. Correlating age data
are from Mpodozis et al. [1993] and 17 new K/Ar ages are from
Haschke [1999]. Sample locations and representative new anal-
yses are listed in Tables 1–6. The complete database is available
upon request from M. Haschke.

3. Tectonomagmatic Setting and History of Late
Cretaceous–Eocene Magmatic Rocks in North
Chile

[6] The magmatic and tectonic evolution of the Late Creta-
ceous–Eocene arc in north Chile has been influenced by
changes in plate convergence rates, convergence obliquity

[Pardo-Casas and Molnar, 1987; Somoza, 1998], and dip of
the subducting plate [Haschke et al., 2001]. During this period
the rate of plate convergence more than doubles (from <5 to
>10 cm yr�1 [Pardo-Casas and Molnar, 1987]), substantially
decreasing arc-normal obliquity. The highly oblique subduction
and low convergence rates in the Late Cretaceous correlated
with intra-arc and back arc extension and back arc alkaline
magmatism [Scheuber et al., 1994], whereas nearly arc-normal
Eocene subduction at high convergence rates corresponded to
transpression, followed by shortening and thickening of the
crust (14.5% [Günther et al., 1998]). Since the change in
convergence parameters occurred at �49 Ma [Pardo-Casas
and Molnar, 1987], most of the Late Cretaceous–Eocene
magmatic activity occurred in an extensional tectonic arc and
back arc setting (up to 44 Ma [Scheuber et al., 1994; Charrier
and Reutter, 1994]).
[7] Like other continental arcs (e.g., Andean SVZ [Hickey et al.,

1986]), the composition of magmatic rocks from this period ranges
from calc-alkaline basaltic andesite to rhyolite (and intrusive
equivalents) but is dominated by intermediate and silicic compo-
sitions. During Late Cretaceous times, more mafic alkaline mag-
matism occurred in the transition from the arc to back arc regime
where alkaline plutons (Cerro Quimal at 66.4 Ma and Cerro
Colorado at 66.6 Ma [Maksaev, 1990]) intrude up to 4000-m-thick
Late Cretaceous continental red beds along N-S trending horst-and-
graben structures [Charrier and Reutter, 1994]. These relations
between Late Cretaceous alkaline magmatism and rift-related
faulting indicate an incipient back arc rifting regime during this
time.
[8] Magmatic rocks produced during the period of increasing

convergence rates and decreasing convergence obliquity (�49 Ma
[Pardo-Casas and Molnar, 1987]) are rare and are represented
mostly by mafic dikes ranging in age from 49.5 [Haschke, 1999]
to 45.4 Ma [Döbel et al., 1992]. Following the increased
convergence rates, calc-alkaline arc magmatism continued into
the middle to late Eocene, and minor mafic to intermediate calc-
alkaline monogenetic centers (Cerro Negro at 40.2 ± 1.6 Ma
[Haschke, 1999]; Cerro Olivino at 40.8 ± 1.4 Ma [Mpodozis et
al., 1993]) occur along strike of the NW-SE trending Calama-
Olacapato-El Toro fracture zone across the arc. This fracture zone
might have served as a pathway for less differentiated melts prior
to Incaic crustal shortening, as younger (late Miocene–Pliocene),
glassy mafic andesitic to andesitic syntectonic/posttectonic flows
also occur along fault zones in the Maricunga belt in north Chile
[Kay et al., 1994].
[9] The youngest magmatic rocks of this arc are mainly

granodiorites and granites from the El Abra-Fortuna batholith
(39–37 Ma [Dilles et al., 1997]), which intrude into older
middle to late Eocene portions of this pluton. They were
produced coeval and subsequent to Incaic transpressional defor-
mation (38.5 Ma [Döbel et al., 1992]) before arc magmatic
activity ceased. Arc magmatism during this period must have
created considerable relief between the arc and back arc region,
where >3000 m of conglomerates were deposited [Charrier and
Reutter, 1994].
[10] Magmatic activity resumed at �26 Ma in the Western

Cordillera [Kay et al., 1994] after a period of relative magmatic
quiescence lasting �10 m.y. These changes in temporal and spatial
magmatic patterns argue for substantial changes in subduction
geometry possibly caused by a period of flat subduction similar
to the one inferred for the present-day flat slab region [Isacks,
1988; Kay et al., 1991; Haschke et al., 2001]. Evidence for
subduction erosion comes from progressive eastward younging
of magmatic rocks (Figure 1, inset) and the overall lack of
Mesozoic forearc rocks of the leading edge of South America
[Rutland, 1971; von Huene and Scholl, 1991].
[11] Our structural and magmatic analyses show that the Andean

evolution prior to 26 Ma was characterized by (1) eastward

ECV 6 - 2 HASCHKE ET AL.: RECYCLING OF NEWLY UNDERPLATED MAFIC CRUST



Figure 1. Simplified geologic map of the Andes in northern Chile, schematically showing distribution of pre-
Neogene and modern volcanic rocks in the central Andes. Solid lines mark trench-linked strike-slip fault zones in each
arc. Inset shows plot of age (Ma) of Andean magmatic rocks of the northern central Andes versus longitude (�W).
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migration of the arc, (2) repeated changes between flat slab and
steeper slab subduction and associated changes between compres-
sive (thickening) and extensional (thinning) regimes, and (3)
tectonic erosion of the leading edge of the upper plate. We will
now explore the correlation between the tectonic evolution and
changing composition of associated magmatism.

4. Geochemistry of Late Cretaceous–Eocene
Magmatic Rocks in North Chile

4.1. Major and Trace Elements

[12] Overall, the geochemistry of Late Cretaceous–Eocene
magmatic rocks in north Chile is characterized by three distinct

magmatic suites: (1) a larger-volume calc-alkaline suite of
medium- to high-K pyroxene and/or amphibole-bearing basaltic
andesites to dacites and rhyolites, (2) a smaller volume of a
more alkaline back arc suite of gabbros to granodiorites, and
(3) scattered calc-alkaline mafic andesitic centers aligned along
fracture zones near Calama. As is typical for most CVZ and
SVZ arc volcanic rocks, the high Ba/Nb ratios (>30) of Late
Cretaceous–Eocene rocks from both the calc-alkaline and
alkaline magmatic suites are consistent with melts produced
in a metasomatized mantle wedge above a dehydrating sub-
ducting slab [e.g., Hildreth and Moorbath, 1988; Kay et al.,
1991].
[13] The most mafic rocks of the Late Cretaceous–Eocene

main arc front are typical basaltic andesites with characteristically

Table 1. Geochemical Analyses of Representative Late Cretaceous–Eocene Samples From This Study, 78–63 Ma Arca

NN-AA3 SS-G2 SS-K2 3L-C9 SS-K1c SS-D8 SS-F2 (1) SS-F2 (2) SS-D9 SS-B4 SS-i2a
Longitude, �W 69.242 69.715 68.965 69.349 69.041 69.951 69.952 69.952 70.036 69.489 69.428
Latitude, �S 22.130 24.562 22.931 22.454 23.092 24.897 24.703 24.703 24.928 24.939 23.904
Age, Ma 67.5 ± 2.3
Type lava lava lava lava tuff lava ignimbrite ignimbrite lava lava tuff

SiO2 53.19 58.68 59.97 60.81 69.73 74.44 74.54 – 74.94 75.63 76.09
TiO2 1.00 1.05 1.03 0.70 0.88 0.21 0.15 – 0.19 0.21 0.15
Al2O3 18.27 19.32 16.62 17.81 13.60 13.56 13.12 – 13.46 13.23 12.41
FeO* 7.69 5.90 6.48 5.13 4.58 1.40 1.38 – 1.54 1.70 0.80
MnO 0.14 0.11 0.10 0.14 0.03 0.02 0.05 – 0.02 0.04 0.04
MgO 4.77 1.95 1.44 3.46 0.37 0.84 0.41 – 0.38 0.50 0.44
CaO 8.64 6.66 6.14 2.61 1.76 1.44 1.19 – 1.20 1.30 0.47
Na2O 3.92 3.73 4.00 6.50 3.63 2.45 3.21 – 3.81 3.34 4.70
K2O 1.33 1.73 3.24 2.08 4.70 5.45 5.74 – 4.28 3.83 4.80
P2O5 0.18 0.21 0.26 0.18 0.22 0.03 0.05 – 0.01 0.05 0.02
Total 99.14 99.34 99.28 99.43 99.49 99.84 99.84 – 99.83 99.81 99.91

LOI 4.88 1.23 2.70 2.61 1.75 1.47 0.90 – 0.62 1.03 2.16
La 18.2 21.2 35.1 15.2 38.9 24.6 34.6 32.9 25.9 26.9 30.5
Ce 40.7 49.9 74.2 32 94.5 53.8 66 60 54.4 54.3 66.6
Nd 23.4 25.1 34.5 15 37.7 20.5 26.0 25.0 19.7 21.8 24.2
Sm 5.20 6.15 7.26 3.36 10.40 4.20 4.56 4.41 3.86 4.18 4.61
Eu 1.31 1.60 1.53 0.95 1.41 0.56 0.36 0.39 0.36 0.42 0.42
Tb 0.755 0.900 0.999 0.5 1.198 0.559 0.7 0.7 0.448 0.518 0.540
Y 18 24 28 9 44 39 34 34 32 32 37
Yb 2.54 3.07 3.34 1.4 4.87 2.43 3.5 3.4 2.20 2.44 2.62
Lu 0.379 0.477 0.497 0.2 0.763 0.391 0.6 0.5 0.344 0.370 0.382
Rb 19 42 99 46 168 243 229 234 194 159 178
Sr 452 354 467 523 243 150 69 69 92 156 53
Ba 358 304 693 832 1827 535 354 351 541 646 556
Pb 5 12 9 12 22 15 22 22 20 20 26
Cs 3.98 4.42 3.52 15.5 5.03 8.42 12.1 11.8 6.62 4.61 2.00
U 1.00 1.38 4.06 1.0 6.30 3.77 3.1 3.2 2.90 3.44 3.80
Th 4.19 5.85 14.13 3.2 26.09 23.82 21.9 21.5 18.68 15.56 19.63
Zr 104 134 197 134 443 154 135 135 140 134 120
Hf 3.46 4.46 6.45 3.6 13.52 4.32 4.4 4.2 4.06 4.14 3.55
Nb 6 9 14 7 20 10 10 10 13 13 26
Ta 0.40 0.66 1.22 4.0 1.62 0.79 0.9 1.1 1.03 0.87 1.78
Sc 26.3 22.1 18.8 13.79 15.7 3.9 3.83 3.70 3.6 4.7 2.4
Cr 38.3 5.8 11.8 31.9 ND 1.2 6.8 7.3 ND ND 0.4
Ni 14 2.8 2 10 1.3 ND 1 1 0.3 0.9 0.2
Co 30.7 11.5 17.7 17.1 3.4 1.5 2.3 2.3 1.6 2.0 0.5
V 168 104 123 110 53 36 31 31 30 24 22

87Sr/86Sr 0.707185 0.709867
87Sr/86Sr i 0.705117 0.703858
143Nd/144Nd 0.512744 0.512706
143Nd/144Nd i 0.512756 0.512739
eNd 2.30 1.97
206Pb/204Pb 18.695 18.744
206Pb/204Pb i 18.430 18.567
207Pb/204Pb 15.639 15.629
207Pb/204Pb i 15.626 15.621
208Pb/204Pb 38.795 38.792
208Pb/204Pb i 38.443 38.428

aAnalytical standards and techniques are as those of Kay et al. [1987]; ND indicates not determined.
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high alumina (Al2O3 18–19.6 wt %), low MgO (<5 wt %), Ni
(<30 ppm), and Cr (<100 ppm) contents. Their most common
phenocrysts are calcic plagioclase (bytownite to andesine) and
clinopyroxene along with plagioclase microphenocrysts; olivine is
rare. Primitive basalts are unknown anywhere along the arc but
occur locally in the back arc in Bolivia and northern Chile as rift-
related picritic alkaline flows (G. Wörner, personal communica-
tion, 1999). The alkaline gabbros from the arc to back arc
transition show slightly higher MgO (<6 wt %), Ni (up to 82
ppm), and Cr (up to 134 ppm) concentrations, and mafic rocks
from the monogenetic centers show slightly lower MgO (<4 wt
%) contents relative to mafic main arc rocks but still much lower

MgO contents compared to primitive mantel basalts, too low for
equilibration with peridotite.
[14] Late Cretaceous–Eocene basaltic andesites (52–57 wt %

SiO2) show fractionated but largely overlapping REE patterns
through time (Figure 2a) with small negative Eu anomalies (Eu/
Eu* 0.8–0.9). Evolution of La/Yb and Sr/Y ratios of these
rocks shows a slight increase (La/Yb from 5–7 to 11–16 and
Sr/Y from <25 to >40). This evolution is mainly due to
gradually decreasing Yb (from 2.1–2.5 to 1.4–2.4 ppm) and
Y (from 18–36 to 14–24 ppm) concentrations and increasing
Sr contents (from 400–500 to 700–900 ppm). Late Eocene
syntectonic/posttectonic basaltic andesites are not known from
this region.
[15] The alkaline mafic diorites (78–63 Ma) in the arc to

back arc transition are characterized by light REE-enriched
patterns (Figure 2a) with lack of or small positive Eu anoma-
lies (Eu/Eu* 1.0–1.1) and higher La/Yb (11–16) and Sr/Y
(>50) ratios. One explanation for such characteristics may be
decreasing degrees of asthenospheric partial melting due to
diminishing slab dehydration �100 km east of the main arc
magmatic front. This is consistent with the overall large-ion
lithophile element (LILE) and high field strength element
(HFSE) enriched signatures of these rocks [Haschke, 1999].
Extreme enrichment of these elements in rocks from the
monogenetic centers suggests that they might have formed at
even lower degrees of partial melting.
[16] Intermediate and silicic arc volcanic and intrusive rocks

from this period show progressive compositional variations with
increasing SiO2 and decreasing age, such that the largest
chemical contrast occurs between the oldest (Late Cretaceous)
and the youngest (late Eocene) dacitic (and granodioritic) and
rhyolitic (and granitic) rocks (Figure 2, see insets). Intermedi-
ate –Late Cretaceous to middle to late Eocene main arc
compositions (57–63 wt % SiO2) show more fractionated,
overlapping REE patterns (Figure 2b) with larger negative Eu
anomalies (Eu/Eu* of 0.6–0.9) than mafic andesites but
slightly steeper, heavy REE patterns with decreasing age. Most
andesites of this period are characterized by increasing La/Yb
(from 5–7 to 14–26) and Sr/Y ratios (from 5–20 to 30–60)
through time because of decreasing Yb (from 2.5–3.7 to 1.1–
1.9 ppm) and Y (from 24–32 to 13–20 ppm) and increasing
Sr contents (350–470 to 530–920 ppm) with decreasing age.
Late Eocene syntectonic/posttectonic andesitic eruptions are
present as thin ash layers in continental sediments of the Sichal
formation [Döbel et al., 1992].
[17] Late Cretaceous to middle to late Eocene main arc dacitic

and granodioritic compositions (63–68 wt % SiO2) exhibit
fractionated REE patterns (Figure 2c) with systematically
steeper, heavy REE patterns and decreasing negative Eu anoma-
lies with decreasing age (Eu/Eu* from 0.5–0.7 to 0.6–1.0). La/
Yb and Sr/Y values of these rocks increase through time from
mostly low La/Yb (6–9) and Sr/Y (<20) ratios to higher La/Yb
(12–17) and Sr/Y (15–45) ratios in middle to late Eocene.
Younger (late Eocene) syntectonic/posttectonic granodiorites
have the highest La/Yb (18–27) and Sr/Y (28–69) ratios among
dacitic and granodioritic compositions from this period. Respon-
sible for this La/Yb and Sr/Y evolution between Late Cretaceous
to mid– late Eocene dacites and granodiorites are progressively
decreasing Yb (from 5.9 to 0.8 ppm) and Y (from 57 to 10
ppm) concentrations and increasing Sr contents (from mostly
250–350 to 330–670 ppm).
[18] Late Cretaceous–Eocene rhyolitic and granitic rocks (>68

wt % SiO2) show extremely fractionated REE patterns (Figure
2d) with strongly steepening, heavy REE patterns with decreasing
age and decreasing negative Eu anomalies (Eu/Eu* from 0.2–0.4
to 0.8). The oldest rhyolites show mainly low La/Yb (7–12) and
Sr/Y (1–6) ratios, progressively increasing to higher ratios of La/
Yb (11–25) and Sr/Y (4–77) in middle to late Eocene. Late

Table 2. Geochemical Analyses of Representative Late Cretac-

eous–Eocene Samples From This Study, 78–63 Ma Back Arc

NN-A1b XR88-101 XR88-100b XR88-98
Longitude, �W 68.655 68.672 68.672 68.672
Latitude, �S 21.889 23.108 23.108 23.108
Age, Ma
Type intrusion intrusion intrusion intrusion

SiO2 57.41 50.30 50.53 52.85
TiO2 1.06 0.93 0.80 0.84
Al2O3 18.32 18.34 17.13 19.23
FeO* 1.95 8.86 7.36 6.43
MnO 0.13 0.30 0.19 0.20
MgO 3.00 3.09 5.75 2.01
CaO 9.96 7.85 7.20 6.73
Na2O 4.62 2.73 5.06 4.53
K2O 2.77 5.99 4.39 6.02
P2O5 0.53 0.62 0.75 0.45
Total 99.75 99.01 99.17 99.29

LOI 0.46 0.25 0.58 0.16
La 28.4 38.2 31.8 35.3
Ce 68.7 78 62 70
Nd 36.9 41 31 33
Sm 7.18 8.91 6.05 6.96
Eu 1.58 2.71 2.03 2.41
Tb 0.920 0.9 0.8 0.8
Y 24 25 24 26
Yb 3.16 2.6 2.0 2.0
Lu 0.461 0.4 0.3 0.3
Rb 45 123 153 170
Sr 1226 1851 1391 1945
Ba 805 1419 1342 1250
Pb 17 13 15 11
Cs 1.28 2.8 2.9 2.9
U 2.45 1.7 2.4 1.1
Th 7.43 6.3 6.5 3.6
Zr 101 143 155 100
Hf 3.29 5.1 4.3 3.1
Nb 16 12 14 9
Ta 0.79 0.7 0.9 0.5
Sc 18.2 16.84 16.87 10.71
Cr 2.4 8.9 134.2 11.6
Ni 2.0 3 82 46
Co 10.2 24.6 25.9 16.1
V 113 230 183 170

87Sr/86Sr 0.704774
87Sr/86Sr i 0.704648
143Nd/144Nd 0.512769
143Nd/144Nd i 0.512803
eNd 3.21
206Pb/204Pb 18.650
206Pb/204Pb i 18.517
207Pb/204Pb 15.638
207Pb/204Pb i 15.632
208Pb/204Pb 38.666
208Pb/204Pb i 38.536
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Eocene syntectonic/posttectonic granites have the highest La/Yb
(19–34) and Sr/Y ratios (19–54) among rhyolitic/granitic com-
positions. These systematic changes are due to progressively
decreasing Yb (from 2.2–4.2 to 1.3–1.5 ppm) and Y (from
21–49 to 17–30 ppm) and increasing Sr contents (from mostly
53–156 to >300 ppm) with decreasing age. Still lower Yb (0.6–
0.7 ppm) and Y (8–16 ppm) and higher Sr concentrations (224–
634 ppm) account for the higher La/Yb and Sr/Y ratios of the
syntectonic/posttectonic granites.
[19] Parallel to these changes in trace element composition are

progressively increasing Al2O3 and Na2O contents between Late
Cretaceous and late Eocene; in dacites and granodiorites, Al2O3

increases from 15.8 to 17.0 wt % and Na2O increases from 4.0
to 4.5 wt %, and in rhyolites and granites, Al2O3 increases from
12.7 to 15.6 wt % and Na2O increases from 3.3 to 4.1 wt %.
[20] Many of these characteristics of the youngest (late

Eocene) dacites-granodiorites and rhyolites-granites match those
of adakites (i.e., primary dacitic melts from subducting oceanic
crust [Stern et al., 1984; Drummond and Defant, 1990; Peacock
et al., 1994]) and of partial melts from newly underplated
basaltic crust [Atherton and Petford, 1993; Petford and Atherton,
1996]. Both petrogenetic models attribute the distinct geochem-
ical signatures of the silicic rocks to partial melting of garnet
and/or amphibole-bearing (hydrous) basaltic crust; the more
silicic (rhyolitic-granitic) melts may reflect lower degrees of
partial melting than those generating the dacites [Rapp and
Watson, 1995]. The slab-melting model is attractive with respect
to the genesis of the syntectonic/posttectonic El Abra-Fortuna
granitoids, as subduction has been a major feature of the
Andean continental margin since at least the Jurassic, and the
rocks have characteristics similar to slab melts. However, geo-
physical, geologic, isotopic, and age data from our study suggest
that partial melting of a mafic base of thick orogenic crust (>40
km) beneath the batholith is more likely (see discussion by
Atherton and Petford [1993] and Petford and Atherton [1996]).
The late Eocene syntectonic/posttectonic El Abra-Fortuna bath-
olith overlies the newly thickened, late Eocene crustal keel of
the Andes, here �45 km thick.
[21] Increasing proportions of residual amphibole and garnet

produce melts with steep, heavy REE patterns since garnet
preferentially retains the heavy REEs and Y, leading to high
La/Yb and Sr/Y ratios in low-degree partial melts. Retention of
amphibole in the source region, or its subsequent fractionation
during lower-pressure differentiation, can also steepen REE
patterns, but without garnet, even extreme amphibole fractio-
nation results in La/Yb ratios only as high as 14–15 and
middle REE-depleted (Gd to Er) concave upward REE patterns
[Kay et al., 1989]. Particularly diagnostic for increasing
hydrous melting are the high La/Yb and Sr/Y ratios and the
decreasing negative Eu anomalies of the silicic rocks, as they
indicate increasing meltwater fugacity ( fH2O) through dehydra-
tion melting of amphibole-bearing source mineralogies [e.g.,
Tepper et al., 1993; Rushmer, 1993; Rapp and Watson, 1995].
The main effect of increasing fH2O is to prevent crystallization
and removal of feldspar (plagioclase) from the melt by low-
ering the albite-anorthite solidus and destabilizing plagioclase as
a residual mineral, thus generating melts with high Sr contents
and minor negative Eu anomalies. Increasing Sr, Al2O3, and
Na2O contents indicate a decreasing role of plagioclase in the
source mineralogy [Beard and Lofgren, 1991; van der Laan
and Wyllie, 1992; Sen and Dunn, 1994]. Differentiation from
mantle-derived basalt to dacite and rhyolite generally produces
low Sr/Y ratios and extreme negative Eu anomalies owing to
major feldspar (plagioclase) removal (see discussion by Petford
and Atherton [1996]). The REE data of Late Cretaceous
dacites-rhyolites and granodiorites-granites are characteristic
for melting with fH2O < 1 kbar, leaving a plagioclase +
clinopyroxene residuum, whereas that of the late Eocene

syntectonic/posttectonic granitoids (slightly negative or no Eu
anomalies) requires amphibole in the source and is typical for
higher fH2O ( fH2O = 2–3 kbar [Tepper et al., 1993]). The
evolution of REE patterns of Late Cretaceous–Eocene arc
magmatic rocks may therefore indicate gradually increasing
meltwater fugacities with time.

4.2. Sr-Nd-Pb Isotopes

[22] Late Cretaceous–Eocene arc magmatic rocks show rel-
atively enriched initial Sr and Nd isotopic signatures compared
to melts from the depleted asthenospheric mantle (Figure 3).

Table 4. Geochemical Analyses of Representative Late Creta-

ceous–Eocene Samples From This Study, 52–48 Ma Arca

NN-D2 SS-C1c L-A4/2 NN-C3 L-A1
Longitude, �W 68.738 69.415 69.034 68.681 69.02
Latitude, �S 21.697 24.717 22.51 21.713 22.514
Age, Ma 49.5 ± 1.6 49.7 ± 1.3
Type dike lava dike intrusion dike

SiO2 48.15 51.03 55.82 56.13 56.58
TiO2 0.98 1.10 1.10 0.72 1.18
Al2O3 18.09 16.54 17.32 17.70 17.99
FeO* 9.70 8.55 7.42 7.58 7.22
MnO 0.24 0.30 0.12 0.18 0.07
MgO 5.31 5.57 4.53 3.29 3.45
CaO 10.54 10.31 7.51 6.36 6.92
Na2O 3.17 3.16 3.38 3.77 3.52
K2O 2.40 1.99 1.75 3.22 2.03
P2O5 0.36 0.48 0.22 0.21 0.24
Total 98.92 99.05 99.17 99.16 99.20

LOI 3.52 1.33 0.35 1.42 1.23
La 16.5 14.7 21 28.0 25.1
Ce 34.2 34.1 61 55 54.0
Nd 19.5 19.4 23 25 25.7
Sm 4.17 4.18 ND 4.99 5.85
Eu 1.22 1.16 ND 1.22 1.52
Tb 0.616 0.681 ND 0.5 0.763
Y 15 17 18 21 20
Yb 1.77 2.02 ND 2.5 2.13
Lu 0.262 0.307 ND 0.4 0.315
Rb 33 40 47 104 62
Sr 801 548 484 924 479
Ba 1107 779 514 1556 510
Pb 12 5 8 14 11
Cs 7.06 1.54 ND 5.7 11.26
U 1.02 0.62 ND 4.4 1.19
Th 3.06 1.79 4 16.6 5.87
Zr 38 95 129 127 132
Hf 1.52 3.20 6 5.2 4.35
Nb 4 8 9 9 9
Ta 0.19 0.47 ND 0.5 0.66
Sc 30.7 32.9 19 18.05 24.1
Cr 41.0 179.9 48 8.7 51.4
Ni 14.0 32.0 18 5 34
Co 31.6 32.4 25 20.7 25.9
V 259 267 180 146 180

87Sr/86Sr 0.705172
87Sr/86Sr i 0.705081
143Nd/144Nd 0.512680
143Nd/144Nd i 0.512700
eNd 1.2
206Pb/204Pb 18.588
206Pb/204Pb i 18.553
207Pb/204Pb 15.649
207Pb/204Pb i 15.647
208Pb/204Pb 38.658
208Pb/204Pb i 38.625

aND indicates not determined.

HASCHKE ET AL.: RECYCLING OF NEWLY UNDERPLATED MAFIC CRUST ECV 6 - 7



T
a
b
le

5
.
G
eo
ch
em

ic
al

A
n
al
y
se
s
o
f
R
ep
re
se
n
ta
ti
v
e
L
at
e
C
re
ta
ce
o
u
s
–
E
o
ce
n
e
S
am

p
le
s
F
ro
m

T
h
is
S
tu
d
y,

4
8
-3
9
M
a
A
rc

S
-A

1
N
-E
5

B
B
-3
3

S
S
-J
6

S
S
-J
7

N
-F
5

S
S
-D

4
N
-G

1
S
S
-B
1

S
-A

4
S
S
-L
1

S
S
-C
9

N
-F
3
a

S
S
-J
1

S
S
-C
3

S
-A

5
N
N
-A

F
3

N
-F
3
b

S
S
-H

4
X
R
9
4
-3

a

L
o
n
g
it
u
d
e,

�W
6
9
.0
7
5

6
8
.9
9
4

6
9
.0
0
8

6
9
.0
6
6

6
9
.0
8
1

6
8
.8
9
9

6
9
.7
7

6
8
.8
8
7

6
9
.8
0
4

6
9
.1
4
3

6
8
.9
9
9

6
9
.6
9
4

6
8
.8
9
6

6
9
.3
6
9

6
9
.4
8
6

6
9
.1
3
2

6
8
.8
7

6
8
.8
9
4

6
9
.3
8
8

6
8
.6

L
at
it
u
d
e,

�S
2
3
.0
0
7

2
1
.7
7
1

2
2
.6
5

2
3
.1
5
2

2
3
.1
5
2

2
1
.7
9
4

2
4
.9
2
1

2
1
.8
1
5

2
5
.2
9
5

2
3
.1
5

2
2
.5
4
6

2
4
.8
5
4

2
1
.8
0
8

2
3
.6
7
5

2
4
.7
1
1

2
3
.1
9
4

2
1
.8
6
1

2
1
.8
0
7

2
4
.0
8
9

2
3
.5

A
g
e,

M
a

4
0
.0

±
1
.3

4
0
.2

±
1
.6

4
1
.1

±
1
.1

4
3
.8

±
1
.4

T
y
p
e

la
v
a

tu
ff

la
v
a

la
v
a

in
tr
u
si
o
n

la
v
a

la
v
a

la
v
a

la
v
a

la
v
a

la
v
a

la
v
a

tu
ff

la
v
a

la
v
a

la
v
a

tu
ff

tu
ff

la
v
a

la
v
a

S
iO

2
5
1
.8
7

5
5
.3
2

5
8
.1
9

5
7
.7
5

5
8
.0
9

5
8
.4
2

6
0
.0
8

6
0
.2
6

6
0
.4
9

6
2
.3
9

6
2
.4
6

6
2
.7
1

6
3
.8
1

6
4
.2
8

6
5
.6
0

6
7
.5
2

7
5
.0
8

7
6
.5
1

7
6
.8
8

5
3
.3
9

T
iO

2
1
.4
0

1
.1
1

1
.0
6

0
.7
2

1
.0
7

0
.8
3

0
.8
6

0
.7
3

0
.8
6

0
.7
7

0
.6
7

0
.7
8

0
.6
7

0
.5
7

0
.6
1

0
.4
3

0
.2
8

0
.1
4

0
.1
6

1
.5
2

A
l 2
O
3

1
7
.9
8

1
8
.4
2

1
4
.8
0

1
8
.2
5

1
7
.1
6

1
6
.4
5

1
6
.4
1

1
7
.7
7

1
7
.5
4

1
7
.0
2

1
7
.1
4

1
7
.0
3

1
7
.3
4

1
7
.3
0

1
5
.8
6

1
6
.5
3

1
3
.4
9

1
3
.8
9

1
2
.5
5

1
7
.2
9

F
eO

*
9
.7
8

7
.0
2

4
.6
0

6
.1
8

5
.7
9

6
.7
6

5
.5
5

5
.3
0

5
.6
0

5
.0
9

4
.4
9

5
.4
0

4
.6
8

4
.4
1

4
.1
5

2
.9
2

1
.7
4

0
.7
7

0
.8
7

7
.9
8

M
n
O

0
.1
7

0
.0
7

0
.0
9

0
.1
3

0
.0
8

0
.1
6

0
.1
0

0
.1
3

0
.0
7

0
.2
0

0
.0
8

0
.1
0

0
.0
9

0
.0
9

0
.0
6

0
.0
5

0
.0
2

0
.0
1

0
.0
4

0
.1
4

M
g
O

3
.2
8

2
.4
7

3
.7
7

3
.3
3

3
.9
7

2
.5
1

3
.6
5

1
.7
3

2
.3
0

3
.5
4

2
.5
1

1
.6
8

1
.5
4

1
.5
0

1
.8
3

1
.3
4

1
.0
3

0
.9
7

0
.2
3

4
.8
2

C
aO

9
.1
1

8
.7
0

8
.6
8

6
.2
6

5
.7
7

9
.0
1

6
.4
6

6
.7
4

5
.6
5

3
.8
2

4
.8
6

5
.0
3

5
.5
2

4
.2
4

4
.0
9

2
.7
9

2
.7
0

3
.4
6

0
.8
4

6
.3
0

N
a 2
O

3
.3
3

4
.1
9

5
.4
2

4
.4
6

3
.7
7

3
.3
4

3
.5
1

4
.5
4

4
.1
4

3
.5
4

4
.1
2

3
.5
2

3
.0
8

4
.6
4

3
.3
9

4
.6
7

1
.5
3

2
.5
7

3
.3
7

4
.6
2

K
2
O

1
.6
6

1
.5
5

2
.4
0

1
.8
8

3
.2
4

1
.5
5

2
.5
4

1
.9
2

2
.5
2

2
.8
7

2
.9
7

2
.9
9

2
.5
3

2
.2
9

3
.8
1

3
.2
9

3
.8
6

1
.5
5

4
.9
2

2
.5
8

P
2
O
5

0
.3
2

0
.3
6

0
.4
8

0
.3
5

0
.4
2

0
.2
0

0
.2
4

0
.2
7

0
.2
0

0
.1
9

0
.2
0

0
.1
6

0
.2
2

0
.2
0

0
.1
2

0
.1
3

0
.0
7

0
.0
4

0
.0
3

0
.4
7

T
o
ta
l

9
8
.9
1

9
9
.2
2

9
9
.4
8

9
9
.3
1

9
9
.3
6

9
9
.2
5

9
9
.3
8

9
9
.4
1

9
9
.3
8

9
9
.4
3

9
9
.5
0

9
9
.4
0

9
9
.4
8

9
9
.5
1

9
9
.5
4

9
9
.6
8

9
9
.8
1

9
9
.9
1

9
9
.9
0

9
9
.1
0

L
O
I

2
.4
0

1
.0
4

3
.0
7

1
.7
2

4
.3
3

4
.0
1

1
.0
5

2
.5
5

0
.6
6

3
.7
3

1
.3
7

1
.1
4

2
.1
5

0
.7
8

1
.1
8

3
.2
5

6
.2
2

8
.6
2

0
.3
9

1
.8
8

L
a

2
5
.4

2
5
.1

6
4
.3

2
3
.8

4
0
.8

1
6
.6

3
0
.8

3
1
.8

2
5
.4

2
6
.9

3
5
.5

2
2
.8

2
4
.6

2
6
.5

2
4
.1

1
5
.6

3
7
.7

1
3
.8

3
3
.8

2
7
.7

C
e

5
1

5
1

1
2
3

5
1
.9

8
8
.3

3
4

6
2
.6

6
7
.1

5
4
.3

5
1

7
3
.7

4
9
.9

5
0

6
0
.9

4
9
.3

3
4

7
1
.5

2
5

6
6
.5

5
6

N
d

2
6

2
7

5
0

2
5
.8

3
8
.2

1
6

2
9
.4

3
2
.0

2
3
.5

2
2

2
7
.5

2
3
.1

2
5

2
3
.3

1
9
.7

1
5

2
4
.2

1
0

1
9
.6

2
9

S
m

5
.7
8

5
.8
3

8
.7
4

4
.9
9

7
.2
7

3
.5
3

5
.7
2

5
.6
9

5
.1
6

4
.3
9

5
.2
0

4
.6
5

4
.9
2

4
.7
5

4
.0
9

3
.2
5

4
.2
3

2
.1
5

3
.5
8

6
.3
6

E
u

1
.9
9

1
.7
1

2
.3
7

1
.3
8

1
.8
3

1
.1
7

1
.2
9

1
.3
0

1
.1
7

1
.1
9

1
.2
2

0
.9
7

1
.4
1

1
.2
2

0
.7
6

1
.0
1

0
.5
4

0
.3
0

0
.4
2

2
.0
6

T
b

0
.8

0
.7

0
.5

0
.5
9
9

0
.7
3
1

0
.4

0
.4
5
8

0
.5
4
3

0
.4
5
8

0
.5

0
.4
2
5

0
.4
6
4

0
.5

0
.4
7
6

0
.4
0
8

0
.4

0
.4
0
5

0
.3

0
.3
3
0

0
.8

Y
1
7

1
4

1
3

1
7

2
0

1
2

2
0

1
5

2
0

1
7

2
1

1
8

2
0

1
8

2
2

1
5

2
1

1
7

3
0

2
4

Y
b

2
.4

1
.6

1
.1

1
.9
5

1
.5
4

1
.3

1
.4
9

1
.6
5

1
.5
0

1
.3

1
.4
6

1
.4
9

2
.1

1
.6
0

1
.4
9

1
.0

1
.4
9

1
.3

1
.4
3

2
.8

L
u

0
.4

0
.2

0
.1

0
.3
0
4

0
.2
2
9

0
.2

0
.2
1
6

0
.2
4
3

0
.2
1
6

0
.2

0
.2
11

0
.2
2
6

0
.3

0
.2
4
2

0
.2
3
1

0
.1

0
.2
3
0

0
.2

0
.2
2
1

0
.4

R
b

3
1

4
1

3
9

3
7

6
5

2
2

7
1

4
6

8
2

9
5

1
0
0

7
5

8
2

5
9

11
6

8
4

9
4

4
6

2
0
3

7
5

S
r

9
3
5

9
1
5

1
6
4
6

1
0
4
8

7
2
6

5
2
7

9
2
3

7
6
1

5
7
3

4
5
4

6
2
0

7
7
1

6
0
1

4
9
9

3
3
0

9
5
0

1
1
2
5

1
3
0
1

1
2
5

5
6
2

B
a

5
9
2

3
4
9

7
2
9

5
6
7

1
1
8
2

3
6
6

7
2
7

6
9
2

5
8
7

5
8
3

9
0
9

7
0
9

5
2
3

7
7
3

5
5
5

1
0
5
6

8
0
3

6
5
5

5
7
3

5
2
4

P
b

6
5

1
5

8
1
3

5
1
2

1
0

1
2

9
1
5

1
3

1
1

1
0

1
2

5
1
5

1
0

2
4

6

C
s

1
.1

1
.0

0
.5

0
.6
0

2
.1
9

0
.5

4
.3
7

0
.8
1

4
.6
3

3
.0

3
.6
5

1
.7
2

1
.7

1
.0
3

4
.8
0

5
.2

2
.7
9

1
.5

5
.3
1

2
.4

U
0
.7

1
.0

1
.7

0
.8
6

1
.9
3

0
.6

3
.4
3

1
.2
4

3
.3
9

2
.5

2
.6
0

2
.5
5

1
.1

1
.8
4

5
.1
1

1
.2

3
.6
3

2
.8

5
.3
1

0
.7
0

T
h

3
.4

2
.6

8
.7

3
.5
1

8
.2
8

2
.9

1
3
.1
8

4
.8
1

1
2
.5
1

7
.6

11
.2
1

1
3
.1
5

4
.0

6
.1
4

2
0
.4
6

3
.6

2
0
.1
7

1
1
.5

2
5
.1
5

2
.5

Z
r

9
4

1
2
6

2
2
5

1
2
7

2
1
8

9
0

1
5
0

1
3
7

1
5
7

1
2
1

1
8
6

1
3
7

1
4
9

1
5
2

1
2
8

1
1
9

1
5
0

6
6

1
2
8

1
7
6

H
f

2
.9

4
.1

5
.8

4
.5
7

6
.4
6

2
.7

5
.0
4

4
.0
8

5
.0
2

3
.7

5
.3
8

4
.3
2

4
.4

4
.3
7

4
.2
6

4
.3

4
.3
7

2
.6

3
.5
8

4
.3

N
b

9
8

1
1

9
1
2

6
9

1
1

8
8

11
8

8
1
2

1
0

6
1
9

2
0

1
9

1
8

T
a

0
.5

n
d

0
.5

0
.5
8

0
.7
8

n
d

0
.7
2

0
.6
3

0
.6
9

0
.5

0
.7
9

0
.6
2

0
.6

0
.8
8

0
.8
4

n
d

1
.4
3

1
.4

1
.6
4

1
.2

S
c

2
4
.7
2

1
7
.0
6

1
4
.1
8

1
2
.6

1
4
.2

1
6
.1
5

1
5
.7

9
.5

1
5
.4

1
1
.8
8

1
0
.9

1
3
.2

1
0
.5
5

8
.1

1
0
.4

6
.0
7

3
.3

3
.6
2

1
.6

2
3
.0
2

C
r

3
0
.1

1
8
.5

1
5
7
.6

9
.7

4
7
.0

11
.8

1
0
2
.0

2
1
.3

3
1
.8

2
0
.2

2
9
.3

2
0
.5

11
.3

6
.8

1
9
.2

1
4
.8

1
.6

6
.5

n
d

1
4
0
.3

N
i

8
1
2

11
2

4
3
0

2
6
4

6
2
4

9
6

1
6

1
7
.2

7
1

3
.0

n
d

0
.7

6
6

C
o

2
6
.0

2
0
.6

2
0
.7

1
7
.0

1
9
.9

1
7
.2

2
1
.3

1
2
.6

1
9
.5

1
3
.8

1
3
.6

1
8
.2

9
.6

1
0
.2

1
1
.1

6
.3

3
.5

2
.5

0
.8

2
8
.1

V
2
2
5

2
0
7

11
8

1
0
3

1
3
7

1
4
7

1
4
1

7
7

1
4
4

1
2
4

9
3

1
0
7

8
2

8
0

11
7

6
9

3
1

2
4

2
4

1
6
0

8
7
S
r/
8
6
S
r

0
.7
0
5
1
5
7

0
.7
0
5
4
2
7

8
7
S
r/
8
6
S
r
i

0
.7
0
4
8
5
5

0
.7
0
5
2
6
5

1
4
3
N
d
/1
4
4
N
d

0
.5
1
2
7
1
2

0
.5
1
2
6
3
9

1
4
3
N
d
/1
4
4
N
d
i

0
.5
1
2
7
3
3

0
.5
1
2
6
6
7

eN
d

1
.8
6

0
.5
6

2
0
6
P
b
/2
0
4
P
b

1
8
.6
9
1

1
8
.7
7
3

2
0
6
P
b
/2
0
4
P
b
i

1
8
.5
9
0

1
8
.5
7
1

2
0
7
P
b
/2
0
4
P
b

1
5
.6
3
1

1
5
.6
1
2

2
0
7
P
b
/2
0
4
P
b
i

1
5
.6
2
6

1
5
.6
0
3

2
0
8
P
b
/2
0
4
P
b

3
8
.7
3
3

3
8
.7
3
4

2
0
8
P
b
/2
0
4
P
b
i

3
8
.5
9
3

3
8
.3
7
5

a
B
ac
k
ar
c
is
re
p
re
se
n
te
d
.

ECV 6 - 8 HASCHKE ET AL.: RECYCLING OF NEWLY UNDERPLATED MAFIC CRUST



This may indicate involvement of an enriched component such
as old lithospheric mantle [Rogers and Hawkesworth, 1989] or
continental crust [e.g., Hildreth and Moorbath, 1988; Wörner et
al., 1988; Davidson et al., 1990; Feeley and Davidson, 1994].
Although Sr and Nd isotopic data of arc magmatic rocks show
some isotopic enrichment with decreasing age, overall there is
little contrast between Late Cretaceous (87Sr/86S = 0.7039–
0.7045 and 87Nd/86Nd = 0.51265–0.51276) and late Eocene
rocks (mostly 87Sr/86S 0.7042–0.7046 and 87Nd/86Nd =
0.51263–0.51271). A major change is first seen between pre-
and post-Miocene magmatic rocks [Rogers and Hawkesworth,
1989]. Only the initial Pb isotopic signature is characterized by
systematically increasing initial 206Pb/204Pb ratios from 18.43–
18.57 in Late Cretaceous volcanics to 18.53–18.70 in the late
Eocene syntectonic/posttectonic granitoids. This range of initial
Pb isotopic signatures lies intermediate between the fields of
the northern and southern CVZ. However, Pb isotopic signa-
tures are not only diagnostic of crustal thickening but may also
reflect age, type, and structure of the crust [Wörner et al.,
1992; Aitcheson et al., 1995]. The small contrast between Late
Cretaceous and late Eocene main arc melts in terms of initial
Sr and Nd isotopic ratios rules out major compositional,
structural, or age changes during petrogenesis. Moreover, the
less-enriched back arc alkaline rocks (87Sr/86S = 0.7036–0.7046
and 87Nd/86Nd = 0.51280–0.51286) argue against isotopic
enrichment by recycling of old mantle lithosphere during east
propagating Andean arc magmatism, as proposed by Rogers
and Hawkesworth [1989]. In addition, Late Cretaceous–Eocene
magmatic rocks lack correlation between increasing initial Sr
and Nd isotopic enrichment and increasing SiO2 and decreasing
Sr content (Figures 4a and 4b) in contrast to most younger
central Andean silicic volcanic rocks which erupted through
thicker crust [e.g., Rogers and Hawkesworth, 1989; Wörner et
al., 1988, 1994; Trumbull et al., 1999]. This correlation is
generally attributed to upper crustal contamination during low-
pressure differentiation. Therefore the moderate Sr, Nd, and Pb
isotopic enrichment in Late Cretaceous–Eocene main arc mag-
matic rocks may be due to higher pressure (deep crustal)
enrichment.

5. Correlation of Late Cretaceous–EoceneMagma
Source Variations With Crustal Thickening

[23] Partial melts of a deep (�12 kbar) basaltic source will
have the high La/Yb and Sr/Y ratios, low Yb and Y concen-
trations, and high Sr concentrations as seen in late Eocene
syntectonic/posttectonic granitoids if both garnet and amphibole
but minor or no plagioclase are residual in the source [e.g.,
Rapp and Watson, 1995; Petford and Atherton, 1996]. The
presence of some residual amphibole is indicated by the concave
upward REE pattern, low to moderate Rb/Sr and K/Rb ratios,
and absent Eu anomalies. Even when amphibole is present, the
onset of garnet stabilization at higher pressure deeper in the
crust dramatically changes melt composition with an increase in
SiO2 content and decreases in FeO, MgO, Y, and Yb (as
observed in the late Eocene magmatic rocks). The composition
of melts from such sources resembles high-Al, low-K dacites
(granodiorites) at 12 and 15 kbar, trondhjemites at 18 kbar
[Rushmer, 1993], and also granodiorites and granites produced
by dehydration melting of tonalite [Singh and Johannes, 1996].
The latter showed that changing pressure has little effect on the
amount of melt fraction but controls the income and stabilization
of (almandine rich) garnet (at 12 kbar at 900�C). Garnet may
also be stabilized at lower pressures (8 kbar at 850�C) if the
source is biotite-bearing [Singh and Johannes, 1996]. However,
our model assumes that the main hydrous phase in newly
underplated basaltic crust at �12 kbar is amphibole, so that a
biotite-bearing source seems unlikely in this case.

[24] Any explanation for the progressive increase in La/Yb and
Sr/Y ratios through time (prior to Incaic crustal shortening) needs
to take into account both increasing crustal thickening and mixing
between underplated mantle-derived basalts and the generation of
crustal melts from this newly underplated basaltic crust. We
envisage a model in which progressive underplating of hot basalts
at or near the base of the crust, due to establishment of a density
barrier [Laube and Springer, 1998], triggers two parallel processes:
(1) progressive deepening of the MASH zone through time, trans-
forming initial lower-pressure gabbroic mineral assemblages to
higher-pressure, garnet and amphibole-bearing source mineralo-
gies, and (2) remelting of this newly underplated lower crust when

Table 6. Geochemical Analyses of Representative Late

Cretaceous–Eocene Samples From This Study, 39–37 Ma

Syntectonic/Posttectonic Arc

NN-AD1a NN-AD1a NN-Q2
(1)

NN-Q2
(2a)

NN-Q2
(2b)

Longitude, �W 68.831 68.831 68.970 68.970 68.970
Latitude, �S 21.894 21.894 22.340 22.340 22.340

Type intrusion intrusion intrusion intrusion intrusion

SiO2 64.09 – 63.20 – –
TiO2 0.57 – 0.65 – –
Al2O3 16.87 – 16.73 – –
FeO* 4.27 – 4.76 – –
MnO 0.07 – 0.08 – –
MgO 1.91 – 2.24 – –
CaO 4.34 – 4.58 – –
Na2O 4.21 – 4.13 – –
K2O 3.03 – 2.91 – –
P2O5 0.16 – 0.20 – –
Total 99.52 – 99.47 – –

LOI 0.43 – 0.26 – –
La 26.5 27.5 27.1 28.7 28.8
Ce 53.0 52 58.2 56 56
Nd 23.0 23 25.4 25 25
Sm 4.85 4.45 5.32 4.95 4.95
Eu 0.84 1.17 0.92 1.05 1.18
Tb 0.378 0.600 0.511 0.600 0.600
Y 22 22 22 22 22
Yb 1.41 1.3 1.54 1.4 1.4
Lu 0.171 0.2 0.221 0.2 0.3
Rb 108 120 94 114 112
Sr 612 612 612 612 612
Ba 661 668 664 686 693
Pb 13 13 12 12 12
Cs 4.65 4.9 5.36 5.8 6.0
U 5.05 4.6 3.92 3.4 3.5
Th 15.07 15.0 14.00 13.5 14.3
Zr 117 117 150 150 150
Hf 4.40 5.2 5.04 5.4 5.3
Nb 9 9 11 11 11
Ta 0.71 0.7 0.76 0.5 0.7
Sc 8.8 9.54 9.8 10.50 10.91
Cr 1.0 6.8 3.4 8.6 9.1
Ni 3 3 5 5 5
Co 11.4 12.0 13.1 13.5 14.3
V 70 70 102 102 102

87Sr/86Sr 0.704875 0.704863
87Sr/86Sr i 0.704508 0.704613
143Nd/144Nd 0.512668 0.512694
143Nd/144Nd i 0.512630 0.512662
eNd 0.96 1.42
206Pb/204Pb 18.964 18.704
206Pb/204Pb i 18.701 18.529
207Pb/204Pb 15.617 15.626
207Pb/204Pb i 15.605 15.618
208Pb/204Pb 38.619 38.705
208Pb/204Pb i 38.368 38.504
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Figure 2. Rare earth element (REE) patterns of Late Cretaceous to late Eocene magmatic rocks in northern Chile.
(a) Basaltic andesites and mafic diorites, (b) andesites and dorites, (c) dacites and granodiorites, and (d) rhyolites and
granites. Insets show transition from largely overlapping mafic to intermediate REE patterns through time to
increasing steepening of heavy REE patterns with increasing SiO2 and decreasing age. More alkaline back arc
magmatic rocks are characterized by light REE enrichment, relative to calc-alkaline arc rocks.
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subsequently underplated hot mafic magmas release heat and water
into the crustal environment, with crustal melt proportions increas-
ing with time. By increasing crustal melt proportions we mean the
gradually increasing percentage of crustal melt in the resulting
hybrid between hot mantle-derived basalts and primary silicic
melts from remelting (recycling) of newly underplated basaltic
crust.
[25] Diagnostic thereof are the increasing La/Yb and Sr/Y ratios

and the overall little Sr and Nd isotopic variation in the hybrid
melt, since the (lower) crustal source consists of freshly under-
plated mantle basalts with little variation in composition and age.
The predicted increase in more silicic rocks is consistent with
diminishing and complete lack of mafic compositions in the late
Eocene El Abra-Fortuna batholith.
[26] We simulated melting of different basaltic lower crustal

garnet and/or amphibole-bearing source mineralogies at variable
degrees of partial melting on Sr/Y versus Y and La/Yb versus
Yb diagrams to test if partial melting of garnet-bearing basaltic
lower crust can also explain the chemical signatures seen in the
late Eocene granitoids (Figures 5a and 5b). Consistent with
source compositions from previous batch melting models on
basaltic crust [Petford and Atherton, 1996; Drummond and
Defant, 1990], we used a basaltic source composition that was
extracted from a slightly enriched upper mantle (enriched mid-
ocean ridge basalt (EMORB), [after Sun and McDonough,
1989]). Source mineralogies vary from a hypothetical garnet-

free amphibolite (amphibolite/garnet, 100/0) to garnet-bearing
amphibolite (amphibolite/garnet, 90/10) to eclogite (amphibo-
lite/clinopyroxene/garnet, 40/30/30) in order to account for
increasing crustal thicknesses.
[27] Both the La/Yb and Sr/Y plots suggest that late Eocene

syntectonic/posttectonic granitoids may be formed by partial
melting of garnet-bearing amphibolite with up to 10 wt %
garnet, whereas Late Cretaceous andesites-dacites-rhyolites
(e.g., San Cristobal batholith at 78–76 Ma [Maksaev, 1990;
Pichowiak, 1994; Andriessen and Reutter, 1994]) plot in the
island-arc field and can be formed by differentiation from
mantle-derived basalt (Figures 5a and 5b). Even melting of a
hypothetical garnet-free amphibolite (amphibolite/garnet, 100/0)
will not generate the high La/Yb and Sr/Y ratios seen in late
Eocene syntectonic/posttectonic granitoids. Thus garnet was a
residual mineral after Incaic tectonic crustal thickening, reflect-
ing pressures �12 kbar or �40 km crustal thickness. Eclogitic
residues (>10 wt % garnet) at pressures �15 kbar or �50 km
crustal thickness produce overall higher La/Yb and Sr/Y ratios
[Rapp and Watson, 1995] than those seen in the late Eocene
granitoids, suggesting that crustal thicknesses at that time were
<50 km. Garnet may form in basaltic bulk compositions by
breakdown of amphibole + plagioclase under fluid-absent con-
ditions by the following reaction: amphibole + plagioclase ±
quartz = garnet + clinopyroxene + melt + new plagioclase at 12
and 18 kbar. Amphibole undergoes continuous reactions (at

0.5122

0.5124

0.5126

0.5128

0.5130

0.5132

0.702 0.704 0.706 0.708

alkaline

MORB

46 - 37˚S
30 - 35 km

> 60 km
26 - 6 Ma arc

35/40 km35/40 km
26 - 6 Ma "arc"26 - 6 Ma "arc"

35/40 km
26 - 6 Ma arc

14
3 N

d/
14

4 N
d 

i

87Sr/86Sr i

SVZ
34 - 3534 - 35˚S

~ 40 km~ 40 km
34 - 35˚S

~ 40 km

33 - 34˚S
50 - 55 km

CVZCVZCVZ
17 - 2817 - 28˚S
~ 70-80 km~ 70-80 km
17 - 28˚S
~ 70-80 km

< 35 km< 35 km
Jurassic-lower Cret. arcurassic-lower Cret. arc

(island-arc type)(island-arc type)

< 35 km
Jurassic-Lower Cret. arc

(island-arc type)

78 - 63 Ma
63 - 52 Ma
52 - 48 Ma
48 - 39 Ma
39 - 37 Ma

(syntectonic/posttectonic)

Figure 3. Initial 87Sr/86Sr isotopic ratios versus initial 143Nd/144Nd isotopic ratios of selected Late Cretaceous to late
Eocene magmatic rocks versus rocks from other Andean arcs with variable crustal thickness. Late Cretaceous–
Eocene rocks largely overlap with initial Sr and Nd isotopic composition in the southern volcanic zone (SVZ)
between 37�S and 35�–34�S where crustal thicknesses are inferred to increase from 30–35 km to 40 km and in
portions of the SVZ between 34� and 33�S where crustal thicknesses are thought to increase to 50–55 km. Initial Sr
and Nd isotopic compositions of island arc-type Jurassic arc with thinner crust are generally less enriched, whereas
SVZ rocks north of 34�S and late Miocene arc and central volcanic zone rocks with crust >50–55 km show more
enriched signatures.
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935�–950�C) and remains stable with garnet up to at least 15
kbar. Successive breakdown of amphibole is responsible for
gradually raising meltwater fugacities fH2O (see section 4.1).
At higher pressures (up to �22 kbar), plagioclase and amphibole
are destabilized as garnet and clinopyroxene are stabilized to
(dry) eclogitic assemblages [Rushmer, 1993].

[28] Distribution coefficients used in our model are taken
from Martin [1987]. Although the choice of distribution coef-
ficients is difficult and somewhat arbitrary, our model is
diagnostic of the mineral assemblages involved, and the dis-
tribution coefficients (KD) used for Yb in hornblende (hbl)
(KD hblYb = 1.7 [Martin, 1987]) are within the range of those
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Figure 5. Plot of (a) Sr/Y versus Y and (b) La/Yb versus Yb of silicic (>63 wt % SiO2) Late Cretaceous and late
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determined in recent studies (KD hblYb = 1.15–2.10 [see Klein
et al., 1997]). Recent studies on trace element partitioning in
garnet [e.g., van Westrenen et al., 1999] also revealed a range
of partition coefficients for Yb in garnet depending on the
crystal composition. Using a range of partition coefficients will
produce a range of modeled La/Yb and Sr/Y ratios, but it will
not change the general effect of increasing La/Yb and Sr/Y

ratios with increasing hornblende and/or garnet. The purpose of
our simple modeling is to determine major mineralogical
changes after the Incaic crustal thickening and to indicate its
effect on melt production, not to imply that processes as simple
as these actually occurred.
[29] The geochemical and initial Sr and Nd isotopic charac-

teristics prior to Incaic deformation are also similar to those
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from the southern SVZ between 37� and 34�S (Figures 3, 4a,
and 4b), where inferred crustal thicknesses increase from 30–
35 to �40 km [Hildreth and Moorbath, 1988]. The REE
signatures and initial Sr and Nd isotopic ratios of late Eocene
syntectonic/posttectonic granitoids overlap the field of late
Oligocene volcanic rocks in the Maricunga belt (26�–28�S
[Kay et al., 1994]) and that of the southern SVZ between
35� and 34�S, where crustal thicknesses of �40 km were
estimated [Hildreth and Moorbath, 1988]. On the basis of
isostasy and comparison with other regions, SVZ volcanic
rocks between 34� and 33�S are thought to have passed
through 50 to 55-km-thick crust. Most initial Sr and Nd
isotopic compositions of late Eocene syntectonic/posttectonic
rocks are less enriched than SVZ volcanic rocks, and only
the late Eocene syntectonic/posttectonic granitoids partly over-
lap this SVZ field (Figures 3, 4a, and 4b). Using these along
arc geochemical and crustal thickness variations as an analog,
we assume that Late Cretaceous to middle late Eocene mag-
matic underplating may have thickened the crust by �5–10
km, from 30–35 km to �40 km. Subsequent late Eocene
Incaic shortening and thickening of the crust lowered the arc
crustal base, and therefore the MASH zone, to �45 km, an
assumption consistent with the overall amount of Incaic crustal
thickening (14.5% [Günther et al., 1998]).

6. Correlation of Pre-Neogene Geochemical
Variations With Changing Tectonic Settings

[30] Geochemical changes revealed by the partially eroded pre-
Neogene magmatic paleoarcs in north Chile provide important
constraints on the relative timing of magmatic and tectonic events
associated with changes in plate convergence parameters. This
kind of access is not available in the Western Cordillera, where
modern stratovolcanoes cover older and deeper structures.
[31] During the Late Cretaceous the lowest La/Yb and Sr/Y

ratios and least enriched Sr and Nd isotopic ratios (e.g., San
Cristobal intrusive complex) correlate with low plate conver-
gence rates and highly oblique subduction, incipient back arc

rifting, and alkaline back arc magmatic activity (Figures 6a–6c).
Subsequently, increasing but moderate La/Yb and Sr/Y ratios in
Paleocene to Eocene magmatic rocks were associated with
decreasing obliquity of subduction and increasing convergence
rates in a ‘‘transitional’’ tectonic regime. At the same time,
crustal extension and alkaline magmatic activity terminated as
the main arc magmatic activity gradually migrated eastward. Arc
migration ended with formation of monogenetic centers along
NW-SE trending fracture zones across the arc (Cerro Negro and
Cerro Olivino). The very high La/Yb ratios (up to 58) of these
mainly dark, glassy magmatic rocks are due to high La
concentrations. The highest La/Yb and Sr/Y ratios are found
in late Eocene syntectonic/posttectonic granitoids of the El Abra-
Fortuna batholith (Figure 6a). Emplacement of these intrusions
correlates with Incaic tectonic shortening (38.5 Ma [Döbel et al.,
1992]) and crustal thickening prior to the termination of arc
magmatism at �37 Ma.
[32] This sequential pattern of arc magmatism and crustal

shortening is characteristic of all Andean magmatic episodes in
north Chile (Peruvian at 90-80 Ma, Incaic at 38.5 Ma, and
Quechua at �10 Ma), except for the Jurassic arc (Figure 6a)
where there is no evidence for crustal shortening or significant
crustal thickening, consistent with overall constant La/Yb ratios
with time and low Sr/Y ratios. In the mid-Cretaceous arc the
Peruvian unconformity indicates some shortening and thickening
of the crust between 90 and 80 Ma [Scheuber et al., 1994], and
although the temporal evolution pattern is not well constrained
(owing to a lack of outcrops), the overall trend of increasing La/
Yb ratios is clear. Using the known present geodynamic setting,
we can make the following inferences about the geometry of
pre-Neogene subduction. Like in modern regions with subho-
rizontal subduction (flat slab), termination and lack of arc
magmatic activity after each tectonic episode can be attributed
to flat subduction at high convergence rates. This pattern may,
in fact, imply that repeated periods of flat slab subduction are a
characteristic feature of the entire Andean orogeny, making pre-
Andean magmatic periods analogous to the present flat slab
subduction regions. This problem is addressed in more detail in
a separate paper [Haschke et al., 2001].
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Figure 7. Simplified seismic section across the central Andes at 23�300S [after Lessel, 1998]. Note lower crustal
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7. Implications of Mafic Underplating
on Geophysical Properties
of Andean Lower Crust

[33] Addition of substantial amounts of mafic magma to the
base of the continental crust will have significant effects on the
geophysical nature of the lower crust and crust-mantle boundary.
After crystallization the velocity structure within the underplated
layers will depend on the mineralogical composition, pressure,
and temperature. Using our modeled residual mineralogy varia-
tions, residues of late Eocene syntectonic/posttectonic granitoids
presumably consisted of amphibole + clinopyroxene ± plagio-
clase ± garnet (<10 wt %) (see discussion in section 5).
Estimated densities of such solid residues range from �2.95 g
cm�3 for the garnet-free pre-Incaic source to �3.13 g cm�3 for
the garnet-bearing syntectonic/posttectonic source [Furlong and
Fountain, 1986; Rushmer, 1993; Petford and Atherton, 1996].
Seismic velocities of such residues can be approximated from
measured P and S wave velocities for individual minerals [Toft
et al., 1989]. The lower crustal P wave velocity (Vp) beneath the
Coastal Cordillera, Longitudinal Valley, Chilean Precordillera
and Western Cordillera at 23.5�S ranges between 7.3 and 7.7
km s�1 (Figure 7). This range of P wave velocities is well
within the interval expected for magmatic underplating (7.1–7.8
km s�1 [Furlong and Fountain, 1986; Rushmer, 1993]). Fur-
thermore, the minimum amount of crustal thickening needed to
balance Late Cretaceous to Eocene crustal thickening (5–10 km
[Haschke, 1999]) agrees with the thickness of the 7.3–7.7 km
s�1 velocity layers and is well within the potential range of
magmatic underplating (up to 25 km) as predicted by Furlong
and Fountain [1986]. The presence of low-velocity zones
beneath the magmatically active Western Cordillera (Vp �6.0
km s�1 [Schmitz, 1994; Schmitz et al., 1999]) is consistent with
the earlier proposition that the lower crust in northern Chile is
mafic, relatively dense, and hot and that magmatic underplating
is an ongoing process.

8. Summary and Conclusions

[34] Increasing La/Yb and Sr/Y ratios and increasing Sr and Nd
isotopic enrichment with time are characteristic not only of Neo-
gene magmatic rocks but of pre-Neogene Andean magmatic
episodes in north Chile as well (Figures 6a–6c). These temporal
geochemical changes reflect a progressive transfer of melting zone
from the upper mantle into variably thickened garnet-bearing
(lower) crust.
[35] Arc crustal thicknesses in Andean magmatic arcs evolved

from overall low (island-arc type) crustal thicknesses of �30–35
km in the Jurassic arc to �45 km in late Eocene after Incaic crustal
shortening. Since most of the magmatic activity during this time
occurred during extensional tectonic regimes and shortening of the
crust was restricted to transpressive tectonic episodes, most of the
crustal thickening must be due to other mechanisms. Hydration of
mantle peridotite and/or underplating of tectonically eroded forearc
material may explain the relatively low P wave velocities at a depth
of 70 km beneath the central Andean forearc but cannot explain the
systematically changing melt compositions and isotopic signatures
through time seen in Andean magmatic rocks. Newly underplated
basaltic crust can account for the missing crustal volume after
shortening. The Neogene arc was established on thickened con-
tinental crust older than 26 Ma. Most important, magmatic recy-
cling of this mafic underplate can explain the evolution of
geochemical signatures in Andean arc magmatic rocks. The source
for gradual thermal crustal weakening and magmatic recycling are
the hot underplated basalts themselves.
[36] A similar recent evolutionary trend has been described in

central Chile. Parada et al. [1999] recognized a magmatic evolu-
tion from enriched Sr and Nd isotope signatures during the

Carboniferous to depleted signatures during the Early Jurassic–
Cretaceous for the mafic rocks between 31� and 34�S.
[37] Underplating mantle-derived basaltic crust also helps in

solving a notorious problem with magmatic addition and its
contribution to crustal growth, as earlier estimates of average
magmatic addition rates in subduction zones commonly used
volumes of volcanic and plutonic rocks seen at the surface (see
Kono et al. [1989] for a review); these rates are far too low to
explain the crustal volume of the central Andes. Our model
incorporates and supports elements of earlier models [e.g., James,
1971; Suarez et al., 1983; Kono et al., 1989; Schmitz, 1994] by
suggesting differential partitioning of deformation, such that tec-
tonic crustal thickening dominated in the Altiplano-Puna plateau
and Eastern Cordillera, whereas magmatic underplating is needed
to balance crustal thickening beneath the present magmatic arc.
[38] The present magmatic arc of the Western Cordillera in north

Chile, NW Argentina, and SW Bolivia is subject to rapid and
almost arc-normal convergence and mainly transpressional
stresses. Similar to pre-Neogene episodes of the Andean orogeny,
this might indicate onset of a period of crustal shortening and
tectonic crustal thickening; before-present arc magmatism in the
Western Cordillera will end with very high La/Yb and Sr/Y ratios
and enriched Sr and Nd isotopic signatures, and future Andean arc
magmatism will establish farther east, with low La/Yb and Sr/Y
and less enriched Sr and Nd isotopic ratios.
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