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Abstract. Repeated eastward shifting of subduction-relatedbearing amphibolite or eclogite, yet the geodynamic setting
magmatism between Jurassic and Present generated a collaigesubject of controversy (Martin, 1999). Debate centers on
of four magmatic arcs in North Chile (21-26). Focussing the problem of wether Archean TTD/TTG suites were gen-
on the Late Cretaceous-Eocene arc, this study explores therated by melting of (1) subducting basaltic ocean crust (e.g.
evolution of geochemical and isotopic signatures of arc mag-Defant and Drummond; 1990; Martin, 1999), or (2) contam-
matic rocks through time. Temporal geochemical variationsination within deep (underplated) basalt beneath overthick-
include systematic steepening of heavy rare earth elemergned &40km) orogenic crust (e.g. Atherton and Petford,
patterns and increasing Sr and Al contents with decreasing 993; Feeley and Hacker, 1995; Petford and Atherton, 1996;
age. Gradually increasing La/Yb and Sr/Y ratios betweenPetford and Gallagher, 2001; Haschke et al., 2002a). Both
~78 Ma and 39 Ma appear to monitor gradual crustal thick-scenarios generate melts with geochemical signatures diag-
ening by newly underplated basaltic crust, whereas sharplyostic of Archean high-Al TTD/TTG (i.e. low Yb and Y con-
rising La/Yb and Sr/Y ratios in late Eocene syn/post-tectoniccentrations, high Al, Na and Sr contents, and high La/Yb and
granites and granodiorites reflect Incaic (38.5Ma) shorten-Sr/Y ratios). Although most Phanerozoic dacite-granodiorite
ing and thickening of arc crust te45km, consistent with  (island-arc type) suites are high in Yb and Y, with low Al,
regional tectonic field constraints. Support for the timing Na and Sr contents, and low La/Yb and Sr/Y ratios. Modern
and magnitude of crustal thickening comes from similaritiesTTD/TTG type rocks are rare, but where they do exist they
with chemical signatures from the modern southern volcanicsimulate the conditions that led to widespread crustal growth
zone (SVZ), from trace element modeling and from regionalin the Archean and provide potential keys to unlock our basic
geologic constraints. On the scale studied, the geochemitnderstanding of continental evolution (Martin, 1999).
cal variations presented correspond to a temporal transition
from common Phanerozoic island-arc type to Archean type = sjab melting during the Archean is perhaps more widely
high-Al trondhjemite-tonalite-dacite (TTD) and granodiorite accepted as higher heat flow presumably induced rapid sub-
(TTG) crust. Comparisons with adjacent older and youngergyction of smaller and younger (hotter) plates, optimizing
Andean magmatic arcs in this region show similar geochemithe conditions for slab melting. However, remelting (mag-
cal patterns; the thicker the crust the more high-Al TTD/TTG matic recycling) of mafic underplate at the base of overthick-
like the chemical signatures are. On the larger scale Ofned orogenic crust is more controversial as it implies early
the Andean orogeny, our results support earlier models ofrowth and existence of an overall thick40 km) Archean
Archean crustal growth which suggest that large portions ofcryst, A detailed study of long-term subduction-related mag-
early Earth's high-Al TTD/TTG type continental crust may matism along an~500 km long section in the central An-
have been generated by recycling mafic underplate of thickjean foreland may provide support for this rival hypothesis.
orogenic crust. | compiled major and trace element and Sr and Nd isotopic
data for 501 samples of Andean magmatic rocks from North
Chile (21-26S) with ages from 200 Ma-Present. New analy-
1 Introduction ses of Late Cretaceous-Eocene magmatic rocks are published
in Haschke et al. (2002a). The complete data compilation is
Geochemical and experimental petrological work indicateavailable upon request. It is by no means complete, but rather
that early Earth’s continental trondhjemite- tonalite-dacite awaits further work as the interplay of geochemical and tec-
(TTD) and granodiorite (TTG) crust was generated by par-tonic patterns presented may have a large impact on early
tial melting of a basaltic protolith transformed into a garnet- Earth’s crustal evolution models.
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Fig. 1. Simplified geologic map of North Chile with distribution of Jurassic-Present arc magmatic rocks in the central Andean foreland.
Black lines mark trench-linked strike slip fault zones in each arc system. Inset shows plot of age of central Andean magmatic rocks vs
longitude (compiled by Scheuber et al., 1994).
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2 Tectonic and geologic framework placed in the subsiding back-arc basin of the previous, now
magmatically inactive, (Jurassic) arc system and the lack of
The study area forms the western foreland of the modern cena significant angular unconformity between the sedimentary
tral Andean Western Cordillera volcanic arc in North Chile. substrate and the lavas (Jensen, 1985) suggests that exten-
Stepwise, eastward shifting arc magmatism from the Jurassional tectonics continued up to the mid-Cretaceous. Only
sic to the Present generated a collage of four largely paralthe last stage of this arc was accompanied by transpressive
lel, eastward younging magmatic arcs (Coira et al., 1982;crustal shortening and subsequent strike-slip motions along
Scheuber et al., 1994, Fig. 1): the mainly Jurassic islandthe San Cristobal fault leading to intense folding and, in some
arc type chain along the present Coastal Cordillera, the morglaces, to foliation and cleavage development in volcanic and
evolved mid-Cretaceous arc parallel to the Chilean Longitu-sedimentary rocks (Scheuber and Reutter, 1992). The age
dinal Valley, the mature Late Cretaceous-Eocene continentadf this deformation is constrained by radiometrically dated
arc largely corresponding to the Chilean Precordillera anddeformed rocks, by the post-deformational emplacement of
the late Oligocene-late Miocene orogenic arc and moderrradiometrically dated plutons (San Cristobal batholith; Mak-
Western Cordillera. Like a window to the past, this paleo- saev, 1990), and by an angular unconformity between the
arc magmatic assemblage is restricted to the central Andeageformed sequence and an overlying volcanic sequence of
foreland between 2126°S. North and south of these lat- Late Cretaceous-Eocene age (90-80 Ma: Peruvian tectonic
itudes, the paleo and modern volcanic arcs merge into thepisode; Scheuber et al., 1994).
main Cordillera. Systematic and clear geochemical patterns Unlike older Andean paleo-arcs in North Chile, the Late
like the ones shown in this study cannot be produced northcretaceous-Eocene arc tuffs, lavas and ignimbrites above this
and south of this section. unconformity were deposited together with redbeds above
The Mesozoic and Cenozoic tectonic history of North the sea level. More than 3000 m of red-bed type conglom-
Chile (21-26°S) is well established from earlier regional ge- erates interstratified with marine intercalations are diagnostic
ologic studies (e.g. Reutter et al., 1991; Scheuber and Reubf a considerable relief contrast between the arc and back-arc
ter, 1992; bel et al., 1992; Scheuber et al., 1994indher  region. Late Cretaceous alkaline gabbros to diorites (Cerros
et al., 1998). Each paleo-magmatic episode ended simultaguimal and Colorado, Fig. 1) intruding the red-beds in this
neously with major tectonic activity along the main-arc axis; arc to back-arc transition are consistent with an extensional
either transtension and crustal stretching (Araucanian tectectonic regime (Charrier and Reutter, 1994). In contrast, the
tonic episode (135-130Ma) in the Jurassic arc — Scheubejoungest magmatic rocks of this paleo-arc system (EI Abra-
et al., 1994) or transpression and crustal shortening (Perurortuna batholith, Fig. 1) were generated simultaneously and
vian unconformity (90-80 Ma) — Scheuber et al., 1994; In- subsequent to late Eocene Incaic transpressional deforma-
caic unconformity (38.5Ma) — @bel et al., 1992), followed  tjon,which shortened the arc crust by about 9 km (or 14.5%
by magmatic quiescence of 5-10m.y. Subsequent arc magectonic crustal thickening, @ther et al., 1998). Like the
matic activity established up to 100 km further to the east.older Andean arc systems, arc magmatic activity ceased af-
The amount of crustal shortening and thickening tend to in-ter orogen-parallel transcurrent movements along the West
crease with decreasing age of each magmatic arc. Fissure (Precordilleran fault system; Reutter et al., 1991),
The first arc system of the Andean Cycle (Jurassic-Earlyand was reinstalled in the Late Oligocene/Early Miocene up
Cretaceous arc) was built up since the Sinemurian in theo 100 km by the modern Western Cordillera volcanic arc.
area of the present Coastal Cordillera (Fig. 1). This arcMaximum crustal thicknesses of70 km beneath the present
is composed of lavas, mafic to felsic dikes, tuffs and largeAndean volcanic arc are constrained by recent refraction ex-
plutons of gabbroic to granodioritic composition. Most periments, broadband passive recording of earthquakes in the
lavas are basaltic andesite flows interstratified with terressubducted plate, and modeling of the gravity field (Wigger et
trial and marine intercalations, indicating that the surface ofal., 1994). The results of my study illustrate how the ma-
this island-arc type volcanic chain was, more or less, at segor and trace element, and Sr and Nd-isotopic compositions
level (Scheuber and Reutter, 1992). Some volcanic productsf Andean arc-magmatic rocks traced this long-term tectonic
reach thicknesses 6f10 km (e.g. near Antofagasta) suggest- and magmatic evolution and progressive crustal thickening
ing substantial crustal subsidence. Numerous suites of higldyf the Andean convergent continental margin.
angle faults and orogen-parallel dikes40% of the outcrop-
ping rocks), together with deepening marine back-arc basins,
suggest that the gain in crustal volume occurred in an overal3  Geochemical changes of late Cretaceous-Eocene
extensional tectonic regime with (rift-like) filling of opening main-arc magmatic rocks in North Chile (21°-26°S)
interstices by melt. Transtension was accomodated by tear-
ing apart crustal blocks and transtensional strike-slip motior3.1 Major and trace elements
along the trench-linked Atacama fault zone (Fig. 1). There is
no evidence of significant tectonic crustal thickening during Late Cretaceous-Eocene arc magmatism in North Chile pro-
this magmatic episode. duced a larger volume calc-alkaline suite of medium to high-
The tectonomagmatic history of the middle Cretaceous ar basaltic andesites to dacites and rhyolites, a smaller vol-
system is more enigmatic. Arc-magmatic rocks were em-ume back-arc suite of alkaline gabbros to granodiorites, and
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Fig. 2. REE patterns of Late Cretaceous-Eocene arc magmatic rocks in North @itmsaltic andesites and mafic diorités) andesites
and dorites(c) dacites and granodiorite@) rhyolites and granites. Note increasing heavy REE fractionation with time and increasing SiO
content.

some scattered calc-alkaline mafic andesitic centers aligned dehydrating subducting slab (e.g. Hildreth and Moorbath,
with across-arc fracture zones (Fig. 1). As is typical for most1988; Kay et al., 1991).

magmatic rocks of the central volcanic zone (CVZ) and the The study stresses that intermediate and silicic Late

southern volcanic zone (SVZ), the high Ba/Nb raties80) Cretaceous-Eocene arc magmatic rocks at equal Siow

of Late Cretaceous-Eocene rocks from both the calc-alkaline .. . . .
compositional variations with decreasing age, such that the

and alkaline magmatic suites are consistent with primary . o
. . reatest chemical contrast within this arc system occurs be-
melt generation from a metasomatized mantle wedge abov
Wween the oldest (Late Cretaceous) and the youngest (late
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Fig. 3. Correlation of initial8”Srf8Sr isotopic ratios vs initiat*3Nd/A44Nd isotopic ratios. Late Cretaceous-Eocene rocks partly overlap
with Sr and Nd isotopic compositions from the SVZ betweefS3@nd 35-34°S, where crustal thicknesses are inferred to increase from
30-35km to 40 km, and portions of the SVZ betweefi-88°S where crustal thicknesses range from 50-55km. Island-arc-type Jurassic
arc with thin crust shows lowé’Srf8Sr and highet43Nd/244Nd isotopic ratios; SVZ volcanic rocks North of 38, and Late Miocene arc

and CVZ with crust-50-55 km show more “crust-like” signatures.

Eocene) dacitic-granodioritic and rhyolitic-granitic rocks about 100 km east of the main-arc magmatic front, consistent
(Fig. 2a—d). The complete data base is published in Haschkeith their overall LILE and HFSE-enriched signatures.
etal. (2002a). The andesitic main-arc compositions show more fraction-

The most mafic main-arc rocks are basaltic andesitested and overlapping REE patterns (Fig. 2b) with larger nega-
(mafic diorites) with high alumina (AD3 18-19.6wt.%) tive Eu anomalies (Eu/Eu* 0.6—0.9) than the mafic andesites,
and low MgO 5 wt.%), Ni (<30 ppm) and Cr£100ppm)  and slightly steepening heavy REE patterns through time.
contents. They are characterised by mainly overlapping REBVost intermediate compositions are characterized by grad-
patterns with small negative Eu anomalies (Eu/Eu* 0.8—-0.9,ually increasing La/Yb (5-7 to 14—-26) and Sr/Y ratios (5—-20
Fig. 2a). La/Yb (5-7 to 11-16) and Sr/*%R5to>40) ratios  to 30-60) through time, due to decreasing Yb (2.5-3.7 to
increase due to decreasing Yb (2.1-2.5 to 1.4-2.4 ppm) and.1-1.9 ppm) and Y (24-32 to 13—-20 ppm) concentrations,
Y (18-36 to 14-24 ppm) and increasing Sr contents (400-and increasing Sr contents (350—470 to 530-920 ppm).
500 to 700-900 ppm) through time, but there are no ma- Dacitic-granodioritic main-arc compositions show more
jor differences in REE fractionation between the older (Latefractionated heavy REE patterns and decreasing negative Eu
Cretaceous) and younger (Mid-Late Eocene) rocks, althouglinomalies with decreasing age (Eu/Eu* 0.5-0.7 to 0.6-1.0;
the Late Eocene syn/post-tectonic El Abra-Fortuna batholithFig. 2¢). La/Yb and Sr/Y values increase through time, from
lacks mafic compositions. mostly low La/Yb (6-9) and Sr/Y €£20) ratios to higher

In the back-arc, the alkaline gabbros (Cerros Quimal and_a/Yb (12-17) and Sr/Y (15-45) in the Mid-Late Eocene.
Colorado) show slightly higher MgO<6 wt.%), Ni (up to  The evolution of increasing La/Yb from Late Cretaceous to
82 ppm), and Cr (up to 134 ppm) contents relative to maficmid-late Eocene, syn/post-tectonic granodiorites is due to
main-arc rocks, although MgO contents are still low rela- progressively decreasing Yb (5.9 to 0.8 ppm) and Y (57 to
tive to primitive mantle-derived basalts and for equilibra- 10 ppm), and increasing Sr contents (mostly 250—350 to 330—
tion with mantle peridotite. The back-arc alkaline mafic 670 ppm). The youngest (late Eocene) syn/post-tectonic gra-
diorites (78-63 Ma) are characterized by light REE enrichednodiorites show the highest La/Yb (18-27) and Sr/Y (28—
patterns (Fig. 2a) with higher La/Yb (11-16) and Sr/Y ra- 69) ratios among dacitic and granodioritic compositions from
tios (>50), which may indicate lower partial melting degrees this arc system (Fig. 2c).
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Table 1. Geochemical characteristics of adakites versus Archean TTG and Late Eocene arc rocks from North Chile

Characteristics of magmas 60 wt.% SiQ)
syn/post-tectonic

slab melts (“adakites”) Archean TTG El Abra/Fortuna batholith
Kay (1978) Smith etal. (1979) Martin (1987) Haschke et al. (2002a)
La/Yb 30-57 108-238 23-156 18-34
SrlY - 177-344 19-174 19-57
Sr 1783-2600 1520-2650 mosthB00-700 302-612
Yb 0.948-0.633 0.52-0.29 0.13-0.71 0.6-1.5
Y - 7.7-9.9 mostly 4-20 8.0-22
Na,O 3.22-3.7 2.23-5.34 mostly 4.03-5.14 4.0-5.5
Al,03  15.2-15.5 13.7-18.4 mostly 15.02-16.29 16.5-17.8

Rhyolitic-granitic main-arc rocks show extremely frac- However, the highe?’Srf®Sr ratios and lowet*3Nd/A4“Nd
tionated REE patterns with strongly steepening heavy REHatios lack correlation with decreasing Sr and increasing
patterns with decreasing age, and decreasing negative E®iO, (Fig. 4a—b), which is commonly attributed to upper
anomalies (Eu/Eu* 0.2-0.4 to 0.8, Fig. 2d). The oldest rhy-crustal contamination during lower pressure differentiation
olites show mainly low La/Yb (7-12) and Sr/Y (1-6) ra- (Rogers and Hawkesworth, 1989;0mer et al., 1988, 1994;
tios, progressively increasing to La/Yb (11-25) and Sr/Y (4—Trumbull et al., 1999). Together with the systematic changes
18) in mid-late Eocene. The Late Eocene syn/post-tectonidn trace element signatures, this moderate Sr and Nd isotopic
granites have the highest La/Yb (19-34) and Sr/Y ratiosenrichment in Late Cretaceous-Eocene main-arc magmatic
(19-54) among rhyolitic-granitic compositions of this paleo- rocks may be due to higher pressure, deep crustal enrichment
arc. These systematic changes are due to progressivelgee discussion in Rogers and Hawkesworth, 1989).
decreasing Yb (2.2—-4.2 to 1.3-1.5ppm) and Y (21-49 to The back-arc alkaline rocks show overall lovfésrfeSr
17-30ppm), and increasing Sr contents (mostly 53—-156 tgatios (0.7036-0.7046) and highe¥**Nd/***Nd ratios
>300ppm) with decreasing age. Even lower Yb (0.6-0.7(0.51280-0.51286), relative to the main-arc rocks. This rules
ppm) and Y (8—16 ppm) contents, and higher Sr concentraout the hypothesis of increasifigSrféSr ratios and decreas-
tions (224—-634 ppm) account for even higher La/Yb and Sr/Ying 143Nd/A44Nd ratios by recycling old mantle lithosphere
of the syn/post-tectonic granites. These systematic changeaguring east-propagating Andean arc magmatism, as proposed
in trace element compositions are accompanied by progressy Rogers and Hawkesworth (1989). A more detailed elabo-
sively increasing Al and Na contents through time; from ration on the geochemistry of Late Cretaceous-Eocene mag-
Al;03 15.8 to 17.0wt.%, and N® from 4.0 to 4.5wt.% in  matic rocks is published in Haschke et al. (2002a).
dacites-granodiorites, and in rhyolites-granites fromQl
12.7 to 15.6 wt.%, and N® from 3.3 to 4.1 wt.%.

4 Magma source variations
3.2 Sr-Nd isotopes

Overall, the geochemical signatures of Late Cretaceous rocks
Initial Sr and Nd isotopes of Late Cretaceous-Eocene ard¢high Yb and Y concentrations, low Sr contents, low La/Yb
magmatic rocks are overall enriched (“crust-like”) rela- and Sr/Y ratios) are similar to those of low-Al TTD/TTG (as
tive to melts from the depleted asthenospheric mantle andglescribed by Drummond and Defant, 1990), whereas those
MORB (Fig. 3). Although®’Srf®Sr ratios increase slightly of the late Eocene syn/post-tectonic rocks (low Yb and Y
(from 0.7039-0.7045 to 0.7042—0.7046) aftNd/*4*Nd ra- concentrations, high Sr contents, high La/Yb and Sr/Y ratios)
tios decrease slightly (from 0.51265-0.51276 to 0.51263-resemble those of high-Al TTD/TTG (Table 1).
0.51271), the overall contrast is low and rules out major com- Partial melts of a deep basaltic sourcel@ kbar) will
positional or structural changes during petrogenesis. A mahave low Yb and Y and high Sr concentrations (and con-
jor change is first seen between pre- and post-Miocene magsequently high La/Yb and Sr/Y ratios), as seen in the late
matic rocks (see Rogers and Hawkesworth, 1989). HigheEocene syn/post-tectonic granodiorites and granites, if garnet
87S1Pbsr ratios and lowet*3Nd/A44Nd ratios may indicate  and amphibole but no or only minor plagioclase are residual
involvement of old (enriched) lithospheric mantle (Rogers in the source (Rapp and Watson, 1995; Petford and Atherton,
and Hawkesworth, 1989) or continental crust (e.g. Hildreth1996). Residual amphibole is indicated by the middle REE
and Moorbath, 1988; Wner et al., 1988; Davidson et al., depletion (Fig. 2c—d), whereas high Sry®s and NaO con-
1990; Feeley and Davidson, 1994; Feeley and Hacker, 1995}ents and absent Eu anomalies indicate lack of plagioclase.
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Fig. 4. Initial 87SrP8Sr isotopic ratioga) vs Sr concentrations [ppm] art) vs SiQ, [wt.%]. Same legend as in Fig. 3. SVZ and CVZ
volcanic rocks show increasing crustal contamination by upper crustal (lower pressure) AFC-trends with crustal thickSrResr
and143Nd/A44Nd isotopic ratios of Late Cretaceous-Eocene magmatic rocks cannot be explained by upper crustal AFC processes, but are

consistent with signatures from melting and mixing with partial melts from deep (underplated) mafic crust.
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Even when amphibole is present, more important is the onsefluence from crustal melt. Recharging hot mantle basalts
of garnet stabilization at higher pressure deeper in the crusinto the MASH zone causes remelting (recycling) below
Garnet stabilization changes the melt compositions dramatthe newly underplated basaltic crust at greater depth. The
ically with increase in Si and decrease in Fe, Mg, Y andrecharging mafic melt will hybridise with the more silicic
Yb, like that seen in the late Eocene syn/post-tectonic granerustal melts from the newly underplated basaltic crust, pro-
itoids after Incaic crustal shortening, in experimental high- ducing hybrid melts with geochemical and isotopic compo-
Al TTD/TTG's at 12 kbar (Rushmer, 1993; Rapp and Wat- sitions reflecting the amount of hybridisation between mafic
son, 1995), and in the granitoid Cordillera Blanca batholith mantle and silicic crustal melt rather than the original source
in Peru (Atherton and Petford, 1993; Petford and Atherton,signature. Successive underplating and ponding of hot man-
1996). The latter was interpreted as being generated by meltie basalts throughout the more than 40 m.y. that this arc was
ing newly underplated garnet and/or amphibole-bearing (hy-active probably lead to substantial thermal weakening and
drous) basaltic crust. remelting of the mafic arc crustal base. Such rheologically
The compositions of these melts are also similar to pri-and thermally weakened arc crust provides ideal mechanical
mary dacitic melts from subducting oceanic crust (alsoconditions for shortening of arc crust during the late Eocene
known as “adakites”, Table 1). However, adakites are gen{ranspressional tectonic regime (Incaic phasébé et al.,
erally expected in forearc regions, not above the arc crustal 992). The declining presence and complete lack of mafic
keel (Atherton and Petford, 1993), and they generally lackmain-arc igneous rocks in the Late Eocene syn/post-tectonic
such a systematic geochemical evolution of increasing La/YKEI Abra-Fortuna granodiorites and granites may reflect pri-
ratios as the one seen in Late Cretaceous-Eocene arc magyary crustal melts with little or no contribution of mantle-
matic rocks. Furthermore, the abrupt La/Yb increase in thederived basalts, since subduction-related magmatism ceased
syn/post-tectonic late Eocene granodiorites and granites oafter Incaic deformation.
curred coeval with Incaic shortening and thickening of the  Thjs model can account for the gradually increasing sili-
crust. It iS therefore plausible that the |ateSt (late Eocenekic Crusta| me|t proportions as seen in main_arc magmatic
increase in La/Yb monitored continental crustal dynamicsyocks between Late Cretaceous and Late Eocene, but also
rather than slab melting. Following this argument, it is con- accounts for the relatively constant St and Nd isotopic com-
ceivable that the gradual increase in La/Yb ratios prior topositions with time, as the (lower) crustal source consists of

late Eocene crustal shortening (from Late Cretaceous to Midfreshly underplated mantle-derived basalts with little varia-
Eocene) also reflects gradual crustal thickening. Howevertion in composition and age.

the tectonic record from this period lacks evidence of crustal
shortening, and therefore the crustal thickening inferred ma S .
be due togother processes such as successivge magmatic l)jl’l'-l Estimating paleo-arc crustal thicknesses (Late Creta-
derplating ceous — Late Eocene)

| envisage a model which takes both increasing crustal . o . o
thickening and mixing between mantle-derived basalts and'ne main-arc REE patterns and initial Srand Nd isotopic sig-
crustal melts from newly underplated basaltic crust into ac-natures of Late Cretaceous-Mid Eocene main-arc magmatic
count. Successive underplating and stalling of hot mantleJocks in North Chile (prior to Incaic deformation) are sim-

derived basalts at or near the base of the crust triggers tw#ar to those seen in the southern SVZ betweef-8&'S

increase from 30-35 to about 40 km (Hildreth and Moor-
(1) progressive deepening of the MASH crust-mantle bath, 1988). Geochemical and isotopic characteristics of late
boundary zone (MASH = melting, assimilation, storage, Eocene syn/post-tectonic granitoids also overlap the field of
homogenization, after Hildreth and Moorbath, 1988) |ate Oligocene volcanic rocks in the Maricunga belt°@26
through time and transforming initial lower pressure 28°S, Kay et al., 1994), and that of the southern SVZ be-
gabbroic to higher pressure garnet- and amphiboletween 35-34°S, where crustal thicknesses of about 40 km
bearing source mineralogies, and were estimated (Hildreth and Moorbath, 1988).

(2) remelting and increasing crustal melt proportions from SVZ Volcanic magmas between 383'S are thought
newly underplated basaltic lower crust. The ability of ©© have _tr%¥elleg throulgg thl&lzer crust (50-55km), and
incoming basalt to melt pre-existing underplate (amphi- MOst initial SrPeSr and™*3Nd/**4Nd ratios of late Eocene
bolite) has been investigated recently. Results suggesty"/Post-tectonic granitoids are lower and higher, respec-
that the amount of incoming mantle basalt need not totlVélY. or only partly overlap this SVZ field (Fig. 3 and 4a-b).
be large to promote melting, and that the timescale ofUsing these analogue along-arc variations in geochemistry

melting will be in the order of thousands of years only and crustal thicknesses in the SVZ, | estimate roughly that
(Petford and Gallagher, 2001). mafic underplating in the Late Cretaceous—Eocene paleo-

arc may have thickened the arc crust by 5-10 km, from 30—

In this model, the Late Cretaceous andesite-dacite-rhyolite85 km to about 40 km. Subsequent late Eocene Incaic short-
(island-arc type) suite from North Chile represents mainly ening and thickening of the crust lowered the arc crustal base
derivatives from mantle-derived basalts with little or no in- to about 45km. This estimate is consistent with balanced
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Fig. 5. Plot of age of Andean magmatic rocks (a) vs La/Yb, (b) vs inff8rB8Sr ratios, and (c) v&43Nd/A44Nd-isotopic ratios, showing
correlation of higher La/Yb ratios and higH&iSrF8Sr and lowert43Nd/A44Nd isotopes with decreasing age in each arc system. Episodes of
transtensional or transpressional tectonic activity are followed by magmatic gaps of 5-10 m.y., and subsequent stepwise eastward migratior
of main-arc magmatic activity.
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across-arc structural sections of Incaic crustal shortening irb  Discussion — implications on Archean crustal growth
this region (7—8 km, Haschke andi@ther, 2002).
Subduction-related magmatism at convergent plate mar-
This correlation is consistent with results from numerical 9'"S 'S thhe r;aln meclzhamﬁm forl crustal grovvtE (R_“d?'Ck'
trace element modeling. Simulations of melting lower crustal 1999)- The key to relate the evolutionary geochemical pat-

basaltic source mineralogies at variable depth suggest th4E™MS shown in this study to Archean crustal growth lies in
the late Eocene syn/post-tectonic granitoids can be explained'® temporal transition from low-Al to high-Al TTD/TTG.
by partial melting of garnet-bearing amphibolite with up to The low-Al TTD/TTG type rocks appear to relate to thin

10Wt.% garnet (Haschke et al., 2002a), reflecting pressureland-arc type (Late Cretaceous) crust, whereas high-Al
>12 kbar or>40 km crustal thickness (Rushmer, 1993; Rapp | 1 D/TTG type rocks tend to accompany overthickened oro-
and Watson, 1995). Eclogitic residues10 wt.% garnet) genic (>'4O km, late Eocene) crgst. Main-arc 'r.ocks with in- '
at pressures 15 kbar (or>50 km crustal thickness) produce t_ermec_ilate ages are characterised by trgnsnmnal composi-
higher La/Yb and Sr/Y ratios (Rapp and Watson, 1995) thantions, intermediate b_etw_een IOW'_Al and h'gh'AI TTD/TTG,
those seen in the late Eocene syn/post-tectonic grar]itoidsc’onsequently reflecting intermediate crustal thicknesses.

suggesting that late Eocene arc crustal thicknesses after In- SUCh transitions are characteristic of the entire Andean
caic crustal shortening (38.5 Ma,0Pel et al., 1992) were ©°rogeny (200 Ma-Present, Fig. 5a—c). One important impli-
less than 50 km. cation is that Archean high-Al TTD/TTG crust may be asso-

ciated with melting of, or contamination within, the deep arc

. . crust >40km). As a rule of thumb, these patterns suggest:
Comparing the Late Cretaceous-Eocene evolutionary 9€07e thicker the arc crust, the more do major and trace ele-

chemical and isotopic patterns with those of other Andeanment compositions of arc magmatic rocks resemble that of

arc magmatic rocks also revealed that increasing La/Yb raa rchean high-Al TTD/TTG " :
. , 7c.B6 _ NI Y _ gh- or adakitic rocks. Itis clear that
tios and highef’SrP°Sr ratios and lowet**Nd/!*“Nd ratios neither the low-Al type is restricted to the Phanerozoic, nor

thr.ough.nme are diagnostic of all paleo-arc systems in Norththe high-Al type to the Precambrian period (unlike proposed
Chile (Fig. 5a—). by Drummond and Defant, 1990).
If correct, then Archean TTD/TTD crust must have
Within each arc-magmatic episode, increasing La/Yb ra-heen thicker, or, in other words, orogenic crust was more
tios correlate with (tectonic and magmatic) arc crustal thick-widespread than today, and if remelting the mafic base of
ening except for the Jurassic arc. Regional geologic conthick arc crust was a key mechanism for TTG/TTD type
straints from the oldest Andean magmatic arc system shovgrystal growth, which mechanism was responsible for thick-
no evidence of crustal shortening and/or significant crustakning the crust during Archean times?
thickening (Scheuber et al., 1994), consistent with overall Recentinvestigations of modern anomalous thick orogenic
low La/Yb ratios which do not appear to increase with de- cryst (Andes, Himalaya) indicate that crustal shortening is
creasing eruption age (Fig. 5a). The first indication of sig-yery efficient in thickening the crust (e.g. Allmendinger et
nificant crustal thickening comes from the mid-Cretaceousy] 1997). One important requirement for crustal shortening
arc, where the Peruvian unconformity indicates shorteninggt convergent plate margins is rapid convergence (e.g. Nazca
and thickening of the crust between 90-80 Ma (Scheuber ep|ate versus South American plate: 8.7 cm/a; Scheuber and
al.,, 1994). Even though this tectonomagmatic period is noiGjese, 1999). Even higher plate motion and convergence
well constrained (due to lack of outcrops), the overall trendyates are inferred for the Archean, as higher heat flow in early
of increasing La/Yb ratios is clear. From200 Ma-Present,  Earth's history presumably induced fast rifting and conse-
this pattern restarted each time the axis of main-arc magmatiauenﬂy fast subduction of smaller and hotter plates (Mar-
activity migrated to the east. The constraints of this patterngjp, 1999). Slab melting may have been characteristic for
on the plate tectonic changes during the Andean orogeny arghe Archean, but can slab melting alone account for rapid
discussed in a separate paper (see Haschke et al., 2002b). (adakitic or TTG/TTD type) crustal growth ? Results of trace
element modeling of adakites from previous authors and ex-
In spite of repeated arc shifts, basaltic underplating fromperimental petrologic work both suggest that adakites are
200 Ma-Present implies that large amounts of basaltic crusproducts of very low partial melting degrees (3—7 vol.%; Kay,
were added to the base of the continental crust. This will1978; Smith et al., 1979; Kay et al., 1993). If this is correct,
have significant effects on the seismic nature of the lowerhow can adakites alone explain rapid crustal growth in the
crust and crust-mantle boundary. P-wave velocities (Vp) inArchean? Even assuming that adakite production was more
the lowermost 20 km of the central Andean crustal columnabundant in early Earth’s history, it probably could not have
beneath the Coastal Cordillera, Longitudinal Valley, Chileanproduced the large amount of Archean high-Al TTD/TTG
Precordillera and Western Cordillera at Z&5range from  type continental crust.
7.3—7.7km/s (Schmitz et al., 1999). Both the lowermost | propose that non-collisional as well as collisional
crustal thickness and the range of Vp shown are well within(Andean-type and/or Himalayan-type) tectonic crustal short-
the expected range for crustal thickening (up to 25 km) andening and thickening was more widespread and common in
Vp (7.1-7.8 km/s) predicted by Furlong and Fountain (1986).the Archean than today, and that Archean crust was over-
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all thicker than today (46-52 km: Artemieva and Mooney, Dobel, R., Hammerschmidt, K., and Friedrichsen, H.: Implication
2001;>35-50 km: Kbner, 1991), and mostly basaltic (Ab-  of 4%Ar/3%Ar dating of early Tertiary volcanic rocks from the
bott et al., 1997). Crustal shortening may have been facili- North-Chilean Precordillera, Tectonophysics, 202, 55-81, 1992.
tated by the generally assumed higher Archean thermal graPrummond, M. S. and Defant, M. J.: A model for trondhjemite-
dients, since warmer lithosphere is rheologically weaker and tonalite-dacite genesis and_ crustal growth via slab melting:
therefore easier to deform. This is also consistent with the “/¢héan to modern comparisons, J. Geophys. Res., 95 (B13),

. . 21503-21521, 1990
general accepted idea that Archean plate motions and CorWerfeeley, T. C. and Davidson, J. P.: Petrology of Calc-Alkaline Lavas

gence rat_es were faster than today (e.g. Martin, 1999){ sm_ce at Volcan Ollague and the Origin of Compositional Diversity at
more rapid convergence probably caused strong coupling in- central Andean Stratovolcanoes, J. Petrol., 35 (5), 12951340
ducing crustal shortening in the overlying plate. If thisis 1994,
true, then Precambrian high-Al TTD/TTG crust reflects rem- Feeley, T. C. and Hacker, M. D.: Intracrustal derivation of Na-rich
nants of thick ancient (Andean or Himalayan-type) orogens. andesitic and dacitic magmas — an example from volcan Ollague,
Much of Archean (lower) orogenic crust may have been lost Andean central volcanic zone, J. Geol., 103 (2), 213-225, 1995.
to the mantle by subsequent delamination through time (KayFurlong, K. and Fountain, D. M., 1986, Continental crustal under-
and Kay, 1991). plati_ng: thermal considerations and seismic-petrological consid-
This model does not rule out slab melting during early _ eration, J. Geophys. Res., 91, 8285-8294.
Earth's history, but it supports previous work highlighting GUNther. A., Haschke, M. R., Reutter, K.-J,, and Scheuber, E.:
the importance of magmatic underplating (e.g. Atherton and gmemzt.'lf evo';fo; %q structural Igeometr.y of thi Cllllean
Petford, 1993; Petford and Atherton, 1996; Petford and recordillera (21.5-2%): inversional tectonics in the Late

- . Cretaceous-Paleogene magmatic arc, Abstracts, Terra Nostra,
Gallagher, 2001) in TTG/TTD generation. Regardless of gg/5 58_59 1998.

which process dominated the generation of high-Al Archeanyaschke, M., Siebel, W., @ither, A., and Scheuber, E.: Repeated
TTD/TTG crust (slab melting or recycling of mafic under-  crustal thickening and recycling during the Andean orogeny
plate), both had to operate efficiently and on a large scale in North Chile (22-26°S), J. Geophys. Res., 107 (B1), DOI
in order to account for the distribution of existing Archean  10.1029/2001JB000328, 2002a.
high-Al TTD/TTG crust. Haschke, M., Scheuber, E.iBther, A., and Reutter, K.-J.: Evo-
. ) lutionary cycles during the Andean orogeny: Repeated slab
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