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Single-shot laser ablation split stream (SS-LASS) petrochronology offers spatial resolution of b1 μmper (surface)
analysis. This enables the technique to interrogate metamorphic zircon overgrowths that are very thin, or that
preserve a composite age structure. To demonstrate the advantages of SS-LASS, the technique was applied to
metamorphic zircon overgrowths in five rocks from the Cordillera de la Costa, Venezuela. In these rocks, SS-
LASS was able to decipher discrete, short-duration (b106 yr) zircon growth events at c. 33.0, c. 28.3, c. 23.0 and
c. 18.2Ma. Comparisonwith existing geo-/thermochronology suggests that the SS-LASS dates represent (hydro)-
thermal events that mark distinct episodes of tectonism affecting the northern margin of South America.
With an external error of 5% incorporated into isotope ratios (as required to achieve satisfactory analytical
precision), SS-LASS dates for reference materials were accurate to within 1.5% of published values. The SS-LASS
technique is thus, in favorable cases, capable of providing b106 yr resolution for Cenozoic rocks. Methods in
‘geospeedometry’—which employ forwardmodels to reproduce observed diffusion length scales—have obtained
anomalously short time scales of 104–106 yr for metamorphism. The high spatial and temporal resolution of SS-
LASS offers tremendous promise for investigating the veracity of these claims.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Some ‘geospeedometry’ studies using diffusion length scales to
assess time scales for regional metamorphism have yielded surprisingly
short estimates, in the range of 104–106 yr (Perchuk and Philippot,
1997; Camacho et al., 2005; Faryard and Chakraborty, 2005; Ague and
Baxter, 2007; Raimbourg et al., 2007; Viete et al., 2011a; Spear et al.,
2012; Spear, 2014). It has also been proposed that such short-duration
regional metamorphism may be inherently non-uniform, comprising
multiple ‘episodes’ of metamorphism on even shorter time scales of
10–105 yr (Camacho et al., 2005; Ague and Baxter, 2007, Viete et al.,
2011b).

The diffusion parameters used for these estimates harbor significant
uncertainty arising from extrapolation of laboratory diffusion data
(generally obtained at T N 1000 °C) to temperatures of typical crustal
metamorphism. They also consider only the time-integrated thermal
response of the rock/minerals, and therefore provide limited informa-
tion on the nature of non-uniformity in metamorphic processes.
Because the implications of short-duration, non-uniform metamor-
phism for the nature of tectonic processes are so profound (e.g., Lister
s, DurhamUniversity, South Rd,

iete@gmail.com (D.R. Viete).
et al., 2001), there exists a need for new geochronological methods
that are capable of assessing these claims of short-duration, non-
uniform regional metamorphism.

Attempts to use high-precision geochronology to decipher time
scales of metamorphism began with methods involving direct dating
of garnet growth using the Lu–Hf, Rb–Sr and Sm–Nd systems
(e.g., Christensen et al., 1989, 1994; Vance and O'Nions, 1990, 1993;
Oliver et al., 2000; Baxter et al., 2002; Lagos et al., 2007; Lancaster
et al., 2008; Herwartz et al., 2011). More-recent development of
improved microsampling (e.g., Ducea et al., 2003, Johnston et al.,
2007; Pollington andBaxter, 2011) and differential geochronology tech-
niques that use Lu–Hf and Sm–Nd zoning and ages (e.g., Lapen et al.,
2003; Skora et al., 2006; Kylander-Clark et al., 2007; Kohn, 2009) have
enabled high-precision dating of discrete portions of individual garnet
grains. These approaches have allowed recognition of metamorphic ep-
isodes as short as ~106 yr within crystal growth periods spanning ~106–
107 yr (e.g., Pollington and Baxter, 2010, Dragovic et al., 2012).

The time-consuming nature of garnet microdrilling and thermal
ionization mass spectrometry (TIMS) analysis inhibits procurement of
large datasets. Laser-ablation inductively coupled-plasma mass spec-
trometry (LA-ICP-MS), however, allows rapid in situ analysis and
enables production of vast datasets that may be used to resolve individ-
ual age groupings that only emerge when population size becomes sig-
nificantly large (e.g., Spencer et al., 2013; Pullen et al., 2014). LA-ICP-MS
is especially well suited to U/Th–Pb dating of monazite and zircon,
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which can provide high-precision dates due to their relatively high U or
Th content and low common Pb. Additionally, the relatively low diffu-
sivities of Pb in monazite and zircon offer confidence that U/Th–Pb
ages obtained from these minerals reflect (re)crystallization or precipi-
tation rather than diffusive resetting, even for temperatures in excess of
700 °C (Cherniak and Watson, 2003; Cherniak et al., 2004).

Qualitative and semi-quantitative techniques for linking accessory
mineral dates to petrological context or pressure–temperature (P–T)
conditions have been developed in recent years. The petrological
context for zircon and monazite (re)crystallization during metamor-
phism can be related to the presence of garnet/xenotime through qual-
itative interpretation of HREE (and Y) patterns and/or abundances
(e.g., Rubatto et al., 1999, 2009; Foster et al., 2000, 2002; Hoskin and
Ireland, 2000; Rubatto, 2002; Hermann and Rubatto, 2003; Hoskin
and Schaltegger, 2003; Baldwin et al., 2004; Kohn et al., 2005) and
plagioclase through Eu abundance relative to that of neighboring REEs
(e.g., Schaltegger et al., 1999; Hoskin and Ireland, 2000; Belousova
et al., 2002; Rubatto, 2002). ‘Petrochronology’ has been used to refer
to techniques that use simultaneous measurement of isotope ratios
and trace-element abundances in accessory minerals. These techniques
include laser ablation split-stream ICP-MS (LASS) approaches that
simultaneously analyze a single stream of laser-ablated material with
two ICP-MS: one for geochronology, and one for trace-element analysis
(e.g., Yuan et al., 2008; Chen et al., 2010; Donaldson et al., 2013;
Kylander-Clark et al., 2013).

High-precision, petrologically controlledU–Pb zircon geochronology
has been successful in extracting information on young, short-duration
metamorphic episodes (e.g., Gasser et al., 2012; Rubatto et al., 2013;
Chen et al., 2015). These studies have used conventional secondary
ion mass spectrometry (SIMS) or LA-ICP-MS analyses of sectioned
zircons. Using these approaches, distinct metamorphic events over
time scales of 106–107 yr can be resolved. However, as noted above, to
test the validity of the metamorphic time scale estimates of 104–
106 yr being obtained from diffusion modeling, advances in high-
precision geochronology must allow time scale resolutions of b106 yr.
New surface analysis techniques may hold the key to such advances.

Geochronology by surface analysis began with depth-profiling
studies that used SIMS dating techniques (e.g., Grove and Harrison,
1999; Carson et al., 2002; Mojzsis and Harrison, 2002; Breeding et al.,
2004; Trail et al., 2007; Abbott et al., 2012; Vorhies et al., 2013). More
recently, LA-ICP-MS has also been used for depth profiling. Studies
employing LA-ICP-MS use either continuous-pulse (e.g., Plotnikov
et al., 2001; Woodhead et al., 2004; Johnston et al., 2009; Kohn and
Corrie, 2011; Smye and Stockli, 2014; Kelly et al., 2014) or single-
pulse techniques (Cottle et al., 2009, 2012; Steely et al., 2014; Stearns
et al., in review). The single-shot technique presents some significant
obstacles to extraction of reliable data (Cottle et al., 2009, 2012), but of-
fers the advantage of using significantly smaller volumes ofmaterial (i.e.
smaller shot depth) for each date.

Single-shot (SS-)LA-ICP-MS depth profiling offers two distinct
advantages over other U–Pbmethods. First, the small volume of analyte
needed for SS-LA-ICP-MS depth profiling results in less mixing of differ-
ent depthswithin the crystal, providing better spatial resolution. SS-LA-
ICP-MS depth profiling is capable of resolving an order of magnitude
smaller variation than can be sampled by LA-ICP-MSon sectioned grains
(e.g., Cottle et al., 2009, 2012); this also makes grains with rims thinner
than laser spot diameter tenable for analysis. Second, the SS-LA-ICP-MS
surface analysis method is quick (~3–6 min per grain) and relatively
inexpensive, allowing collection of the vast datasets required to
confidently resolve short-duration metamorphic age populations
(e.g., Pullen et al., 2014).

In this contributionwe present a new approach for single-shot laser-
ablation split-stream inductively coupled-plasma mass spectrometry
(SS-LASS). The approach offers distinct advantages over current
methods in high-precision U–Pb geochronology for recognizing multi-
ple, short-duration (re)crystallization events. We use the technique to
resolve multiple episodes of short-duration zircon (re)crystallization
in the Venezuelan Cordillera de la Costa, between 33 and 18 Ma, with
a resolution of 500 kyr or less.

2. The Caribbean Mountain System

The Caribbean Mountain System (Menéndez, 1966) defines part
of the boundary between the Caribbean and South American Plates.
The system stretches 1400 km E–W, from the Santa Marta Massif and
Guajira Peninsula, Colombia to northern Trinidad (Fig. 1). It consists
of four distinct lithotectonic units: i) the Cordillera de la Costa;
ii) Caucagua–El Tinaco belt; iii) Paracatos belt, and iv) Villa de Cura
belt (Fig. 1; Menéndez, 1966). These four elements form the hinterland
of an orogen that includes the Serranía del Interior foreland fold-and-
thrust belt farther south (Fig. 1; Avé Lallemant, 1997). The Caribbean
Mountain System's current arrangement reflects Miocene and younger
juxtaposition of discrete lithotectonic units in a dextral strike-slip set-
ting (Avé Lallemant, 1997).

2.1. Cordillera de la Costa

The Cordillera de la Costa is a coastal belt bounded by two major
dextral strike-slip faults, the San Sebastian Fault and the La Victoria
Fault (Menéndez, 1966; Fig. 1). The Cordillera de la Costa consists of Pa-
leozoic orthogneiss and schist overlain by Mesozoic siliciclastic rocks
and then graphitic mica schists, calc-schists, marbles and quartzites
that host eclogite, blueschist and garnet amphibolite (Ostos et al.,
2005; Ostos and Sisson, 2005).

Eclogite, blueschist and garnet amphibolite (with MORB protoliths)
blocks in continentally derived gneiss, schist, marble and quartzite
occur in the Franja Costera unit of the northern Cordillera de la Costa
(e.g., Stephan, 1985; Bellizia and Dengo, 1990; Avé Lallemant, 1997;
Giunta et al., 2002; Ostos and Sisson, 2005; Sorensen et al., 2005).
These are best exposed around Puerto Cabello (Fig. 1), where a steeply
dipping mélange consisting of highly deformed graphitic mica schists,
calc-schists, gneisses, marbles and quartzites hosts 10−2–10 m-sized
eclogite, blueschist and garnet amphibolite lenses (e.g., Morgan, 1970;
Sisson et al., 1997). Mineral stretching lineations and well-developed
shear-sense indicators in the schists andmylonites at Puerto Cabello at-
test to high shear strain during development of the mélange. At least
five generations of deformation relating to an early, syn-metamorphic
‘orogenic phase’ have been recognized, as well as two generations of
deformation relating to a second ‘orogenic phase’ that did not involve
extensive metamorphism (Avé Lallemant and Sisson, 2005).

Similar rocks crop out on Isla Margarita (Fig. 1), where eclogite
and amphibolite blocks are also hostedwithin amélange of continental-
ly derived metasediments (Blackburn and Navarro, 1977; Maresch and
Abraham, 1981; Bocchio et al., 1996). The origins of the Isla Margarita
and Puerto Cabello eclogites are often linked (Bellizia and Dengo,
1990; Avé Lallemant, 1997), however, the peak P–T conditions (Sisson
et al., 1997), fluid histories (Sorensen et al., 2005) and cooling histories
(Sisson et al., 2005) are different.

2.1.1. Conditions and timing of metamorphism
Building on earlier work by Morgan (1970), Sisson et al. (1997)

used garnet–clinopyroxene thermometry, jadeite barometry and
Si-in-phengite thermobarometry to estimate formation of the Puerto
Cabello eclogites at ~650–700 °C and N1.5 GPa, and the subsequent
garnet-amphibolite-facies overprint at ~400–500 °C and b1.5 GPa.
The co-existence of kyanite and glaucophane in pelitic schists
adjacent to the eclogite blocks at Puerto Cabello suggests that the
entire mélange experienced high-pressure metamorphism at
N630 °C and N2.2 GPa, however, garnet–muscovite–biotite–plagio-
clase thermobarometry on pelitic schists returned lower P–T condi-
tions of ~450–520 °C and ~1.8 GPa (Sisson et al., 1997).
Thermobarometry shows that the eclogites of Isla Margarita
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experienced high-pressure/low-temperature (HP/LT) metamor-
phism at conditions of ~525–650 °C and 1.3–1.9 GPa (Blackburn
and Navarro, 1977; Maresch and Abraham, 1981; Bocchio et al.,
1996). Knowledge on the timing of metamorphism of the Cordillera
de la Costa is limited to c. 76 Ma and 43–28 Ma K–Ar/Ar–Ar amphi-
bole and mica dates, and 49–42 Ma and 24–14 Ma fission-track apa-
tite and zircon dates (Table 1).

2.2. Sample descriptions

Four metasedimentary rocks (a quartzite, omphacitite, graphitic
mica schist and graphitic mica calc-schist) and one orthogneiss were
analyzed in this work. All were sampled from a high-strain mélange
that crops out on the north-central Venezuelan coast, between Puerto
Cabello and Puerto Colombia (Fig. 1). The samples were chosen to
represent the variety of zircon-bearing lithologies that form the mé-
lange. All rocks experienced amphibolite-facies metamorphism, which
followed eclogite-facies metamorphism in at least one sample (the
omphacitite). Evidence of greenschist-facies retrogression is also
present in some samples. Descriptions and photomicrographs of each
sample are provided in the Supplementary material.

3. Methods

To assess the (poly)metamorphic history of the Cordillera de
la Costa, we used a combination of continuous-pulse LASS on zircon
and titanite in thin sections, and SS-LASS on zircon grains mounted in
epoxy.

Zircon grains in thin sectionwere imaged using cathodoluminescence
(CL) and combined secondary/back-scattered electron (BSE) micros-
copy on the FEI Quanta 400f field-emission source scanning electron
microscope (SEM) at the Department of Earth Science, University of
California Santa Barbara (UCSB). Titanite grains in thin section were
imaged using BSE microscopy.

Approximately 200 zircons were handpicked from each sample
following crushing, and magnetic, and density separation. The zircons
were laid flat on their largest face on a piece of packing tape pulled
taut over glass, to ensure a flat mounting surface. After potting in
epoxy, the surface was cleaned with ethanol and isopropyl alcohol,
but not polished.

3.1. Laser ablation split-stream ICP-MS (LASS)

Measurements were made using the LASS petrochronology system
at UCSB (Kylander-Clark et al., 2013). U/Th–Pb measurements used a
Nu Plasma HR-ES MC-ICP-MS, with a collector arrangement that
permits simultaneous measurement of 238U and 232Th on Faraday cups
with 1011 Ω resistors, and 208Pb, 207Pb, 206Pb and 204Pb + 204Hg on
ETP ion counters. Trace-element analyseswere performed on an Agilent
7700x quadrupole ICP-MS with the S-option and a second backing
pump. The samples were ablated with a Photon Machines Analyte
193 nm ArF laser system, equipped with a low-volume HelEx ablation
cell modified from the design of Eggins et al. (1998, 2005). High-
purity He flow through the ablation cell carried the analyte to a mixing
bulbwhere the aerosol wasmixedwith Ar. The aerosol streamwas then
split, with approximately half of the analyte fed to each of the mass
spectrometers.

For data reduction, 235U/207Pb was calculated frommeasured values
of 238U/206Pb and 207Pb/206Pb, assuming a constant 238U/235U value of
137.88 (Steiger and Jäger, 1977). The U decay constants of Jaffey et al.
Fig. 1.Maps of: a) localities for the samples in this study and geology of the coastal Cordillera de
Trinidad showing the lithotectonic units of the Caribbean Mountain System and associated fold
(subduction zones: blue, strike-slip boundaries: red, spreading ridges: yellow) and high-pressur
(2000), Urbani et al. (2002). (For interpretation of the references to color in this figure, the rea
(1971) and the Th decay constants of Amelin and Zaitsev (2002) were
used in calculation of all ages. Isoplot 3.75 was used for production of
all 238U/206Pb v. 207Pb/206Pb (Tera–Wasserburg) concordia diagrams
and probability density distribution plots. All isochron (and ‘207Pb-
corrected’ 238U/206Pb) ages for the zircon data were anchored to
common 207Pb/206Pb values of Stacey and Kramers (1975) for the age
obtained. Due to significant spread in 206Pb in the titanite data, titanite
isochron dates were not anchored. Uncertainties on all dates from this
study are quoted at the 95% confidence level. The continuous-pulse
LASS and SS-LASS data are given in the Supplementary material.

3.1.1. U–Pb zircon SS-LASS
Analyte was obtained by single-shot laser ablation, with the laser

operating in ‘high voltage’ mode at 12–13.2 kV, as required to achieve
a laser fluence of 4 J cm−2. Each SS-LASS analysis (including cleaning
shots) samples an ~100 nm layer of zircon (Cottle et al., 2009, 2012;
Kylander-Clark et al., 2013). Consecutive analyses were separated by a
12 s pause. For each grain, a single 53 μm-diameter cleaning shot was
followed by 10 discrete (single-shot) analyses using a 41 μm-diameter
spot. The ~100 nm cleaning shot is necessary to mitigate the effects of
surface contamination, but also alpha recoil, which occurs over dis-
tances of tens of nm and is most likely to disturb isotope systematics
at the grain edge (Romer, 2003). Final ablation pit depths for each zircon
were ~1–2 μm (as determined by SEM and optical microscopy). Every
seven analyses were bracketed by zircon reference materials Plešovice
(238U/206Pb age of 337.13 ± 0.37 Ma: Sláma et al., 2008), GJ1
(238U/206Pb age of 601.7 ± 1.3 Ma: Jackson et al., 2004;
Kylander-Clark et al., 2013) and 91500 (238U/206Pb age of 1062.4 ±
0.4Ma:Wiedenbeck et al., 1995). Referencematerial analyseswere per-
formed on polished fragments located on a separate mount to the un-
knowns. For all analyses, distances between reference materials and
unknowns were kept to a minimum practicable value, so as to
minimize analytical bias relating to sample position. A total of 63–84
unknown zircon grains and 27–36 reference material spots were
analyzed per sample.

Data reduction followed themethods of Cottle et al. (2009, 2012). All
of the data for secondary reference material GJ1 returned 206Pb/238U
and 207Pb/206Pb ratios with an MSWD value too high for the data to be
a single population (Wendt and Carl, 1991) (see Supplementary mate-
rial); the same was observed for the Plešovice secondary reference
material. If GJ1 and Plešovice are isotopically homogeneous, this finding
indicates that the calculated uncertainty is an underestimate. An exter-
nal errorwas thus added in quadrature to the internal uncertainty of the
secondary reference materials until the MSWD for each of the
206Pb/238U and 207Pb/206Pb ratios was consistent with a single popula-
tion (see Wendt and Carl, 1991); this error is 5% (for both 206Pb/238U
and 207Pb/206Pb) and was also added in quadrature to the internal un-
certainty for all unknowns. The isochron dates for GJ1 and Plešovice
derived from this method are accurate to within 1.5% of published
values.

Elemental Th and U concentrations were obtained by reference to
91500 zircon; the calculated abundances of these elements in secondary
reference material GJ1 (Th = 10.5 ± 2.7 ppm, U = 303 ± 70 ppm)
match published values (Th = 9.0 ppm, U = 308 ppm: Liu et al.,
2010; Kylander-Clark et al., 2013). 2σ uncertainty on the trace-
element measurements made by MC-ICP-MS are on the order of ~25%.

The small volume of analyte (and transient signal at the ICP-MS)
produced in the SS-LASS approach limits the number of elements that
can be analyzed for each laser ablation shot. This is an inherent tradeoff
of the SS-LASS technique: enhanced spatial resolution is traded for
la Costa in the region east of Puerto Cabello; b) regional geology of northern Venezuela and
-and-thrust belt, and c) tectonics of the Caribbean showing locations of plate boundaries
e/low-temperaturemetamorphic rocks (white stars). After Ysaccis (1997), Audemard et al.
der is referred to the web version of this article.)



Table 1
Summary of geochronological and thermochronological constraints from selected units of the Coastal Mountain System of eastern Colombia and Venezuela.

Location and rock unit Approximate
location

U–Pb age ± 2σ (Ma) K–Ar/Ar–Ar age ± 2σ
(Ma)

Fission-track age ± 2σ
(Ma)

Cordillera de la Costa
Autopista Valencia–Puerto Cabello

Guaremal gneiss 10°21′42″N, 68°05′31″W 501 ± 25 (Zrn)8 – 19.8 ± 2.4 (Zrn)8

16.3 ± 3.2 (Ap)8

Guaremal granite 10°19′38″N, 68°05′32″W – 33 ± 4 (Bt)1

32 ± 4 (Bt)1

31 ± 3.6 (Bt)1

19.8 ± 2.4 (Zrn)8

15.0 ± 2.8 (Ap)8

Mica schist in Avila Formation 10°20′58″N, 68°06′32″W – 42.3 ± 0.6 (Ms)8 –
mica schist in Avila Formation 10°18′92″N, 68°05′23″W – 34.2 ± 0.4 (Ms)8 –
mica schist in Avila Formation 10°19′28″N, 68°05′28″W – 28.0 ± 0.4 (Ms)8 –

Colonia Tovar and Puerto Cruz
Tinaco diorite/gneiss – – 49.0 ± 5.8 (Zrn)2

43.4 ± 5.6 (Zrn)2

41.9 ± 4.9 (Zrn)2

Tovar granite/gneiss – – 16.4 ± 2.1 (Zrn)2

Parque Nacional El Avila (east)
Oritapo diorite – 77 ± 8.0 Ma (Bt)1

76 ± 7.8 Ma (Bt)1
–

Parque Nacional El Avila (west)
Metasediment in Caracas Group – 32.9 ± 0.6 Ma (Ms)7 –
Peña de Mora gneiss – – 23.9 ± 1.7 (Zrn)2

18.9 ± 1.9 (Zrn)2

18.8 ± 2.1 (Zrn)2

18.4 ± 1.9 (Zrn)2

17.5 ± 1.7 (Zrn)2

17.4 ± 2.1 (Zrn)2

Parque Nacional Henri Pittier
actinolite schist 10°21′20″N, 67°36′57″W – 37 ± 6 Ma (Act)8 –
Choroní granite 10°18′20″N, 67°36′58″W 471 ± 23 (Zrn)8 30 ± 3.8 Ma (Bt)1

30 ± 3.6 Ma (Bt)1
13.6 ± 2.8 (Zrn)8

14.1 ± 2.8 (Ap)8

Choroní granite – – 24.1 ± 3.0 (Zrn)2

22.3 ± 2.3 (Zrn)2

21.9 ± 2.9 (Zrn)2

17.5 ± 1.9 (Zrn)2

Trondhjemitic dyke within quartzofeldspathic
schist at Bahía de Cata

10°29′43″N, 67°45′10″W 511 ± 2 (Zrn)8 – –

Puerto Cabello
Garnet amphibolite in Nirgua Complex – 32.4 ± 2.4 (Amph)3 –
Mica schist in Avila Formation 10°28′02″N, 67°55′53″W – 42.6 ± 0.6 (Ms)8 –

Guajira Peninsula
Guajira eclogite (clast from Miocene basal conglomerate,
Etpana Terrane)

12°17′00″N, 71°41′00″W – 82.2 ± 5.0 (Ms)10 –

Guajira eclogite (clast from Miocene basal conglomerate,
Etpana Terrane)

12°17′00″N, 71°41′00″W – 79.2 ± 2.2 (Ms)10 –

Isla Margarita
Amphibolite in La Rinconda Group 11°03′48″N, 64°00′16″W – 62.3 ± 2.8 (Hbl)8 –
Eclogite in Juan Griego Group 11°01′45″N, 63°52′12″W c. 100–90

(cross-cutting relationships)9
92.4 ± 1.0 (Act)8 –

El Salado metagranite c. 86–85 (Zrn)9 – c. 53–50 (Zrn)4

Guayacán gneiss c. 116–106 (Zrn)9 – –
Garnet amphibolite in Juan Griego Group 11°09′22″N, 63°53′50″W – 52.8 ± 0.4 (Bar)8 –
Macanao orthogneiss 271.0 ± 6.6 (Zrn)9 – –
Matasiete metatrondhjemite c. 114 (Zrn)9 72 ± 12 (Amph)1 c. 53–50 (Zrn)4

Metaconglomerate in La Rinconda Group 11°04′00″N, 64°00′10″W – 65.0 ± 0.4 (Ms)8

39.8 ± 0.2 (Bt)8
–

Mica schist in La Rinconda Group 11°02′48″N, 64°00′29″W – 68.3 ± 0.4 (Ms)8

24.9 ± 1.8 (Bt)8
–

Mica schist in Los Robles Group 10°59′49″N, 63°51′22″W – 53.5 ± 1.4 (Ms)8 –
Quartzofeldspathic schist in La Rinconda Group 11°00′20″N, 63°52′29″W – 88.0 ± 0.6 (Ms)8 –

Araya Peninsula
Mica schist in Tunapui Formation 10°37′00″N, 64°03′30″W – 90.8 ± 0.8 (Ms)8 –
Garnet–staurolite schist in Manicuare Formation 10°35′00″N, 63°20′00″W – 84.8 ± 0.4 (Ms)8

45.1 ± 0.6 (Bt)8
–

Paria Peninsula
Dragon gneiss 10°43′42″N, 61°52′33″W 321 + 13/−29 (Zrn)5 23.3 ± 0.4 (Ms)5 –

Villa de Cura belt
Glaucophane–epidote subbelt – 78.5 ± 1.0 (Ms)6 –
Barroisite subbelt – 96.8 ± 1.8 (Bar)6

91.1 ± 1.0 (Ms)6

89.9 ± 1.2 (Stp)6

–

Barroisite subbelt – 90.1 ± 1.2 (Ms)6 –
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Table 1 (continued)

Location and rock unit Approximate
location

U–Pb age ± 2σ (Ma) K–Ar/Ar–Ar age ± 2σ
(Ma)

Fission-track age ± 2σ
(Ma)

Barroisite subbelt – 96.3 ± 0.8 (Bar)6

89.5 ± 1.2 (Ms)6
–

Some locations are shownon the regional geologicalmap of Fig. 1. References: 1: Santamaría and Schubert (1974), 2: Kohnet al. (1984), 3: Loubet et al. (1985), 4: Stöckhert et al. (1995), 5:
Speed et al. (1997), 6: Smith et al. (1999), 7: Speed (pers. Comm.) reported in Sisson et al. (2005), 8: Sisson et al. (2005), 9: Maresch et al. (2009), 10:Weber et al. (2011). Act: actinolite,
Amph: amphibole, Ap: apatite, Bar: barroisite, Bt: biotite, Ms: muscovite, Stp: stilpnomelane, Zrn: zircon.
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reduced chemical information. SS-LASS analyses of this study moni-
tored two trace elements by quadrupole ICP-MS. In the first session, Ti
was chosen as a potential indicator of zircon (re)crystallization temper-
ature and Y was analyzed as a proxy for garnet crystallization/break-
down. In later sessions, Eu was analyzed—as a proxy for plagioclase
crystallization/breakdown—instead of Ti.

Elemental concentrations of Ti, Y and Eu were measured from 49Ti,
89Y, and 153Eu, using zircon 91500 (Wiedenbeck et al., 2004; Yuan
et al., 2008; Liu et al., 2010; Kylander-Clark et al., 2013) as the reference
material (see Supplementary material). Counting times were 0.06 s,
0.03 s and 0.06 s per sweep for 49Ti, 89Y and 153Eu, respectively.

The peak identification and pulse signal integration routine of
SLaPChron (Cottle et al., 2012) was used to extract a single, total-signal
count for 49Ti, 89Y and 153Eu from the quadrupole ICP-MS output for
each single-shot analysis. Elemental abundances for Eu, Ti and Y were
assumed to be linearly proportional to these count values; no downhole
fractionation correction was applied for the Eu, Ti and Y abundance
calculations. The values for Eu (0.92 ± 0.20 ppm), Ti (3.9 ± 1.9 ppm)
and Y (259±45 ppm) for secondary referencematerial GJ1 are all accu-
rate (Eu = 0.93 ppm, Ti = 3.6 ppm, Y = 252 ppm: Liu et al., 2010;
Kylander-Clark et al., 2013), supporting the assumption of linear
proportionality between elemental abundance and total counts, and
demonstrating negligible influence of downhole fractionation. The
statistical uncertainty on values obtained for Eu and Y concentration
in GJ1 suggests that 2σ uncertainties on trace-element measurements
made by the quadrupole ICP-MS are on the order of ~20% (the Ti popu-
lation was too small to provide meaningful statistics).

3.1.2. U–Pb titanite and zircon continuous-pulse LASS
Conventional, continuous-pulse LASS analyses were performed on

zircon and titanite in thin sections of VE13-04 and VE13-09. Laser
ablation for each analysis involved 80 consecutive laser shots at a fre-
quency of 4 Hz, performed in ‘energy stability’modewith a laser fluence
setting of 4 J cm−2. Analyses were separated by a 15 s pause. Zircon
analyses used a 14.5 μm-diameter spot. Prior to each analysis, two
cleaning shots were performed using a 21 μm-diameter spot. 91500
and GJ1 were used as primary and secondary reference materials,
respectively, with 4–6 unknowns analyzed between each set of refer-
ence material analyses. Titanite analyses used a 41 μm-diameter spot,
with two 53 μm-diameter cleaning shots performed prior to each anal-
ysis. BLR (1047.4 ± 1.4 Ma: Aleinikoff et al., 2007) was used as the
primary isotope reference material and P5701G (390.9 ± 1.1 Ma;
Kylander-Clark et al., 2008) or Y1710C5 (388.6 ± 0.5 Ma: Spencer
et al., 2013) as the secondary isotope reference material. NIST 610
glass (Pearce et al., 1997) was used as the trace-element reference
material and Ca was used as the internal standard. All titanite analyses
for VE13-04 and VE13-09 were made in one run for each rock. Trace-
element concentrations were measured on the quadrupole ICP–MS,
for both VE13-04 and VE13-09; instrumentation problems prevented
recovery of the trace-element data for VE13-09.

U/Th–Pb isotope ratios and elemental abundances and uncertainties
were calculated using Iolite v3 and following the data reduction with
downhole fractionation-correctionmethod of Paton et al. (2010). An ex-
ternal error of 2%was added inquadrature to theuncertainties on zircon
U–Pb isotope ratios obtained followingdata reduction, producing agree-
ment between ages obtained for the secondary referencematerial (GJ1)
and published values (Jackson et al., 2004; Kylander-Clark et al., 2013).
The same 2% uncertainty was added in quadrature to the individual
titanite U–Pb ratio values, producing an MSWD of 0.13 and 0.47 for
the best-fit 238U/206Pb v. 207Pb/206Pb isochrons of VE13-04 and VE13-
09, respectively. These low MSWD values indicate that 2% is excessive;
values of 0.6% for VE13-04 and 1.2% for VE13-09 are sufficient to achieve
MSWD≈ 1.

4. Results

Most of the zircons (Fig. 2) have oscillatory zoning, indicating an
original igneous parentage. These zoned regions define zircon cores
that are typically rounded to subrounded, and some are offset from
the grain centers; both features are compatible with sedimentary
transport. Other grains have sector-zoned cores, which may indicate
metamorphic (e.g. Schaltegger et al., 1999) or low-temperature/slow-
cooling igneous (e.g. Watson and Liang, 1995; Hoskin and Schaltegger,
2003; Chamberlain et al., 2014) origin. These sector-zoned cores show
no features compatible with sedimentary transport. Most zircons
are rimmed by thin (b5 μm, generally b1 μm), faceted/idioblastic CL-
dark overgrowths. The rim/core boundaries are either: i) sharp and
curviplanar, suggesting that the rim is a metamorphic overgrowth, or
ii) diffuse or dentate, compatible with the rim forming by dissolution–
precipitation of existing zircon.

Zircons fromVE13-04 are associatedwith albite+Na–Ca amphibole
symplectite (Fig. 2), suggesting that zircon overgrowth occurred under
amphibolite-facies conditions. Albite + Na–Ca amphibole symplectite
overprints radial cracks in the omphacite that encloses zircon (Fig. 2);
this feature is consistent with significant decompression from
omphacite-stable (eclogite-facies) conditions prior to zircon over-
growth. The context(s) for zircon overgrowth in the other samples are
less clear. Transmitted-/reflected-light images of zircon grains from
each sample are provided in the Supplementary material. The zircon
grains, when viewed under transmitted/reflected light, display no
evidence of metamict domains.

Titanite grains in VE13-04 surround rutile (Fig. 3), indicating forma-
tion from rutile breakdown. Albite + Na–Ca amphibole symplectite
along omphacite grain boundaries occurs in the vicinity of titanite
(Fig. 3), suggesting amphibolite-facies titanite growth in VE13-04.
Metamorphic context for titanite growth in VE13-09 is ambiguous.

4.1. SS-LASS

The isotopic ratios of each laser shot are given in the Supplementary
material, and example Tera–Wasserburg diagrams are shown in Fig. 4.
Most grains display systematic downhole changes in isotopic ratios.
Thefirst shots generally have themost commonPb (e.g., VE13-03 zircon
16, VE13-04 zircon 43, VE13-17 zircon 18), likely due to surface
contamination. In all grains, earlier shots have younger or equivalent
207Pb-corrected 206Pb/238U dates than/to later shots. The majority of
grains display a smooth transition in 207Pb/206Pb and 238U/206Pb ratios,
most typically from young rim analyseswith lower radiogenic/common
Pb to old, more-radiogenic core analyses. In some grains the youngest
data define a multi-point isochron (e.g., VE13-04 zircon 43), whereas
in other grains the oldest data define a multi-point isochron
(e.g., VE13-09 zircon 59). All the examples in Fig. 4 have analyses with



Fig. 2. CL and combined SE/BSE images of selected zircon grains from the rocks analyzed. Core–rim boundaries for some grains are indicated by black outline on BSE images. Continuous-
pulse LASS spots shown for VE13-04 are labeled with 207Pb-corrected 238U/206Pb dates. Amph: amphibole, Omp: omphacite.
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isotopic ratios intermediate between the young and old endmembers;
these may be: i) laser-induced, mechanical mixtures of young rim
material and old core material, or ii) progressively younging rims
grown on old core material.

Dates older than 125Mawere assumed to be inherited ages because
peri-Caribbean HP/LT metamorphism occurred during or after the
Aptian subduction polarity reversal that produced the Caribbean Arc
(e.g., Pindell et al., 2005, 2006). Of the 63 grains analyzed from VE13-
21 (Cata orthogneiss), 11 grains yielded discrete populations of dates
older than 125 Ma. These 11 populations are defined by analyses from
the deepest parts of the ablation pits (i.e. the last four-to-10 single-
shot analyses performed). Considered together, the 67 analyses that
form the 11 discrete populations give an isochron of 493.2 ± 7.4 Ma
(MSWD = 1.7; Fig. 5). The MSWD value is slightly greater than what
would be expected for a single population (MSWD b 1.36; Wendt and
Carl, 1991). This may indicate episodic/protracted zircon crystallization
(slow cooling) during the Late Cambrian, consistent with the sector
zoning observed in zircon cores (Fig. 2).

Analyses younger than 125 Ma were considered in two different
ways: i) if N21 Ma, as isochrons defined by two or more SS-LASS analy-
ses anchored to common Pb, or ii) if b21 Ma, as 207Pb-corrected
206Pb/238U dates (Table 2). In the case of the isochrons, we applied a
minimum of 1.5% uncertainty for each date, as the secondary reference
materials yielded dates within 1.5% of their accepted value. In total, 113
zircon grains of the 385 grains analyzed by SS-LASS yielded isochron
dates b125 Ma or at least one analysis with a 207Pb-corrected
206Pb/238U date b21 Ma (Table 2). Most are from three of the five sam-
ples considered (i.e. VE13-04, VE13-09, VE13-17; Table 2). Seven of the
44 zircons fromVE13-09 yielded two distinct dates (Table 2). Of the 120
dates in Table 2, 37 haveMSWDvalues slightly higher than expected for

Image of Fig. 2


Fig. 3. BSE images of selected titanite grains from VE13-04 and VE13-09. Ab: albite, Amph: amphibole, Cal: calcite, Ms: muscovite, Omp: omphacite, Qtz: quartz, Rt: rutile, Ttn: titanite.
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a single population (Wendt and Carl, 1991). These slightly high MSWD
values likely reflect incomplete sampling of a second age domainwithin
the zircon.

4.1.1. Comparison of isochron dates
The majority of the isochron/first-shot 207Pb-corrected 206Pb/238U

dates (101 of 120) lie between 40 and 10 Ma (Table 2). Probability
density distribution analysis, performed for all dates in the range
40–10 Ma using the approach of Sambridge and Compston (1994), re-
veals discrete groupings within this range; peaks defining distinct pop-
ulations occur at c. 33.2Ma, c. 28.3Ma, c. 23.0Ma, and c. 18.1Ma (Fig. 6),
and generally have 2σ uncertainties of b1% (Fig. 6). The three oldest
populations occur in multiple samples, and are correlated with meta-
morphic/zircon growth episodes at 33.0 ± 0.5 Ma, 28.3 ± 0.5 Ma and
23.0 ± 0.4 Ma (Fig. 7). These ages include uncertainties of 1.5% because
Fig. 4.Analysis populations on Tera–Wasserburg plots for selected grains from the SS-LASS wor
erence isochrons are anchored to common Pb of Stacey and Kramers (1975) for the age obtain
Supplementary material relate to filtering of data for ‘metamorphic’ shots (filtering criteria ou
color in this figure, the reader is referred to the web version of this article.)
the SS-LASS analysis of the reference material produced dates accurate
to within 1.5% of published values. The youngest peak occurs only in
VE13-09 and is associated with a zircon growth episode at 18.2 ±
0.3 Ma (Fig. 7). The probability density distribution plots for VE13-04
and VE13-09 in Fig. 6 also display a minor population at c. 42–41 Ma
(Fig. 6). Despite the inclusion of 37 dates with slightly high MSWD
values (likely related to incomplete sampling of a second zircon age
domain), population analysis defined four distinct age groups from
the SS-LASS dates of Table 2. This demonstrates robustness in the SS-
LASS approach used to identify distinct zircon age populations. Comple-
mentary figures to Figs. 6 and 7, composed from the individual SS-LASS
analyses (207Pb-corrected 206Pb/238U dates) rather than the isochron
dates of Table 2, are provided in the Supplementary material.

The average trace-element (Th, U, Eu, Y or Ti) abundances and Th/U
ratio for each SS-LASS date from samples VE13-04, VE13-09 and VE13-
k. Plots demonstrate patterns characteristic of mixing of two ormore isotopic sources. Ref-
ed. Differences between the concordia plots shown and those for the same grains in the
tlined in the ‘SS-LASS’ sub-section of the Results).(For interpretation of the references to

Image of &INS id=
Image of Fig. 4


Fig. 5. Sixty-seven SS-LASS analyses made on igneous zircon of VE13-21, defining a
493.2 ± 7.4 Ma isochron. Isochron anchored to common Pb of Stacey and Kramers
(1975) for the age obtained.
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17 are listed in Table 2 and plotted in Fig. 8 (values and plots for
individual SS-LASS analyses are given in the Supplementary material).
Though there is significant scatter, some systematic trends are apparent
in Fig. 8. Th, U, Eu, and Y increasewith time, particularly in VE13-09; the
biggest increases are between c. 28 and c. 23 Ma. Th/U is relatively
constant.

4.2. Continuous-pulse LASS

A single zircon rim (as established from CL imaging) from sample
VE13-04, which was large enough for analysis by continuous-pulse
LASS, yielded a 207Pb-corrected 238U/206Pb date of 33.1 ± 0.8 Ma
(Fig. 2); this is equivalent to the 33.0± 0.5Mapeak date in the distribu-
tion of SS-LASS analyses. A fit to all 42 titanite analyses from VE13-04
yielded a similar date of 32.6 ± 2.8 Ma (MSWD = 1.06; Fig. 9). Fifty-
eight titanite analyses from VE13-09 yielded an isochron of 36.6 ±
1.1 Ma (MSWD = 1.01; Fig. 9).

Titanite from VE13-04 reveals three chemically distinct populations,
as illustrated by chondrite-normalized REE patterns and groupings in
Eu/Sm v. Dy/Lu space (Fig. 9). The first population, shown in blue in
Fig. 9, comprises six analyses, displays a slight negative Eu anomaly
(low Eu/Sm), and relatively steep slopes across the LREEs (La, Ce, Pr,
Nd, Sm) and HREEs (Dy, Ho, Er, Tm, Yb, Lu; high Dy/Lu). The second
population, shown in red in Fig. 9, comprises seven analyses, displays
a strong positive Eu anomaly (high Eu/Sm), and relatively gentle slopes
across the LREEs and HREEs (low Dy/Lu). The third population is shown
in gray in Fig. 9, and displays REE patterns transitional between the blue
and red populations. The data on the Tera–Wasserburg plot for VE13-04
(Fig. 9) are colored to correspond with the three compositionally
distinct populations apparent in the REE plots. Isochron dates for only
the blue (low Eu; 36 ± 26 Ma) and only the red (high Eu; 29.3 ±
7.6 Ma) data are also provided (Fig. 9).

5. Discussion

5.1. Igneous and metamorphic ages for the Cordillera de la Costa

The 493.2 ± 7.4 Ma U–Pb zircon SS-LASS date for the Cata
orthogneiss (VE13-21; Fig. 5) is equivalent to U–Pb zircon igneous
ages of other basement rocks in the Cordillera de la Costa (Choroní
granite, 471 ± 23 Ma; Guaremal gneiss, 501 ± 25 Ma: Sisson et al.,
2005). Sector zoning in CL (Fig. 2) and low Th/U (mostly 0.1–0.2)
suggest a metamorphic or low-temperature igneous origin for zircons
that yielded the 493.2 ± 7.4 Ma date. However, the presence of ortho-
clase augen in the Cata orthogneiss, and age correlation with the
Choroní granite and Guaremal gneiss cause us to favor interpretation
of the 493.2 ± 7.4 Ma date as that of the igneous protolith.

The single 33.1±0.8MaU–Pb zircon date (Fig. 2) and 32.6±2.8Ma
U–Pb titanite isochron (Fig. 9) obtained for the omphacitite (VE13-04)
are identical within uncertainty and also equivalent to the main peak
of the SS-LASS data (Fig. 7). These dates are taken to represent the
amphibolite-facies, decompression-related overprint that is recorded
in the variably retrogressed eclogite lenses of Puerto Cabello (see
Morgan, 1970; Sisson et al., 1997). This interpretation rests on:
i) the observation of titanite overgrowths on rutile in VE13-04
(e.g., Ernst and Liu, 1998), ii) the textural relationship between titanite
and symplectic decomposition of omphacite (Fig. 3), and iii) the associ-
ation of zircon overgrowths in VE13-04 with amphibolite-facies
(albite + Na–Ca symplectite) healing of radial cracks in enclosing
omphacite (Fig. 2). The c. 33.0 Ma SS-LASS peaks for VE13-09 and
VE13-17 (Fig. 7) may also mark this amphibolite-facies metamorphism.
However, despite amphibolite-facies assemblages in these rocks (see
sample descriptions in Supplementary material), textures associated
with zircon overgrowth are not diagnostic of their exact metamorphic
context. The c. 33.0 Ma age for amphibolite-facies metamorphism at
Puerto Cabello is at least 20 Myr younger than cooling ages from Isla
Margarita and Villa de Cura (Table 1). This finding suggests that, despite
mineralogical and petrological similarities (Morgan, 1970; Blackburn
and Navarro, 1977; Maresch and Abraham, 1981; Bocchio et al., 1996;
Sisson et al., 1997), the exhumation-related overprints on HP/LT assem-
blages at Isla Margarita and Puerto Cabello were fundamentally differ-
ent in terms of timing and thus tectonic context (see Sorensen et al.,
2005).

Three younger (28.3± 0.5Ma, 23.0± 0.4Ma, 18.2± 0.3Ma) zircon
overgrowth events are apparent in the U–Pb zircon SS-LASS analyses
(Table 2, Fig. 7). The concentrations of Th, U, Eu and Y in zircons of
VE13-04, VE13-09 and VE13-17 all increase with decreasing age
between the c. 33.0, c. 28.3, c. 23.0 and c. 18.2 Ma populations (Fig. 8);
this trend is most obvious for VE13-09 between the c. 28.3 and c.
23.0 Ma populations. The pattern of variation in zircon trace-element
composition across the four metamorphic episodes is consistent with
progressive breakdown of plagioclase and garnet between c. 33.0 and
c. 18.2 Ma, and progressive breakdown of Th- and U-bearing accessory
minerals and/or late introduction of fluids enriched in HFSE over the
same period. The c. 23.0 and c. 18.2Ma zircon growth events are associ-
ated with generally elevated abundances for all trace elements mea-
sured (Fig. 8), which may be indicative of significant hydrothermal
zircon growth.

5.2. Significance of multiple, short-duration zircon (re)crystallization
episodes

The fact that the same c. 33.0 Ma, c. 28.3Ma and c. 23.0Ma dates are
recorded in multiple rocks (Fig. 7) is consistent with two possible
scenarios: i) each of the metamorphic episodes were regional in extent
and affected rocks separated by great distance and later brought togeth-
er in the mélange, or ii) as Morgan (1970) and Sisson et al. (1997)
contend, the mélange formed during or before HP metamorphism
(prior to c. 33.0 Ma) and the metamorphic episodes (affecting the
already-built mélange) may have been more local in extent. For the
first scenario, repeated coordination of a simultaneous metamorphic
response over great distance would require that the metamorphic
episodes were related to large-scale tectonic activity. For example, the
c. 33.0 Ma, c. 28.3 Ma and c. 23.0 Ma metamorphic episodes may
have marked discrete tectonic events affecting the entire northern
margin of South America. For the second scenario, the metamorphic

Image of Fig. 5


Table 2
SS-LASS isochron dates and 207Pb-corrected 206Pb/238U dates obtained from zircon grains for which the first SS-LASS shot was b125 Ma, with trace-element abundances.

Grain Isochron date (Ma) MSWD Shots used Th (ppm) U (ppm) Th/U Eu (ppm) Y (ppm) Ti (ppm)

VE13-03
z5 35.3 ± 5.6 5.5 2–7 – – – – – –
z12 8 ± 42 0.034 1–2 – – – – – –
z51 27.3 ± 8.0 0.051 1, 5a – – – – – –
z53 31.5 ± 7.7 0.84 1–3, 9a – – – – – –

VE13-04
z1 35.6 ± 0.8 1.6 1–9 3.3 96 0.035 – 99 1.9
z4 32.9 ± 1.4 3.0 1–10 3.6 47 0.077 – 105 1.7
z7 33.6 ± 2.1 2.2 1–8 2.6 96 0.027 – 129 1.6
z9 31.9 ± 1.4 2.7 1–9 3.6 129 0.028 – 85 1.3
z12 32.5 ± 1.2 0.71 1–4 3.7 81 0.046 – 116 2.4
z16 32.8 ± 1.5 2.5 1–8 2.6 99 0.026 – 117 1.8
z20 32.5 ± 3.1 4.3 1, 3–8a 1.0 87 0.012 – 52 0.80
z22 32.8 ± 1.3 2.9 1–10 3.0 106 0.029 – 81 0.60
z27 33.6 ± 1.4 3.7 1–10 2.5 100 0.025 – 207 6.1
z28 34.8 ± 1.4 2.9 1–10 3.4 30 0.11 – 185 1.6
z30 34.4 ± 1.1 0.44 2–5 3.4 187 0.018 – 114 2.3
z32 36.5 ± 1.2 1.0 2–10 2.4 245 0.0097 – 106 9.6
z33 33.8 ± 3.0 4.2 2–6 4.3 143 0.030 – 87 1.5
z35 30.8 ± 4.8 5.2 2–7 3.2 105 0.030 – 68 1.4
z41 33.4 ± 2.2 5.5 1–3, 5–10a 3.8 84 0.045 – 89 2.3
z43 40.6 ± 5.9 3.3 1–4 4.2 66 0.064 – 107 22
z48 33.3 ± 0.6 1.2 1–10 2.0 75 0.027 – 101 2.0
z50 32.8 ± 1.1 0.95 1–5 3.3 52 0.064 – 135 1.7
z51 30.9 ± 1.7 4.1 1–10 4.0 294 0.014 – 66 1.6
z58 34.1 ± 1.9 0.93 1–5 6.2 110 0.056 0.14 152 –
z66 31.0 ± 1.7 4.2 1–10 4.3 70 0.061 0.20 366 –
z67 29.8 ± 1.6 2.6 2–10 12 101 0.12 0.15 256 –
z69 32.1 ± 1.0 1.5 1–10 3.7 159 0.023 0.09 189 –
z70 33.0 ± 1.4 0.52 1–3 2.6 122 0.021 0.09 232 –

VE13-09
z1 32.1 ± 1.4 1.1 1–7 8.9 157 0.057 0.38 282 –
z3 31.0 ± 3.1 4.3 1–9 11 171 0.062 0.15 220 –
z7 27.4 ± 1.7 3.1 1–2 25 1591 0.015 1.2 1075 –
z8 26.8 ± 1.2 1.6 1–2 1.2 525 0.0023 0.06 244 –
z10 30.2 ± 0.8 1.9 2–7 5.1 333 0.015 0.04 326 –
z11 23.1 ± 1.2 2.4 1–2 8.9 451 0.020 0.29 416 –
z12, older 32.3 ± 1.9 3.1 5–10 4.8 242 0.020 0.12 265 –
z12, younger 17.6 ± 1.0 0 1 160 4917 0.032 0.95 2251 –
z13 22.2 ± 1.0 2.2 1–2 16 2185 0.0075 0.44 999 –
z14 18.5 ± 1.1 0 1 28 2366 0.012 0.45 812 –
z16 28.3 ± 0.7 1.6 1–6 9.9 1111 0.0089 0.29 416 –
z17 28.4 ± 0.5 0.63 1–10 12 2773 0.0043 0.41 562 –
z18 12.8 ± 3.5 2.6 1–10 25 163 0.15 17 1142 –
z19 14.7 ± 2.3 0 1 92 593 0.15 1.2 727 –
z21 30.4 ± 4.9 4.9 1–4 28 261 0.11 0.31 338 –
z23 28.8 ± 1.2 3.6 1–10 4.3 480 0.0089 0.09 249 –
z24 21 ± 18 1.4 1–10 11 43 0.27 9.3 445 –
z25 18.8 ± 1.1 0 1 107 5854 0.018 1.6 2458 –
z27, older 27.8 ± 0.7 1.0 6–10 20 802 0.025 0.14 580 –
z27, younger 18.0 ± 1.0 0 1 309 8119 0.038 0.87 333 –
z38, older 23.7 ± 1.7 3.7 2–10 8.4 279 0.030 0.10 204 –
z38, younger 16.1 ± 1.0 0 1 56 2370 0.023 4.7 4371 –
z41 18.6 ± 1.0 0 1 338 19,661 0.017 15 5844 –
z42 22.7 ± 3.9 0.20 1–4 47 4673 0.010 0.72 1291 –
z44 22.6 ± 0.4 1.8 1–10 216 10,759 0.020 2.4 1634 –
z45, older 28.5 ± 1.5 2.5 5–10 8.2 470 0.017 0.11 365 –
z45, younger 22.2 ± 0.9 0.61 1–2 30 1349 0.022 0.29 853 –
z46 29.2 ± 0.6 1.9 1–10 2.5 638 0.0039 0.10 662 –
z47 20.1 ± 1.1 0 1 31 4711 0.0065 0.74 852 –
z49, older 23.7 ± 0.7 0.99 5–9 11 473 0.023 0.10 157 –
z49, younger 17.0 ± 1.0 0 1 100 5318 0.019 0.78 973 –
z51 26.4 ± 0.5 1.7 2–10 7.1 450 0.016 0.13 290 –
z53 25.0 ± 1.9 3.3 1–2 4.0 37 0.11 0.13 236 –
z56 19.6 ± 1.1 0 1 514 12,032 0.043 4.1 3189 –
z57 41.6 ± 1.9 1.4 1–8 40 700 0.057 0.59 421 –
z58 24.0 ± 0.7 1.8 1–8 6.4 228 0.028 0.12 150 –
z59, older 24.2 ± 0.8 0.67 3–10 10 595 0.017 0.14 413 –
z59, younger 18.7 ± 1.2 0 1 40 3110 0.013 0.54 1833 –
z61 26.6 ± 1.1 2.8 1–10 52 928 0.057 1.1 1125 –
z62, older 28.0 ± 1.5 3.4 4–10 6.8 592 0.012 0.17 343 –
z62, younger 19.1 ± 1.1 0 1 63 3307 0.019 0.65 909 –
z63 18.3 ± 1.1 0 1 92 2321 0.040 0.39 1067 –

(continued on next page)
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Table 2 (continued)

Grain Isochron date (Ma) MSWD Shots used Th (ppm) U (ppm) Th/U Eu (ppm) Y (ppm) Ti (ppm)

z69 18.1 ± 1.0 0 1 101 9950 0.010 1.6 1945 –
z70 22.6 ± 0.7 1.5 1–3 200 9639 0.021 2.2 3459 –
z71 17.8 ± 1.0 0 1 487 21,849 0.022 6.6 3665 –
z72 22.4 ± 1.7 3.0 1–5 25 566 0.044 0.30 896 –
z73 29.2 ± 1.9 4.6 1–10 2.2 81 0.027 0.15 288 –
z75 23.6 ± 1.3 6.4 2–10 106 2290 0.046 0.39 740 –
z76 23.2 ± 0.8 2.1 1–10 29 1611 0.018 0.27 365 –
z77 22.4 ± 1.9 4.9 1–10 8.2 72 0.11 0.16 183 –
z84 16 ± 24 0 1–2 17 85 0.20 0.18 222 –

VE13-17
z1 55.6 ± 2.4 2.2 1–2 5.4 159 0.034 0.14 250 –
z2 27.2 ± 1.5 1.8 1–2 7.1 62 0.12 0.52 180 –
z5 30.4 ± 1.0 0.3 1–3 7.3 489 0.015 0.16 582 –
z7 26.9 ± 2.5 1.7 1–6 47 428 0.11 1.9 1103 –
z8 31.6 ± 0.9 4.3 1–6 3.5 167 0.021 0.22 263 –
z10 28.5 ± 0.7 1.5 1–10 6.6 114 0.058 0.18 287 –
z12 71.6 ± 8.4 0.053 1–2 33 105 0.31 6.0 2087 –
z14 27.9 ± 1.3 0.88 1–4 18 425 0.042 0.31 1213 –
z16 56.8 ± 1.5 0.47 1–10 8.8 203 0.043 0.27 377 –
z18 54.3 ± 3.4 2.4 1–3 27 152 0.18 0.61 770 –
z19 32.3 ± 2.5 1.5 1–10 38 104 0.36 11 3476 –
z23 35.9 ± 7.3 1.3 1–10 6.4 41 0.16 0.61 155 –
z25 44 ± 4 0.72 1–2 28 159 0.17 0.62 390 –
z29 31.9 ± 3.5 2.0 1–5 58 57 1.0 0.52 212 –
z33 26.4 ± 1.4 0.9 1–6 17 99 0.17 0.26 175 –
z34 29.9 ± 2.1 5.5 1–10 8.9 113 0.079 0.09 175 –
z37 21.8 ± 1.5 0 1 36 244 0.15 2.5 694 –
z40 20.3 ± 3.1 0 1 87 342 0.25 20 1856 –
z41 88.6 ± 2.1 1.1 1–6 28 277 0.10 0.32 336 –
z43 31.9 ± 1.6 1.3 1–2 25 123 0.20 1.0 296 –
z45 44.0 ± 7.6 1.0 1–3 44 143 0.31 0.91 489 –
z46 33.1 ± 1.5 0.85 1–5 19 113 0.17 0.60 454 –
z47 31 ± 29 7.9 1–2 23 183 0.13 0.67 393 –
z48 99.4 ± 2.1 1.3 1–7 63 707 0.089 1.2 911 –
z49 25.9 ± 4.6 0.82 1–3 20 58 0.35 0.66 174 –
z51 23.0 ± 1.2 2.0 1–2 45 196 0.23 5.7 1537 –
z52 28.4 ± 2.2 3.1 1–10 5.9 83 0.072 0.18 110 –
z53 45.2 ± 3.0 3.1 1–5 3.7 225 0.016 0.09 342 –
z66 29.2 ± 0.69 1.2 1–10 3.0 103 0.030 0.31 211 –
z68 30.8 ± 1.6 3.1 1–10 4.5 84 0.054 0.11 136 –
z70 95.9 ± 5.7 0.040 1–2 36 170 0.21 3.2 637 –
z71 34.7 ± 1.9 0.075 1–2 28 149 0.19 1.4 666 –
z75 61.3 ± 6.0 3.9 1–4 5.9 161 0.037 0.16 313 –
z79 48.3 ± 1.2 0.14 1–5 23 698 0.033 0.40 563 –
z81 75.8 ± 3.5 2.9 1–10 15 197 0.075 0.23 331 –
z84 28.3 ± 1.7 0.68 1–8 8.6 86 0.10 0.25 191 –

VE13-21
z1 27.5 ± 9.5 0.20 1–3 – – – – – –
z7 61 ± 25 0.19 1–3 – – – – – –
z9 65.9 ± 3.2 1.4 1–2 – – – – – –
z25 61.0 ± 2.8 2.6 1–2 – – – – – –
z59 117 ± 10 1.5 1–3 – – – – – –

a Intermediate shot(s) excluded from the isochron fit because the SLaPChron peak identification routine failed to recognize peak(s) for one or all of 206Pb, 207Pb and 238U (i.e. no
207Pb/206Pb and/or 238Pb/206Pb values were obtained) for the shot(s).
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episodes may represent: i) punctuated thermodynamic response
(internal self-organization within and across lithologies) to a single,
protracted (c. 33–22Ma) tectonothermal process, or ii) coordinated re-
sponse to multiple and discrete, local-to-regional-scale tectonothermal
events.

Fig. 10 provides a summary of the SS-LASS dates of Table 2 and
comparison with published geo–/thermochronology from the Cor-
dillera de la Costa. There are only 14 K–Ar/Ar–Ar dates for the Cordil-
lera de la Costa (Table 1), but 11 of these were obtained from mica
schists, gneisses and garnet amphibolites in and surrounding the
mélange at Puerto Cabello (Table 1), from which the SS-LASS sam-
ples were also obtained. The K–Ar/Ar–Ar dates may correlate with
the populations recognized in the zircon LASS data. Of the most-
precise K–Ar/Ar–Ar dates, three in the range 34.2–32.9 Ma overlap
the 33.0 ± 0.5 Ma SS-LASS population, and one 28.0 Ma date corre-
sponds to the 28.3 ± 0.5 Ma SS-LASS population (Fig. 10). Two
older, 42.6 Ma and 42.3 Ma dates match small peaks at 42–41 Ma
in the probability density distribution plots for VE13-04 and VE13-
09 (Figs. 6, 10).

Apatite and zircon fission-track dates for basement gneisses and
granites of the Cordillera de la Costa (Kohn et al., 1984; Sisson
et al., 2005) fall in two clusters, 24–23 Ma and 20–14 Ma (Table 1;
Fig. 10). The older cluster is equivalent to the 23.0 ± 0.4 Ma popula-
tion in the SS-LASS data and the younger overlaps the 18.2 ± 0.3 Ma
population (Fig. 10). For zircon to grow at the low temperatures re-
corded by the fission-track ages, the late zircon overgrowths would
have to be hydrothermal in origin. This hydrothermal activity
would have to have been coeval with episodes of rapid uplift
(cooling) of the basement units of the Cordillera de la Costa.

There is a coincidence in all four types of date—U–Pb zircon, U–Pb
titanite, K–Ar/Ar–Ar mica or amphibole, and apatite or zircon fission
track (Fig. 10)—suggesting that the c. 33.0, c. 28.3, c. 23.0 and c.



Fig. 6. Probability density distribution diagram for SS-LASS dates of Table 2. Plots show probability density distributions for: a) all analyses; b) analyses only from omphacitite VE13-04;
c) analyses only from graphitic mica calc-schist VE13-09, and d) analyses only from graphitic mica schist VE13-17. Bins for histograms are 1 Ma wide.
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18.2 Ma populations in the SS-LASS data signify separate geologic
‘events’ separated by hiatuses. This coincidence may mean that
zircon overgrowths occurred during short-duration thermal and/or
Fig. 7. Summary probability density curves for SS-LASS dates from Table 2. Shaded bands
represent distinct age peaks. (For interpretation of the references to color in thisfigure, the
reader is referred to the web version of this article.)
fluid pulses that also reset K–Ar/Ar–Ar and/or fission-track dates.
For short-duration (hydro)thermal pulses, closure ages essentially
record metamorphism, meaning that the K–Ar/Ar–Ar and fission-
track dates are geochronological rather than thermochronological
dates. Coincidence between SS-LASS dates of short-timescale meta-
morphism and the published K–Ar/Ar–Ar and fission-track dates
leads us to the following interpretations for the origin of the zircon
LASS populations:

i) the c. 33.0 Ma and c. 28.3 Ma populations date episodes of
amphibolite-facies metamorphism driven by brief and distinct
episodes of regional tectonothermal activity (e.g. thermal advec-
tion and/or localized mechanical heating associated with
tectonism);

ii) the c. 23.0 Ma and c. 18.2 Ma populations date distinct episodes
of enhanced fluid activity related to brief episodes of regional
tectonic activity involving rapid basement uplift, and

iii) self-organized bursts of metamorphic mineral growth played
only a secondary role in producing the multiple, short-duration
episodes of metamorphism.

Although the various units of the Puerto Cabello mélange most
likely experienced a common P–T history, not all metamorphic
episodes were recorded in all rocks. This may relate to the availabil-
ity of fluids and/or response of different bulk-rock compositions to
the different metamorphic episodes, underlining the advantage
gained by using large geochronology datasets to reconstruct the
tectonothermal history of a region.

Image of &INS id=
Image of Fig. 7


Fig. 8. Trace-element composition (Th, U, Eu, Y, Ti) and Th/U for SS-LASS dates from Table 2. Shaded regions indicate date populations of Fig. 7. Vertical axes are logarithmic. Key for Ti plot
applicable to all plots. Data point size includes a ~20% uncertainty in elemental abundance or ratio. (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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5.3. SS-LASS v. continuous-pulse LASS for recognition of multiple, short-
duration metamorphic events

As discussed above, continuous-pulse LASS yielded 33.1±0.8MaU–
Pb zircon (Fig. 2) and 32.6 ± 2.8 Ma U–Pb titanite (Fig. 9) dates. These
dates are associated with thin-section textures relating zircon rim and
titanite growth to amphibolite-facies overprint of the higher-pressure
assemblages in VE13-04. For VE13-04, it would appear that convention-
al, continuous-pulse LASS was able to discern the exact timing and
nature of the amphibolite-facies metamorphism. The chondrite-

Image of Fig. 8


Fig. 9. Tera–Wasserburg plots for titanite analyses from: a) VE13-04, and b) VE13-09, showing best-fit isochrons for all data (black, broken lines; date and 207Pb/206Pb intercept in white
box). Isochron dates for the red and blue data of VE13-04 are also provided. Trace element data for VE13-04 include: c) chondrite-normalized REE abundance plot (vertical axis logarith-
mic), and d) Eu/Smv.Dy/Lu discrimination diagram. Blue, gray and red data for VE13-04 in c) andd) correspond to similarly colored data in a). (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)
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normalized REE plots for VE13-04 (Fig. 9), however, show that at least
two (and possibly three) compositionally distinct populations of titanite
contributed to the 32.6 ± 2.8 Ma U–Pb titanite date. Did the trace-
Fig. 10. Summary diagram for geochronology of the Cordillera de la Costa. Colored data are SS-L
graphitic mica calc-schist VE13-09 in orange, graphitic mica schist VE13-17 in purple, orthogn
typically unreliable K–Ar/Ar–Ar Bt dates). Shaded bands correspond to distinct age peaks in th
thermochronology of the Cordillera de la Costa. Amph: amphibole, Ap: apatite, Bt: biotite,Ms:m
is referred to the web version of this article.)
element supply in VE13-04 vary significantly during a single, short peri-
od of titanite growth at c. 32.6 Ma, or were the continuous-pulse LASS
analyses that produced the 32.6 ± 2.8 Ma U–Pb titanite date unable to
ASS isochron dates from Table 2. Quartzite VE13-03 in cyan, omphacitite VE13-04 in green,
eiss VE13-21 in pink. Gray data are published thermochronology from Table 1 (excluding
e SS-LASS data. Probability density curves at top represent SS-LASS dates and published
uscovite, Zrn: zircon. (For interpretation of the references to color in this figure, the reader

Image of Fig. 9
Image of Fig. 10
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resolve mixtures of analyte belonging to two or more distinct titanite
growth (metamorphic) events? The U–Pb zircon SS-LASS data suggest
an answer.

The c. 33.0 Ma zircon growth event in the SS-LASS data is associated
with lower Eu, Th, U, and Y abundances than the c. 28.3 Ma zircon
growth event (Fig. 8). Yttrium behaves like a HREE. Thus, the negative
Eu anomalies (low Eu/Sm) and relatively steep slopes across the
HREEs (high Dy/Lu) for the blue data from VE13-04 (Fig. 9) are consis-
tent with relatively low Eu and Y abundances. Conversely, positive Eu
anomalies (high Eu/Sm) and relatively gentle slopes across the HREEs
(low Dy/Lu) for the red data (Fig. 9) are consistent with relatively
high Eu and Y abundances. The blue and red data for titanite in Fig. 9
may correspond to the c. 33.0 and c. 28.3 Ma populations from the SS-
LASS data, respectively.

When considered separately, the blue data of Fig. 9 yield an isochron
date of 36 ± 26 Ma and the red data yield an isochron date of 29.3 ±
7.6 Ma. The gray data of Fig. 9 may represent sampling of mixed older
(blue; c. 33.0 Ma) and younger (red; c. 28.3 Ma) titanite populations.
SS-LASS may be capable of resolving individual, short-duration meta-
morphic growth events that, perhaps due to larger sampling volumes
and smaller population statistics, the continuous-pulse LASS approach
cannot.

In summary, SS-LASS yields similar uncertainties to conventional
geochronology approaches, but samples far smaller zircon volumes
and requires significantly less analysis time. This enables SS-LASS to
amass large, multimodal datasets for zircons with multiple generations
of submicron-thick metamorphic overgrowths. Combined with an
accuracy of b1.5%, these advantages provide SS-LASS with unique
potential for testing claims of brief (b106 yr) and episodic metamor-
phism in rocks that are Cenozoic or younger in age.
6. Conclusions

Using an added uncertainty of 5% on secondary reference materials
and unknowns, SS-LASS analyses yielded single age populations; those
ages are accurate to b1.5% in reference materials, suggesting a similar
confidence in the unknown age populations. Such uncertainties could
conceivably allow time scale resolutions of b106 yr for Paleogene
rocks and b350 kyr for Neogene rocks.

When applied to fivemetamorphic rocks from the Cordillera de la
Costa, Venezuela the SS-LASS technique was able to decipher multi-
ple episodes of zircon overgrowths. These zircon growth events were
correlated to regionally significant, short-duration (b106 yr) epi-
sodes of (hydro)thermal activity at c. 33.0, c. 28.3, c. 23.0 and c.
18.2 Ma. Given that the majority of the zircons grew metamorphic
rims b1 μm thick—which cannot be dated by conventional geochro-
nology techniques—SS-LASS provides tremendous promise for
work aimed at probing the veracity of short-duration metamorphic
time scales (104–106 yr) obtained from diffusion modeling
(geospeedometry) approaches.
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