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We report the first U-Pb baddeleyite/zircon date for a felsic volcanic rock from the Parana Large Igneous
Province in south Brazil. The new date of 134.3+0.8 Ma for a hypocrystalline Chapecé-type dacite from
Ourinhos (northern Parana basin) is an important regional time marker for the onset of flood basalt volcanism
in the northern and western portion of the province. The dated dacite was erupted onto basement rocks and is
overlain by a high-Ti basalt sequence, interpreted to be correlative with Pitanga basalts elsewhere. This new
U-Pb date for the Ourinhos dacite is consistent with the local stratigraphy being slightly older than the few
reliable step-heating “°Ar/*°Ar dates currently available for overlying high-Ti basalts (133.6-131.5 Ma). This
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Keywords: indicates an ~3 Ma time span for the building of the voluminous high-Ti lava sequence of the Parana basin. On
basalt the other hand, it overlaps the “°Ar/*°Ar dates (134.8-134.1 Ma) available for the stratigraphically older low-
dacite Ti basalt (Gramado + Esmeralda types) and dacite-rhyolite (Palmas type) sequences from South Brazil, which
Large Igneous Province is consistent with the short-lived character of this volcanism and its rapid succession by the high-Ti sequence.
U-Pb dating © 2010 Elsevier B.V. Open access under the Elsevier OA license

Parana-Etendeka Province

1. Introduction

The Parana-Etendeka Magmatic Province in southern South America
and Southwest Africa is one of the largest continental flood basalt
provinces preserved on Earth, with an estimated exposed area of
~1.0 million km2. The origin of the Parana and other Mesozoic flood
basalt provinces have been central to evaluating models of the Large
Igneous Province formation and evolution; however, there has been
considerable debate over its exact timing, duration, stratigraphy and
petrogenetic significance. Absolute dating of the dominantly basaltic
magmatism within the Parand flood basalts with sufficient precision
(e.g., better than & 1.0 Ma; 20) has been largely achieved using the *°Ar/
39Ar method. By far the majority of the dates for the Parani-Etendeka
lava pile were obtained by the “°Ar/*®Ar laser total fusion technique
(Stewart et al., 1996; Turner et al., 1994), which was shown by more
recent studies to yield misleading results (Kirstein et al., 2001; Thiede
and Vasconcelos, 2010). As a result, currently less than a dozen
published dates, obtained by the “°Ar/*°Ar step heating technique
(Ernesto et al., 1999; Renne et al., 1992; Thiede and Vasconcelos, 2010),
can be considered “reliable” for the entire lava pile in Brazil.

U-Pb dating by isotope dilution thermal ionization mass spec-
trometry (ID-TIMS) is a robust technique for dating mafic rocks (e.g.,
Heaman and LeCheminant, 1993), yielding precise age determina-
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tions. However, aphanitic basalts are often devoid of U-bearing
minerals suitable for U-Pb dating, such as zircon or baddeleyite.
Using backscatter electron (BSE) imaging combined with Energy
Dispersive Spectrometry semi-quantitative analyses we identified for
the first time very small (<20 um) baddeleyite (plus some zircon)
crystals in silicic volcanics which, although volumetrically subordinate
constituents of the Parana-Etendeka Magmatic Province in Brazil
(~2.5 vol.%; Bellieni et al., 1986; Garland et al., 1995), occur at key
stratigraphic positions within the lava pile and are thus important
regional time markers. Additionally, since it has been recognized that a
systematic bias exists in previous “CAr/3°Ar dates, requiring an
adjustment in the age of the flux-monitor (Kuiper et al., 2008; Min
et al., 2000), the new ID-TIMS U-Pb age result obtained here allows a
test for accuracy of the Parana-Etendeka dating, as has been done in
other Large Igneous Provinces, such as the Siberian Traps (Kamo et al.,
2003; Reichow et al., 2009) and the Karoo (Riley et al., 2004).

2. Stratigraphy, timing and duration of the
Parana-Etendeka volcanism

Knowledge of the Parana-Etendeka Magmatic Province stratigra-
phy in Brazil is still unsatisfactory, in part because apart from the well-
exposed coastal Serra Geral escarpment, erosion levels are not deep
enough to expose the lower levels of the lava pile inland. However, a
relative stratigraphy has been constructed from province-wide
magma-type correlations based on geochemical information from
regional sections and a few deep oil drilling boreholes (Peate, 1997;
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Fig. 1. Sketch map showing the distribution of the main basalt and dacite-rhyolite types in the Parand sedimentary basin. Stratigraphic columns based on Nardy (1996) and Peate
etal. (1992) (south-central portion of the Parana basin) and Janasi et al. (2007) (Ourinhos region). Gramado, Esmeralda, Pitanga and Paranapanema are Parana basalt magma-types
after Peate et al. (1992). Chapecé and Palmas are high-Ti and low-Ti silicic magma-types. Open stars: sites of “°Ar/>°Ar dating of lava flows and associated sills by stepped heating; all
ages in Ma, recalculated to a 28.201 Ma for Fish Canyon Sanidine. Closed star: location of dated sample OU-09. Open squares: sites of “°Ar/>°Ar dating of lava flows and dykes by total
fusion (Stewart et al., 1996; Turner et al., 1994), presently considered to be unreliable; crosses: sites of “°Ar/>*°Ar dating of dykes by stepped heating (see text for age ranges). Inset at
lower center shows the position of the Parana (Par), Etendeka (Ete) and Angola (Ang) lavas within South America and Africa; Tr and TC are the location of Trindade and Tristan da

Cunha, respectively.
Modified from Peate et al., 1992 and Stewart et al., 1996.

Peate et al, 1990, 1992). These studies indicated that the early
volcanics, preserved at the southeastern portion of the Parana basin,
erupted as a sequence of “low-Ti” basalts (Gramado and Esmeralda
magma-types) topped by genetically related low-Ti dacites and
rhyolites (Palmas-type volcanics). A younger sequence of “high-Ti”
basalts (Pitanga and Paranapanema magma types) makes up the
northern and western portion of the Parana basin (Fig. 1), overlying
the low-Ti sequence, which extends as far as 300 km west of its
outcrop area, as shown in the borehole sections (Peate, 1997; Peate et
al.,, 1992). Felsic volcanics associated with the high-Ti basalts
(Chapec6-type dacites) are volumetrically minor, and were shown
to occur at the lower portion of this sequence, resting directly over the
basement in the north (Janasi et al., 2007; Piccirillo et al., 1987) and
overlying the upper flows of the low-Ti sequence (Esmeralda basalts
or Palmas rhyolites) in the center of the Parana basin (Nardy, 1996;
Peate et al., 1990).

As mentioned above, estimates of timing and duration of the
Parand-Etendeka magmatism are largely based on “°Ar/>°Ar dating.
The studies by Stewart et al. (1996) and Turner et al. (1994) reported
a large number of age determinations (N=42) for lava flows from
most of the exposed area of the Province in Brazil and from the over

1000-m-thick unexposed lava sequences in the central portion of the
province (recovered as chips from boreholes). The total fusion
technique used by these authors, however, was later shown in the
works by the same research group to yield misleading results in
similar rocks (Kirstein et al., 2001, p. 587). The suspicion that these
results might be unreliable was recently confirmed by re-analysis of
the exact same hand samples for which the oldest (~138 Ma) and
youngest (~128 Ma) dates were obtained by Stewart et al. (1996);
these new “°Ar/*°Ar step-wise heating dates (N=3) were shown to
be identical at 134.2-134.8 Ma (Thiede and Vasconcelos, 2010).

Fig. 1 shows the distribution of the meagre 11 published “°Ar/*°Ar
dates by step-wise heating currently available in the literature for the
Parand-Etendeka lavas in Brazil: five from Renne et al. (1992), three
from Ernesto et al. (1999), plus the three re-analysed samples by
Thiede and Vasconcelos (2010). It is clear from Fig. 1 that the dataset

T All “°Ar/**Ar dates reported here were re-calculated to the currently used
28.201 Ma age for the Fish Canyon sanidine (FCs) flux monitor (Kuiper et al., 2008)
and are presented in Table A; Supplementary Data. A paper by Renne et al. (2010)
published while this article was under review proposes a slightly older *°Ar/*Ar age
for the FCs (24.305 Ma); the use of this value would increase the ages reported here by
~0.4 Ma.
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is concentrated on the stratigraphically oldest low-Ti basalt types
(Gramado and Esmeralda), so claims for an ~1 Ma duration (134.6 +
0.6 Ma) for the building of the whole lava pile (Thiede and
Vasconcelos, 2010) must be taken with caution. The slightly younger
ages reported for the northern high-Ti basalt types by Ernesto et al.
(1999) (133.6-131.5 Ma) instead suggest a duration of ~3 Ma (134.8-
131.5 Ma), and are consistent with the northward progression from
“low-Ti” to “high-Ti” magmatism as deduced from the regional
stratigraphic correlation (Peate et al., 1990).

Also shown in Fig. 1 is the location of “°Ar/>°Ar step-wise heating dates
obtained for dykes from the three main dyke swarms of the Parana-
Etendeka (Santos-Rio de Janeiro, Ponta Grossa and Floriandpolis; Deckart
etal,, 1998; Guedes et al., 2005; Raposo et al., 1998; Renne et al,, 1996a,b).
Most of the dyke dates overlap with the lavas (23 out of 34 dates are
within the 130-136 Ma range), but younger dates (128-121 Ma) were
found in Ponta Grossa (3 out of 17) and especially in Florianépolis, where
the bulk of the samples with “accepted” ages (Raposo et al., 1998) tends
to yield younger dates (130-121 Ma). Accurate dating of the dyke
swarms is further complicated by the common existence of older dates
(146-140 Ma) that were attributed to excess Ar (Raposo et al., 1998). In
the Santos-Rio de Janeiro Dyke Swarm, Deckart et al. (1998) analysed
plagioclase crystals from four diabase samples and obtained in all cases
complex patterns with a younger “mini-plateaux” (~132 Ma) at lower
temperature and an older one (135-136 Ma) at high temperature. The
authors attributed the older ages to excess argon, and assumed that the
lower temperature plateaux represent the magmatic age, but later work
by Guedes et al. (2005) in the same region yielded plagioclase and whole-
rock step-wise heating “°Ar/*°Ar dates of 134-135 Ma.

In summary, although a comparatively large number of step-wise
heating “°Ar/3°Ar analyses exists for the Parana dyke swarms, some of
these results may be spurious, owing to problems with Ar excess and/or
loss. The time span reported in the literature for dyke emplacement
within a single swarm in the Parand-Etendeka Magmatic Province

appears to be larger than what is currently indicated for the entire lava
pile (e.g., up to 11 Ma in Ponta Grossa). At least in the Florianépolis
swarm, the majority of the ‘accepted’ ages (including dykes which
chemically appear to correspond to feeders of the Urubici magma-type;
Marques, 2001; Peate et al., 1999) are younger than the lavas.

Regarding the duration of the Parana-Etendeka magmatism, it is also
relevant to observe that alkaline magmatism at the western border of
the Parana basin in Paraguay, considered as genetically related to the
province, is represented by two distinct associations, one predating the
tholeiitic basalts at ~145 Ma and the immediately post-dating the
basalts at 128-126 Ma (step-wise heating “°Ar/*°Ar dates from Comin-
Chiaramonti et al., 2007; Gibson et al., 2006). Persistence of small-
volume magmatism after building of the main lava pile is also revealed
by the ages of felsic volcanic rocks in the southern border of the Parana-
Etendeka Province in Uruguay (most “°Ar/>°Ar dates are 130-126 Ma;
Kirstein et al., 2001). In Etendeka, where the ages of felsic volcanic rocks
and related intrusive complexes typically overlap the eruptive basalts
(average age of 134 Ma; Renne et al., 1996a,b), consistent with a coeval
origin based on field relations, small-volume alkaline rocks dated at
~131-130 Ma are locally present (Renne et al., 1996a,b; Wigand et al.,
2004).

3. Local geology and sampling for U-Pb dating

BSE imaging combined with semi-quantitative EDS analyses
revealed the presence of small amounts of U-bearing accessory
minerals, such as titanite, baddeleyite, monazite, zircon and zircono-
lite in hypocrystalline felsic volcanic rocks from the Parand-Etendeka
Province in Brazil (Fig. 2). Baddeleyite occurs as 0.5 to 20 pm grains
associated with matrix micrographic intergrowths of alkali feldspar
and quartz or included in Fe-Ti oxides. Whereas other recent studies
were successful in extracting magmatic zircon from Parana-Etendeka
felsic volcanic rocks (e.g., Pinto, 2010), we notice that baddeleyite is

Fig. 2. BSE images of baddeleyite and zirconolite and their textural relationships. (A) baddeleyite (Bd) crystals included in Ti-magnetite (Mt) and associated with matrix quartz
(Qz) + alkali feldspar (Kfs); (B) baddeleyite associated with matrix intergrowth of alkali feldspar + quartz; (C) detail of two blade-shaped baddeleyite crystals associated with

quartz; (D) acicular zirconolite (Znl) crystal associated with quartz + alkali feldspar.
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the main, and in some cases, the only Zr-bearing accessory mineral in
many of the silica-supersaturated rocks in this study. This is
somewhat surprising, but stable baddeleyite plus quartz assemblages
have been known for some time (e.g., Heaman and LeCheminant,
1993), and have been reported in high-silica rhyolites from Yellow-
stone (Bindeman and Valley, 2001).

Although baddeleyite was identified in several samples from both
“low-Ti” Palmas and “high-Ti” Chapec6 felsic volcanics, due to its very
small size (typically <10 pm) sufficient amounts for U-Pb dating were
only recovered from a sample of Chapecd-type dacite from the
Ourinhos region. Recovering baddeleyite from Palmas-type volcanics
has proven particularly difficult given the usually glassy texture of
these rocks and their lower Zr contents (<300 ppm, nearly half the
contents in the Chapecé-type).

The Ourinhos dacites are the northernmost occurrences of Parand-
Etendeka felsic volcanic rocks in Brazil, and are exposed as a
~65x20 km elongated strip trending 320" (Janasi et al., 2007). They
were emplaced directly over a very irregular dune field (the Botucatu
Formation sandstones) and are overlain by high-Ti basalts (Piccirillo
et al,, 1987; see Fig. 1). Locally, the first basalt flows geochemically
correspond to the Pitanga magma-type of Peate et al. (1992) and are
in turn overlain by Paranapanema-type basalts (Janasi et al., 2007;
Peate, 1997).

The eruption mechanism of the high-temperature (~1000 °C)
Chapeco-type silicic volcanics is controversial. Marsh et al. (2001)
suggested that the Ourinhos dacites are part of a single rheoignimbrite
unit extending for some 650 km, by correlating it with the chemically
and stratigraphically equivalent Khoraseb acid volcanics in Etendeka.
This concept was further explored by Bryan et al. (2010), who
identified the Ourinhos-Khoraseb unit as one of a series of at least
nine large magnitude silicic eruptions that would have occurred
within a short period (~1 Ma) in the Paranad-Etendeka Province. On
the other hand, extrusion as lava flows or lava-domes was admitted
by Garland et al. (1995) as the more likely emplacement mechanism
for the Chapeco-type volcanics, and detailed examination of field
structures and petrographic features in the Ourinhos dacites showed
no signs of pyroclastic emplacement (Luchetti, 2010). There is also no
evidence that the Ourinhos dacites extend very far to the west
beneath the younger basalts.

Our detailed field work over the whole area of occurrence of the
Ourinhos dacites identified at least three flow units. The lower unit has a
thick (=50 m) vesicular chocolate-brown lower portion when filling
previous depressions (valleys in the dune field), but the other flows
have a typical zoning (Janasi et al.,, 2007; Nardy et al,, 2008): a thick
central portion of vesicle-poor, hypocrystalline dacite with diffuse
vertical jointing and “salt and pepper” texture is bordered by vesicular
glassy top and basal portions. The glassy borders show different jointing
patterns, a closely spaced horizontal jointing being typical of the lower
portions. The lower flows are occasionally brecciated and intruded by
mm-cm clastic dykes derived from underlying sandstones that can
occur as interflow sediments. The thickness of individual dacite flows is
variable but may reach up to 100 m.

The Ourinhos dacites are porphyritic with 10-15 vol.% phenocrysts
of calcic andesine (Ang7_40), augite, pigeonite, Fe-Ti oxides and apatite
set in a rhyolitic matrix (70-78 wt.% SiO,; 7-11 wt.% Na,0 + K;0); see
Janasi et al. (2007) for further details.

4. Analytical techniques

In view of the small size of the Zr-rich minerals that were the
target of this study, sample preparation was a critical step, and was
performed at the Radiogenic Isotope Facility, University of Alberta.
Based on the petrographic observations from the most crystalline
samples, dacite OU-09 (from the upper flow unit), which contains the
least amount of glassy material, was the only sample that yielded a
sufficient amount of zircon and baddeleyite for U-Pb dating (~50

crystals). A slice (12x5x 1.5 cm) of the sample was pulverized in a
tungsten carbide shatter box to produce a powder with grain size
smaller than 100 mesh. The powder was mixed with water and
detergent and then slowly poured by hand (~100 g/h) on a Wilfley
Table to obtain a heavy mineral concentrate that was then passed
through disposable nylon sieves; most of the Zr-bearing minerals
were identified in the <74 um fraction. These minerals were further
segregated using a variety of magnetic (Frantz [sodynamic Separator)
and density (methylene iodide) separation techniques. Baddeleyite
and zircon crystals present in the non-magnetic fraction were hand-
picked using a binocular microscope.

Cleaning of the selected crystals was carefully done with acetone
and 4N HNOs in custom-built Teflon pipettes; fraction weights were
estimated from the number, size and density of grains. The fractions
were loaded into TFE Teflon bombs with 48% HF:7N HNO3 (10:1) plus
a measured amount of a 2°>Pb-235U spike solution, then placed in an
oven for approximately 100 h at a temperature of 215 °C. Uranium
and lead were purified from the sample solution using anion
exchange chromatography. Custom built Teflon micro-columns
were loaded with Dowex AG1 X8, 200-400 mesh, chloride form
resin. After an initial elution with 3.1N HCl, U and Pb were collected
with the addition of 6.2N HCl and H,0, respectively. [sotopic analyses
were performed using a VG354 thermal ionization mass spectrometer
operating in single collector Daly photomultiplier detector mode.
Total analytical blanks obtained during this study were 1 pg Pb and
0.5 pg U. The isotopic composition of the Pb blank used in this study
(?°6Pb/?%9Pb = 18.24; 2°Pb/?°°Pb = 0.85757; 2°8Pb/2%°Pb = 2.056; 10
uncertainty is ~2%) is the average composition determined over a two
year period. The total amount of common lead present in the analysed
zircon and baddeleyite fractions were between 5 and 14 pg, an
exception being one baddeleyite fraction with 164 pg Pb. The source
of this common Pb in excess of the estimated analytical blank is
unknown but is likely related to Pb residing along fractures and in tiny
mineral inclusions (Fig. 2) that was not removed during acid cleaning.
To constrain the initial Pb isotopic composition of the dacite magma
and to provide an estimate for the appropriate common Pb correction
for the baddeleyite and zircon analyses, a total of 160 clinopyroxene
crystals were selected from sample OU-07. The results are presented
in Table 1: clinopyroxene has moderate 2>U/2%4Pb (78.7) and initial
206pp, 204ph and 207Ph/29Pb isotopic compositions of 18.55 and 15.57,
respectively; assuming a crystallization age of 135 Ma. These com-
positions are very similar to the values estimated using 135 Ma Stacey
and Kramers (1975) average crustal Pb of 18.50 and 15.62 and provide
independent evidence that these are the appropriate initial Pb
isotopic compositions of the dacite magma. One sigma uncertainties
in the initial Pb isotopic compositions (2°°Pb/2%Pb = 2%; 297Pb/2%4Pb =
0.5%; 298pb/294Ph = 2%) are numerically propagated in calculating the
total uncertainty in these analyses. Therefore, isotopic ratios were
corrected for the common Pb in excess of this blank using the two-stage
model of Stacey and Kramers (1975). Ages were calculated using the
ISOPLOT software (Ludwig, 1992). Decay constants (>>°U=0.98485 x
10~ year™ "), 228U (0.155125x 10~° year— ') and U isotopic composi-
tion (*38U/%%°U = 137.88) are those determined by Jaffey et al. (1971)
and recommended by Steiger and Jdger (1977).

5. Results of U-Pb dating

Three baddeleyite fractions each consisting of between 6-21
crystals and one zircon fraction (5 crystals) from dacite OU-09, the
most crystalline textural variety from the Ourinhos occurrence, were
analysed. The U-Pb results are presented in Table 1 and on a concordia
diagram in Fig. 3. The zircon crystals are anhedral, colorless, small
(50-70 pm), and have high Th/U (1.5) and U (~1000 ppm). As shown
by Pinto (2010), high Th/U seems typical of zircon from the Parana
silicic rocks; their SHRIMP analyses of two samples from Chapecé-
type dacites have shown even higher Th/U (2.9) at similar U (1000-



Table 1

U-Pb TIMS results for baddeleyite, zircon and clinopyroxene from Chapec6-type dacites, northern Parana Basin, Brazil.
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Atomic ratios corrected for blank (1.0 pg Pb; 0.5 pg U), fractionation and initial common Pb (Stacey and Kramers, 1975). TCPb refers to the total amount of common lead present in the analyses in picograms. Th concentration estimated from

the amount of 2°°Pb present in the analysis and the 2°”Pb/2°°Pb age. %Disc refers to the amount of discordance along a reference line to zero age. All errors in this table are reported at 1 sigma. —325

less than 325 mesh, FF0.4(NM) = non-

magnetic split at 0.4 A on a Frantz Isodynamic Separator. Sample location: OU-07: 23.161 S; 49.509 W; OU-09: 23.181 S; 49.559 W. Clinopyroxene fraction was analysed in order to estimate the Pb isotope composition.
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Fig. 3. Concordia diagram showing U-Pb results for two baddeleyite and one zircon
fraction from Ourinhos dacite OU-09. 2B and 4B correspond to baddeleyite analyses
0U-09-2 and OU-09-4 respectively, and 3Z corresponds to zircon analysis OU-09-3 in
Table 1. The mean 2°°Pb/?33U date of 134.3 + 0.8 Ma interpreted as the magmatic age
corresponds to the weighted average of 4B and 3Z.

1100 ppm). The recovered baddeleyite crystals are yellow to tan in
color, small (10-40 pm), subhedral, with a blade-like habit. Fractions
#1 and 3 have low Th/U (0.09-0.19) and U (263-348 ppm), typical for
magmatic baddeleyite whereas fraction #2 has much higher Th/U
(1.07) and U (751 ppm).

Baddeleyite fraction #4 and zircon fraction #3 yielded consistent
206pp,238J ages of 134.8 +£0.9 and 134.2 + 0.4 Ma (10), respectively.
The weighted average 2°°Pb/?33U date for these two fractions of
134.3 £ 0.8 Ma (20) is considered the best estimate for the age of
magmatic crystallization of dacite OU-09.

The other analyses did not provide meaningful U-Pb results for
constraining the timing of dacite crystallization. Baddeleyite fractions
#1 and 2 yield older 2°°Pb/**8U ages of 168.7 £ 9.2 and 153.7 £ 0.9 Ma
(10) respectively, but are not considered good estimates for the time
of dacite crystallization. Fraction #1 has a high total common lead
content (164 pg) and is extremely sensitive to the common Pb
correction used, as indicated by the high associated error (not shown
on concordia diagram). Fraction #2 has an unusually high Th/U for
baddeleyite (usually <0.2), which could indicate that some mineral
fragments other than baddeleyite were accidentally included in this
fraction (e.g., a tiny fragment of a xenocrystic zircon crystal).

6. Discussion

The Chapecé-type dacites from the Ourinhos region dated in this
study were erupted directly onto basement and are overlain by the main
package of high-Ti basalts from the northern Parana basin (Janasi et al.,
2007; Peate, 1997; Piccirillo et al., 1987). Along their wide area of
exposure the Chapecé-type dacites show some important geochemical
variations, but their stratigraphic position does not appear to change;
the volumetrically more abundant Guarapuava subtype that occurs at
the central portion of the Parand basin is consistently positioned
immediately above the low-Ti basalt sequence, and predates or is
interleaved with the first high-Ti basalts (e.g., the “RS” borehole, Peate
et al, 1992). Therefore, the weighted average 2°°Pb/?*8U zircon/
baddeleyite date of 134.340.8 Ma (20) obtained for the Ourinhos
dacite provides a new age constraint for the onset of high-Ti basalt
volcanism in the northern portion of the basin. This is consistent with
the slightly younger “°Ar/3°Ar ages obtained by Ernesto et al. (1999) for
one flow and two associated sills of overlying high-Ti basalt in the
northern portion of the Province (133.6-131.5 Ma).

Previous ages available for the Ourinhos dacites by the K-Ar
method are in agreement with the results presented here, but
much less precise (13346 and 134+ 6 Ma; Piccirillo et al., 1987).
The “°Ar/*°Ar stepped-heating age reported for a 50-m-wide “rhyolite”
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dyke from this region by Renne et al. (1996a,b) (132.9 + 0.5 Ma; sample
PR93-17B in Supplementary Table A) appears slightly younger but
nearly overlaps our U-Pb date.

Other ages are reported in literature for Chapecé-type dacites from
the central portion of the Parana basin (the Guarapuava subtype,
which as discussed is in an equivalent stratigraphic position).
Mantovani et al. (1985) reported a Rb-Sr isochron date of 135.5+
3.2 Ma for three samples from this region. Pinto (2010) reported
SHRIMP U-Pb zircon ages for two Chapecé-type dacites from the
central Parana basin which, although less precise (134.8 4+ 1.4 Ma and
135.6 4= 1.8 Ma), are within error with the ID-TIMS U-Pb age reported
here.

Based on province-wide stratigraphic relationships, the “southern”
low-Ti (Gramado and Esmeralda type) basalts are expected to be
older than the Chapeco-type acid volcanics. In the central Parana-
Etendeka Province, the latter can be shown to cap Palmas-type
rhyolites (Nardy, 1996) which in turn were emplaced at the top of the
low-Ti basalts (Garland et al., 1995). “°Ar/*°Ar dates for the low-Ti
Gramado and Esmeralda basalts in the type-area located in the
southern Brazil escarpment by Renne et al. (1992) and Thiede and
Vasconcelos (2010) are clustered at 134.1-134.8 Ma. The overlap
between the “°Ar/>°Ar stepped-heating dates of the low-Ti basalt
magmatism from south Brazil and the ID-TIMS U-Pb age obtained
here for the Ourinhos dacite is consistent with the idea that these
basalts (and overlying Palmas-type felsic volcanics) were emplaced
over a very short period of ~1Ma (as also supported by the
paleomagnetic data; cf. Renne et al., 1992; Thiede and Vasconcelos,
2010).

In our view, the picture that emerges from the evaluation of the
current geochronological dataset for the entire Parana-Etendeka lava
pile in Brazil and neighboring areas in Paraguay and Argentina is
consistent with a short duration of ~3 Ma for the building of the full lava
pile. The emplacement of the main high-Ti basalt sequence (Pitanga and
Paranapanema types), inferred from known stratigraphic relations to be
younger than the Ourinhos dacites, may have spanned some 3 Ma
(~134.5-131.5 Ma), judging from our new data and the previous “°Ar/
39Ar stepped-heating dates from Ernesto et al. (1999). The few precise
U-Pb TIMS zircon dates for felsic volcanic rocks available in the
literature reinforce the view that the Parand-Etendeka basalt-rhyolite
magmatism largely occurred during this 3 Ma period. For example, a
precise TIMS 2%Pb/?*8U zircon date of 133.1+0.3 Ma recently pre-
sented by Renne et al. (2010) for a rhyolite from Uruguay is in excellent
agreement with this conclusion. Less precise U-Pb SIMS zircon dates
hint that the duration of volcanism could be slightly longer (135-
130 Ma; Pinto, 2010; Wigand et al., 2004) but confirmation of the
accuracy of these rhyolite dates requires additional high-precision
study. Likewise, the “old” “°Ar/*°Ar dates obtained by the total fusion
technique by Stewart et al. (1996) and Turner et al. (1994) were used by
these authors to infer that the magmatism commenced at the northern
and western portion of the Parana basin, but these are now considered
misleading (e.g., sample PAR-1, dated at ~138 Ma was re-analysed by
Thiede and Vasconcelos, 2010, yielding 134.8 & 0.7 Ma). However, there
are clearly too few age determinations for basalts from the northwest-
ern part of the basin; more analyses are needed to confirm their
chronology.

We finish by observing that there is excellent agreement between
our new 134.3 Ma U-Pb age for the Ourinhos dacite and revised “°Ar/
39Ar dates for basalts that are only slightly stratigraphically higher in the
section, reinforcing the suggestion that a revision in the published “°Ar/
39Ar dates using the slightly older ages proposed recently for the Fish
Canyon sanidine (Kuiper et al., 2008; Renne et al., 2010) may indeed
reconcile the U-Pb and Ar/Ar clocks. This allows both methods to be
used in conjunction not only for estimating the duration but also for
absolute timing of magmatism in the Parana-Etendeka. Felsic volcanic
rocks are more common in the Parana-Etendeka Province than in most
continental basalt provinces and occur at key stratigraphic positions

within the lava pile. We conclude therefore that a combination of high-
precision U-Pb baddeleyite/zircon and “°Ar/*°Ar step-heating techni-
ques can be successfully applied to unravel the detailed volcanic history
of the province.

Supplementary materials related to this article can be found online
at doi:10.1016/j.epsl.2010.12.005.
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