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ABSTRACT

An integrated provenance analysis of the Upper CretaceousMagallanes retroarc foreland basin of
southern Chile (501300^521S) provides new constraints on source area evolution, regional patterns of
sediment dispersal and depositional age. Over 450 new single-grain detrital-zirconU-Pb ages, which
are integratedwith sandstone petrographic and mudstone geochemical data, provide a
comprehensive detrital record of the northernMagallanes foreland basin- ¢lling succession (44000-
m-thick). Prominent peaks in detrital-zircon age distribution among the Punta Barrosa, CerroToro,
Tres Pasos andDoroteaFormations indicate that the incorporation and exhumation ofUpper Jurassic
igneous rocks (ca.147^155Ma) into the Andean fold-thrust belt was established in the Santonian (ca.
85Ma) andwas a signi¢cant source of detritus to the basin by theMaastrichtian (ca. 70Ma). Sandstone
compositional trends indicate an increase in volcanic and volcaniclastic grains upward through the
basin ¢ll corroborating the interpretation of an unroo¢ng sequence. Detrital-zircon ages indicate
that theMagallanes foredeep received young arc-derived detritus throughout its ca. 20m.y. ¢lling
history, constraining the timing of basin- ¢lling phases previously based only on biostratigraphy.
Additionally, spatial patterns of detrital-zircon ages in theTresPasos andDoroteaFormations support
interpretations that they are genetically linked depositional systems, thus demonstrating the utility of
provenance indicators for evaluating stratigraphic relationships of diachronous lithostratigraphic
units.This integrated provenance dataset highlights how the sedimentary ¢ll of theMagallanes basin
is unique among other retroarc foreland basins and from the well- studied Andean foreland basins
farther north, which is attributed to nature of the predecessor rift and backarc basin.

INTRODUCTION

A retroarc foreland basin is de¢ned as an elongate trough
that forms between a linear contractional orogenic belt,
associatedwith an active arc, and a stable craton (DeCelles
& Giles, 1996). The sedimentary ¢lls of foreland basins
have long been used to infer the palaeogeography and evo-
lution of the adjacent, and dynamically linked, orogenic
belt (e.g. Dickinson & Suczek, 1979; Schwab, 1986; Jordan
et al., 1988; Jordan, 1995). The 47000-km-long Andean
Cordillera of SouthAmerica has been an important natur-
al laboratory for addressing questions regarding the devel-
opment and structural evolution of foreland fold-thrust
belts (e.g. Jordan &Allmendinger, 1986; Ramos, 1988; Hor-

ton & DeCelles, 1997; Kley et al., 1999; Horton et al., 2002;
DeCelles et al., 2007). However, the evolution of the Pata-
gonian segment of the Andean orogenic belt (48^531S),
especially during Mesozoic initiation, is not as well con-
strained as segments farther north. Investigation of the se-
dimentary ¢ll of the Upper Cretaceous Magallanes
retroarc foreland basin provides an opportunity to evaluate
420m.y. tectonic history of the orogenic belt. The im-
proved temporal constraints on tectonic deformation in
the source area also provide important contextual knowl-
edge for understanding well-documented stratigraphic
patterns.

The Magallanes foredeep succession is the result of
long-lived basin subsidence coupledwith an abundant se-
diment supply, which produced an exceptionally complete
basin ¢ll (Fildani et al., 2009).The44000-m-thick sedi-
mentary succession is preserved near the eastern limit of
the present-day Andean fold-thrust belt of the Ultima
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EsperanzaDistrict, Chile (Fig.1).TheMesozoic history of
this region is characterized by a complex basin inversion
from an early extensional phase (Rocas Verdes backarc
basin) to a subsequent contractile phase (Magallanes ret-
roarc foreland basin) associated with Andean orogenesis
(Wilson, 1991; Fildani & Hessler, 2005). As a result of in-
herited attenuated crust associated with early extension,
the Magallanes retroarc foreland basin £oor subsided to
�2000m water depth (Natland et al., 1974) and was ¢lled
bya signi¢cant thickness (44000m) of deep-marine sedi-
ments that are now exposed along the eastern margin of
the Andean belt (Katz, 1963; Corte¤ s, 1964; Natland et al.,
1974; Wilson, 1991). The focus of this study is the Upper
Cretaceous (ca. 92^70Ma) strata exposed in the northern
part of the Magallanes basin (501300^521S) (Figs 1 and 2).
This succession accounts for accommodation related to
initial bathymetric relief and much of the £exural subsi-
dence in the evolving foreland.

The composition of foreland fold-thrust belts, espe-
cially during initiation, is signi¢cantly in£uenced by the
nature of the preceding tectonic regime. E¡ects on basin
con¢guration and foredeep subsidence patterns from the
predecessor rift and backarc RocasVerdes basin have been
discussed by previous workers (Dott et al., 1982; Wilson,
1991;Fildani&Hessler, 2005;Hubbard etal., 2008;Romans
et al., 2009), but a detailed account of timing of emplace-
ment and denudation of distinct geologic terranes in the
fold-thrust belt during Turonian^Maastrichtian basin
evolution has been lacking. The results of the integrated
provenance analysis presented here a¡ord an opportunity
to examine basin-scale stratigraphic patterns with an en-
hanced understanding of source area evolution and regio-
nal sediment dispersal patterns.

GEOLOGIC FRAMEWORK

Late Jurassic rifting and backarc basin
development

The Mesozoic^Cenozoic orogenic cycle in the southern
Patagonian Andes was initiated during an extensional
phase associated with the breakup of Gondwana in the
Middle to Late Jurassic (Bruhn et al., 1978; Gust et al.,
1985; Pankhurst et al., 2000). This rifting is recorded in
the predominately silicic volcanic units of the El Quema-
do, Iban� ez andTob|¤ fera Formations (Figs1and 2) (Wilson,
1991; Fe¤ raud et al., 1999; Pankhurst et al., 2000, 2003; Cal-
dero¤ n et al., 2007). A backarc basin developed as a result of
continued extension by the latest Jurassic to Early Cretac-
eous (Dalziel&Corte¤ s,1972;Dalziel etal.,1974,1981; Sua¤ rez,
1979; Fildani & Hessler, 2005; Caldero¤ n et al., 2007). This
basin (Rocas Verdes basin) was £oored by quasi-oceanic
crust represented by the ma¢c Sarmiento and Tortuga
ophiolites, which have oceanic ridge basalt a⁄nities (Fig.
1) (Allen, 1982, 1983; Stern, 1980; Alabaster & Storey, 1990;
Caldero¤ n et al., 2007).The continental arc system that de-
veloped along the western margin of southern South

America in the Mesozoic is represented by igneous rocks
of the Southern Patagonian Batholith (SPB), which domi-
nates the southernAndeanCordillera between 40 and 561S
(41700 km) (Fig. 1) (Stern & Stroup, 1982). Recent work
suggests that juvenile arc batholith development is coeval
with the latest Jurassic rhyolitic volcanism (He¤ rve¤ et al.,
2007). U^Pb ages from Caldero¤ n et al. (2007) con¢rmed
that volcanism and rifting occurred at least between 152
and142Ma.

The Lower Cretaceous shale-dominated Zapata For-
mation conformably overlies the Tob|¤ fera Formation in
the study area (Wilson, 1991) and records sediment-
starved conditions for a minimum of 25m.y., possibly re-
£ecting a position in an isolated sub-basin (e.g. between
inherited horst blocks) within the RocasVerdes basin (Figs
1 and 2) (Fildani & Hessler, 2005).The Rocas Verdes basin
waswider in the south and its northern limit is interpreted
to be approximately 511S (Katz, 1964; Dalziel & Corte¤ s,
1972; Dalziel et al., 1974;Wilson, 1991).

Late Cretaceous Magallanes retroarc
foreland basin

The transition from the Late Jurassic^Early Cretaceous
extensional Rocas Verdes backarc basin (Tob|¤ fera and Za-
pata Formations) to the Late Cretaceous contractile Ma-
gallanes retroarc foreland basin is suggested to be
initiated as a result of increased spreading rates of the
South Atlantic Ocean and corresponding increased sub-
duction rates along the Paci¢c margin (Rabinowitz & La
Brecque, 1979; Dalziel, 1986; Ramos, 1988). Crustal short-
ening led to the closure of theRocasVerdes basin, develop-
ment of the Andean fold-thrust belt, and associated
foreland subsidence eastward of the active volcanic arc
(Bruhn & Dalziel, 1977; Dott et al., 1982; Wilson, 1991).
Although detailed palaeogeographic reconstructions of
the Rocas Verdes basin are hindered by structural over-
printing as a result of fold-thrust belt shortening (Fildani
&Hessler, 2005), previous work has shown that basin geo-
metry during the backarc phase had a signi¢cant in£uence
on sediment distribution and dispersal patterns during
the succeeding foreland basin phase (Katz, 1963).

Turbidites of the Upper Cretaceous Punta Barrosa For-
mation mark the onset of coarse-grained sedimentation,
and thus foreland fold-thrust belt activity, in the northern
Magallanes basin (Wilson, 1991; Fildani & Hessler, 2005).
The timing of this onset, originally interpreted to be ca.
120^95Ma based on limited biostratigraphic control
(Corte¤ s, 1964), was revised to a younger age (not older than
92Ma) based on detrital-zircon ages (Fildani et al., 2003).
The Punta Barrosa Formation sediment has been inter-
preted to be derived from a mixed source containing arc-
derived rocks and older metamorphic basement rocks
(Fildani &Hessler, 2005).

Persistent subsidence coupled with abundant sediment
supply as a result of denudation of the active arc and fold-
thrust belt during the Late Cretaceous is recorded by the
deep-water conglomeratic CerroToro Formation and over-
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lying slope and deltaic systems of theTres Pasos andDoro-
tea Formations, respectively (Figs 2 and 3) (Katz, 1963;
Scott, 1966; Natland, 1974; Biddle et al., 1986;Wilson, 1991).
Palaeocurrent data for the Punta Barrosa, CerroToro and
Tres Pasos Formations indicate south to SE sediment dis-
persal (i.e. parallel to trend of fold-thrust belt), re£ecting
foreland subsidence patterns (Fig. 3) (Corte¤ s, 1964; Scott,
1966; Smith, 1977; Winn & Dott, 1979; Fildani & Hessler,

2005; Shultz et al., 2005; Crane & Lowe, 2008; Hubbard et
al., 2008; Armitage et al., 2009; Romans et al., 2009).

Cratonward (eastward) migration of the fold-thrust belt
continued into theCenozoic,which uplifted theUpperCre-
taceous strata into its present position (Figs1and 3) (Biddle
et al., 1986; Wilson, 1991; Ramos, 1996; Coutand et al., 1999;
Ghiglione & Ramos, 2005). Compressional deformation
generally decreases eastward and up section: the Punta Bar-
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rosa and Cerro Toro Formations exhibit complex folding
and faulting in some places,whereas theTresPasos andDor-
otea Formations generally dip eastward into the subsurface
along a north-south trending homocline (Fig. 3) (Katz,
1963;Winslow,1982;Wilson,1991; Shultz et al., 2005).

METHODOLOGY

Detrital-zircon geochronology

This study relies primarily on detrital-zircon age analysis,
which is supplemented by sandstone and mudstone com-

positional information. Single-grain detrital-zircon geo-
chronology is an e¡ective tool for addressing various
geologic problems, including (1) constraining depositional
age where biostratigraphy is poor and/or other dateable
material is unavailable (e.g. Fildani et al., 2003; Surpless et
al., 2006), (2) reconstructing general palaeogeographic (or
more detailed palaeodrainage) patterns of sediment dis-
persal systems (e.g. DeGraa¡-Surpless et al., 2002; Link et
al., 2005;Weislogel etal., 2006;Lease etal., 2007;Dickinson
&Gehrels, 2008) and (3) evaluating evolution of sediment
source areas and associated tectonic implications (e.g.
Gehrels & Dickinson, 1995; Stewart et al., 2001; Sears &
Price, 2003; Barbeau etal., 2005). In many cases, all of these
aspects can be evaluatedwith a single dataset.

Previouswork has shown that the detrital record might
contain biases associated with di¡erential transport and
deposition (e.g. Smith & Gehrels, 1994; Fedo et al., 2003;
DeGraa¡-Surpless et al., 2006). These inherent uncer-
tainties can be minimized somewhat by sampling a broad
range of depositional units within the sediment dispersal
system. The samples for this study, and for the previous
studies with which they are integrated, were collected in
conjunction with detailed studies of sedimentology and
stratigraphic architecture (Fildani & Hessler, 2005;
Shultz et al., 2005; Shultz & Hubbard, 2005; Crane &
Lowe, 2008; Hubbard et al., 2008; Armitage et al., 2009;
Covault et al., 2009; Romans et al., 2009). These studies
provide information about depositional systems evolu-
tion, basin- scale stratigraphic organization and palaeo-
current patterns.

For this study, uranium^lead (U^Pb) ages for detrital
zircons were obtained using the Sensitive High-Resolu-
tion Ion Microprobe-Reverse Geometry (SHRIMP-RG)
at the Stanford University-USGS Micro-analytical Cen-
ter. Detrital zircons were extracted from eight medium-
grained sandstone samples (3^5 kg) collected from the
Cerro Toro, Tres Pasos and Dorotea Formations (Figs 2
and 3;Table 1).The stratigraphic distribution of sampling
is considered adequate because, although the basin- ¢lling
sequence is �4000m thick, only �25^35% of that thick-
ness is sandstone or coarser. Details of mineral separation
procedures, grain treatment and documentation follow
those of DeGraa¡-Surpless et al. (2002).

Pb/U ratios were calibrated with reference to standard
zirconR33 (R33 standard age of 419Ma from a quartz dior-
ite of the Braintree Complex,Vermont; Black et al., 2004).
We analysed ca. 60 grains for each of the eight samples,
with the exception of one sample (F04;Table 1), achieving
95% con¢dence of ¢nding at least one grain from every
population that makes up at least 5% of the total sample
population (Dodson et al., 1988; Gehrels, 2000; DeGraa¡-
Surpless et al., 2002). Multiple samples represent each
lithostratigraphic formation analysed, thus increasing the
total number of dated grains per formation to at least 120,
which satis¢es suggestions from recent work regarding
statistical validity (Vermeesch, 2004). All reported ages
and errors were calculated using the Squid data-reduction
tool (Ludwig, 2000). Samples yielding ages o1000Ma
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were corrected for common Pb using calculated 207Pb, and
were determined by the 206Pb/238U ratio, whereas those
41000Mawere corrected for commonPbusingmeasured
204Pb, and the 207Pb/206Pb ratio was used to determine the

age. Age data are plotted as histogramswith superimposed
relative probability curves using Isoplot/Ex (Ludwig,
2003). All values are tabulated in the Supporting informa-
tion.
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Sandstone composition andmudstone
geochemistry

Modal composition for 15 sandstone samples (11 from the
Tres Pasos Formation and four from the Dorotea Forma-
tion) was determined using the Gazzi^Dickinson point-
counting method (e.g. Graham et al., 1976; Ingersoll et al.,
1984) (Fig. 3; Table 2). Four hundred total points were
counted on each thin section, then normalized to quartz^
feldspar^lithic (QFL) parameters and plotted on ternary
diagrams using provenance ¢elds de¢ned by Dickinson

(1985).These data are integratedwith sandstone composi-
tional data from the underlying Punta Barrosa (26 sam-
ples; Fildani & Hessler, 2005) and CerroToro (18 samples;
Crane, 2004) Formations, as presented in Fildani et al.
(2008), and supplemented here with published data from
Smith (1977) and Valenzuela (2006).

Mudstone geochemistry is valuable in provenance ana-
lysis because: (1) it addresses sediment source areas that
typically yield detritus ¢ner than sand (e.g. ma¢c terranes)
and (2) is thought to represent a better average mix of re-
gional source areas (McLennan et al., 1993). As a result,

Table1. Magallanes basin detrital zircon samples used in this study

Formation (sample#) Location Stratigraphic position #grains dated Reference

Dorotea (KTd)
SD-06 Sierra Dorotea Lithostratigraphic base 60 This study
CCS-1 Cerro Cazador (south) Lithostratigraphic base 59 This study
CM-1 CerroMirador Lithostratigraphic base 60 This study
Tres Pasos (Ktp)
LF-05 Laguna Figueroa Upper part of sandstone-rich section 61 This study
F05-1 Cerro Divisadero Upper part of sandstone-rich section 60 This study
F04 Cerro Divisadero Lithostratigraphic base 40 This study
CerroToro (Kct)
VC Ventana Creek Directly above conglomerate member 60 This study
CC Cerro Castillo Directly below conglomerate member 60 This study
Punta Barrosa (Kpb)
3/11-3 Seno Ultima Esperanza Uppermost sandstone-rich section 50 Fildani et al. (2003)
PB 01-04 Cerro Ferrier Lower Punta Barrosa 28 Fildani et al. (2003)
3/5-3 Lago Dickson Lower Punta Barrosa 60 Fildani et al. (2003)
2/6-4 La Peninsula Uppermost sandstone-rich section 29 Fildani et al. (2003)
2/21-3 Refugio Pingo Lower Punta Barrosa 53 Fildani et al. (2003)

Refer to Fig. 3 for map of samples.

Table2. Proportions of detrital framework grains for Upper Cretaceous Tres Pasos and Dorotea formations in Ultima Esperanza
District, southern Chile

Sample Formation Location Q F L Qm F Lt Qp Lv Ls

RR-01 Tres Pasos (AltaVista) Rio Roca 23 22 55 19 22 59 8 88 5
F1-04 Tres Pasos Cerro Divisadero 28 23 49 26 23 51 4 81 15
F2-04 Tres Pasos Cerro Divisadero 23 21 56 21 21 58 5 86 9
F3-04 Tres Pasos Cerro Divisadero 28 25 47 24 25 51 8 74 18
F4-04 Tres Pasos Cerro Divisadero 25 18 57 23 18 59 3 82 15
F5-04 Tres Pasos Cerro Divisadero 20 27 53 20 27 53 0 84 16
F05-1 Tres Pasos Cerro Divisadero 23 27 50 22 27 52 3 89 8
CM-1 Dorotea CerroMirador 25 18 57 24 18 58 2 91 7
ECB-1 Tres Pasos El Chingue Blu¡ 28 24 48 26 24 50 3 91 6
CCS-01 Dorotea Cerro Cazador south 14 20 66 12 20 68 2 91 7
CCS-02 Dorotea Cerro Cazador south 34 15 51 31 15 54 6 92 2
SOL-1 Tres Pasos Cerro Solitario 24 27 49 21 27 52 6 88 6
LF-05 Tres Pasos Laguna Figueroa 12 34 54 10 34 56 4 91 5
LF-02 Tres Pasos Laguna Figueroa 23 22 56 19 22 60 7 85 8
SD-01 Dorotea Sierra Dorotea 21 37 42 18 37 45 7 89 4

Q , quartz; F, feldspar; L, lithic fragments; Qm,monocrystalline quartz; Lt, lithic fragments including polycrystalline quartz; Qp, polycrystalline
quartz; Lv, volcanic lithic fragments; Ls, sedimentary and metasedimentary lithic fragments.
Samples are ordered generally north to south. See Fig. 3 for map of sample locations and refer to Each sample consists of 400 counts. See Fig. 6 for QFL
andQmFLt ternary plots.

r 2009 The Authors
Journal Compilationr Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 645

Integrated provenance of theMagallanes foreland basin fill



these potentially signi¢cant contributors to the basin ¢ll
may be underrepresented in either detrital-zircon or
sandstone-petrographic analyses. Compared to major and
trace elements, the geochemical signature of rare earth
elements (REE) from the clay-sized fraction is not signif-
icantly a¡ected during erosion, sedimentation and diagen-
esis, thus representing a better average source
composition (Table 3; Fleet, 1984; Bhatia, 1985; McLen-
nan, 1989). A plot of chondrite-normalized (Boynton,
1984) REE abundances is the most e¡ective summary with
respect to provenance. Sixteen mudstone samples were
collected from various locations within the uppermost
Cerro Toro Formation (i.e. shales directly underlying the
lithostratigraphic base of the Tres Pasos Formation) and
within theTres Pasos Formation (Fig. 3). Each sample was
analysed for major, trace andREEusing standardXRFand
ICP-MS techniques (refer to the Supporting information
for elemental analysis methods).

PROVENANCE DATA

Detrital-zircon age populations for CerroToro,
Tres Pasos and Dorotea Formations

Detrital-zircon age data for grainso600Ma for the Cerro
Toro, Tres Pasos and Dorotea Formations are shown by
sample in Fig. 4. Although each sample does include zir-
cons 4600Ma, they are few and unclustered, and thus
not discussed here (see Supporting information for tables
of all ages).The cluster of age populationso200Ma is the
most obvious, and a secondary population is observed in
most of the samples at ca. 270^300Ma (Fig. 4).

The majority ( �60%) of detrital zircons in this dataset
are younger than 200Ma and therefore shown separately

in Fig. 5. These composite plots show detrital-zircon age
results grouped according to the four lithostratigraphic
formations of the Magallanes foreland basin succession
(Punta Barrosa Formation data from Fildani et al., 2003).
The Cerro Toro, Tres Pasos and Dorotea Formations all
contain populations of zircons slightly older or nearly
equal to inferred depositional ages, which were originally
based on biostratigraphic data from Natland et al. (1974)
and laterMacellari (1988) (Fig. 5A^C).

A 90^100Ma age population is dominant in the Punta
Barrosa, Tres Pasos and Dorotea Formations (Fig. 5A, B
and D).The dominant population in the CerroToro For-
mation is 140^145Ma; however, the overall detrital-zircon
signature for ages o200Ma is more broadly distributed
than the other formations (Fig. 5C).The Dorotea Forma-
tion age spectrum contains a nearly equal secondary mode
at 145^155Ma (Fig. 5A).This population is also present in
theTres Pasos Formation as a secondary mode, although it
is not as proportionally signi¢cant (Fig. 5B).

Petrography of Tres Pasos and Dorotea
sandstones

The bulk of sandstone petrographic data reported here (11
of 15 samples) are from theTres Pasos Formation with the
remaining from the overlying Dorotea Formation (Table
2). Samples from north of the Chile^Argentina border at
RioRoca southward toSierraDorotea nearPuertoNatales,
Chile, were analysed from a4125-km-long transect par-
allel to depositional dip (Fig. 3).The proportion of sand-
stone to shale in the Tres Pasos Formation varies
signi¢cantly along this trend but is generally �20^40%.
The basal Dorotea Formation is490% sandstone.

Table 3. Results of rare earth element (REE) analysis forTres Pasos Formation shales

Sample

REE in ppm (parts per million)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

RRm-1 28.20 70.71 7.50 28.37 5.84 1.62 5.24 0.87 5.29 1.07 3.11 0.47 2.91 0.46
AVm-1 26.33 60.12 6.51 24.25 5.18 1.16 4.41 0.74 4.59 0.98 2.87 0.44 2.86 0.47
CDm-1 26.67 63.12 7.27 27.86 5.71 1.20 4.90 0.79 4.90 1.02 2.94 0.45 2.88 0.46
CDm-2 23.38 51.30 5.97 22.67 4.67 0.95 3.91 0.65 4.16 0.88 2.57 0.39 2.63 0.42
CDm-3 26.01 56.65 7.00 27.72 6.29 1.43 5.85 0.97 5.80 1.14 3.19 0.47 3.01 0.47
CDm-4 20.46 46.47 6.16 25.66 6.30 1.55 6.16 1.01 5.95 1.11 2.86 0.39 2.35 0.36
CMm-1 29.20 64.36 7.49 28.33 5.79 1.20 4.85 0.81 5.09 1.03 2.96 0.45 2.88 0.46
RZm-1 19.93 53.62 5.15 20.50 4.52 1.06 4.20 0.68 4.10 0.83 2.32 0.34 2.17 0.35
SCm-1 19.82 47.00 5.36 20.82 4.64 1.15 4.22 0.70 4.31 0.85 2.44 0.36 2.29 0.36
SCm-2 21.82 53.76 5.89 23.20 5.24 1.16 5.03 0.83 5.15 1.05 3.02 0.44 2.85 0.45
CBm-1 22.55 53.35 5.69 21.87 4.89 1.14 4.56 0.77 4.83 1.00 2.80 0.42 2.67 0.42
CSm-1 23.29 60.67 5.88 22.20 4.96 1.01 4.35 0.77 4.82 0.97 2.73 0.42 2.64 0.42
APm-1 35.69 80.06 10.34 46.69 8.00 2.42 7.12 1.01 5.62 1.17 3.08 0.41 2.43 0.41
LFm-1 21.60 44.18 5.28 20.65 4.42 1.09 4.11 0.67 4.01 0.81 2.22 0.32 2.05 0.34
LSm-1 20.24 49.77 5.18 19.66 4.37 0.86 3.60 0.64 4.09 0.86 2.59 0.40 2.64 0.44
LSm-2 12.13 32.26 3.63 14.07 3.47 0.86 3.17 0.56 3.49 0.72 2.09 0.32 2.05 0.34

Analyses done atWashingtonStateGeoAnalytical Laboratory. Refer toFig. 3 for map of sample locations; refer to Fig.7 for chondrite-normalized curves.
See Supporting information for analytical methods.
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Tres Pasos andDorotea sandstone can generally be clas-
si¢ed as feldspathic litharenite (cf. Folk, 1980). Framework
sand grains include angular monocrystalline quartz and
feldspar grains (typically plagioclase, twinned or un-
twinned). In some samples, feldspar grains have a high de-
gree of alteration (calcite replacement) making speci¢c
identi¢cation, and thus comparison among samples, di⁄ -
cult. Potassium feldspar is rare and only a few microcline
grainswere observed.An abundance ofvolcanic andvolca-
niclastic rock fragments are recognized in every sample
and outweigh the proportion of other lithic fragments
(Table 2). Volcanic lithic grains are altered to various de-
grees by partial or total recrystallization, compounding

the di⁄culty in systematically di¡erentiating framework
components.

Modal results are normalized and compared on QFL
ternary plots with tectonic ¢elds of Dickinson (1985)
(Fig. 6). Because there is no observable di¡erence be-
tween the Tres Pasos and Dorotea sandstones within a
QFL framework, they are plotted together. The mean
composition is within the transitional arc ¢eld in both
QFL and monocrystalline quartz^feldspar^total lithics
(QmFLt) plots (Fig. 6). Petrographic analyses by Smith
(1977) are slightly more quartz-rich and plot in the dis-
sected arc tomixed ¢elds of the QFL diagram. Results from
the Punta Barrosa Formation (Fildani & Hessler, 2005)

See Fig. 5 for
detail of 60-200 Ma

260-310 Ma domain from EAMC and
DYC source terranes (Hervé et al., 2003)
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of detrital-zircon ages for eight sandstone
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and theCerroToroFormation (Crane, 2004) are shown in
Fig. 6 for comparison.

Geochemical signature of Tres Pasos shale

The Tres Pasos shale REE abundances plot in the same
general region as the underlying Punta Barrosa (Fildani &

Hessler, 2005) and CerroToro Formations (Crane, 2004).
The three formations are plotted together (in ‘Magallanes
basin shales’ ¢eld) in Fig. 7 and comparedwith Zapata For-
mation shale, potential source terrane data (Fildani &
Hessler, 2005), and with the North American shale com-
posite data (Gromet et al., 1984). These data indicate that
the Magallanes basin shales: (1) do not vary signi¢cantly
among the three lithostratigraphic formations and (2) are
slightly more ma¢c than typical shales.

POTENTIAL SOURCE TERRANES

Fildani &Hessler (2005) and Fildani et al. (2003) collected
data and compiled an extensive review for the potential
source areas exposed along the Andean belt. These data
are herein integratedwith recent absolute ages published
for the Patagonian Batholith (He¤ rve¤ et al., 2007) and the
early formations of the basin ¢ll (Caldero¤ n et al., 2007).
Sedimentological studies of the Magallanes basin span-
ning ¢ve decades establishes a robust palaeocurrent data-
set indicating a south to SE direction of sediment
transport for all formations of the stratigraphic interval
of interest (Fig. 3) (e.g. Katz, 1963; Scott, 1966; Smith,
1977; Winn & Dott, 1979; Dott et al., 1982; Wilson, 1991;
Fildani &Hessler, 2005; Shultz etal., 2005; Crane&Lowe,
2008; Hubbard et al., 2008; Armitage et al., 2009; Romans
et al., 2009). Potential unique source areas to the south of
Ultima Esperanza are therefore precluded as contribu-
tors to the basin ¢ll [e.g. Beagle andDarwin granites (Nel-
son et al., 1980); Antarctic Peninsula Batholith (Thomson
&Pankhurst,1983;Millar etal., 2002)].TheArgentine cra-
ton, to the east of Ultima Esperanza, is interpreted to
have been a broad depositional platform that accumu-
lated mostly muddy sediment during theLateCretaceous
(Biddle et al., 1986) and is also ruled out as a signi¢cant
source of sediment.

The western and northwestern terranes of the Andean
orogenic belt have been interpreted to be important
source areas for the Magallanes basin during the Cretac-
eous (Wilson, 1991; Fildani et al., 2003; Fildani & Hessler,
2005; Caldero¤ n et al., 2007). Speci¢c sediment source ter-
ranes reviewed here include: (1) pre-Upper Jurassic meta-
morphic complexes, (2) Upper Jurassic rift-related silicic
volcanic rocks (Tob|¤ fera Formation and equivalents), (3)
Upper Jurassic ma¢c rocks (Sarmiento Ophiolite) and (4)
the Jurassic toTertiary continental arc (SPB).

Pre-upper Jurassic metamorphic complexes

Several metamorphic complexes ranging in age from Late
Devonian to Early Jurassic have been recognized in south-
ern South America (Fig.1) (e.g. Herve¤ , 1988; Fau¤ ndez et al.,
2002).The most relevant as potential source areas for the
Magallanes basin are (1) theEasternAndeanMetamorphic
Complex (EAMC), which is present on the eastern £ank of
the modern Patagonian Andes north of 511S and the
Staines Complex, interpreted as the southern extension
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of EAMC south of 511S, and (2) an areally smaller complex,
theDuque deYorkComplex (DYC), preserved on the wes-
tern side of the SPB (Fig.1).Depositional age of the proto-
lith for theEAMC andStaines complex is no older than ca.
250Ma (Herve¤ et al., 2003). The DYC has a depositional
age of ca. 275Ma (Herve¤ et al., 2003) and consists largely of
metasedimentary rocks (Forsythe etal., 1981). U^Pb dating
of detrital zircons by Herve¤ et al. (2003) of the EAMC and
DYC indicate a dominant age population of ca. 260^
310Ma that is common to both complexes.

Jurassic rift-related volcanic rocks

Jurassic volcanic rocks unconformably overlie or are in
fault contact with the metamorphic complexes discussed
above and consist of rhyolitic and andesitic ignimbrite,
lava and tu¡ (Gust etal., 1985;Wilson,1991).Geochronolo-
gical studies of theTob|¤ fera Formation and its equivalents
by Pankhurst et al. (2000) show that volcanism spanned a
total of ca. 35m.y. and occurred in three distinct phases:
(1) 188^178Ma, (2) 172^162Ma and (3) 157^153Ma. The
youngest phase represents a westward shift in volcanism
as rifting of Gondwana continued; it is the most volumi-
nous with respect to its potential as a source of sediment
for the Magallanes basin (Fig. 1) (Pankhurst et al., 2000;
Caldero¤ n et al. 2007). Recent work by He¤ rve¤ et al. (2007)
suggests that this youngest phase of rift volcanism is con-
current with development of arc magmatism occurring
from157 to145Ma.

Jurassic ophiolite sequences

The Sarmiento ophiolite complex is the northernmost
preserved segment of the RocasVerdes backarc basin crust
(Fig. 1). It consists of nearly 3000m of dominantly ma¢c
intrusive and extrusive igneous rocks (Allen, 1982) with
ages from 143 to 137Ma (Stern et al., 1992). Although this
age range is observed in the detrital-zircon record (Fig.
5), crystallization age alone is insu⁄cient for identi¢ca-
tion, because of similar age grains from the SPB (He¤ rve¤ et
al., 2007) and the general lack of zircons in ma¢c rocks.

Upper Jurassic toTertiary continental arc

The continental arc system that developed along the wes-
tern margin of southern SouthAmerica in theMesozoic is
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represented by igneous rocks of the Southern Patagonian
Batholith (SPB) (Fig. 1). The SPB, which is composed of
granodiorite and tonalite with some localized gabbro,
dominates the southern Andean Cordillera extending
from 40 to 561S (41700 km) (Stern & Stroup, 1982). The
initial geochronological studies on the SPB showed that
magmatism spanned from 165 to 11Ma, with a peak be-
tween 120 and 70Ma (Bruce et al., 1991). More recent U^
Pb dating of SPB zircons by He¤ rve¤ et al. (2007) re¢ne the
oldest ages and thus the onset of arc magmatism to ca.
157^145Ma.This age population, however, is from a bimo-
dal igneous body (leucogranite and gabbro) that overlaps
in age with the extensive rhyolitic volcanism associated
with theTob|¤ fera Formation (He¤ rve¤ et al., 2007).

DETRITAL COMPOSITION OF THE
MAGALLANES BASIN

Punta Barrosa Formation

The Punta Barrosa Formation sediment has been inter-
preted to be derived from a mixed source containing arc-
derived rocks and older metamorphic basement rocks
(Fildani &Hessler, 2005). Detrital-zircon age results show
that440%of the dated grains are from a 25m.y. period of
arc activity (ca. 115^90Ma) (Fig. 5D). The bulk of the re-
mainder of the sediment is interpreted to be sourced from
pre-rift (i.e. Palaeozoic to earliest Mesozoic) metamorphic
complexes thatwere uplifted during the earlyAndean oro-
geny (Fildani &Hessler, 2005). Sandstone petrography in-
dicates a blend of transitional-dissected arc and mixed
sources (Fig. 6); mudstone geochemical signature (Fig. 7)
was interpreted as a metamorphic source with additional
input from the Sarmiento (seeTable 2 of Fildani &Hessler,
2005).

CerroToro Formation

The source for the Cerro Toro Formation sediment has
been interpreted as a mix of volcanic/volcaniclastic and
metamorphic detritus, which is generally similar to the
underlying Punta Barrosa Formation (Fildani et al., 2008).
At the Silla Syncline outcrop, Crane (2004) documented
decreasing volcanic and volcaniclastic input through the
stratigraphic succession and a sandstone petrographic sig-
nature clearly within the recycled orogen QFL ¢eld (Fig. 6).
Additionally, an assessment of conglomerate clast compo-
sition from the Silla Syncline indicates an abundance of
metamorphic material (Crane, 2004). Sandstone petro-
graphic data from the main axial conglomerate belt, how-
ever, plot within the transitional arc domain (Valenzuela,
2006) suggesting a possible local palaeogeographic bias in
the Silla Syncline data. Clast count data from conglomer-
ate members in the axial belt, which indicate a high pro-
portion of rhyolitic and felsic igneous clasts with
subordinate proportions of metasedimentary (e.g. quarti-
zite) and other rocks, seems to support that interpretation
(Valenzuela, 2006).

The REE pattern is comparable to the Punta Barrosa
Formation, which suggests Jurassic ophiolitic rocks and/
or intermediate volcanic rocks from the arc were a compo-
nent of the source of sediment (Fig.7).Relative to thePun-
ta Barrosa, the detrital-zircon age results for the Cerro
Toro suggest continued input from the Cretaceous arc
(Fig. 5C) and a similar abundance of Palaeozoic grains
(310^260Ma) interpreted to be sourced from the meta-
morphic complexes (Fig. 4). Notably, the appearance of
grains ca. 160^145Ma indicates that Upper Jurassic rocks
started contributing detritus to the basin during Cerro
Toro Formation deposition.

Tres Pasos and Dorotea Formations

The provenance signature of theTres Pasos and overlying
Dorotea Formations are presented together because of
their genetic association with respect to depositional sys-
tem development at regional scales (hundreds of km) (Ma-
cellari et al., 1989; Covault et al., 2009). Sandstone
petrographic data reported here indicate that Tres Pasos
and Dorotea sandstones are rich in volcanic/volcaniclastic
lithic grains and plot within the transitional arc QFL ¢elds
(Table 2;Fig. 6). Sandstone petrographic data from theTres
Pasos, Dorotea, and coeval units to the north in Argentina
( �501S) compiled by Macellari et al. (1989) (including
work on theTres Pasos by Smith, 1977) are somewhat con-
sistent with results of this study; their composite QFL re-
sults are slightly more quartz-rich and plot within the
mixed and dissected arc ¢elds.Tres Pasos REE patterns indi-
cate that the source area for the shales is very similar to
both the Punta Barrosa and CerroToro Formations, which
is slightly more ma¢c than typical shale (Fig. 7).

Detrital-zircon age results reveal a small population of
grains ca. 80Ma present in theTres Pasos Formation (Fig.
5B).This population is younger than the depositional age
of the underlying CerroToro Formation, which helps con-
strain maximum depositional age.The dominant age po-
pulation is ca. 100^90Ma, which is common to both the
older Punta Barrosa Formation and the overlying Dorotea
Formation (Fig. 5). A secondary age population in theTres
Pasos (ca. 155^145Ma) indicates incorporation of Upper
Jurassic grains (Fig. 5B).The detrital-zircon age signature
for the Dorotea Formation shows an increased proportion
of Upper Jurassic ages and also contains a small popula-
tion of grains that constrain maximum depositional age
to be ca. 70Ma. Similar to the older depositional forma-
tions, the Palaeozoic detrital zircons are interpreted to be
derived from the metamorphic basement (Fig. 4).

This integrated provenance dataset suggests a mixed
source area for the Tres Pasos and Dorotea Formations:
(1) Upper Jurassic rift volcanic rocks (157^145Ma), (2) sig-
ni¢cant component of Cretaceous arc material (110^
90Ma), (3) minor component of younger, and nearly con-
temporaneous, arc material and (4) Palaeozoic meta-
morphic basement.
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DISCUSSION

Cretaceous evolution of the Patagonian
Andean fold-thrust belt and arc

The onset of foreland basin sedimentation in Ultima
Esperanza is marked by the appearance of coarse-grained
turbidites of the Punta Barrosa Formation at ca. 92Ma
(Fildani et al., 2003). The detrital-zircon record for the
Punta Barrosa Formation shows that a signi¢cant propor-
tion of relatively young to nearly synchronous arc detritus
(ca. 115^92Ma) was delivered to the basin (Fig. 5D).
Although overlying formations contain grains younger
than 92Ma, this dominant population persists through
the basin ¢ll (Fig. 5A and B). One explanation of this pat-
tern is that the retroarc fold-thrust belt initiated before
92Ma but had not migrated into theUltima Esperanza re-
gion until that time. Fildani & Hessler (2005) postulated
that the upper Zapata Formation may have accumulated
in a rift sub-basin within the Rocas Verdes basin largely
disconnected from the developing arc, associated fold-
thrust belt, and supply of coarse-grained detritus. The
closure of the marginal oceanic basin is thought to have in-
itiated in theAptian^Albian (120^105Ma), resulting in up-
lifted horst blocks along reverse faults that would
eventually evolve into the fold-thrust belt (Caldero¤ n et al.,
2007; Fildani et al., 2008). The temporal gap between in-
itiation of basin closure (120^105Ma) and onset of foreland
basin sedimentation (ca. 92Ma) may represent the time re-
quired for the leading (eastward) edge of the overriding
fold-thrust belt to migrate to Ultima Esperanza.

Upper Jurassic zircon grains are not present in the Punta
Barrosa Formation detrital record (Fig. 5D). The record
from the overlying formations, however, clearly indicates
that uplift and associated denudation of Upper Jurassic
igneous units was occurring by the Santonian (ca. 85Ma)
and that these rocks were a signi¢cant source of detritus by
theMaastrichtian (ca. 70Ma) (Fig. 5).The inability to de¢ni-
tively distinguish a temporal unroo¢ng pattern from a spa-
tial change in source area is recognized; however, the fact
that all formations share similar Cretaceous age peaks sug-
gests a drastic shift in dispersal patternswas unlikely.The in-
creased proportion of volcanic lithic grains in theTres Pasos
and Dorotea Formations relative to underlying formations
(Fig. 6) is consistent with the introduction of a volcanic
source terrane (in addition to the arc) in the hinterland.

The detrital-zircon age results show that a signi¢cant
part of theMagallanes basin ¢ll is dominated by arc mate-
rial. Although there are populations of nearly contem-
poraneous detrital zircons observed in theTres Pasos and
Dorotea Formations, the dominant population is arc-de-
rived material that is ca. 20^30m.y. older than inferred de-
positional ages (Fig. 5A and B). U^Pb dating over a large
region of the SPB by He¤ rve¤ et al. (2007) does not indicate
a clear spatial pattern with respect to age groupings in the
arc. Assuming arc magmatism was consistent throughout
this period, the reduction in younger arc-derived material
(i.e. o90Ma) during theTres Pasos and Dorotea deposi-
tion might re£ect trapping of arc detritus behind the

fold-thrust belt front (e.g. in piggy-back basins created by
uplift ofUpper Jurassic rocks).Although di⁄cult to de¢ni-
tively discriminate, this pattern could also represent geo-
morphic evolution of drainage patterns of the arc itself (cf.
DeGraa¡-Surpless et al., 2002). Despite the variability
among the basinal formations, the record shows that a
connection between the arc and the foredeep was main-
tained throughout the Late Cretaceous. This long-lived
connection suggests that the continental arc and coeval
retroarc foreland basin were probably not separated by
great distances.

The pre-rift Palaeozoic metamorphic basement was
also an important contributor of sediment to the Magal-
lanes basin through the entire basin ¢ll. Detrital-zircon
age populations reported here demonstrate that the
EAMC andDYCwere a source of sediment to the foreland
basin during the Late Cretaceous (Fig. 4).The EAMC age
spectrum includes older populations (ca. 500^550Ma) that
are not well represented in the detrital record (Figs 4 and
8), suggesting that theDYCmight have been amore signif-
icant contributor of detritus to the Magallanes basin.The
few Precambrian grains found in the Magallanes detrital
record are likely recycled from these Palaeozoic meta-
morphic complexes (Augustsson et al., 2006).

Some interesting insights on arc development and evo-
lution are o¡ered by the detrital record.The dominant age
population in the detrital-zircon record (ca.110^95Ma) re-
£ects arc-related activity but is a much shorter duration
compared with the peak of activity determined from the
preserved batholith (Bruce et al. 1991; He¤ rve¤ et al. 2007;
Fig. 5). In some continental-arc systems, rapid build-up
and exhumation of arcmaterial is interpreted to occurdur-
ing and shortly after periods of high-magmatic £ux, or
‘£are-ups’, which can be ca. 10^15m.y. in duration (Ducea
& Barton, 2007).

Sediment dispersal patterns and stratigraphic
organization of the Magallanes foredeep

Detrital-zircon age populations that are nearly contem-
poraneous or slightly older than reported depositional
age ranges are recognized in each successive Magallanes
basin formation.TheTres Pasos Formation (Fig. 5B) has a
small population of grains (ca. 80Ma) younger than the in-
terpreted depositional age of the underlying Cerro Toro
Formation (Fig. 5C). A similar pattern is repeated in the
overlying Dorotea Formation (ca. 73Ma) (Fig. 5A), indicat-
ing that the Magallanes foreland basin continued to re-
ceive detritus from arc plutons and/or associated arc
volcanic cover throughout its ¢lling history. Detrital-zir-
con age results from Fildani et al. (2003) revised the maxi-
mum depositional age of the Punta Barrosa Formation
from the previously reported Albian^Cenomanian age to
92 � 1Ma (Fig. 5D). The youngest detrital-zircon ages
for the CerroToro,Tres Pasos and Dorotea Formations are
generally consistent with depositional age ranges con-
strained by regional biostratigraphic data (Macellari,
1988).
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The depositional systems of the Magallanes foreland
basin in Ultima Esperanza have a strong north-to-south
dispersal pattern throughout its ¢lling history (Scott,
1966; Smith, 1977;Winn &Dott, 1979; Dott et al., 1982; Fil-
dani & Hessler, 2005; Shultz et al., 2005; Crane & Lowe,
2008; Hubbard et al., 2008; Romans et al., 2009).The tran-
sition from deep- to shallow-marine systems is recorded
by theTres Pasos Formation slope strata and the overlying
deltaic strata of the Dorotea Formation (Katz, 1963; Ma-
cellari etal., 1989; Covault etal., 2009).Thus, a north^south
diachroneity is produced as the result of southward pro-
gradation of these sedimentary systems during the latest
Cretaceous and earliest Tertiary.The signature of this ba-
sin- ¢lling pattern and southward younging of lithostrati-
graphic units has been interpreted at outcrop scale
(Romans et al., 2009) and documented at regional scales
(several hundreds of km) from biostratigraphic data (e.g.
Macellari, 1988). However, the recognition of this strati-
graphic architecture at an intermediate scale (ca. tens of
km) has been enigmatic because individual outcrops are
too small and biostratigraphic resolution is too coarse.

Detrital-zircon age probability curves for six samples
from the Tres Pasos and Dorotea Formations are shown
with a schematic stratigraphic cross section oriented par-

allel to depositional dip (Fig. 8). The detrital-zircon age
population of ca. 125^110Ma is present in the northern
samples (F04, F05-1 and CM-1) but is weak to absent in
the southern samples (CCS-1, LF-05 and SD-06).We in-
terpret this spatial change in provenance to re£ect a tem-
poral change in the source area that is recorded in the
diachronous lithostratigraphic formations.This is consis-
tent with previous interpretations from Macellari et al.
(1989) based on petrographic data and mapping. More-
over, this pattern is consistentwithyounger detrital-zircon
ages reported byHerve¤ etal. (2004) for theDorotea Forma-
tion near the town of PuertoNatales (Fig. 2) and from pro-
venance data even further south (Barbeau et al., in press).
No signi¢cant di¡erence is recognized in the sandstone
and mudstone composition when subdivided into the
same northern and southern regions.A source area change
recorded solely in detrital-zircon age data might, there-
fore, suggest that the change was relatively subtle.

Tectonic inheritance and the sedimentary fill
of retroarc foreland basins

The provenance of foreland basins re£ects the composi-
tion of their dynamically linked fold-thrust belt source
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Fig. 8. Schematic stratigraphic cross-section parallel to depositional dip showingTres Pasos (slope) andDorotea (deltaic and shallow-
marine) Formations. Detrital-zircon age populations for samples in northern vs. southern areas suggest temporal evolution of source
area recorded in diachronous strata. General southward-prograding pattern consistent with stratigraphic relationships at regional
scales (Macellari et al., 1989; Shultz et al., 2005) and at outcrop scale (Covault et al., 2009; Romans et al., 2009).
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areas. Thus, the sedimentary ¢ll of retroarc foreland ba-
sins is dominated by detritus recycled from the predeces-
sor geologic terranes that were incorporated into the fold-
thrust belt (Dickinson, 1974, 1976). Provenance character-
istics of many ancient retroarc foreland basins indicate a
¢ll composed of predominantly recycled sedimentary cov-
er (Jordan, 1995; DeCelles & Giles, 1996). Several unique
characteristics distinguish the sedimentary ¢ll of theMa-
gallanes basin from other retroarc foreland successions:
(1) unroo¢ng succession of rift-basin-derived detrital zir-
cons, (2) mudstone geochemical signature that is slightly
more ma¢c than composite shale values, (3) abundant
arc-derived detrital zircons and (4) thick succession of
deep-marine depositional facies. Inversion of the prede-
cessor extensional basin and incorporation of its basement
rocks and associated sedimentary ¢ll into the fold-thrust
belt are the principal reasons for such di¡erences (Fig.9).

Detrital-zircon age populations clearly show that older
rift-related igneous rocks were incorporated into the fold-
thrust belt. Mudstone geochemistry data from all forma-
tions (Fig. 7) indicate a component of ma¢c input to the
basin, interpreted as the incorporation of obducted ocea-
nic crust in the fold-thrust belt and/or abundant detritus
derived from intermediate arc volcanic rocks.The compo-
sitions of retroarc fold-thrust belts that are positioned on
continental crust of normal thickness typically lack a sig-
ni¢cant component of rift and/or ma¢c igneous rocks (Jor-
dan, 1995; DeCelles & Giles, 1996). For example, the
Cretaceous Sevier orogenic belt inNorthAmericawas lar-
gely composed of older passive margin sedimentary rocks
(DeCelles & Coogan, 2006).The Cenozoic ¢ll of the fore-
land basin associated with the Central Andean orogenic
belt is dominated by recycled Palaeozoic^Mesozoic sedi-
mentary rocks with a subordinate magmatic-arc source
(Horton et al., 2002).

The detrital-zircon age results show that the Magal-
lanes basin received young arc-derived material through-

out its ¢lling history, which suggests a short transport
distance from arc to foredeep. Reactivation of inherited
normal faults as high-angle reverse faults during basin in-
version (Allen, 1982; Fildani & Hessler, 2005; Caldero¤ n et
al., 2007) could have contributed to the development of a
relatively narrow orogenic belt and thus short sediment
transport distances. Other retroarc foredeeps are not
dominated by young arc detritus, especially for protracted
periods, because of sediment storage in piggy-back basins
or presence of a major drainage divide that separates a dis-
tant arc source. For example, the Cretaceous Sevier fold-
thrust belt of North America was characterized by an up-
lifted plateau and fold-thrust belt with extensive de¤ colle-
ment thrust faults, which separated the arc from its
contemporaneous foreland basin by as much as 500 km
(DeCelles & Coogan, 2006). The style of the Cenozoic
Central Andean orogenic belt ( �16^241S) exhibits a simi-
lar broad foreland fold-thrust belt region (Horton & De-
Celles, 1997; DeCelles &Horton, 2003).

The tectonic inheritance likely provided a setting in
which signi¢cant basinal subsidence permitted long-lived
(420m.y.) deep-marine deposition and accumulation of
�4000m of largely turbiditic sediment in the Cretaceous
Magallanes basin. Retroarc foreland basins that developed
on continental crust of normal thickness, even during glo-
bal highstands in sea level, typically do not have well-de-
veloped and substantially thick turbidite ¢lls (Jordan,
1995; DeCelles & Giles, 1996). The long-lived axial sedi-
ment dispersal (parallel to the orogenic belt) observed in
the Magallanes basinal strata, also re£ects this enhanced
subsidence.

The inheritance recorded in the sedimentary ¢ll of the
Magallanes foredeep thus suggests a basin con¢guration
and evolution comparable, in some aspects, to remnant
ocean basins (sensu Ingersoll et al., 1995), which are charac-
terized by: (1) a shrinking ocean basin, (2) £anked by at
least one convergent margin and (3) a basin £oor covered
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arc
batholith

uplifted rift volcanics
and oceanic floor

FOLD-THRUST BELT
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deep-water
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systems

shallow and/or nonmarine
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abundant recycleddetritus
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Fig.9. Schematic tectonic-scale cross
sections depicting dominant features of
(a) retroarc foreland basin on fully
continental crust (adapted fromDeCelles
&Giles, 1996) and (b) retroarc foreland
basin that develops from inversion of
predecessor backarc basin (this study). See
text for discussion of distinguishing
features with respect to make-up of fold-
thrust belt, age and compositional trends
of basinal detritus, dominant depositional
systems and sediment dispersal patterns.

r 2009 The Authors
Journal Compilationr Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 653

Integrated provenance of theMagallanes foreland basin fill



by turbidites derived from an associated suture zone. An
important caveat in this comparison is that the predeces-
sorRocasVerdes backarc basinwas not a true oceanic basin
at this latitude; rather, itwas a relatively narrow (o100 km)
marginal basin with rift volcanic rocks and areally limited
oceanic crust (Dalziel et al., 1974; Alabaster & Storey, 1990;
Wilson, 1991). Consequently, the Late Cretaceous retroarc
fold-thrust belt could be considered an uplifted suture
zone and the Magallanes basin similar to a nearly closed
remnant ocean basin or peripheral foreland basin. How-
ever, unlike true remnant ocean basin successions, which
are typically signi¢cantly deformed or not preserved at all
during collision (Ingersoll etal.,1995), the retroarc position
and subsequent evolution of the fold-thrust belt during
the Cenozoic resulted in exceptional preservation of this
unique basin ¢ll.

CONCLUSIONS

More than 450 new single-grain detrital-zirconU-Pb ages
from the Cretaceous Magallanes basin reveal a 420m.y.
history of retroarc fold-thrust belt and associated foreland
basin development. Comparison of4200 previously pub-
lished detrital-zircon ages from the Punta Barrosa detri-
tal-zircon record with new dates from the overlying Cerro
Toro,Tres Pasos and Dorotea Formations (44000m stra-
tigraphic thickness) shows a signature of unroo¢ng in the
fold-thrust belt. Increased abundance of Upper Jurassic
grains (157^145Ma) upwards through the basin ¢ll records
the uplift and associated denudation of the rift basin-re-
lated Tob|¤ fera Formation. Unroo¢ng of Upper Jurassic
rocks started by the Santonian (ca. 85Ma) andwas a signif-
icant source of detritus by the Maastrichtian (ca. 70Ma).
Sandstone compositional trends also indicate an increase
in volcanic and volcaniclastic grains associated with this
unroo¢ng pattern and the shale geochemical signature
suggests a ma¢c component interpreted as the uplifted
oceanic crust remnant of the predecessor backarc basin
(Sarmiento Ophiolite).

Populations of arc-derived detrital zircons that are
nearly contemporaneous with reported maximum deposi-
tional ages for each formation constrain timing of these
signi¢cant basin- ¢lling phases. Additionally, a temporal
change in source area characteristics is recorded in the
detrital-zircon age results from theTres Pasos andDorotea
Formations, which is consistent with interpretations doc-
umenting a large-scale north-south progradational pat-
tern that genetically link the two formations. The results
of this integrated study highlight signi¢cant di¡erences in
provenance characteristics between retroarc foreland ba-
sins that develop on continental crust of normal thickness
and theMagallanes basin, which developed on rifted crust
inherited from a preceding extensional phase.
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