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Abstract: Combined U-Pb and Lu—Hf isotope measurements of single detrital zircon grains in Carboniferous
metasediments from Patagonia delineate the source areas of the sediments. The detritus, represented by four
metasandstone samples, was deposited prior to onset of subduction in Late Carboniferous time along the south
Patagonian proto-Pacific Gondwana margin. A broad series of detrital zircon age peaks (0.35-0.7 Ga, 0.9—
1.5 Ga) and a large spread (0.3—3.5 Ga) in the age spectra require numerous sources. A fifth metasediment
was deposited after the onset of subduction. This syncollisional sample shows two distinct U-Pb age peaks at
c. 290 Ma and 305 Ma. This points to a few sources only (Patagonia, West Antarctica). Initial Hf-isotope
compositions of selected U-Pb dated zircons from the Carboniferous metasediments reveal zircon protoliths
originating from both recycled crust and juvenile sources (eHf(1—04 3562y = —14 to +12). A comparison with
crustal compositions of possible source areas indicates that the detritus mainly originated from the interior of
Gondwana (Extra-Andean Patagonia, the Argentine Sierra de la Ventana, southernmost Africa, East
Antarctica), as well as northern Chile and northwestern Argentina. The sediment transportation paths are
consistent with an autochthonous palaeogeographical position of Patagonia with respect to Gondwana in

Carboniferous time.

The initial Hf-isotope composition of single detrital zircon grains
of known age is a powerful tool in provenance studies, particu-
larly for cases where several potential source areas with similar
zircon crystallization ages exist (Amelin ef al. 1999; Bodet &
Schirer 2000). Previous studies have demonstrated the potential
of Hf-isotope measurements of single detrital zircons to address
problems related to crustal evolution and terrane studies (e.g.
Patchett 1983; Amelin et al. 1999, 2000; Bodet & Schérer 2000;
Knudsen ef al. 2001; Samson et al. 2003). In the past decade
developments in instrumentation (multicollector inductively
coupled plasma mass spectrometry; MC-ICPMS) have facilitated
Hf-isotope measurements of single zircon grains as small as
50 wm with high precision and accuracy (e.g. Amelin ez al. 2000;
Blichert-Toft 2001; Nebel-Jacobsen et al. 2005). This is of
considerable importance in provenance studies as detrital zircons
typically are <100 um in size.

The origin of Patagonia has been widely debated following the
contention of Ramos (1984) that Patagonia might be an
allochthonous continental fragment that collided with Gondwana
in Carboniferous to Permian or Triassic time. Despite a number
of investigations, both supporting (e.g. Dalziel & Grunow 1992;
von Gosen 2003; Chernicoff & Zappettini 2004) and refuting
(e.g. Varela et al. 1991; Rapalini 1998; Pankhurst et al. 2003)
the concept of an exotic origin of the terrane, the plate-tectonic
history of Patagonia is still controversial.

In this study, we present new sensitive high-resolution ion
microprobe (SHRIMP) U-Pb ages and Hf-isotope data from

single detrital zircons in metaturbiditic deposits of ?Carbonifer-
ous to Early Permian age from the metasedimentary basement of
the southern Patagonian Andes, Chile and Argentina. The initial
Hf-isotope compositions of the zircons are compared with
previously published initial Nd-isotope compositions from possi-
ble source areas in southern Gondwana, of which most are
dominated by rocks of similar crystallization ages. Based on our
combined U-Pb and Lu—Hf approach, sedimentary transporta-
tion paths, with implications for the origin and tectonic evolution
of Patagonia, are presented.

Tectonic and geological setting

In late Palacozoic to early Mesozoic time, the proto-Pacific was
subducted beneath the Patagonian margin of Gondwana. Andean
Patagonia (Chile and western Argentina south of c. 42°S) was
suggested to be part of a forearc province (Forsythe 1982). In
northern Chilean Patagonia, Rb—Sr mineral isochron ages
(296.6 + 4.7 Ma, 305.3 +£3.2 Ma, apatite, quartz + feldspar,
white mica from a mica-schist; apatite, titanite, epidote, white
mica from an amphibolite; Willner e al. 2004a) at Los Pabilos
(c. 41°S) indicate that the onset of subduction occurred no later
than ¢. 300 Ma. In central Chile the onset of subduction might
have been somewhat earlier, as indicated by c. 320 Ma meta-
morphic Ar—Ar ages of phengite in garnet mica-schists at
Pichilemu (c. 34°30'S; 317.8 4+ 1.1 Ma, 319.5 + 1.4 Ma; Willner
et al. 2005). In southern Patagonia, zircon fission-track ages in
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metasandstones support metamorphism at ¢. 250 Ma (Thomson
& Herveé 2002).

The Patagonian Palacozoic metasedimentary rocks, mainly
siliciclastic metaturbidites, are the oldest exposed rocks in south-
ern Andean Patagonia, with biostratigraphic ages from Devonian
to Triassic (Fig. 1; Riccardi 1971; Douglass & Nestell 1976;
Ling et al. 1985; Ling & Forsythe 1987; Fortey et al. 1992; Fang
et al. 1998). The sediments were incorporated into subduction
complexes that were accreted to the margin of Gondwana in late
Palacozoic to late Mesozoic time (zircon fission-track ages
between 142 + 7 Ma and 270 4+ 17 Ma from metasandstones, K—
Ar age of 117 +28 Ma from amphibolite; Thomson & Hervé

2002; Willner et al. 2004b). The western part of the deposits was
incorporated into an accretionary wedge, and the eastern part
into the backstop of the wedge. This resulted in deformation and
metamorphism. The metamorphic grade of the metasediments
varies from sub-greenschist to greenschist facies in the east to
greenschist facies in the west (Willner er al. 2000; Ramirez-
Sanchez et al. 2005). The metasediments were further subjected
to large-scale deformation and folding in Late Cretaceous to
Cenozoic time during development of the Andes (Ramos 1989).
The metasediments in this study are part of the low-grade
Eastern Andean Metamorphic Complex in the east. They were
sampled from the Argentine Bahia de la Lancha Formation and
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the Chilean Cochrane unit (northeastern Eastern Andean Meta-
morphic Complex), as well as from a more southwestern section
of the Eastern Andean Metamorphic Complex in the Chilean
Archipelago (Table 1, Fig. 1). The metasediments studied are
thin-bedded sandstone-dominated metaturbidites. Mineralogi-
cally, they are dominated by quartz grains, and to a minor degree
by plagioclase, in a clay-size matrix. Lithic fragments are scarce
and are always of sedimentary origin. The metasediments display
a felsic bulk composition with trace element and Nd-isotope
ratios (eNd(r—20-350Ma) Of —7 to —5) that indicate an upper
continental crustal origin for the major part of the detritus
(Augustsson & Bahlburg 2003; Augustsson et al. 2004).

The Late Devonian to Early Carboniferous biostratigraphic
age of metasandstones of the Argentine Bahia de la Lancha
Formation close to the Chilean border (Riccardi 1971)
commonly adopted for a large part of the Eastern Andean
Metamorphic Complex. However, U-Pb and fission-track ages
of detrital zircons (Thomson & Hervé 2002; Hervé et al. 2003;
this study), which give estimates of maximum and minimum

Table 1. Sampling locations of the metasandstones
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depositional ages, respectively, indicate a more complex history
for the Patagonian units (see Fig. 2).

Analytical methods

Zircons from five metasediments were dated by the U-Pb method with
SHRIMP-RG and SHRIMP 1 at the Research School of Earth Sciences,
Australian National University, Canberra. After sieving, the heavy
mineral fraction of the <250 um fraction was separated with di-
iodinemethane. A random selection of the total zircon fraction was
mounted in epoxy together with the FC1 and SL13 reference zircons
(Paces & Miller 1993; Claoué-Long et al. 1995) and polished to expose
the centres of the grains. Morphology and size were ignored when
selecting mounted grains for analysis, to minimize a bias in the age
spectra results. Zircon regions suitable for analysis were identified from
cathodoluminescence (CL) imaging.

From each sample, 60—70 single detrital zircons were analysed
following the method described by Williams (1998, and references
therein). Zircon rims were preferentially analysed, to date the last growth
stage of each zircon. Spot size was <30 um. The U and Pb isotope data

Sample Geological unit Coordinates
CA-00-15 Cochrane unit, northeastern Eastern Andean Metamorphic Complex, Chile 47°30'25.5"S, 72°50'18.0"W
CA-00-23 Cochrane unit, northeastern Eastern Andean Metamorphic Complex, Chile 48°24'58.1"S, 72°32'46.9"W
CA-00-30 Cochrane unit, northeastern Eastern Andean Metamorphic Complex, Chile 48°06'40.7"S, 72°55'28.6"W
CA-01-06 Bahia de la Lancha Fm, northeastern Eastern Andean Metamorphic Complex, Argentina 48°58'30.2"S, 72°13'46.7"W
FA-01 Southwestern Eastern Andean Metamorphic Complex, Chile 50°48'8.3"S, 73°52'56.8"W
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consist of four scans through the mass spectrum. They were reduced with
a procedure similar to that described by Williams (1998, and references
therein) and with the SQUID/Ex Macro of Ludwig (2001a). The Pb/U
values were normalized relative to 2°°Pb/?3%U = 0.1859 of the FCI
reference zircons, equivalent to an age of 1099 Ma (see Paces & Miller
1993). For zircons older than ¢. 800 Ma, 2°7Pb/2Pb values were used for
age calculation. Because of the small variability of 2°’Pb/2%Pb in the
Phanerozoic age range, 2’°Pb/>®U ages were generally preferred for
younger zircons. The 27Pb/2%°Pb ages were corrected for common Pb
(with assumed present-day compositions of 2°°Pb/204Pb = 18.824 and
207ph/204Pb = 15.671; Cumming & Richards 1975) based on 2*4Pb,
whereas 2°°Pb/?%U ages were corrected based on 2°’Pb as outlined by
Williams (1998). Isoplot/Ex (Ludwig 2001b) was used for age calcula-
tions (assuming A(*¥U) = 1.551 X 1071% ! and A(*°U) = 9.849 X
10-192~1; Jaffey et al. 1971) and statistical treatment.

Seventeen zircons from sample CA-00-30 and seven zircons from CA-
01-06 were analysed for their Lu and Hf concentrations and Hf-isotope
compositions at the Zentrallaboratorium fiir Geochronologie Miinster.
After removal of the zircons from the epoxy, where they were embedded
for the U-Pb dating, and prior to digestion, they were spiked with a
mixed 7°Lu/'8Hf tracer. The dissolution procedure included a first step
with 5:1 HF—HNOjs in Teflon® bombs at 175 °C for 4 days. For Lu—Hf
separation, the element separation method of Nebel-Jacobsen et al.
(2005) was used. Lu and Hf measurements were performed by MC-
ICPMS using a Micromass Isoprobe system. The operation conditions
followed those described by Miinker et al. (2001). Average 7°Hf/'7"Hf
values for the Miinster AMES Hf standard (isotopically indistinguishable
from JMC 475) on the three measurement days were 0.282146 + 10,
0.282146 + 12 and 0.2821514 =+ 14 (errors are absolute 206 X 107). All
data are given relative to '7CHf/!77Hf = 0.282160 for JMC 475.
Laboratory Lu and Hf blanks were <1 pg and <10 pg, respectively, and
are negligible for determinations of the initial Hf-isotope ratio. Blank
corrections for Lu were always <5%. The mean external reproducibility
is +0.5 eHf-units (20). The epoxy (from Epirez Construction Products,
Australia), in which the zircons were embedded, was analysed for its Lu—
Hf content (<0.5 pg Lu and 0.5 pg Hf in >125000 um® epoxy) to ensure
that the epoxy residue did not affect the zircon analyses.

U-Pb ages

U-Pb ages were determined for a total of 300 zircon spots with
only one growth phase. In the four analysed northeastern Eastern
Andean Metamorphic Complex samples (CA-00-15, -23, -30
from the Cochrane unit, and CA-01-06 from the Bahia de la
Lancha Formation), the dated zircons are typically 50—150 pm in

100 jum

length and sub-round to round in shape (see Fig. 3). Of the 239
dated zircons in these samples, 56% display oscillatory and/or
sector zoning, interpreted as magmatic zoning, whereas 44%
display metamorphic zoning (rounded concentric or irregular
zoning, or unzoned), as revealed by CL images (Fig. 3). The U—
Pb age spectra of the four samples are dominated by a broad
series of age peaks in the range from 350 to 700 Ma (Figs 4 and
5). Minor age peaks are apparent at 0.9—1.5 Ga. Of the zircons,
90% have ages <1.5 Ga. Only 5% are of Archaean age (Fig. 4).
The U—Pb age of the youngest concordant grain (Fig. 5) in each
of the four samples is between 320 and 390 Ma, pointing to
maximum depositional ages between c. 330 and 385 Ma (consid-
ering their 1o errors; latest Mid-Devonian to latest Early
Carboniferous). The youngest age (323 & 5 Ma;) is exhibited by
the Argentine Bahia de la Lancha Formation, earlier dated as
Late Devonian to Early Carboniferous (Riccardi 1971).

The zircons in the fifth sample (FA-01 from the southwestern
Eastern Andean Metamorphic Complex) are typically euhedral,
elongated grains 100—200 um in length (see Fig. 3). Of the 61
analysed spots with a single growth phase, 84% have magmatic
zoning, whereas 16% have metamorphic zoning (Figs 3—5). The
oldest dated zircon in this sample is 2.2 Ga in age, and 84% have
ages <500 Ma (Fig. 4). Major distinct age peaks occur at c.
290 Ma and c. 305 Ma (Fig. 4). The maximum depositional age
can be constrained to c¢. 285 Ma (Early Permian) given by the
youngest concordant age at 282 £ 4 Ma (1o; Fig. 5), an age that
is only slightly younger than the youngest age peak at c. 290 Ma
(Fig. 4).

Hf and Nd isotopes

Twenty-four zircons from the northeastern Eastern Andean
Metamorphic Complex metasediments of the Argentine Bahia de
la Lancha Formation (CA-01-06) and the Chilean Cochrane unit
(CA-00-30) that were U—Pb dated were also analysed for their
Hf-isotope compositions. Both samples display Carboniferous
maximum depositional ages. To characterize the main sources,
zircons with only one growth phase from the age peaks at 0.4—
0.7 Ga and 0.9-1.4 Ga were preferentially selected. Except for
two zircons with multiple growth phases (CA-01-06:45 and
-06:63; not discussed further), all zircons have measured 7°Lu/
7THf values of <0.002 and present-day '"Hf/'"7Hf values of

Fig. 3. Representative CL images of
zircons that were used for U-Pb dating.
Rounded zircons with metamorphic
characteristics predominantly yielded ages
>500 Ma, whereas euhedral and
magmatically zoned zircons mainly gave
ages <500 Ma. The Hf-isotope composition
was determined for six of the zircons shown
here (see Table 2).
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0.2805-0.2825, which correspond to present-day eHf values of
—80 to —10 (Table 2).

The initial "SHf/'”7Hf values expressed as eHfir) indicate the
Hf-isotope composition at the time of zircon crystallization and
provide information about the evolution history of their crustal
sources prior to crystallization of the zircons. In most cases, the
analysed zircons with ages <0.7 Ga have lower €Hft) values
(—14 to +1) than those with ages of 0.9—-1.65 Ga (-7 to +12; Fig.
6). The eHf() of two zircons with ages of 1.05 and 1.25 Ga

overlap with depleted mantle values (eHf(r) = +12). Thus, the
protoliths of these two zircons can be regarded as juvenile. The
negative €Hfir) of other zircons indicate crystallization from
recycled old crustal material.

By extrapolating the crustal evolution paths for the zircons
back in time, two-stage Lu—Hf model ages (TpmHf*), which
reflect the ingrowth of !"CHf in the host-rock material prior to
crystallization of a zircon at typical crustal Lu/Hf values
(" Lu/VHf crust.roday = 0.0093; average of granitoid data from
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Vervoort & Patchett 1996), can be calculated. For the <1.65 Ga
old zircons most of the TpyHf* values fall in the ranges 1.2—
1.4 Ga and 1.8-2.0 Ga (Table 2; Figs 6 and 7). The older zircons
(2.4-3.5 Ga) display crustal residence ages of 2.9-3.8 Ga.

An advantage of using initial Hf-isotope compositions of
zircons in provenance studies is the similarity between the Lu—
Hf and Sm—Nd decay systems, in which the parent isotope is
more compatible during crust formation than the corresponding
daughter isotope. This leads to a relative enrichment of Hf and
Nd in the crust, and to lower '7°Hf/'7"Hf and '**Nd/'"**Nd than in
the mantle. This effect leads to a strong coupling of ¢Hf and eNd
in most terrestrial rocks (e.g. Patchett 1983; Vervoort et al.
1999). Therefore, TpvHf* and two-stage Nd model ages
(TpmNd*) calculated for the same rock will correspond to each
other if the isotopic evolution of the depleted mantle and typical
crustal rocks are known. In Figure 7, Hf-isotope data are
compared with previously reported Nd-isotope data (with refer-
ences given in Table 3) for magmatic and metamorphic basement
rocks in potential source areas in southern Gondwana. All Nd-
isotope data were recalculated to TpyNd* with assumed first-

Supplementary Publication (see Fig. 4).

stage crustal evolution from the value of the depleted mantle
(**"Sm/"Ndpmoday = 0.217) and a present-day mean crustal
1478m/14Nd of 0.11, which corresponds to f = —0.44. The
TpmNd* values correspond to zircon TpyHf* calculated with
176Lu/Y"7Hf values of 0.0093 and 0.0381 for average present-day
crust and depleted mantle, respectively. The Lu/Hf and Sm/Nd
values are average ratios inferred from a large set of crust and
mantle samples (Goldstein ef al. 1984; Albaréde & Brouxel
1987; Vervoort & Patchett 1996; Vervoort & Blichert-Toft 1999;
Vervoort et al. 2000).

Discussion
Tectonic evolution

Our U—Pb results are similar to age spectra of zircons from other
Palacozoic metasediments in south Patagonian Chile reported by
Hervé et al. (2003). Likewise, the general age patterns change
from broad age peaks in the samples with old maximum
depositional ages to distinct narrow age peaks in samples with



989

PROVENANCE FROM ZIRCONS

“JOULINY pasn Jou oM san[eA FuIpuodsariod fsoseyd YIMOIF [BIOASS UM UIBID),

soge uodlz qd—(;

T — (foranHdyy ey, JARoradns gy /g ) = e TENHD WOX JH /M, JO UONRIASC
. 1oydIed 29 HOOAISA WOIJ Bjep projrueId jo oJerdae ¢ 0 = feporisnio H ny Jurwnsse pojenoes sem LMy o om 2e YIM0IS U0dIIZ A} SIUSS
9661 U ® I} E}ep p1oj ¥ £€600°0 JH 1 L1 Ul Ppajerno| IH /Mgy U 1z oy

L,

-a1dar I, asoym ‘L + /[T + (PWAFH /0Ty, — L¥3H /0T, )/ (VWAFH , /3H g — YOS, /0T, OIUL = NAL pue /[T + (PN /0T, — Kipor ST /0T g, )/ CSPOWAFH  / FH g, — SO /3, )Jul = N
L9T1 9zl LOFOTI+ 91€787°0 454 SS1— 61 SEET]TO SL6'0— L78000°0 onewSey 99:90-10-VD
148¢ 79¢C 90 F 887~ 9ISIST0 I/ Cpp— LI 6151870 £66°0— $22000°0 XN 1£9:90-10-VD
vSS1 9I¥1 L0F L0+ ¥1228T°0 LT6 61— 0T TETTST0 696'0— £0100°0 onewSen 79:90-10-VD
966 0.8 LOFOT+ 87928770 €z¢€ Sp— 61 £$9287°0 126°0— 792000 XN $S#°90°10VD
6801 8L01 60F 0TI+ 057870 9501 0T1— 9T 19¥28T°0 ¥86°0— 77500070 onewen T€:90-10-VD
8I€l TSIl S0F 90+ L6ET8T0 679 TEl- 4! 66£T8T0 L660— L880000°0 orydioweis $T:90-10-VD
96L1 LE9T LOFOI1— 8707870 €Inl TSt 1T 6507870 $86°0— 8050000 onewsSeN TT:90-10-VD

UODULIO] DYIUD'] D] 2P DIYDY

T6T1 6T11 90 F €0+ 1242820 8L 1'71— 81 6TYT8T0 LL60— 05,0000 onewSeN £9:0€-00-VD
€LY1 1Tyl LOF I'L+ 80TT8T0 12zl S'81— 61 6¥TT8T0 996°0— 6L100°0 onewSeN 19:0€-00-VD
6661 SS91 SOFLEI— 7€0T8T°0 695 79T~ S1 T€0T8T0 L660— 01600000 onydioweia N LS:0€-00-VD
zs€l 121 SOF LGS+ S1€T8T0 686 SS1— ! YEET]T 0 0L6'0— L86000°0 onewSey 96:0€-00-VD
0081 19L1 LOF €L+ ¥$618T°0 0£91 T8~ 0T SL6IST O 0860~ 8L9000°0 owydiowelo €6:0€-00-VO
LTTT 000T 'l F¥L— ¥8LIST0 S74! Spe— 1€ 96L18T°0 ¥86'0— 6250000 oydiowreip 6%:0€-00-VO
€861 9081 90F I'€— LT618T0 1zl €67— 81 €Y6187°0 6L6'0— 00L000°0 onewSeN T7:0€-00-VD
LSET YL 90F ST~ 10¥28T°0 v8Y 9TI— 81 917870 7560~ 0910070 onewSeN LE0E-00-VD
2062 €6LT 80F €1— 0611820 6€1T €66— € LOTIST0 6860~ €L£000°0 oydiowelp 9€:0€-00-VD
TLOE 196T LOFO0T— €9018Z°0 ¥09¢T 8'65— 1T 7801820 686'0— 9L£000°0 onewSeN €€:0€-00-VD
0682 0v8¢ 90 F 8T+ YS118T0 TL9T 6'SS— L1 0611820 6L60— 10L000°0 onydioweia N 1€:0£-00-VD
1€l ¥9T1 L0F €8+ 81€78T°0 2011 vSI— 61 LEST]TO €L6'0— L06000°0 owydiowreip 9Z:0€-00-VD
Y6LE 8TLE 60F 81— 9808770 S6vE T8L— ST 1950820 996°0— 7110070 onewSew ¥2:0€-00-VD
8991 z6€l SOF6L— TTTTT0 96 v6l— ! €7TT8T0 666'0— 82200000 onydioweia |\ TT:0€-00-VD
574! 7901 80F I'l— YLYTSTO 6Tt €01— € T8478T0 0L6'0— 0010070 onewSeN 81:0€-00-VD
881 9191 LOFST— ¥2078T°0 $801 6'ST— 0T 1402820 SL60— $78000°0 onewSeN 20:0€-00-VD
6591 8651 L0F €9+ €L0T8T0 86¢€1 vrT— 1T €80787°0 686'0— £9€000°0 oydiowrelp 10:0€-00-VD
Jtun NQQ&QQQD

(enrun) (4:0T X) (Aepoy)
(eN) NAL (eA) WAL (enrur) M3 JH, AHo,  (eIN) 28V (Kepoy) 13 ot JH, /M Hoy, s/t JH, /N gy, Suruoz

pvp adojost wniufoy—wnyaing g dAqeL



990 C. AUGUSTSSON ET AL.

EHfiry

CA-00-30 (Chile):

& magmatic zircons
<> metamorphic zircons
CA-01-06 (Argentina):
W magmatic zircons
[] metamorphic zircon

| 1 1 1 1 | |
500 1000 1500 2000 2500 3000 3500
Age (Ma)

Fig. 6. U-Pb ages and eHf(1) for single detrital zircon grains. Arrows
indicate typical crustal evolution paths, assuming

6L/ " Hf crusttoday = 0.0093 (average of granitoid data from Vervoort
& Patchett 1996; see also Scherer ef al. 2001). The 20 errors of eHf(r)
are smaller than the symbols (see Table 2). Shaded areas represent crustal
evolution paths of zircons that might originate from common domains.
Evolution of the depleted mantle, eHf() and TpyHf* were calculated
with M('7*Lu) = 1.865 X 107! (Scherer et al. 2001),
L/ T HE cup goday = 0.0332, T6HF /7T HE cpur soday = 0.282772
(Blichert-Toft & Albaréde 1997), 76Lu/""Hf pyoday = 0.0381, and
176 Lu /""" Hf pu.oday = 0.283224 (Vervoort et al. 2000).

young maximum depositional ages. The sampling of lithologi-
cally similar metasediments (turbiditic metagreywackes) makes it
likely that the U—Pb age spectra presented here and by Hervé et
al. (2003) mirror changes in tectonic configuration along the
Palacozoic south Patagonian proto-Pacific margin of Gondwana

4000
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& magmatic zircons
3500+ | <> metamorphic zircons
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M magmatic zircons
[[] metamorphic zircon

3000

2500
1

(see DeGraaff-Surpless et al. 2003). An active tectonic regime
often implies rapid new exposure of potential source rocks.
Therefore, sediments deposited in active margin basins are less
severely affected by recycling than passive margin sediments,
and they will have a larger detrital supply from local sources
(Potter 1978; Veizer & Jansen 1985; McLennan & Taylor 1991).

We interpret the differences in zircon populations to mark the
change from a passive margin regime to the onset of eastward
subduction and the development of a magmatic arc in Late
Carboniferous time in southern Patagonia (see also Hervé et al.
2003). This is consistent with an earlier interpretation based on
whole-rock element and Nd-isotope data (Augustsson & Bahl-
burg 2003), and is in accordance with onset of subduction at the
latest at ¢. 300 Ma in northern Patagonia (see Willner et al.
2004a) and Late Carboniferous onset of subduction beyond
Patagonia further along the margin in central and northern Chile
(Bahlburg & Hervé 1997; Willner et al. 2005).

The youngest zircons and the U-Pb age spectra point to (Late
Devonian to) Carboniferous deposition for the passive-margin
northeastern Eastern Andean Metamorphic Complex sediments
(see Fig. 2). Deposition of the southwestern Eastern Andean
Metamorphic Complex metasediment probably took place in
Early Permian time, slightly after crystallization of the youngest
dated zircon.

Sources of Early to Late Carboniferous metasediments

Potential source regions for detritus of the Patagonian passive
margin sediments include present-day northern Chile and Argen-
tina, Brazil, Uruguay, southern Africa, the Falkland Islands and
Antarctica. Hervé et al. (2003) considered most of these areas as
possible source areas for late Palacozoic Chilean metasediments
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! Fig. 7. Recalculated whole-rock two-stage
model ages plotted against absolute ages of
rocks (=400 Ma) in various provinces of
southern Gondwana. Hf model ages of
Patagonian passive margin sediments (CA-
00-30 and CA-01-06) with corresponding
U-Pb zircon ages are plotted for
comparison. Horizontal grey areas represent

Age of possible sources (Ma)

model age intervals of zircons that might
originate from common domains.
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Table 3. References to Nd and Hf isotope data™ for possible source areas of the Patagonian sediments

Area Ref. Area

Ref. Area Ref.

Argentine Patagonia (n = 5) West Antarctica (n = 4)

Northern Chile, northern and
central Argentina (n = 177)

Colohuincul Complex 1 Haag Nunatak 8™ 9 Chilean Precordillera 17

Deseado Massif 2 Target Hill 10 Cordillera de la Costa, northern 17
Chile
Cuyania terrane, NW Argentina 18

Falkland Islands and Plateau East Antarctica (n = 116) Las Matras Block, central Argentina 19

m=11)

Cape Meredith Complex 3,4 Coats Land 9 Las Termas Belt, NW Argentina 20

Maurice Ewing Bank 4 Dronning Maud Land 4,11 Pie de Palo Block, northern 217
Argentina

Mawson Coast 12 Precordillera xenoliths, northern 217

Argentina

Southernmost Africa (n = 19) Prince Charles Mts 13 Puna, NW Argentina and northern 17,22
Chile

Barberton Greenstone Belt, South 5 Shackleton Range 14 San Rafael Block, central Argentina 23

Africa

Cape Granite suite, South Africa 6 Transantarctic Mts 15 Sierra de Medina, NW Argentina 17

Mkhondo suite, Swaziland 7 Sierras Pampeanas, northern 17,24
Argentina

Natal Metamorphic Province, 4 Sierra de la Ventana, Argentina 16

South Africa mn=29)

Nd isotope data were recalculated to Tpm™ = In[(***Nd/"Ndsumpte.rs — “*Nd/*Ndpwi.1s)/(**7Sm/*Nderusers — 47Sm/“Ndpars) + 11/A + T, where Ty is the rock age,
L= 6.54 X 10"2a"!, “SNd/"*Ndpmsoday = 0.51315 and Sm/"*Ndppmoday = 0.217. 47Sm/***Nderusers was calculated assuming 47Sm/!**Ndcrust today = 0.11. References:
1, Dalla Salda et al. (1991); 2, Pankhurst et al. (2003); 3, Thistlewood et al. (1997), Thomas et al. (1998); 4, Wareham et al. (1998); 5, Kroner et al. (1996); 6, da Silva et al.
(2000); 7, Condie et al. (1996); 8, 1. Millar (pers. comm.); 9, Storey et al. (1994); 10, Milne & Millar (1989); 11, Arndt et al. (1991), Jacobs et al. (1998), Paulsson &
Austrheim (2003), Ravikant et al. (2004); 12, Young et al. (1997); 13, Zhao et al. (1997); 14, Brommer et al. (1999); 15, Wareham et al. (2001); 16, Rapela et al. (2003); 17,
Lucassen et al. (2000); 18, Porcher et al. (2004); 19, Sato et al. (2000); 20, Hockenreiner et al. (2003); 21, Kay et al. (1996); 22, Bock et al. (2000), Poma et al. (2004); 23,
Cingolani et al. (2003); 24, Pankhurst ez al. (1998), Rapela et al. (1998), Steenken et al. (2004).

*The literature data form the basis for TpyHf* and TpNd* of rocks from possible source areas shown in Figure 7.

sotope values used as published.
*Hf-isotope data. All other data are Nd-isotope data.

of the northeastern Eastern Andean Metamorphic Complex.
However, the scarcity of Transamazonian ages (c. 2 Ga) in the
U-Pb age spectra (Hervé et al. 2003; this study) precludes the
Brazilian Amazonian and Sido Francisco cratons, the Rio de La
Plata Craton in Uruguay and northeastern Argentina, and the
South African Bushveld Complex as possible important source
regions.

The youngest (<0.5 Ga) zircon population might predomi-
nantly originate from Patagonia itself. This is indicated by the c.
420 Ma zircon age peaks of largely magmatic zircons and the
abundance of 450-500 Ma old zircons (Fig. 4), which overlap
with granitic magmatism in eastern Patagonia (Pankhurst et al.
2003). One of the analysed zircons (T ¢. 480 Ma) has a TppHF*
of c¢. 1360 Ma, similar to the east Patagonian granites (Fig. 7;
TpMmNd* c. 1.5 Ga; Pankhurst et al. 2003). A local Patagonian
origin is supported by the zircon morphology. Of the 78 zircons
with ages <0.5 Ga, 83% are weakly abraded, whereas 80% of
the older grains are subrounded to rounded.

Most of the U-Pb dated zircons have crystallization ages
between 0.5 and 0.6 Ga (Fig. 4), and most potential source areas
beyond Patagonia in southern Gondwana are dominated by c. 0.5
and 1.0-1.2 Ga magmatic and metamorphic rocks with over-
lapping TpyNd* (=<2.5 Ga; Fig. 7). Many of the Patagonian
zircons in both age ranges display TpyHf* of 1.2—1.4 and 1.8—
2.0 Ga. Provided that the Hf-isotope composition of the source
material evolved following inferred typical crustal evolution
paths, the zircons with similar model ages might all originate
from similar crustal domains despite their large range in eHf(y).
Therefore, the dominant source areas need to account for the
presence of both 0.5-0.6 Ga and 1.0—1.2 Ga old zircons with
model ages of 1.2—1.4 and 1.8—2.0 Ga. Furthermore, they have

to explain the presence of both juvenile and recycled 1.0-1.3 Ga
zircons (eHf(p) = —7 to +12).

East Antarctica as well as northern Chile and northwestern
and central western Argentina along the margin of Gondwana are
possible source areas with magmatic and metamorphic felsic
rocks of 0.5-0.6 Ga and c. 1.0-1.2 Ga, and with TpyNd* of
both ¢. 1.2—1.4 and c. 1.8-2.0 Ga (e.g. Kay et al. 1996; Jacobs
et al. 1998; Lucassen et al. 2000; Paulsson & Austrheim 2003).
This includes juvenile c. 1.1 Ga gneisses from Dronning Maud
Land (Jacobs et al. 1998) and central western Argentina (Kay et
al. 1996) as potential source rock candidates for the juvenile c.
1060 Ma zircon (TppHf* = 1085 Ma). Likewise, West Antarctica
and the Falkland Plateau have both juvenile gneiss (Hf model
age at Haag Nunatak; I. Millar, pers. comm.) and recycled c.
1.1 Ga old felsic rocks (TpyNd* = 1.2-1.6 Ga, Cape Meredith
Complex and Maurice Ewing Bank; Thistlewood et al. 1997;
Wareham et al. 1998). However, West Antarctic and Falkland
Plateau sources cannot explain the dominance of 0.5-0.6 Ga
zircons.

The Sierra de la Ventana north of Patagonia and the Cape
Granite Suite in South Africa could be further sources for 0.5—
0.6 Ga old zircons. Here, granites and rhyolites occur, of which
the TpyNd* values (1.1-1.9 Ga; da Silva et al. 2000; Rapela et
al. 2003) overlap with those of the detrital zircons (1.3-2.0 Ga;
see Fig. 7). Furthermore, gneisses of the Natal Metamorphic
province in South Africa with 1.2 Ga protolith ages and TpyNd*
of ¢. 1.4 Ga (Wareham et al. 1998) could explain the presence of
a c. 1250 Ma juvenile (TpyHf* = 1267 Ma) zircon analysed for
its Hf-isotope composition. Southernmost Africa is also a prob-
able source for the 2.4—3.5 Ga zircon population with TpyHf* of
2.9-3.8 Ga (Fig. 7; Kaapvaal Craton rock ages are c¢. 2.7 and
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3.5 Ga with TpyNd* = 3.1-3.8 Ga; Condie et al. 1996; Kroner
et al. 1996).

The zircons in the 1.4—1.7 Ga age range (TpyHf* ¢. 1660 and
1800 Ma) might have arrived from parts of the present South
American continent north and NW of the Sierra de la Ventana,
such as the Rio Negro—Juruena orogenic belt of the Amazonian
Craton (magmatic and metamorphic rock ages 1.4—1.8 Ga,
TpmNd* = 1.6-2.0 Ga; Geraldes et al. 2001). However, because
of the low content of zircons in the age ranges 1.4—1.7 Ga in the
metasediments (Fig. 4), the belt can have been of only minor
importance as a source of the detrital zircon population of the
metasediments. Thus, the most probable dominant source areas
for the Carboniferous metasediments were the interior of Gond-
wana (Patagonia, the Sierra de la Ventana, southernmost Africa
and East Antarctica) and the proto-Pacific coast further north of
Patagonia (see Fig. 8).

The proposed derivation of zircons with ages >500 Ma from
the interior of Gondwana can be explained by sediment recycling
and the presence of erosional barriers that cut through southern
Africa and southern South America north of Patagonia (Fig. 8).
Furthermore, transport of large volumes of sediment from the
interior of Gondwana to Patagonia implies that Patagonia had an
autochthonous position relative to Gondwana during times of
transport and deposition of the Patagonian sediments. Consider-
ing the suggested sediment transportation paths, a collision of
Patagonia with Gondwana in Permian to Triassic time as
previously proposed (see Ramos 1984) is unlikely.

Sources of Early Permian metasediments

The dominance of <0.5 Ga old zircons in the Early Permian
metasediment (FA-01, southwestern Eastern Andean Meta-
morphic Complex) suggests that the detrital supply from the

Santiag oy %

interior of Gondwana had ceased by the Early Permian. The
zircons representing the two youngest age peaks at c¢. 290 and
305 Ma in the age spectrum might originate from igneous rocks
of similar ages in present-day Andean Patagonia (c. 290, 300 and
305 Ma; Martin ef al. 1999; R. de la Cruz, pers. comm.) and on
the Falkland Islands (c. 305 Ma; Thistlewood et al. 1997),
whereas the zircons making up the peaks at ¢. 325 Ma, 390 Ma
and 1.0-1.2 Ga overlap with ages of granites and gneisses in
West Antarctica (Millar & Pankhurst 1987; Millar e al. 2001).
Present-day extra-Andean Patagonia might be the source of 400—
500 Ma old zircons (magmatism at c¢. 425 Ma and 470 Ma; see
Pankhurst et al. 2003).

Conclusions

The U-Pb ages of the zircons in the Patagonian metasedimen-
tary rocks give new maximum estimates for the timing of
deposition of the Cochrane unit and Bahia de la Lancha
Formation of the northeastern Eastern Andean Metamorphic
Complex, as well as for the southwestern Eastern Andean
Metamorphic Complex. Maximum depositional ages are ¢. 385—
350 Ma, ¢. 330 Ma and c. 290 Ma, respectively. The U-Pb age
data support a model in which subduction along the south
Patagonian margin of Gondwana commenced in Late Carbonifer-
ous time, or at the latest in Early Permian time. Combined U—Pb
ages and initial Hf-isotope compositions of single zircons reveal
source areas for the Carboniferous passive margin sediments in
the interior of Gondwana (Patagonia, the Sierra de la Ventana,
East Antarctica and southern Africa), as well as coast-parallel
sediment transport from northern Chile and northwestern Argen-
tina (Fig. 8). This is consistent with an autochthonous origin of
Patagonia relative to Gondwana. In contrast to the Carboniferous
sediments, the Permian sediment was probably largely supplied

East
Antarctica

' 1.1-1.2 Gat
' 0.5-0.6 Ga

Haa,
Nunataks
Falkland ¥
[slands
Fig. 8. Proposed source areas of the
Patagonian passive margin sediments (see
Antarctic also Hervé et al. 2003, fig. 9) shown in a
Peninsula Gondwana reconstruction after Lawver &
Scotese (1987). The position of the
Falkland Islands is from Taylor & Shaw
= (1989). A, Extra-Andean Patagonia; B,
northern Chile and northwestern Argentina;
C, the Sierra de la Ventana; D,
¥ 1/ southernmost Africa; E, East Antarctica.

Thick dotted line shows approximate
position of proposed Carboniferous erosion
barrier(s).
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from local Patagonian, and West Antarctic sources. The central
Gondwana sources were possibly cut off by the developing
collision along the southwestern South American margin of
Gondwana.
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