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ABSTRACT

This dissertation presents the results and obsengadf an investigation on the long-term (Miocéme
present) exhumation history of the Venezuelan Andesl the relationships between inherited
structures and development of topography in respaws tectonic and surface processes. The
Venezuelan Andes are ideal for understanding tlatioaships between these processes, because they
have involved through inversion and reactivatiorpi-existing structures, they are associated aith
major climatic gradient due to the orograpic effeftthe belt and extensive data is available
concerning their recent tectonic evolution. Thisumtain belt is the result of transpression caused b
oblique convergence of the continental Maracailoclbnd the South America Plate, controlled, on a
larger scale, by the triple junction between theitBoAmerican, Caribbean and Nazca plates. The
complex kinematics of triple plate interaction atiee continuous evolution of related structures
coupled with surface processes have profoundlyetetethe evolution of the Venezuelan Andes.

An extensive low-temperature thermochronometerbdesia composed of 47 new apatite fission-track
(AFT) ages: 24 bedrock samples, 15 samples froraregenic detrital sediments and 8 samples from
modern rivers sediments is presented in this desen. The dataset is supplemented with 27
previously unpublished AFT bedrock ages and 10sesl/IAFT ages provided by B.P. Kohn. The AFT
ages are converted into long-term exhumation nagesy thermal modeling. Analyses of in-situ AFT
data from seven tectonically delineated areas fevadable exhumation patterns across the
Venezuelan Andes. The Caparo and Valera blocksshaivere separated by dextral movement along
the Bocono strike-slip fault system, respectivedyédn AFT ages ranging from 7 to 27 Ma, and 11 to
145 Ma, representing areas of relatively slow exdtion. In the central part of the Venezuelan Andes,
AFT ages in the Sierra La Culata (5-8 Ma), El Carn(i23 Ma) and Sierra Nevada (5-8 Ma) blocks,
record major recent exhumation in response to prassion and erosion along the Bocond fault
system. To both sides of the chain, AFT ages irEd@lante block (5-6 Ma) on the far northern flank
and the Cerro Azul thrust block (5-8 Ma AFT age) the southern flank provide evidence of
significant compression, which produced the dowelsgent structure of the Venezuelan Andes during
Late Miocene times. Fission-track analysis of dgtrapatite from modern river samples permit a)
verification and extrapolation of the bedrock cogliage patterns across the Venezuelan Andes, b)
determination of sediment provenance, and c) aisabfgrelationships between exhumation rates and
potential controlling factors. The results implys&ong correlation between relief and long-term
exhumation rate but a lack of correlation betweengiterm exhumation rate and present-day
precipitation or seismic energy release (measuneh@l the last 20 years), indicating that the aaintr
of tectonic and/or climatic processes on exhumatamot be discerned in a straightforward manner.

Fission-track data from synorogenic sediments & Ntaracaibo and Barinas foreland basins permit
tracing the present-day exhumation patterns backhéo Late Miocene. Rock-Eval analyses of
sediments sampled show that Mio-Pliocene sedimerttese basins have not been buried deeper than
the AFT partial annealing zone in the studied sesti Young AFT ages in samples from the
Pardngula Formation on the south flank imply thas tformation is probably of Tortonian age,
significantly younger than previously suggestede BT data, together with pollen analyses, imply
that the Pliocene Betijoque Formation to the nodiresponds in age to the upper part of the RiaYuc
Formation to the south of the Venezuelan Andes.

Keywords: Venezuelan Andes, bedrock and detrital apat#sidn-track, thermochronology,
exhumation, thermal models, foreland basin, ergsiefief, climate, Bocond fault, strike-slip
faults, transpression, tectonics, geodynamic.



RESUME

Cette these présente les résultats d'une étudehidtite a long terme (Miocene — actuel) de
I'exhumation des Andes vénézuéliennes, ses rappatsdes structures héritées et le développement
de la topographie en réponse a la tectonique gbrlesessus de surface. Les Andes vénézuéliennes
constituent un exemple idéal pour étudier les reppentre ces processus. Elles montrent des
inversions et réactivations de structures pré-amiss et sont associées a un gradient climatique
majeur d0 a l'effet orographique de la chaine.dfburs, de nombreuses données sont disponibles
concernant leur récente évolution tectonique. CeltiEEine de montagne résulte de la transpression
causée par la convergence obliqgue du bloc contihdatMaracaibo et de la plaque Amérique du Sud
contrélée, a plus grande échelle, par la jonctigoiet entre les plagues Amérique du Sud, Caraibe et
Nazca. La cinématique complexe de cette interadtiple et I'évolution continue des structures yui
sont liées, couplée avec les processus de surdateprofondément affecté I'évolution des Andes
vénézuéliennes.

Une base de données thermochronologiques de basgeerature est présentée dans cette thése,
composée de 47 nouveaux ages par traces de fisaiompatite (AFT): 24 échantillons in-situ
provenant du substratum rocheux, 15 échantillonsédigments synorogéniques et 8 échantillons de
sédiments de rivieres actuelles. La base de dorméés augmentée de 27 ages AFT du substratum
rocheux et 10 ages AFT existants ont été révigssderniers 37 ages ayant été fournis par B.P Kohn
(Université de Melbourne, Australie). Les ages A®fit été convertis en taux d'exhumation a long
terme en utilisant des modélisations numériquebédelution thermique. Les analyses des données
AFT in-situ ont permis de délimiter sept blocs é@itues avec des histoires d'exhumation variables a
travers les Andes Vénézuéliennes. Les blocs derGagiade Valera sur les deux extrémités de la
chaine, qui ont été séparés par le mouvement dastie faille du Bocond, montrent des ages entre 7
et 27 Ma et entre 11 et 145 Ma respectivement. lfless représentent des zones d'exhumation
relativement lente. Dans la partie centrale deseAndénézuéliennes, les ages AFT des blocs de la
Sierra La Culata (5-8 Ma), d’El Carmen (2-3 Ma)detla Sierra Nevada (5-8 Ma) enregistrent une
exhumation majeure récente qui répond a la trassjne et I'érosion au long du systeme de failles du
Bocond. Sur les deux flancs de la chaine, les Agd@sdans le bloc d’El Escalante (5-6 Ma) au nord,
et le bloc chevauché du Cerro Azul (5-8 Ma age A&il)sud indiquent une phase de compression
importante, a l'origine de la structure a doublegeace des Andes vénézuéliennes, pendant le
Miocéne Supérieur. Les analyses AFT sur apatitetidée dérivé de I'échantillonnage des rivieres
actuelles ont permis a) d'extrapoler les &ages tin-si travers les Andes vénézuéliennes, b) de
déterminer la provenance des sédiments, et c)lgmmndes rapports entre taux d'exhumation et les
facteurs de contrdle potentiels. Les résultatsqueint une forte corrélation entre le relief etdaxt
d'exhumation a long terme mais une absence ddatioréentre les taux d'exhumation a long terme et
les précipitations actuelles ou la libération d'giee sismique (mesurées au cours des 20 derniéres
années), indiquant que le contréle de la tecton&ueou des processus climatiques sur I'exhumation
ne peut étre distingué d'une maniere simple.

L’analyse AFT sur des sédiments syn-orogéniques ldessins d'avant-pays de Maracaibo et de
Barinas ont permis d’établir un schéma de I'exhimnadepuis le Miocéne tardif jusqu’a I'actuel. Des
analyses Rock-Eval sur sédiments Mio-Pliocénes rmanhgue ces séries n'ont pas été enfouies plus
profondément que la zone de recuit partiel des fFAZ), au moins sur les sections étudiées. Des
ages AFT jeunes dans des échantillons provendat iermation Parangula sur le flanc sud indiquent
gue cette formation a probablement un age Mioceoyem nettement plus jeune que précédemment
admis. Les données AFT combinées avec des angbgesologiques révelent que la Formation
Pliocéne de Betijoque sur le flanc nord correspidtal partie supérieure de la Formation Rio Yuca au
sud des Andes vénézuéliennes.

Mots-clés: AndesVénézuéliennes, thermochronologie par traces defissur apatites in-situ et
détritiques, exhumation, modeéles thermiques, batawant-pays, I'érosion, le relief, le climat, la
faille de Bocong, failles décrochantes, transpogssa tectonique, geodynamique.



RESUMEN

Este trabajo investiga la historia de exhumaciégran escala (>1 Ma) y las relaciones entre
estructuras heredadas y desarrollo de la topogeafi@spuesta los procesos tectonicos y supeeficial
que ocurren en un orégeno activo. Los Andes de x(ea constituyen un &rea ideal para entender
tales procesos, debido a que esta cadena es lhdesde la transpresion causada por la convergenci
oblicua de dos blogues continentales: Maracaibanar8érica. A una escala mayor, la interaccion
entre esos bloques es controlada por la triple ergencia de la Placa del Caribe, la Placa
Suraméricana y la Placa de Nazca. Si se consideranhplejidad de este margen activo en conjunto
con la accion de los procesos superficiales, t@io altera de forma significativa la evolucién del
paisaje de Los Andes Venezolanos.

Esta tesis presenta 47 nuevos datos termocronokgiediante trazas de fision en apatitos: (24 in-
situ, 15 de sedimentos synorogénicos y 8 de setlimesctuales de rios) con el propdsito de
interpretar las edades de trazas de fision entapan el contexto de exhumacion a gran escala y
utilizar modelado numérico de la historia termataEbase de datos fue completada con 27 edades de
trazas de fision en apatitos y 10 edades revisadgmiblicadas, las cuales fueron suministradas por
B.P Kohn de la Universidad de Melbourne, en Austrdlos analisis basados sobre las edades de
apatitos “in-situ” revelan al menos siete areasditerentes patrones de exhumacion a lo largo de Lo
Andes. Los bloques de Caparo y Valera con edad&sad@7 Ma, y 11 a 145 Ma, respectivamente,
representan las zonas mas antiguas, que fueroradapgor el movimiento rumbo-deslizante destral
del sistema de fallas de Bocond. En la parte dedéda cadena y cercanos al sistema de fallas de
Bocond, tres bloques: la Sierra La Culata (5-8 NEh)Carmen (2-3 Ma) y la Sierra Nevada (5-8 Ma)
reflejan una importante componente vertical, epuesta a la transpresion y la erosién a lo largo de
ese sistema de fallas. A ambos lados de la cattenbloques Escalante (5-6 Ma) en la parte norte y
Cerro Azul (5-8 Ma) en la parte sur, proporciona@rfes indicios de que la convergencia produce una
estructura con doble vergencia durante el Miocartia.

Las edades determinadas sobre las muestras deatesnos, permiten: a) verificar y extrapolar los
patrones de exhumacién a lo largo de la cadendetdrminar la proveniencia sedimentaria y c)
analizar las relaciones entre los patrones de eabidm y los factores potenciales que pudieran
controlar dichos patrones. Los resultados sugiarenfuerte correlacion (0.95) entre el relieve y lo
patrones de exhumacion a largo plazo; y una péidzorrelacion entre la exhumacién a largo plazo
y los valores de precipitacion promedio y/o enegjfamica liberada (durante los ultimos 20 afios)
indican que los posibles controles ejercidos pocgsos tectonicos y/o climaticos actuales sobre los
patrones de exhumacion no pueden ser determinadasadmanera lineal.

Las edades obtenidas mediante termocronologiargmast de fision en apatitos sobre los sedimentos
sinorogénicos, pertenecientes a las formacione§ogee en la cuenca de Maracaibo; Rio Yuca 'y
Paradngula pertenecientes a la cuenca Barinas-Apenmiten analizar la proveniencia, transporte,
depositacion y subsidencia de las rocas sedimastan esas cuencas. Los analisis de materia cgiganic
(Rock-Eval) indican que las formaciones BetijoqueRio Yuca no fueron lo suficientemente
soterradas para generar hidrocarburos, de lo eud¢duce que no ocurran fendmenos de borrados de
trazas de fision. Asi, la primera componente dedeslgor trazas de fision discriminada en esos
sedimentos pueden ser utilizados como una aproidmacla edad de depositacion. Edades recientes
(9-11 Ma) encontradas en la Formacion Paranguléicarmpque esta ultima fue depositada durante la
etapa Tortoniana, lo cual es significativamente fo&en que la edad actualmente asumida. Los
resultados termocronoldgicos en conjunto con Iadigia palindgicos, sugieren que la Formacién
Betijoque (en el flanco norte) de edad Pliocenacaselacionable con el tope de la Formacion Rio
Yuca en el flanco surandino.

Palabras claves:Andes de Venezuela, termocronologia por trazassafsobre apatitos in-situ
y detriticos, exhumacién, modelo termal, cuencaepais, erosion, relieve, clima, Falla de
Bocono, fallas rumbo-deslizantes, transpresionotéca, geodinamica.
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Chapter 1
|. GENERAL INTRODUCTION

1.0 Introduction

The topography of a mountain belt is the resultampetition between tectonically driven
surface uplift, which increases topography, andierg which reduces topography and forms
relief. In this manner, tectonic and surface preessan be positively or negatively coupled.
Discriminating and categorizing these processdseir order of importance is not a simple
task because the processes do not necessarilji@perthe same time scales and at the same
rates, resulting in a generally long and complestdny that is recorded by the geology and

geomorphology of a mountain belt.

In actively uplifting mountain belts surface proses are erosional, eliminating the record of
past rock uplift (Fig. 1.1). Sedimentary basinsaadpt to such mountain belts are usually
filled with sediments that contain the record oftpaxhumation. The study of the thermal
history of upper crustal rocks bgw-temperature thermochronologyovides information on
rock uplift and exhumation on geological timescaldse vertical motion of rocks over time,
according to England and Molnar (1990) and Ringalet(1999) are summarized in two
important concepts. Firgienudations the difference between rock uplift and surfapkfiu It
describes the removal of material from the roclunwl by surface and/or tectonic processes.
Second,exhumationdescribes the process by which rock material @udpnt closer to the
Earth surface because of denudation. Thus, the minodexhumation is equal to the amount

of denudation.
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Fig. 1.1.Interactions among exhumation, denudation, erosiansport, anadeposition process across an active
orogen (Modified from Crowley et al. 1989).

The basics of fission-track thermochronology akeewwed in chapter 3. Thermal histories can
be extracted from fission track ages and tracktledgta in apatites using empirical equations
that relate time, temperature, fission-track lengiid fission-track density (e.g., Ketcham et
al. 1999).

The orogenic life-cycle in general includes thrémages of topographic growth, equilibrium,
and decay (Jamieson and Beaumont, 1989). Duringethhases erosion rates vary in
response to temporal and spatial changes in climafeographic relief and slope, and
deformation. The application of fission-track theehronology on minerals that have been
eroded, transported and deposited in adjacent $assn call detrital fission-track
thermochronologyWagner and Van den Haute, 1992; Naeser et al.)1®84rital apatite
fission-track (AFT) thermochronology on sampledexikd from synorogenic basin deposits
or modern rivers is a well established tool for mjifging erosion histories during orogenic
evolution, as well as for establishing sedimentvprance and landscape evolution (e.g.

Garver et al. 1999).

Detrital or bedrock fission-track analysis has besgtely used during the last three decades to
constrain the low-temperature thermal historiesnamerous igneous, metamorphic and
sedimentary rocks in diverse geological settingeesE include orogenic belts, rifted margins,
faults, sedimentary basins and cratons, amongtiiee types of geologic problems that can
be addressed include the timing and rates of tecewents, sedimentary basin evolution, the
timing of hydrocarbon generation, the absolute @igeolcanic deposits, the effects of major

climatic changes on the near-surface geothermdigmg and long-term landscape evolution
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(Gallagher et al. 1998; Gleadow and Brown, 200Q;tHa et al. 2000, 2002; Spotila et al.
2002).

For two reasons the Venezuelan Andes constitutanteresting target for using AFT
thermochronology to study the relationships betweémate, exhumation, and tectonic
process. First, the Venezuelan Andes are locatmtyahe active margin of South America,
whose geodynamical setting is complicated and daapidly over geologic time (Fig. 1.2).
Second, the Venezuelan Andes separate two of ther rpatroleum bearing basins of
Venezuela, the Maracaibo basin and the Barinas-é\pasin (Fig. 1.2). The Maracaibo basin
is one of the most prolific hydrocarbon basinshia world, where over 40 billion barrels of
hydrocarbons have been produced (James, 2000ascljoBa, 2003). The Barinas-Apure
basin is the third largest oil-producing basin @n¢zuela. It has an extension of about 95,000
km2 and a maximum sediment depth of about 5 knisicentre (James, 2000a, b; Jacome and
Chacin, 2008).
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Fig. 1.2. Regional tectonic map of northwestern South Amesicawing the present-fay configuration of the
Nazca, Cocos, South American and Caribbean platas$,the main tectonic features in the Northern Ande
(Modified from Corredor, 2003).

The origin of the present-day Venezuelan Andes isdhydrocarbon basins is related to
complex interactions between the Caribbean, Soutterican and Nazca plates (Fig. 1.2),
which generate on a regional scale the oblique em@nce and transpression between the
Maracaibo continental blocks and the South Ameptate (Colletta et al. 1997). This
collision has led to fault reactivation in strikgpsand thrusting modes, and rotation of

individual blocks.
The goal of this dissertation is to apply AFT theamronology on bedrock and detrital

samples to quantify the exhumation history of then®zuelan Andes in the geodynamic
context of the Northern Andes, besides studyingeineral the exhumation patterns associated
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with continental strike-slip faulting in transpragssettings (Spotila et al. 2007a, b; Cruz et al.
2007). In this dissertation, the first detailedrthechronologic study in the Venezuelan Andes
since the work of Kohn et al. (1984) and Shaganalef{1984) is presented. | constrain
exhumation in the Venezuelan Andes using mainly ARGrmochronology (on 24 bedrock
samples, 15 synorogenic and 8 modern rivers sanfglgsl.3), but also quantitative methods
for data interpretation, such as thermal histony Becube modeling (Braun, 2003; Ketcham,
2005; Braun et al. 2006). These results are conmgéed with data on precipitation and
seismicity, palynology, and organic matter analggisynorogenic sediments. The purpose of
this work was testing the following hypotheses: EXhumation patterns vary spatially in the
Venezuelan Andes, (2) inherited structures corntneke variable exhumation patterns, (3)
tectonics and erosion are not independently opeygtrocesses but are strongly coupled,
which would imply a correlation between short- dodg-term processes, (4) exhumation

patterns are faithfully reflected in detrital therohronology data.
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Fig. 1.3.Digital elevation model of the Venezuelan Andeshvwiiie samples location for AFT thermochronology
collected in this work.
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1.1 Overview of chapters and results

This dissertation comprises three introductory o¢b@p four manuscripts (ready for
submission to international journals) containing thain results, conclusions, synthesis and
an appendix section. The second chapter (afteritigduction) presents the main theories
and models developed to explain the origin of then&zuelan Andes in a plate tectonic
context. In this chapter the different current é@at models and present-day geodynamic
setting are also presented. The third chapter, &Refmochronology and quantitative methods
for interpreting the data are presented. The fdwapter (manuscript one) include a large
number of samples comprising the entire in-situ Adifltaset. Topographical analyses are
included in this manuscript to show geomorphicat#hces between blocks that are exhumed
at different rates in distinct episodes. Barry Kghmiversity of Melbourne, Australia) has
provided me with twenty four new ages and ten exvigges, which contributed significantly
to the AFT database and facilitated its interpretatin the second manuscript (chapter 5), 3-
D forward modeling using the Pecube code (Brauf328raun et al. 2006) and HeFTy code
(Ketcham, 2005) is used to interpret two age-elemaprofiles in the central Venezuelan
Andes, the first collected by Kohn et al. (19843 dine second during this work. Manuscript
three (chapter 6) extends the temporal scale bljudimg eight modern river samples.
Correlations between long-term exhumation ratesshadlt-term potential controlling factors
are developed. Manuscript 4 (chapter 7) extendsddit@abase to synorogenic sediments
exposed at both flanks of the Venezuelan Andess@sediments are the product of erosion
of the Venezuelan Andes; thus, it is possible talyae the relations among exhumation,
transport, sedimentation, burial and recycling ssrothe foothills by combining
multidisciplinary methods (detrital apatite fissiback thermochronology, palynology,

petrology and organic matter characterization).

Findings from these four manuscripts address tesgmted hypotheses. It is in fact possible to
distinguish different exhumation patterns, whict eontrolled by inherited tectonic structures
that are the product of rifting during separatidnAdrica, South and North America. The

major dextral Bocond strike-slip fault system wassgibly present before Eocene times
(Schubert, 1982) and produced the separation betiwee Caparo and Valera Blocks. Two

blocks in the central part of the Venezuelan Andles,Sierra Nevada and Sierra la Culata,
present contrasting cooling histories and are treedresult of surface uplift by transpression

and erosion, produced by the collision betweenMagacaibo block and South American
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continent. The two blocks record significant vatimovements on the dextral Bocono strike-
slip fault system. At 8 Ma, maximum surface upiéftachieved in the Sierra Nevada, which
coincides with major drainage reorganization, inugj the Orinoco and Magdalena rivers, as
suggested by Hoorn et al. (1995) or Diaz de Garfi€¥9e6).

Detrital AFT thermochronology results are consisteith the AFT bedrock results, and point
to at least five stages of continuous exhumationrad 2-3 Ma, 3-5 Ma, 5-8 Ma, 8-15 Ma and
15-30 Ma. These phases are associated with regiectahnic events that occurred across the
Northern Andes (Cooper et al. 1995; Murdock etl@P7; Parra et al. 2009). The intervals
between 2-3 and 3-5 can be related to final closfirine Panama Isthmus (Murdock et al.
1997; Grafé et al. 2002). From 5 to 8 Ma occurieel accommodation of the Maracaibo
Block, caused by the compression of the Panamih éine western part of South America and
movement of the Caribbean plate to the north (@tual. 2007). This compression produced
reactivation of different branches of the Bocondltftaystem. During 8-15 Ma compression
and inversion associated with the formation of floatal fold and thrust belt of the Eastern
Cordillera have led to rapid exhumation/surfacefugtes in the Northern Andes (Parra et al.
2009). According to Montes et al. (2005), during timterval the Maracaibo Block arrived in
its current position. During the phase between @8 80 Ma, accretion of the Eastern
Cordillera in Colombia against the southwesternt gdrthe Venezuelan Andes occurred
(Caparo and Trujillo or Valera Blocks). AFT agedadthan 30 Ma in the Venezuelan Andes
can be associated with old paleotopography createdng an early compressional
deformation event that affected the Magdalena Yadied the western margin of the Eastern
Cordillera due to an increase in convergence ragdween the Nazca and South American
plates (Pardo-Casas and Molnar, 1987; Daly, 1989)age of 145 Ma found to the north of
the Valera Granite can be related to the TriassidyECretaceous Rift basins developed as a
result of the separation of North and South Amendaen the Caribbean opened (~235-130
Ma); this is the synrift megasequence (Cooper.€t35).
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Chapitre 1
I. INTRODUCTION GENERALE

1.0 Introduction

La topographie des chaines de montagnes résuli@ cmcurrence entre la tectonique, qui
fait croitre le relief, et les processus de surfapa@ le réduisent. Ainsi, les processus
tectoniques et de surface peuvent étre couplés @dagecétro-actions positives ou négatives.
Discriminer et catégoriser ces processus selonifeportance relative n'est pas une tache
simple car que les processus n'opérent pas néessat sur les mémes échelles de temps, ni
avec les mémes taux, et résultent généralementeshigtoire longue et complexe enregistrée

par la géologie et géomorphologie d’'une chaine detagnes.

Dans les chaines de montagnes sujettes au soulélvégntonique, les processus de surface
sont généralement érosives, éliminant ainsi I'istpassée du soulevement (Fig. 1.1). Les
bassins sédimentaires adjacents aux chaines sopligale sédiments qui archivent I'histoire
d'exhumation passée. L'étude de I'histoire therenid@ la croute supérieure en utilisant la
thermochronologie de basse températwlenne des informations sur le soulevement et
I'exhumation des roches sur les échelles de te@p®gjques. England et Molnar (1990) et
Ring et al. (1999) ont résumé deux concepts imptsteoncernant le mouvement vertical des
roches avec le temps. Premierementdaudationest la différence entre le soulevement des
roches et le soulevement de la surface. Ce tereré ténlevement de matiére de la colonne
de roche a cause des processus tectoniques et/surfdee. DeuxiemementeXhumation
décrit le processus de rapprochement des rochda darface de la terre a cause de la

dénudation. Ainsi, la quantité d'exhumation esteégda quantité de dénudation.

Les bases de la thermochronologie par traces siedisont passées en revue dans le Chapitre
3. Une histoire thermique peut étre extraite des &j des données de longueurs des traces de
fission dans les apatites avec l'aide d'équatianpirgues qui associent le temps, la
température, les longueurs et la densité des t@dedsssion (par exemple, Ketcham et al.
1999).

En général, le cycle de vie d’'un orogécmmprend trois phases: une phase de croissance

topographique, d'équilibre et de décroissance Ekoni et Beaumont, 1989). Les taux
d’érosion peuvent varier au cours de ces phasegmanse aux changements temporels et
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spatiaux du climat, du relief et de la déformatibiapplication de la thermochronologie par
traces de fission sur les minéraux érodeés, traté&spet déposés dans les bassins adjacents est
appelléeghermochronologie détritiquéNVagner et Van den Haute, 1992; Naeser et al. 1989)
La thermochronologie détritique par traces de disssur apatites (AFT) prélevés de dépots
sédimentaires synorogéniques ou de rivieres aetuelst devenu un outil bien établi pour
guantifier I'histoire d'érosion au cours de I'éwan orogénique, ainsi que pour établir la

provenance des sediments et I'évolution du redigf. (Garver et al. 1999).

Des analyses AFT détritiques muisitu (sur des échantillons prélevés du substratum rogheu
ont été largement utilisé au cours des trois dezriglécennies pour contraindre I'histoire
thermique a basse température de nombreuses roigmEes, métamorphiques et
sédimentaires dans divers contextes géologiquesiobdreux travaux ont notamment ciblé
les ceintures orogéniques, les marges divergele®dailles, les bassins sédimentaires et les
cratons, entre autres. Les types de problemes gjgaks abordés comprennent le calendrier
et les taux d'événements tectoniques, I'évoluties lohssins sédimentaires, le timing de la
production d'hydrocarbures, I'age absolu de dépdisaniques, les effets des changements
climatiques sur le gradient géothermique, et l'éttoh a long terme du relief (Gallagher et al.

1998; Gleadow et Brown, 2000; Blythe et al. 2002, Spotila et al. 2002).

Les Andes vénézuéliennes constituent une ciblereséé@nte pour [l'utilisation de la
thermochronologie AFT, dans le but d'étudier ldati@ns entre le climat, I'exhumation et le
processus tectoniques, pour deux raisons: premérienes Andes du Venezuela sont situés
au long de la marge active d'Amérique du Sud, amofgexte géodynamique est compliqué et
a varié rapidement au cours des temps géologidtigs 1.2). Deuxiemement, les Andes
véneézuéliennes séparent deux des plus importasgs/mrs pétroliers du Venezuela, le bassin
de Maracaibo et le bassin de Barinas-Apure (Fig). 1.e bassin de Maracaibo est un des
réservoirs pétroliers les plus prolifiques au mgnde plus de 40 milliards de barils
d'hydrocarbures ont été produits (James, 2000&sbalona, 2003). Le bassin de Barinas-
Apure est le troisieme plus grand gisement de ptolu pétroliere du Venezuela. Ce bassin a
une extension d'environ 95.000 km2 et une profondeximale de sédiments d'environ 5 km

dans son centre (James, 2000a, b; Jacome et CB@08),

L'origine de l'actuelle chaine des Andes vénézédis et ses bassins pétroliers est liee a des

interactions complexes entre les plaques Caraib&rijue du Sud et Nazca (Fig. 1.2) qui
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produisent, a I'échelle régionale, la convergenbBgoe et la transpression entre le bloc
continental de Maracaibo et la plague Amérique dd &olletta et al. 1997). Cette collision a
produit la réactivation de différentes structurescades mouvements décrochants, inverses ou

normaux, ainsi que la rotation de blocs.

Le but de cette thése est d'appliquer la thermociogie AFT sur des échantillons provenant
du substrat rocheux et des échantillons détritigas de quantifier I'histoire d'exhumation
des Andes vénézuéliennes dans le contexte géodynentes Andes du Nord. Plus en
général, la these traite des modéles d'exhumagenal mouvement de failles décrochantes
dans les milieux transpressifs (Spotila et al. 2@z et al. 2007). Cette these représente la
premiére étude thermochronologique détaillée dass Andes vénézuéliennes depuis les
travaux de Kohn et al. (1984) et de Shagam etl8B4). Je quantifie 'exhumation dans les
Andes vénézuéliennes en utilisant principalemené#hode des traces de fission sur apatites
(sur 24 échantillons de socle, 15 échantillons @énsents synorogéniques et 8 échantillons
de sédiments de rivieres actuels, Fig. 1.3), mab §galement utilisé des méthodes
guantitatives pour l'interprétation de ces donnéafes que des modélisations de I'histoire
thermique des échantillons (Ketcham, 2005) et deolution thermique de la croute, ce
dernier en utilisant le code Pecube (Braun, 200&uB et al. 2006). Ces résultats sont
complétés par des données de précipitation et dmidgié, ainsi que des données
palynologiques et des analyses de la matiere aygardes sédiments synorogéniques. Le but
de ce travail a été de tester les hypothéses gamafl) I'histoire d'exhumation varie
spatialement au long des Andes véenézuéliennedeg$23tructures héritées contrdlent cette
variabilité de l'exhumation, (3) la tectonique &frdsion ne sont pas des processus qui
fonctionnent indépendamment mais sont fortementplésy ce qui impliquerait une
corrélation entre les processus sur le court- eteslong-terme, (4) la variabilité spatiale de

I'exhumation est fidélement enregistrée par lantleehronologie détritique.

1.1 Résumé des chapitres et principaux résultats

Cette these est comprise par trois chapitres adottion, quatre manuscrits (préts a
soumettre a des revues internationales) qui comgign les principaux résultats, une
conclusion et synthése, et des annexes. Le pranagitre aprés cette introduction présente

les principaux différents théories et modéles qui &té développés pour expliquer I'origine
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des Andes vénézuéliennes dans le contexte dettaigge des plaques. Dans ce chapitre sont
egalement présentés les difféerents modeles tectesigroposés aujourd’hui et le contexte
géodynamique actuel de la chaine. Le troisiemeitkgmésente les aspects théoriques de la
thermochronologie par traces de fission sur apatitei que les méthodes quantitatives pour
interpréter ces données. Dans le premier manu@hapitre 4), notre base de données
thermochronologiquesn-situ entiére est considérée. Ce manuscrit inclut égalendes
analyses topographiques, afin de mettre en évidéeselifférences géomorphologiques entre
les blocs qui sont exhumeés a différentes vitesspsralant des épisodes distincts. Barry Kohn
(Université de Melbourne, Australie) m'a fourni girquatre nouveaux ages et dix ages
révisés qui ont contribué considérablement a cotmplé base de données et ont facilité son
interprétation. Dans le deuxieme manuscrit (Chaml); des modéles numériques en utilisant
les codes Pecube (Braun, 2003; Braun et al. 2006)e€Ty (Ketcham et al. 2005) sont
utilisés pour interpréter deux profils age - atieurécoltés dans les Andes vénézuéliennes
centrales, le premier par Kohn et al. (1984) esdeond pendant ce travail. Le troisieme
manuscrit (Chapitre 6) étend I'échelle temporetieirecluant huit échantillons de riviéres
actuelles. Dans ce manuscrit des corrélations ésgréaux d'exhumation a long terme et de
facteurs tectoniques ou climatiques (sismicité, cipration) qui pourraient controler
I'exhumation, mais qui sont enregistrés a counhégont été établies. Le quatrieme manuscrit
(Chapitre 7) étend la base de données aux sédimgmisrogéniques affleurants sur les deux
flancs des Andes vénézuéliennes. Ces sédimentdes@noduit de I'érosion de la chaine :
ainsi, il est possible danalyser les relationsreexhumation, transport, sédimentation,
enfouissement et recyclage dans les piedmontsrabinant des méthodes pluridisciplinaires
(thermochronologie par AFT détritique, palynologigetrologie et caractérisation de la

matiére organique).

Les résultats de ces quatre manuscrits adressehypothéses présentées. Il est possible de
distinguer différents modéles d'exhumation, quitsmmtrolés par des structures tectoniques
héritées, produits du rifting lors de la séparatamtre I'Afriqgue, I'Amérique du Sud et
’Ameérique du Nord. Le systeme de failles décrodhdextre du Bocond était peut-étre déja
présent des I'Eocene (Schubert, 1982) et a prtadséparation entre les blocs de Caparo et de
Valera. Deux blocs dans la partie centrale des Anvdmézuéliennes, la Sierra Nevada et la
Sierra La Culata, présentent des histoires de idifsement contrastantes ; les phases de
refroidissement enregistrées sont le résultat tiotacsoulevement de surface et de I'érosion

produits par transpression liée a la collision @mér bloc de Maracaibo et le continent sud-
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ameéricain. Les différentes histoires de refroichsset entre les deux blocs enregistrent
d’'importants mouvements verticaux sur la Faille Blocondé. A 8 Ma le soulévement de
surface dans la Sierra Nevada atteint son maximeertiming coincide avec la réorganisation
de différents paléo-drainages de I'Orénoque Rieierde la Riviere Magdalena, comme

suggéreé precédemment par Hoorn et al. (1995) o ddaamero (1996).

Les résultats thermochronologiques sur apatitestiqées sont cohérents avec les résultats
obtenus dans le socle, et permettent de discrimmermoins cing différents stades
d'exhumation en continu autour de 2-3 Ma, 3-5 M8,Ma, 8-15 Ma et 15-30 Ma. Ces phases
sont associées a des événements tectoniques négiquiaont eu lieu a travers des Andes du
Nord (Cooper et al. 1995; Murdock et al. 1996; atral. 2009). Les intervalles entre 2-3 et
3-5 Ma peuvent étre liés a la fermeture définitied'isthme de Panama (Murdock et al. 1996;
Grafé et al. 2002). De 5 au 8 Ma a eu lieu I'accontation du bloc de Maracaibo, causé par
la compression de l'arc de Panama dans la partielestale de I'Amérique du Sud et le
mouvement de la plaque Caraibe au nord (Cruz et@Dd7). Cette compression est
responsable de la réactivation des différenteschies du systéme de failles de Bocond.
Pendant lintervalle 8-15 Ma se produit la compias et l'inversion associées a la
déformation de la Cordillere Orientale colombienroette phase a généré une exhumation
rapide associée a un soulevement de surface decewttins les Andes du Nord (Parra et al.
2009). Selon Montes et al. (2005), le bloc de Maitax est parvenu dans sa position actuelle
au cours de cet intervalle. Au cours de la phase d® et 30 Ma, I'accrétion de la Cordillere
Orientale colombienne contre la partie sud-ouest dedes veénézuéliennes produit
'exhumation de deux blocs de Caparo et de Valeiaaccette époque n’étaient pas encore
séparés par le mouvement sur la faille de Bocomé. &yes AFT de plus de 30 Ma dans les
Andes du Venezuela peuvent étre associés a une-foglégraphie créée pendant des phases
de déformation par compression qui ont affecté diée de la Magdalena et la marge
occidentale de la Cordillere Orientale, en raisamel augmentation des taux de convergence
entre la plaque Nazca et la plaque sud-améric®aml¢-Casas et Molnar, 1987; Daly, 1989).
Un age de 145 Ma trouvé au nord du Granite de "gleut étre lié a la formation de bassins
entre le Trias inférieur et le Crétacé, en conseguielu rifting menant a la séparation entre
I’Ameérique du Nord et 'Amérique du Sud, lorsqus leassins des Caraibes s’ouvrent (~ 235-
130 Ma).
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Capitulo 1

|. INTRODUCCION GENERAL

1.0 Introduccioén

La topografia actual que las montafias exhibenl eseltado de dos procesos que actuan en
competicion elevantamiento superficial o “surface-upliftel cual incrementa la topografia,
y la erosidnla cual la reduce y forma el relieve. De esta manies procesos tectonicos y
superficiales pudieran ser positivamente o0 negawivde correlacionados. Discriminar y
categorizar estos procesos en orden de importanas una tarea sencilla, debido a que tales
procesos no necesariamente operan a la misma escélmpo geoldgico ni con la misma
velocidad, resultando generalmente en una hiskargg y compleja que es registrada por la

geologia y geomorfologia del orégeno.

En ordgenos activos, los procesos superficialesesmsionales, los cuales eliminan el registro
antiguo (paleoregistro) sobre el levantamiento diged (Fig. 1.1). Las cuencas
sedimentarias adyacentes a los ordgenos estana®lie sedimentos que guardan las sefales
antiguas de levantamiento superficial. El estudidadhistoria termal de rocas de la corteza
superior mediantéermocronologia de baja temperatupgoporciona informacion sobre el
levantamiento superficial y la exhumacion a lo éadgl tiempo geoldgico. El estudio de los
movimientos verticales de grandes masas de rocakteanscurso del tiempo es resumido de
acuerdo con England y Molnar (1990), y Ring et(3899) en dos conceptos importantes.
Primero, ladenudacion(o “denudation”), la cual es definida como la chigcia entre el
levantamiento de rocas y el levantamiento supalfiis decir, el desprendimiento de la parte
mas externa de la corteza terrestre provocada gauction procesos superficiales y/o
tectonicos.Exhumacion describe los mecanismos que producen el tramspit material
rocoso a la superficie terrestre debido a la deriddaAsi, la cantidad de exhumacion puede

ser la misma que la denudacion (Fig. 1.1).

Los aspectos tedricos de la termocronologia paasrale fision son proporcionados en el
capitulo 3. La historia termal puede ser extraieléad edades y las longitudes de las trazas de
fisibn en apatitos usando ecuanciones empiricas rglacionan, tiempo, temperatura,

longitudes y densidad de trazas (por ejemplo, Ketcht al. 1999).
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El ciclo de vida orogénico generalmente comprerrde fases: crecimiento topografico,
equilibrio y decaimiento (Jamieson and Beaumon89)9 Durante esas fases las tasas de
erosion varian en respuesta a cambios temporakspgciales en el clima, el relieve, la
pendiente y la deformacién. La aplicacion de temmoalogia por trazas de fision en
minerales que han sido arrancados por la erosiosudeoca recipiente, transportados y
depositados en las cuencas adyacentes recibe direae termocronologia detritica por
trazas de fision (Wagner and Van den Haute, 19%2&shr et al. 1989). La termocronologia
por trazas de fision en apatitos detriticos apicadmuestras recolectadas de sedimentos
sinorogénicos de cuencas o de sedimentos actuale®sles un método que ha sido bien
establecido con el fin de cuantificar las histodaserosion durante la evolucion del orégeno,
como también para establecer proveniencia sedimenyaevolucion del paisaje (por
ejemplo, Garver et al. 1999).

Los andlisis por trazas de fision sobre rocas semtianias e in-situ, han sido ampliamente
usados durante las uUltimas tres décadas paraexstald historia termal a baja temperatura de
numerosas rocas igneas, metamoérficas y sedimextariadiversos marcos geoldgicos. Estos
incluyen: cinturones orogénicos, zonas de riftifadjas, cuencas sedimentarias, entre otros.
Los tipos de problemas geologicos que pueden seeltes comprenden: determinacion de
intervalos de tiempo y velocidades cineméticas wntes tectonicos; evolucion termal de

cuencas sedimentarias, la edad de generacion dediduros; la edad absoluta de depdsitos
volcanicos; los principales efectos del cambio &tioo con respecto a la superficie que

afecten el gradiente geotérmico y la evolucionpaeaje a largo plazo (Gallagher et al. 1998;
Gleadow and Brown, 2000; Blythe et al. 2000, 2(®@tila et al. 2002).

Con el fin de estudiar las relaciones entre cliexdaumacion y los procesos tectonicos, Los
Andes de Venezuela constituyen una region intetegaera aplicar la termocronologia por
trazas de fision en apatitos, por dos razones:gpajrdebido a su situacion geogréfica, en la
parte nor-oeste del margen activo de Suramérieagdsidominada por la triple convergencia
de las placas Caribe, Suramerica y Nazca; esto faeesu contexto geodinamico sea
complicado y varie rapidamente en el transcursaieedpo geoldgico (Fig. 1.2). Segundo,
Los Andes de Venezuela separan dos de las priesigalencas petroliferas de Venezuela: la
cuenca del Lago de Maracaibo y la cuenca BarinagéifFig. 1.2). La cuenca del Lago de
Maracaibo es una de las mas prolificas del munuta eual mas de 40 billones de barriles de

petréleo han sido producidos (James, 2000a, b;dfs;a2003). La cuenca Barinas-Apure es
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el tercer yacimiento petrolifero de Venezuela. EEstanca tiene un area de 95.000 km2 y un
espesor maximo de sedimentos cercanos a los 5 lehaemtro de la cuenca (James, 2000a,
b; Jacome and Chacin, 2008).

El origen de Los Andes Venezolanos actuales y sesaas petroliferas se relacionan con la
compleja interaccion de las placas tectonicas antaxionadas (Fig. 1.2), la cual genera a
una escala regional la convergencia oblicua y pra@ssdn entre el bloque continental de
Maracaibo y la placa Suramericana (Colletta et18P7). Esta colision ha producido la
reactivacion de antiguas zonas de fallas y estragtgue han evolucionado actualmente en
fallas rumbo-deslizantes hacia la derecha o haxiazduierda, corrimientos y rotacion

individual de bloques.

El objetivo de la presente investigacion es aplieamocronologia por trazas de fision en
apatitos detriticos e in-situ para cuantificar lstdria de exhumacion de Los Andes
Venezolanos en el contexto geodinamico de Los Adeédorte de Suramérica, ademas de
estudiar los patrones de exhumacion asociados aitamfento continental rumbo-lateral
(“continental strike-slip faulting”) en margenearispresivos (Spotila et al. 2007a, b; Cruz et
al. 2007). Esta investigacion constituye el pritnabajo cientifico detallado de Los Andes de
Venezuela en esa direccion después de los tratlajoKohn et al. (1984) y Shagam et al.
(1984). En el presente trabajo, se determinaropat®nes de exhumacion a lo largo de Los
Andes Venezolanos usando principalmente 47 nueatws dermocronologicos por trazas de
fisibn en apatitos, (24 in-situ, 15 perteneciergtdas formaciones Miocenas-Pliocena de las
cuencas antepais de Maracaibo y Barinas-Apure, peenecientes a los sedimentos
transportados por los rios modernos, Fig. 1.3)bi@mse emplearon métodos cuantitativos
para la interpretacion de los datos, tales comiofstermal y modelos numéricos mediante
Pecube (Braun, 2003; Ketcham, 2005; Braun et aD6R0Estos resultados fueron
complementados con el andlisis de otros datos cqrexipitacion, sismicidad, palinologia, y
andlisis de materia organica de los sedimentosrgj@aicos. En esta investigacion, las
siguientes hipaotesis fueron examinadas: (1) losopas de exhumacion varian espacialmente
a lo largo de Los Andes Venezolanos, (2) estrustpraexistentes heredadas controlan dichos
patrones de exhumacion, (3) la tectonica y la érosio necesariamente actuan de forma
independiente, pero podrian estar fuertemente adag) lo cual deberia implicar una
correlacion entre los procesos a largo y a coda@!(4) los patrones de exhumacién podrian

estar reproducidos fielmente en los datos terommdégicos detriticos.
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1.1 Distribucion de los capitulos y resultados

La presente tesis doctoral se organiza en tretut@pintroductorios (incluyendo el presente),
cuatro manuscritos (listos para ser enviados ardapectivas revistas especializadas) los
cuales contienen los resultados principales detestiajo, conclusiones, sintesis y anexos. El
segundo capitulo (después de la presente intrazhjcgoresenta las principales teorias y
modelos desarrollados para explicar el origen deAmdes de Venezuela en el contexto de la
tectonica de placas. También, en este capitulousstnan los diferentes modelos tectonicos y
el contexto geodinamico actual. El tercer capifpesenta los fundamentos tedricos de la
termocronologia por trazas de fision en apatitesituny detriticos; se describen los métodos
cuantitativos (Pecube, Braun, 2003) empleados tanregestigacion para interpretar los datos
termocronoldgicos. Seguidamente, el primer mantes(rapitulo 4), comprende toda la base
de datos termocronoldgica in-situ existente corprelpdsito de estudiar los patrones de
exhumacion a lo largo de Los Andes Venezolanossdt® manuscrito se incluyeron analisis
topograficos con la finalidad de establecer difel@nhen cuanto a los patrones de exhumacion
y las caracteristicas geomorfolégicas de dichoqjuds. Barry Kohn (Universidad de
Melbourne, Australia) proporcion6 para este marntgs2d nuevas edades por trazas de fision
en apatitos, asi como 10 edades revisadas, camalal&d de contribuir con la base de datos
termocronoldgicos y facilitar su interpretacion.sebundo manuscrito (capitulo 5), contempla
el modelado directo (“forward”) en tres dimensionediante el cdédigo Pecube (Braun, 2003;
Braun et al. 2006) y el coédigo HeFTy (Ketcham, 200f cuales se emplearon para
interpretar dos perfiles verticales o de edad-eiéva en la parte central de Los Andes de
Venezuela. El primero compilado por Kohn et al.84)en el Bloque El Carmen en la Sierra
de La Culata y el segundo realizado durante ebttaso de la presente investigacion en la

Sierra Nevada de Mérida.

El tercer manuscrito (capitulo 6) extiende la estamporal mediante la inclusion de 8 datos
provenientes de sedimentos transportados pordesadtuales en Los Andes Venezolanos. En
este manuscrito se realiz6 un andlisis de cordaentre las tasas de exhumacion a largo
plazo vy factores potenciales a corto plazo, cofinalidad de discriminar cual de estos

ultimos pudieran controlar los patrones de exhuémaeincontrados a lo largo de la cadena
andina. El cuarto manuscrito (capitulo 7) abarsaskedimentos sinorogénicos depositados a
ambos lados de los flancos andinos. Esos sedimemtuductos de la erosién de Los Andes
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Venezolanos permiten analizar las relaciones estheimacion, transporte, sedimentacion,
subsidencia y reciclaje en las cuencas antepaianie la combinacion con otros métodos
multidisciplinarios (termocronologia por huellas figon en apatitos detriticos, palinologia,
petrologia sedimentaria y andlisis de la mateggmica).

Estos cuatro manuscritos (capitulos 4 al 7) pemmitalidar las hipotesis presentadas
anteriormente. En efecto, es posible distinguierdiites patrones de exhumacion, los cuales
son controlados por estructuras heredadas tectiaita (generadas durante el proceso de
separacion de Norteamérica, Suramérica y Africg)e han sido reactivadas como
consecuencia de la compleja interaccion geodinareidae las placas Caribe, Nazca y
Suramérica. Posiblemente, el sistemas de fall#odend ya estaba presente desde el Eoceno
(Schubert, 1982) y produjo la separacion de loguds de Caparo y Valera. Dos blogues en
la parte central de la cadena: Sierra Nevada daligrSierra La Culata presentan historias
contrastantes de enfriamiento y son el resultadecidi del levantamiento superficial, la
transpresion y la erosion, producidas por la amtisbblicua entre el bloque continental de
Maracaibo y Suramérica. Estos dos bloques reflgj@vimientos verticales significativos del
sistema de fallas de Bocond. A 8 Ma, ocurre un méxievantamiento de superficie en la
Sierra Nevada de Mérida, lo cual coincide con upartante periodo de reorganizacion de

drenajes de los paleo-rios Orinoco y Magdalena (iHebal. 1995; Diaz de Gamero, 1996).

Los resultados de la termocronologia detritica samsistentes con los resultados in-situ, e
indican al menos 5 etapas de exhumacion contimadedor de 2-3 Ma, 3-5 Ma, 5-8 Ma, 8-15
Ma y 15-30 Ma. Esas fases son asociadas con evestiimicos regionales que ocurren a
través de Los Andes del Norte (Cooper et al. 198&rdock et al. 1997; Parra et al. 2009).
Los intervalos entre 2-3 y 3-5 pueden ser relaclosaon el cierre final del Istmo de Panama
(Murdock et al. 1997; Grafé et al. 2002). De 5Ma&ocurre la reacomodacion del Bloque de
Maracaibo, causado por la compresion del Arco deafa en la parte occidental de
Suramérica y el movimiento de la Placa del Caribenate (Cruz et al. 2007). Esta
compresion produce la reactivacion de diferentesalas del sistema de fallas de Bocono.
Durante 8 a 15 Ma la compresion e inversion asaceah la formacion de los corrimientos
de la Cordillera Oriental de Colombia produce atesas de exhumacion/levantamiento en
Los Andes del Norte (Parra et al. 2009). De acuero Montes et al. (2005) durante este
intervalo el bloque de Maracaibo llega a su poagiciétual. Durante la fase entre 15 y 30 Ma,

se produce la acrecion de la Cordillera OrientaCdembia contra la parte sur-oeste de Los
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Andes Venezolanos (en una zona conformada por itenwtel bloque Caparo y parte del
bloque de Valera). Edades por trazas de fisionpatitas mayores a 30 Ma en Los Andes
Venezolanos pudieran ser asociadas con paleotdfazgcaeadas durante una etapa temprana
de deformacion compresional que afecto el ValleMatjdalena y la parte occidental de la
Cordillera Oriental de Colombia debido al increneeah las tasas de convergencia entre las
placas de Nazca y Suramérica (Pardo-Casas and Maf&v; Daly, 1989). Una edad de 145
Ma encontrada al norte del granito de Valera cercleencas de extension generadas durante
el proceso de rifting ocurrido durante el Tridsic€retacico Temprano como un resultado de
la separacion de Norteamérica y Surameérica, cuaodwe la apertura del Caribe (~235-130

Ma); conocida como la megasecuencia synrift (Coepat. 1995).

32



Chapter 2

. PLATE TECTONIC EVOLUTION OF THE NORTHERN
ANDEAN REGION

2.0 Introduction

This chapter provides a plate-tectonic reconstoacf the interactions between tectonic
plates (Caribbean, Nazca, Cocos, North and Souterigan, and the Panama arc) and blocks
involved in the development of the Northern Andegh particular interest in the origin of

the Venezuelan Andes.

2.1 Tectonic assembly of the Northern Andes

The present-day Northern Andes occupy the northemescorner of South America. This
mountain range is dominated by four principal Igpberic plates: the Cocos, Nazca and
Caribbean plates of oceanic affinity, and the guaital South American plate (Fig. 2.1). The
South America plate is dominated in this regiorth®/Precambrian Guyana Shield.
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Fig. 2.1.Tectonic framework of north-western South AmeridAB = Northern Andean Block; Ec, Col, Ve =
geographic limits of Ecuador, Colombia and Veneauadspectively (modified from Cediel et al. 2003).
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The Northern Andes differ significantly from the i@l Andes (Fig. 2.1) in many aspects,
including the nature and age of the underlying tressg and continental margin, the nature
and evolution of stress regimes during uplift, tieure and age of subducting oceanic crust,

and the timing and style of deformation and magsnati

The Northern Andes are an assemblage of differentireental blocks, oceanic plateaux,

ridges and intra-oceanic arc complexes, which aedli with the northern South American

plate since the Jurassic along a variety of nevayetbped or reactivated fault zones (Fig.
2.2). Because of the complexity of the tectoni@attehships between the different blocks,

plateaux and ridges, the exact mechanisms andgiofircollision remain a matter of debate

(Cediel et al. 2003). This is based mainly on défé authors (Case et al. 1990; Aleman and
Ramos, 2000; Cediel et al. 2003, Montes et al. 005

The Northern Andes can be subdivided into the Veaken Andes (Mérida Andes), the
Colombian Andes and the Ecuadorian Andes (Fig.. Zlhgp Colombian and Ecuadorian
Andes are typical products of subduction and catingd processes (magmatism, shortening,
collisions of allochtonous terranes, etc). In casty the Venezuelan Andes is an intra-
continental mountain belt resulting from the int#@n between the Caribbean, Nazca and
South America Plates resulting in Neogene tectmviersion. The difference in orientation of
the Colombian and Ecuadorian ranges with respeciéoezuelan Andes result from
variations during the Mesozoic extension (Alemar d&amos, 2000) and the fact that
Western Colombia was located in the area affecyetid passage of the Caribbean plate. The
Colombian Andes consist of three distinct and sspachains: the Western, Central and
Eastern Cordillera (Fig. 2.2) and are bounded &dhst by the Romeral fault system. This
fault separates the Western and Central Cordillaras has been interpreted as a suture or
subduction zone (Toussaint and Restrepo, 1982).Whstern Cordillera is constituted by
Cretaceous tholeiitic basalt and deep-water sedsniat rest on the oceanic crust. In the
Baudo range, located in the Western Cordillera,iapés have been reported (Toussaint,
1978).

The Central and Eastern Cordillera are separatedhbyMagdalena Depression and are
underlain by continental crust. The separationh&sé chains mentioned previously dates

back to the Mesozoic extensional phase. A firslisioh of the Dagua-Pifion Terrane (DAP;
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Fig. 2.2) during the Late Cretaceous produced tteumation of the Central Cordillera

(Aleman and Ramos, 2000) and the deformation oEstern Cordillera. This collision and
the Late Cretaceous docking of the DAP also aftedtee Ecuadorian Andes, causing
shortening and thrusting of Mesozoic oceanic crastl the accretion of the Western
Cordillera into a single geomorphical unit. The ragion of the Caribbean plate was
associated with middle Eocene and late Mioceneetioor in the Western Cordillera. The
complex plate interaction prior to the formationtbé Caribbean plate produced different
domains that were later accreted to the northerngfdhe Western Colombia. This periodic
terrain docking enhanced by oblique convergence leds to strain partitioning and

continuously reactivated old suture zones withenNorthern Andes.

To south, Ecuador can be divided into three geducapones from east to west (Fig. 2.2): the
eastern basin or "East", the Ecuadorian Andes mrreS, and the coastal zone or "Costa"
(Amortegui, 2007). The eastern basin is filled wetintinental red Jurassic sandstones, marls
and calcareous marine Cretaceous, Palaeogene wepmgied with patchy continental to
brackish, coarse Miocene to Recent deposits. Desitpafaults form in depth positive flower
structures explored by the oil industry. The Siesrdormed by the Cordillera Real and the
Western Cordillera. The Cordillera Real to the easisists of Paleozoic and Mesozoic rocks
metamorphosed, partly covered or intersected bgusite rocks and Tertiary volcanic
(Litherland et al. 1994). La Costa is the curresriez of fore arc. This consists of a substrate of
basic lavas, dolerites and pyroclastic rocks withamic affinity plateaus, crowned by island

arc type rocks of Upper Cretaceous age (Vanmebé €008).
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Fig. 2.2. Main structural provinces and terranes of the NarthAndes (Modified from Aleman and Ramos,
2000)

The Mérida or Venezuelan Andes are characterizddtbyTertiary uplift and exhumation and
high current seismicity. This belt is crossed bffedent strike-slip faults: the northeast-
southwest trending dextral Bocond, Central-Sur Aodind Caparo faults and the north-south
sinistral Icotea, Valera and Burbusay faults. Thair is flanked by two currently active
foreland fold-and-thrust belts to the northwest aswlitheast, which incorporate Plio-
Pleistocene sediments (Fig. 2.2). The basementudasl Precambrian and Paleozoic

metamorphic and igneous rocks, which are overlayn Haleozoic sedimentary rocks,
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Mesozoic bed reds, marine clastic and carbonas¢astand Tertiary marine and continental
deposits with variable thickness. Most of the neat$t-trending faults appear relatively steep
at shallow crustal depths (Case et al. 1990). Thae¥uelan Andes is separated from the
Eastern Cordillera of Colombia by the Tachira Depi@n, along which the latter may

overthrust the former to the Northeast (Macella€i84). In its central part, the Venezuelan
Andes are split symmetrically by the Bocond Fauyist&m. To the east, the Trujillo Block

(Backé et al. 2006) displays a more complex tectoaegime imposed by the convergence
among the Bocond, Valera and Burbusay faults. Foeahanism solutions of earthquakes in
the northern part of the Trujillo block display cprassional to transpressional shearing
(Backé et al. 2006). Thus, the Venezuelan Andesepiteat least three contrasting histories for

the Téchira Depression, the Central Venezuelan s\add the Truijillo Block.

Despite the inherent complexity a simplified redamgtion of this part of South America is
given here, in order to discuss the origin of thertNern Andes, and particularly of the

Venezuelan Andes.

2.2 Pangaea break-up and origin of the Caribbean pl  ate

The evolution of the Caribbean region started whi# separation of North America, South
America and Africa during Pangaea breakup in théyelurassic (Wadge and Burke, 1983;
Pindell and Kennan, 2001). This evolution has beesrked by phases of extension,
convergence, translation, subduction and exhumat&sulting in the current plate-tectonic

configuration of the Caribbean region (Fig. 2.2jd@hgana, 2005).

2.2.1 Continental rifting and formation of structural discontinuities

Continental rifting creates and can exploit preserg weaknesses in the continental crust
which can be reactivated during convergence antlsioml (Vauchez et al. 1997). For

example, the break-up of Gondwana has left a sysfenactures on the North American and
South American continents. These fracture zoneg iemed during Permo-Triassic super
plume activity (Maruyama, 1994) and Jurassic mftinThe Permo-Triassic super plume
caused heating of the north-western South Ameritdtamsphere, and produce volcanic rocks
which was contemporaneous with NE-SW extensiongatbe axis of the Cordillera Central,

on the La Guajira Peninsula (Maya, 2001), and énSferra Nevada de Santa Marta (Tschanz
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et al. 1974; Chicangana, 2005; Montes et al. 200®)olombia (Fig. 2.2). The super plume
activity resulted in rifting and formation of aphke junction which eventually caused the
separation of Laurentia from Gondwana (Fig. 2.3)d&¥pread rifting in north-western South
American started during the Early Jurassic. Théairie or Trujillo Rift and Espino Graben
(Fig. 2.3A) in Venezuela are evidences for thiscpss, which is responsible for the
development of N30°W striking weaknesses in thestceund possibly lithosphere of north-
western South America. For example, the RomeraltFaystem in Colombia (Fig. 2.2)
represents today the former margin of South Amefitan Estorff, 1946; James, 2000a).
Therefore, paleo-structures are important for @rpig the current tectonic structures in the
Northern Andes (Fig. 2.2, 2.3B).

The modern strike-slip faults systems in northeontB America (Fig. 2.2) are also related to
the reactivation of these paleodiscontinuities §Fig.3 A and B). The strike-slip systems
control the recent exhumation patterns across thrthNrn Andes as will be discussed in the
following chapters. During the Middle to Late Jwgias a magmatic arc developed along the
margin of South America. This magmatic arc cropstoday from the Sierra Nevada de Santa
Marta to the north of the Cordillera Real in soatstern Ecuador (Figs. 2.2 and 2.3B). The
origin of this magmatic arc is related to subduttaf the Pacific plate beneath the South
American plate that initiated in the Middle Jurag&hicangana, 2005). The regional tectonic
development during the Middle to Late Jurassic shthwe formation of large shear zones as a
result of a transtensive regime, which originatexh rifting in a back-arc rift setting, related
to subduction of the Pacific plate (Jaillard et B990). Two sets of major pre-Mesozoic
crustal discontinuities (Von Estorff, 1946; Moraa¢t1993; James, 2000a, Jacques, 2004) can
be recognized in the cratonic areas of northerniSémerica and constitute a rectangular
network (Fig. 2.3B). A N 50°E trend is parallelEspino and Apure grabens. The other set is
oriented N40°W, parallel to the northeastern camtial margin of South America, the El Badl
and Mérida arches, the southeastern projectioh®fSanta Marta fault and the Sierra La
Macarena (Fig. 2.2 and 2.3).
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According to Mora et al. (1993), the tectonic restomctions suggest that, depending on the
angular relation between the displacement fielthefsurrounding plates and the orientation
of the discontinuities, some of them were activatsdextensional systems while others
suffered transpressional deformation. Due to chengfethe relative displacement fields
through time, a given discontinuity may show invanswith respect to its previous behaviour.
The network of discontinuities bounds blocks whsilffered translation and rotation with
respect to their neighbours and, in some casesprmiriernal deformation. Thus, these
rectangular network controlled the location of tbhdowing Mesozoic tectonic features: (a)
Jurassic grabens (Espino, Uribante, and Machiqie¥s)ctive mountains belts surrounding
the Maracaibo block (Santander massif, Venezueladed and the Perija range); (c) major
offsets of the Caribbean-related frontal deformati@oajira); and the pull-apart basin
development.

2.2.2 Origin of the Caribbean plate, the western adh central Cordillera

(Ecuador and Colombia)

The Caribbean plate formed from the end of the Latessic to the Early Cenomanian,
during the Late Cretaceous (Fig. 2.4). A widelyegted model is that the Caribbean plate
moved into its inter-American position from the Rac (Wilson, 1965; Malfait and
Dinkleman, 1972; Pindell and Dewey, 1982; Pindetlle1988, and many others). This model
forms the foundation for complex tectonic models tiee development of the Venezuelan
margin. In contrast, other authors (e.g. Ball etl869, 1971; James, 1990; Meschede, 1998;
Meschede and Frisch, 1998) proposed that the Gaarbblate most probably formed as part
of the North American plate when that plate begepasating from Gondwana during the
Jurassic. The Caribbean plate subsequently ineztant convergent and strike-slip tectonics
with the surrounding North and South American @atdoth models for the origin of the

Caribbean plate deserve equal consideration.

The oceanic crust of the Caribbean plate is radftithick (12 km) near the Beata Ridge,
(Diebold, 1995). In contrast, it is only 3 km thigk the south-eastern part of the Venezuela
basin. According to Donnelly (1973), Donnelly et(@990), and Driscoll and Diebold (1998),
the Caribbean plate comprises a dominantly LatedaCe®us oceanic basalt province. It
formed during spreading, as North America driftechy from South America, and during a

widespread flood basalt event in the Early to neddietaceous (Fig. 2.4). A coeval, primitive
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to calc-alkaline island-arc formed in the periphefyhe flood basalt province. More recently,
mid-Tertiary to Holocene alkalic basaltic suitesnied in Central America and in the Lesser
Antilles in response to subduction of the Cocos &lmith American plates respectively.
Because of the over-thickening of Late CretaceocarsbBGean oceanic crust, magnetic data in
the Caribbean area do not show a well-defined efiean signature. Ghosh et al., (1984)

reported NE trending magnetic anomalies of possibtassic age in the Venezuela basin.
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To the west of the Romeral Fault System (RFS, Eig), thick oceanic crust was formed
during Aptian-Albian plume activity (Fig. 2.4C) dhe Pacific super plume in the Pacific
Ocean (Aspden et al. 1987 b, 1992 b; Larson, 1991i¥ oceanic crust was part of the paleo-
Pacific plate or paleo-Caribbean plate (Mauffred &eroy, 1997), which began to be accreted
to the western margin of South America in Ecuadorind) the Campanian (Fig. 2.4 D;

Aspden and McCourt, 2002; Kerr et al. 2002). Durthig epoch uplift of the Eastern and
Western Cordillera in Colombia started (Fig. 2.4rkl F).
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Fig. 2.5. Present today crustal blocks of the northern Andegion. Cordillera Oriental-Upper Magdalena in
shades of grey, Cordillera Central-Middle Magdalanéine patterns, and Maracaibo block in dottettqras.
Note that each block is subdivided along majortfaystems. (Modified from Montes et al. 2005).

Semi-rigid

Weak

Figure 2.5 shows the position of crustal blockshie northern Andean region, which Montes
et al. (2005) used for their tectonic reconstructifFig. 2.6). These blocks are the
allochthonous Bonaire and Falcon terrains (dendtedl, Fig. 2.5), and eight individual

crustal blocks, the Sierra Nevada de Santa Madekblthe Maracaibo block, the Northern
Cordillera Central block, the Middle Magdalena gllblock, Southern Cordillera Central,
Upper Magdalena Valley, Western Cordillera Orignéald Eastern Cordillera Oriental (Fig.
2.5 and 2.6) are necessary for this reconstruction.
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According to Montes et al. (2005), the collision thie Caribbean plate with the South
America plate between the Late Cretaceous and #ite Paleocene caused northward
translation and 20° of internal deformation (raiaji of the rigid Cordillera Central Block
(Fig. 2.6 A, B). At the same time oblique accretairoceanic sequences west of the Northern
Cordillera Central occurred, and dextral transpoesef the Middle Magdalena Valley to the

Eastern Cordillera Oriental started.

In Colombia, accretion moved gradually toward tletm until the Middle Eocene, when the
Provincia Litosferica Oceanica de la Cordillera deatal (PLOCO) and the San Jacinto
accretionary wedge were accreted (Duque, 1984, ;1880a, 1996). Contemporaneously,
clockwise rotation of the Sierra Nevada de SantatdMand Maracaibo blocks started,
sinistral slip on Santa Marta Bucaramanga fault iwamted, the Northern Cordillera Central
fragmented block and 20° clockwise rotation of Mad/lagdalena Valley block occurred
(Fig. 2.6C). Oblique collision and dextral displa@nt of the Caribbean plate toward the NE
along the South American margin during the Paleegessulted in surface uplift and a
regional unconformity during gradual exhumationrRfimeral Fault System (Fig. 2.2) rocks.
In several sectors mylonite belts were developeainiy in faults of the former subduction

zone and the Early - Late Cretaceous volcanic arc.

During the Late Eocene the blocks of the Southeandiera Central and the Eastern
Cordillera Oriental experienced 30° internal defation, and the Sierra Nevada de Santa
Marta and Maracaibo blocks rotated clockwise by @8§. 2.6D). In addition, the Northern
Cordillera Central and the Middle Magdalena Valldgcks were translated northward, and

extrusion of the southern tip of the Falcon terstarted (Montes et al. 2005).
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Fig. 2.6.Schematic sequential reconstruction of the movemgnbrthern Andean blocks. (a) Predeformational
state. (b) Northward translation of the rigid Cdiedta Central block. (c) Fragmentation of the rigidrdillera
Central block as activity along the sinistral Savi@ta—Bucaramanga fault, and rotation of the Maitax block
begin. (d) Initiation of significant dextral tramggsional deformation in the Cordillera Orientalgep
Magdalena block, further rotation of the Maracalibock, causing the emplacement of the Villa delaCracks

on the South American margin. (e) Rotation of therét¢aibo block is almost complete and extensiopahimng

of the Falcon—Bonaire basin starts as the Caribdeformation front continues to migrate east, rtesiud right-
lateral, releasing bend (Muessig, 1984). (After kéaret al. 2005).
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2.2.3 Maracaibo block rotation, reactivation of pako-structures

The Maracaibo block rotated clockwise from the MédBocene to the Oligocene (Fig. 2.6),
but it was not until the Miocene that rotation bé tMaracaibo block triggered reactivation of
faults associated with Jurassic graben structumeshat are today the Venezuelan Andes.
This rotation is supported by the paleomagnetidistiof Hargraves and Shagam (1969) for
the La Quinta Formation and for the Santa MartadBamanga and Maracaibo block,

according to Bayona et al. (2008).

The Mesozoic graben structures (Fig. 2.3B) weverited during the Neogene as a result of
the collision of the Panama arc with South Americéhe west, and by continuous oblique
collision of the Caribbean plate with South Americaastern Venezuela (Ostos et al. 2005).
During the late Oligocene-early Miocene (Fig. 2,68 the northern part of the Falcon basin,
the Maracaibo basin, and the Andean foreland bagéms formed (Montes et al. 2005). With

increasing rotation of the Maracaibo block durihg Miocene, according to James (2000a),
the interaction between this block and South Anzeraontrolled transpression in the

Venezuelan Andes. The Maracaibo block continuedoitstion during the Pliocene (Montes

et al. 2005), causing tranpressional movement erBibtoné fault and associated strike slip
faults systems (see Fig. 2.2; Valera, BurbusayrdBidegro, and Icotea fault systems), and
along the NW and SE thrusts. Inside the Maracaibokbsmall fragments suffered rotation

during Jurassic to Eocene times (Lugo and Mannb199robably these rotations could be
extrapolated to other small tectonic blocks acrdss Venezuelan Andes, which may

complicate the exhumations patterns across the Adeten Andes.

2.3 Current tectonic models for the origin of the V enezuelan Andes

From the work of Gansser (1973) it is clear that\Wenezuelan Andes are a distinct mountain
chain, separated from the Eastern Cordillera ob@bla. The separation is based on changes
in orientation of structural features and the pmeseof Precambrian crystalline rocks in the
Venezuelan Andes. Since the 1950s, two differgmesyof tectonic models were proposed to

explain the origin of the Venezuelan Andes, symimetnd asymmetric models.
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2.3.1 Symmetric models

In this type of model the Venezuelan Andes arerdghas a symmetric chain with a major
strike-slip fault in the centre, and with boundieyerse faults on both sides of the mountain
belt (Audemard and Audemard, 2002). Dewey (1978)$chubert (1981) postulated that the
Bocono fault represents the plate boundary betwkerSouth America and the Caribbean
plate or Maracaibo block. The Venezuelan Andes ddhén be the result of compression
between two plates and would comprise two separhtens, split by the Bocond fault
(Soulas, 1985).

Bucher (1952), Gonzalez de Juana (1952), Hargrawveésshagam (1969), and Shagam (1972)
proposed for the origin of the Venezuelan Andesemaranticline, containing a horst and
graben block complex in the centre and with bathks bounded by high-angle reverse faults
(Fig. 2.7). In contrast, Rod (1956), Deratmiroffofl), Schubert (1985), White (1985),
Stephan (1982), Boesi et al. (1988), and Monsall@8%) proposed a mushroom-like
transpressional uplift with shear deformation aldimg Bocond fault and imbricate thrusting

toward both flanks.
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Fig. 2.7. Cross-section across the Venezuelan Andes, elaoobgtGonzalez de Juana (1952), in this figure the
Venezuelan Andes are considered as a mega-antictnéaining a horst and graben block complex éndéntre
and with both flanks bounded by high-angle revéaisés.

Based on field observations, Schubert (1969) sugddbat uplift of the Venezuelan Andes
began after the Eocene in the Barinitas-Santo Dgoiregion. This author proposed that
uplift was characterized by a pronounced verticalement of large blocks of basement rock
through the reactivation of pre-existing faultseTdedimentary cover experienced monoclinal
folding along the margins of the range. Reversdifaguaffected the flanks of the chain and
normal faulting the central part. Schubert (19699 @roposed that because of rapid uplift the
poorly consolidated sediments of the Late Eocergu®a Formation became unstable and
slid off the uplifting mountain range to the sowtbg in the form of blocks and cascading
folds.
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2.3.2 Asymmetric models

De Cizancourt (1933), Bucher (1952), and Gerth §) @bserved the asymmetric form of the
chain (Fig. 2.8), but their models did not displaither the crustal structure or the
stratigraphy. The major conclusion reached by tlaegkors was that the present Venezuelan
Andes were uplifted vertically into large horstgepped faults, and grabens. Bucher (1952)
attributed this tectonic development to tensiomdsses produced by stretching of the crust,
resulting from subcrustal bulging-up of materiaheTasymmetric models were developed
based on the first gravity data collected in thgiae by Hospers and Van Wijnen (1959).
These authors suggested that the observed asymimdéiy gravity pattern is produced by an
overthrust of the southeastern part of the crust twe northwestern part (Fig. 2.8; Maracaibo
Basin). Compressive stress is, therefore, invokatlis hypothesis. Rod (1960) criticized this
hypothesis, pointing that field geology data does support the overthrust hypothesis, and
that a cross section of the mountain range re\ae&s-shaped structure with thrusting along
both the southeastern and northwestern edges.ditica according to Schubert (1969), the
Hospers and van Wijnen (1959) hypothesis doesxulaim the presence of the Bocond fault

Zone.
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Thus, taking into account these observations aagtbsent-day tectonic concepts the current
discussion focuses in two aspects: (1) the verdasgmmetry of the chain and (2) the rooting
depth of structures, with “orogenic float” versudhtinental subduction” models having been

proposed.

Among the authors that supported a “double-vergentrecture (in sense of Willet et al.
1993) are Kellogg and Bonini (1982), De Toni anell&gg (1993) and Colletta et al. (1997).
This structure is interpreted to be produced by ittegpient continental subduction of the
Maracaibo block toward the southeast (Fig. 1.8Ahe®s authors, as Yoris and Ostos (1997),
Audemard and Audemard (2002), Cediel et al. (20&3Monod et al. (2008) apply an
“orogenic float” model (in the sense of Oldow et B990) to the whole of the Caribbean-
South American plate boundary zone. These authmisage a major mid-crustal detachment
underlying the Venezuelan Andes, Maracaibo Basanij&and Santa Marta ranges (Figs. 2.9
B-D) with either northwest- or southeast-directetbduiction of the underlying lower crust,
and varying importance of strike-slip faults.

The Figures 2.9A to D show different recent geatagmodels for the Venezuelan Andes.
The great variety of models results from the faett the deep structure and the exhumation
patterns of the Venezuelan Andes are poorly unaledstFor example, Colletta et al. (1997)
argued that the Cenozoic pro- and retro-side basimsounding the Andean chain show
different levels of subsidence (Fig. 2.9A). Towatts northwest, the Maracaibo basin is
characterized by high subsidence rates during gwgBine, much larger than those associated
with the Barinas-Apure basin. Colletta et al. (1)98xplain the obvious difference in sediment
thickness and gravimetric asymmetry between theab&bo and the Barinas-Apure basin by
southeast directed A-type subduction of the Makacdilock beneath the South American
plate in the Venezuelan Andes, creating a 6 km deegpand basin on the pro-side and an
only 2 km deep retro-side basin (Fig. 2.9A). Itstdl a matter of debate of how deep the
Bocono fault extends, as well as how much latemdl ertical displacement occurred along
this fault system. It is not clear what role thecBod Fault System plays in the “orogenic
float” models (e.g., Yoris and Ostos, 1997; Audaeinand Audemard, 2002; Cediel et al.
2003), and what is the relationship of this fauhe with the northwestern and southeastern
thrusts and the Maracaibo and Barinas-Apure focetasins.
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.3.3 Present-day tectonic

The Cenozoic evolution of the Northern Andes, amgbarticular of the Venezuelan Andes
has been dominated by the relative north-eastveard,subsequent eastward advance of the
buoyant Caribbean plate with respect to stabletSAuterica (Fig. 2.10; Molnar and Sykes,
1969; Case et al. 1971; Bell 1972; Malfait and @inkan 1972; Jordan 1975; Pindell and
Dewey 1982; Sykes et al. 1982; Wadge and Burke ;1B88&e et al. 1984; McCourt et al.
1984; Laubscher, 1987; Avé Lallemant, 1997; Villaend Pindell, 1998; James, 2000a;
Colmenares and Zoback, 2003; Audemard et al. 2006)s eastward motion of the
Caribbean plate is supported by results of recé¥$ Gurveys (Fig. 2.10A; Freymueller et al.
1993, Kaniuth et al. 1999, Weber et al. 2001, Péteal. 2001, Trenkamp et al. 2002,
Colmenares and Zoback, 2003) and the seismicitgrde¢Fig. 2.10B; Colmenares and
Zoback, 2003; Cortés and Angelier, 2005). The eamstwnovement of the Caribbean plate is
accommodated by well-developed transcurrent platetiaries to the north (Rosencrantz et
al. 1988) and south (Kafka and Weidner, 1981; Regian, 1981). Unlike the sharp northern
boundary, however, the southern Caribbean platendeoy is a collection of continental
fragments that resisted the advance of the Canbpé&de (Montes et al. 2005). Continued
movement of the Caribbean plate led to the progresgextral transpressional distortion,
dismembering, rigid-body translation, and clockwisg¢ation of the continental fragments
that make up the northwestern Andes. This procesesponsible for the difficulties in
interpreting and locating the Caribbean-South Aogeplate boundary (Soulas 1986, Beltran
1994). In western Venezuela, the plate boundargrsoa 600 km wide zone and comprises a
set of discrete tectonic blocks or microplates (F&2, Fig. 2.10A), which move

independently among the surrounding larger pla@esibbean, South America and Nazca).

One of these tectonic blocks is defined betweenBibeond, Oca, and Bucaramanga-Santa
Marta faults, which define a roughly triangular ¢to(Fig. 2.10; Audemard 1993, 1998;
Dhont et al. 2005; Backé et al. 2006; Audemard.e2@06) with an intervening northeast-
trending foldbelt (Perija mountains, Kellogg, 1984) northwest corner out of isostatic
equilibrium (Sierra Nevada de Santa Marta, Tschetral. 1974), a northeast region limited
to the east by allochthonous oceanic sequencek (8l Cura, Bell, 1971), and a central
depression where a great thickness of sedimenat@smnulated (Maracaibo basin, James,
2000a). The relatively undeformed stratal geomegpported in the central part of this block

(Maracaibo basin, Fig. 2.10A) is evidence of itatige rigidity.
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The kinematics of two of the bounding faults (dektdca, and sinistral Bucaramanga-Santa
Marta faults) have been used to propose a generti-westward escape of this block with
respect to stable South America (Kellogg and BgoriiiB2). This hypothesis is supported by
a GPS study that indicates relative migration csiest with the proposed kinematics (Fig.
2.10A; Freymueller et al. 1993; Kellogg et al. 198@niuth et al. 1999; Trenkamp et al.
2002), and by a kinematic analysis within the ReRjange (Kellogg and Bonini, 1982).
According to Audemard et al. (2006), the north-west! escape of this block could generate
the Southern Caribbean Deformation Belt (SCDB)moftthe Netherlands Leeward Antilles
(Fig. 2.10A). However, this hypothesis ignoresttiied bounding fault on this block (dextral
Bocond Fault System, Schubert, 1981), as well a&sphleomagnetic observations that
indicate large clockwise rotations (Hargraves ahdgam, 1969; MacDonald and Opdyke,
1972; Skerlec and Hargraves, 1980; Castillo etl881; Gose et al. 2003; Bayona et al.
2008). Some of these paleomagnetic studies havainebt ambiguous results, such as
counterclockwise rotation for the Perija Range (Mand Hargraves, 1984), or partial
rotation of the Sierra Nevada de Santa Marta (Maeltdband Opdyke, 1984), studies that
have been rejected by Montes et al. (2005) on #séstof the large error-bars reported. An
alternative hypothesis, presented by Montes e(28l05), incorporates all kinematic and
paleomagnetic data to model the Maracaibo blocla agid block that underwent large
clockwise rotations, expressed in the paleomagrddia and the seemingly contradicting

kinematics of the faults bounding this block.

The main lateral movement across the South Am&ma@bbean plate boundary zone is
accommodated by the right-lateral strike-slip Baz&@an Sebastian-El Pilar-Los Bajos fault
system (Molnar and Sykes 1969; Minster and Jord@r8;1 Pérez and Aggarwal 1981,
Schubert 1980a, 1980b; Schubert, 1982; Stephan; 18gg@arwal 1983; Schubert 1984;
Soulas 1986; Beltran and Giraldo 1989; Singer andefnard 1997; Audemard et al. 2000;
Weber et al. 2001; Pérez et al. 2001; Audemard @086). The precise interaction between
the Caribbean plate and South America remains @aemaf debate and depends on the
proposed geodynamic models of the previous secti@lassically, most authors have
accepted that the major right-lateral strike-splf system constitutes the boundary between
the Caribbean and South America plates (Hess anavh1953, Schubert 1979, Aggarwal
1983, among many others), but more recently diffepgate boundary models have been

proposed along this right-lateral strike-slip plat@undary zone: (a) orogenic float type for
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the Andes (Fig. 2.9B-D; Audemard, 1991; Jacome41%%ris and Ostos, 1997; Audemard
and Audemard 2002; Cediel et al. 2003; Monod e2@08) or eastern Venezuelan Coastal
and Interior ranges (Ysaccis et al. 2000), thusdgedianked by both A- and B-type
subductions; and (b) SE-directed A-subduction odeutihrusting of the Maracaibo block
under the Mérida Andes (Fig. 2.9A; Kellogg and Bwrii982, De Toni and Kellogg 1993,
Colletta et al. 1996, 1997). Audemard et al. (20@licate that the incorporation of the
Bocono fault into this major right-lateral strikipsfault system is a rather recent event that
could possibly explain the northward extrusion leé Maracaibo block, because the former
transcurrent boundary comprised the east-westirggriKbca-Ancon fault system (OAF)
located farther north in northwestern Venezueladguoard 1993, 1998). Although the
Caribbean plate is moving at rates between 1.2 ean/in the west, and ~2.0 cm/year in the
east with respect to South America (Weber et aD120the present major strike-slip
(Bocond-San Sebastian-El Pilar-Warm Spring fauligy. 2.10A) boundary slips at ~1
cm/year (Pérez and Aggarwal, 1981; Soulas, 198&rueller et al. 1993; Audemard et al.
2000; Pérez et al. 2001, Weber et al. 2001, Trepkatral. 2002, Colmenares and Zoback,
2003, Cortés and Angelier, 2005). Other secondanjtsd have slip rates an order of
magnitude less and in fact most of them exhibp sites under 0.5 mm/year, with the
exception of the Oca-Ancén (2 mm/year, estimatethfa paleoseismic study by Audemard,

1996), the Burbusay (<3 mml/year), Valera and Lddfia ( <1 mm/year) faults.

However, all these observations do not take intcoawst the vertical components and
rotations of small blocks, which possibly accomntedhe deformation caused by the triple
convergence of plates. For this dissertation, lapsgite fission-track thermochronology in an
attempt to bring new data that may be of relevateehe debate on the Caribbean

geodynamic.
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Chapter 3

lll. APATITE FISSION-TRACK THERMOCHRONOLOGY

3.0 Introduction

Fission-track thermochronology is a powerful toot fleriving the low-temperature cooling
history of upper crustal rocks, and for calculatihg influence of surface processes. For this
thesis | applied fission-track thermochronologyapatites separated from bedrock, modern
river and ancient sandstone samples. In this chapkeief introduction of the methodology
and analytical procedure is given for the apati¢ésidn-track dating method. For detailed
methodological information the reader is referredWagner and Van den Haute (1992),
Gallagher et al. (1998), Tagami and O’Sullivan @00r Donelick et al. (2005), among
others.

3.1 Fission-track formation theory

The apatite fission track (AFT) method is basedh@naccumulation of fission tracks, caused
by spontaneous fission decay of heavy elementsgRamnd Walker, 1962a, b). Spontaneous
decay is restricted to elements with an atomic remaB0 and a mass numbeR30, thus
only the actinides are affected. Of these elememily **Th, U and ?®U occur in
measurable amounts in rock&®U causes almost all tracks in natural samples;tdugeir
low abundance and very long half life, the contitwu by spontaneous fission 68U and
232Th is negligible (Wagner and Van den haute, 19%2jafi and O'Sullivan, 2005).

Fission of &% nucleus releases two daughter particles, someeamsuand an energy of 210
MeV (with Cinetic Energy between 160 to 190 MeVheTemerging neutrons can induce
new fission in adjacent®®U nuclei. The mass ratios of the two newly formeaughter
particles are in the range of 1.4 and in extrem&litimns exceed 2 (Wagner and Van den
Haute, 1992). After fission, the heavy chargediplad move in opposite directions and
interact with the crystal lattice, in the form dé&ronic and nuclear interactions, which leads
to ionization and resulting vacancies in the lat{ié/agner and Van den haute, 1992; Tagami
and O'Sullivan, 2005). This process is show in Bid.
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The three stages of formation and registration of
charged particle tracks in a dielectric solid
according to the “lon Explosion Spike” model
Fleischer et al. (1975) are:

A.- lonization of the atoms of the lattice, through
the movement of the charged patrticles.

B.- The resulting clusters of positive ions are
displaced from their original lattice sites as suie
of Coulomb repulsion.

C.-The stressed region relaxes elastically, singini
the surrounding undamaged lattice.

Fig. 3.1.Fission-track formation by the ion explosion spikedel(modified from Fleischer et al. 1975).

Spontaneous fission tracks are only observablephigad microscopy after etching (Fig. 3.2).

Because both particles have the same kinetic enéngylighter particle causes ionization

over a longer distance. The crystal lattice is cletety destroyed in the track core and the

ends of tracks show broad zones of damage (Fig.)3.1
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Fig. 3.2.Spontaneous fission track in apatite crystal. Magation 1250X.

3.2 Fission-track age equation

The radioactive elemeAt?U can decay in two ways (Faure, 1986): by nuclesidh and by

alpha @) decay; thus, the total decay constaptfor this element can be described as:

Ay =A, +A,
where A, and A, are the alpha and fission decay constantsspectively
(A, =155125¢<10"yrs* and A, = 846x10"" yrs*). Note that A, >> A, ; i.e a-decay is

much more (about 2.18) frequent than spontaneous fission.

The total number of decayirff’U isotopes can be determined with the following espion
(Faure, 1986):

D=D, +D;, j”szN[exp(/l t)-1]+ f238N[exp(/l t)-1| (3.1)
d

Where, ™ is the total number 6f%U isotopes that are to decay. In this equationséwend
term is important for fission-track thermochrongtogAssuming that each fission event
creates one fission-tra¢R: = Ny) it is possible to calculate the number of spoatars fission
tracks:

N, :j—me[exp(/idt)—l] I

d
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In virtue that the nuclear fission is much moreerfloy seven orders of magnitude) than

regularo-decay, it can be said thadj = A, , and therefore:

Av A

Ad /]a '

By separating the variabtef equation (3.2) one obtains the fundamental agatson:

1 A, N

t=—1In—2—_S>+1 3.3
Ay ()lf N J (.3)

The variabla depends on the number of spontaneous fissionsigkand the total number

(**N) of #*®U atoms. Using equation (3.3), a simple mathemapicablem arises, because

botht and?*&N are unknown variables.

The currently standard method for obtainffii\, or in other words the U concentration, is by
means of irradiation of apatites or zircons witkerthal neutrons §802x10 cnf) in a
research reactor (Wagner and Van Den Haute, 198#% procedure produces induced
fission tracks (Fig. 3.3), which are denotedMyyThe number of induced tracks can be used
to calculaté®®N in equation (3.3).

Induced fission tracks are generated by the cofiisif thermal neutrons with°U atoms in
the apatite or zircon crystal. The thermal neutronlide with **U instead of the”*®U
because the activation cross-sectie ¢f 2°°U is negligible. Therefore, considering the

neutron flux @), the activation cross-section)(and the**®U concentration, the following
eqguation can be used to calculate N
N, =**Nogp (3.4)

Because the ratio between the number of atom&°oF and >*%J is constant in nature
(~7.2527%10°3, Wagner and van den Haute, 1992), one can write:

235
N
238 = k
N
Equation (3.4) can be rewritten as:
N, =**Nkog



By combing the new equation 3.4 with equation (33 following age equation is found:

1 (A, N
t=—In| 2= —=kop+1 .
y (/] N Koy J St

a f i

3.2.1 External detector method adatalibration method or Z factor

In practical terms, during fission track counting determine the density of etched tracks on
internal crystal surfacep{ andp;) and not the number of tracks per volunhg &nd N;).
ThereforeNs; is substituted bys ; in the following equations, for details see Wagaed Van
den Haute (1992).

A major problem is the accurate measurement ofldtay constant for spontaneous fission,
where individual determinations range from 7 to8L6"" y* (cf. compilation in Wagner and
Van den Haute (1992). In addition, uncertainties exlated to the determination of the
thermal neutron fluxg (Hurford and Green, 1982), which is determined usyng glass
monitors with known uranium concentration. To owene the uncertainty of thi, value,
Fleischer and Hart (1972) introduced thelating method, which affords to determine a
personal calibration factdrfor every individual dating method (e. g. apatited zircon). To
calculate this value, is usually applied the Exa¢Metector Method (Wagner and van den
Haute, 1992; Gallagher et al. 1998). In this preceamples are irradiated and bombarded
with neutrons which induce fission tracks that barmeasured. In order to produce a surface
to observe the induced fission tracks, each graann(Fig. 3.3) is covered by a thin, low-
uranium muscovite mica sheet placed in intimatdaairwith the polished and etched apatite
crystals. Following irradiation and subsequent cmpdown, the mica sheets are etched to
reveal the induced tracks resulting from the indufission of the?*U in the sample. For
standardisation a similar mica sheet is also placedntact with a small chip f°U doped
glass. This is dealt with similarly and the resdhsm the induced track densities for the
apatite grains and the doped glass allow the 23&ttentration in the apatite grain to be
calculated (Donelick et al. 2005).

Single(-values are determined with the following equatidnrford and Green, 1983):
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expA, toum) — 1

known

/L,(psj Gpy
'Oi known

In equation 3.6xnown is the known age of a standard (Fish Canyon Tuodf@ Durango for

¢= 3.6)

apatite);ps, pi andpq are the spontaneous, induced, and dosimeter dexcsity, respectively;
G is the geometry factor, which is 0.5 for the ex&t detector method (Fig. 3.4A). Once zeta
is established, it is used to calculate the agenofinknown sample of interesty), which is
given by the following equation:

t, :Aim{)la(&j GZp, +1} 3.7)
uk

The track density of the glass monitqris proportional to the fluence (i.e= Bp,, whereB

is the factor expressing the proportionality of tnems and tracks). Personalalues are
between 250 and 390 yr/cm? for the AFT system, diéipg on the U concentration of the
glass monitor used. Widely used age standardsargish Canyon tuff for apatite and zircon
with an independent age of 27.8 £ 0.2 Ma (biotitéAAage) and Durango apatite thewr=
31.4 £ 0.6 Ma (K-Ar).
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Fig. 3.3. The external detector method, after Hurford andte€a1991). The surface of a given mineral is
polished and etched under appropriate conditiongteal spontaneous (surface) tracks intersectimat was
an internal surface. Tracks (confined) below thdase can also be revealed if there is a pathwathfbetchant
(a surface track, cleavage, or fracture). Thenssemtially uranium-free detector (typically a mustomica) is
sealed against this surface, and this sandwicleris 8 a nuclear reactor. The sample is irradiaigd low-
energy thermal neutrons, which induces fissiof*ld. During the fission process, some heavy particless
the interface between the mineral and the micajymrimg a mirror image of the original grain. Whée sample
is returned to the laboratory, only the mica ishettto reveal the induced tracks. By counting thmlmer of
induced tracks in the mica, thus, the uranium,arept, concentration of the mineral grain is estadawhereas
by counting the number of spontaneous tracks inntivgeral, is possibly estimate the concentratiorthaf
daughter product. A major advantage of this metisothat fission track ages are determined on iddiai
grains (From Gallagher et al. 1998).

The external detector method yields an individupd gor each analysed grain. The counting
of ps, pi for each grairare made on the same areas. With this techniquegihation (3.8) is

simplified to:

t:)liln(/]aRG(pd +1) 3.8)

a
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where,

R=—2 (3.9)

for each grain.

Resulting single grain ages in any given samplewshovariation. The age dispersion
depends mainly on the individual ages, U-conteain@e quality, kinetic parameters and
cooling history. Age calculations of the sampleuass a Poissonian distribution of single
grain ages, for this reason there are differentswimy estimatingR. For the purpose of
checking if a sample has only one Poisson disiobyuthe modifiedytest or Galbraith test

exists (Galbraith, 1981, 2005). The different stats for R and the Galbraith test are shown

in the next section

3.3 Conventional statistics for in-situ FT thermoch ronology

3.3.1 Estimators forR
3.3.1.1 Isochron fitting

Isochron fitting consists of fitting a linear regséon with intercept equal to zero to tin, (
Ng) pairs (Green, 1981; Burchart, 1981), assuming iftiae “*®U concentration is zero, no
fission tracks should exist. The slope of thisigtraline is considered as the estimatoiRof
and the uncertainties for this method can be caledlin the usual way. The method can be
applied with weighting or without. It requires mas&five counts of pairsNs, N;) to assure
statistical significance. This method does not taM® account the possible Poissonian
distribution ofNs and/orN.

3.3.1.2. Mean ratio

According to Green (1981) it is possible to detewe the mean ratio with the following

equation:

D= Ns _1 - sj
(%) 3 ©

wherej represents the grain number.
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3.3.1.3 Pooled Mean

This estimator foR (Burchart, 1981; Green, 1981) is given for théofeing equation:

o

j=1

3.3.1.4. Central Age

3.11)

The central age is calculated using a specific rdalgn (Galbraith and Laslett, 1993;
Galbraith, 2005), which takes into account the We{@;) on the observationds andN;. The

estimate oRis given for:

R=
1-7

where ;

2Wstj
,7=]_n—

(3.12)

This is currently the most generally used age egtmbecause with many observations

converge numerically to the maximum likelihood estior for the ratidR (Galbraith, 2005),

and will also be used in this work.

3.3.2 Standard error on fission-track age

The standard erros@ for the different estimations of the agg are give by the equation:

1

seft) =tx CH

3.3.3 Galbraith test
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For the purpose of discriminating if the countegbiton tracks of a sample belong to only one
Poisson distribution, Galbraith (1981, 2005) pragubsa test based on the Chi-square
distribution (?) and Pearson’'s approach (Kendall and Stuart., TH%8)test is calculated
with:

— —\2
X :Zn: (NSJ_NSJ )2 +Zn: (Nij;Nij) (3.14)
i=1 st i=1 Nij
where:
— [N ]
ij = _NS"‘INI_(NSj +Nij)

Ns; andN; are the spontaneous and induced fission track sdonteach graif=1,...n, and

N, :Z Ny and N, :2 N, . In case the data come from a single Poissonildison, X
j=1 j=1

has a distribution? with n -1 degrees of freedom. Galbraith suggests a levBb&§, that is
to say,a = 0.05. If the data fail Galbraith’s test (usuath> 0.05), it means that the data do

not satisfy the Poisson hypothesis of belonging $tngle Poisson distribution.

According to Galbraith (2005), this test only givas idea about the homogeneity of the
estimation of the age. However, Galbraith doesnma@ite any strict recommendation to when
the test rejects the hypothesis. Therefore, frogtatistical point of view Galbraith (1981,

2005) does not provide an equation for obtaining eirors associated with this statistical

test.

A »2 probability of >5% is representative of a singlge population. The age of the sample
can be calculated in the different ways mentionbdva (e.g., isochron, mean, pooled,
central). In this thesis, for convenience only calndges are reported with standard errors of
1o. When the Poisson hypothesis is satisfied, theneoi difference between the different
equations for age estimation. The appendix |, k@né a new method for determining age

populations in a sample in the case that diffeRmgsson populations are found.
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3.4 Fission-track annealing and modeling

The fission event causes damage in the solid drgstacture of apatite or zircon crystals.

The latent tracks in the crystal may be repairediniy depending on ambient temperature
and residence time at a given temperature (Fleisethed. 1975). This process, also known as
annealing leads to a reduction in track length and densitgking it a unique tool for

determining time-temperature (t-T) histories ofk®{Wagner and Van den Haute, 1992).

Annealing of fission tracks depends mainly on #rmagerature and the kinetic and chemical
properties in case of apatite of single crystalge Pproperties must be approximated to derive
reliable t-T history predictions. Apatite can havevide variety of chemical compaosition with
coupled substitution within the cation and aniosipons, resulting in F, Cl or OH apatites.
The relationship between composition, crystal $tme&c and annealing kinetics leads to a

complex behaviour of FT annealing in apatite (Garlst al. 1999; Barbarand et al. 2003a, b).

Fission-track annealing experiments on apatitesirigleshow that the track lengths in
compositionally different apatites are shortened dfferent amounts given the same
temperature and residence time (Barbarand et @B&0b). This behaviour represents the
summed effect of the type and amount of elementadtgution, and site of substitution in the
crystal structure. The substitution directly affethe apatite unit cell, resulting in different
FT annealing rates. Barbarand et al. (2003a, dau strong correlation (greater than 0.8)
between the level of annealing and the unit-celapeeters (positive for unit cell axes
dimensionsa andc, respectively). Thus, the unit cell parameter cangdetl as a key indicator
of the response to annealing in apatite (Barbaretndl. 2003a, b). Unit cell parameter

variations can be partly explained by levels ofdZinie, Fluor or Hydroxyl ion substitutions.

This indicates that no single substitution can axpthe bulk change in lattice parameters
although Green et al. (2005) proposed that evenflimrine apatite a good correlation
between annealing and wt.% CI exists. An altereatipproach for describing the annealing
properties of apatite is to use its solubility apraxy for the bulk composition. For this
reason [, can be measured; the mean length of well-defirtedl pits of fission tracks
parallel to the crystallographic c-axis (Burtnerabt 1994). R, values vary according to
apatite composition (Barbarand et al. 2003a, bd, strow a positive correlation with cell
parametea and MTL.

67



X-ray diffraction (XRD) measurement of unit cell astractive, but impractical as a routine
tool. Alternatively there are two approaches: (1¢cEon probe micro-analyser (EPMA)
measurements can rapidly determine the chemicalposition of apatite. (2) Etch pit
measurements provide a clear correlation with gathmetea and MTL values. Barbarand
et al. (2003 a, b) demonstrated that the etchipé & a valuable estimator of annealing

properties of individual apatite grains, only ligdtby the precision of the measurement.

Annealing kinetics of single grains can thus bedeined by microprobe analyses measuring
apatite compositions or bypk measurements. Annealing experiments and fieldreasens
show that chlorine-apatite is more resistant toeafing than pure fluorine-apatite. The same
correlation can be observed fop.Pvalues, which usually vary around Iubn for apatites
that are less resistant to annealing, and rea¢h G@um for apatites that are more resistant
to annealing (Carlson et al. 1999; Ketcham et @9). AFT dating conducted on boreholes
shows that end member F-apatites are fully annedladoresent-day down-hole temperature
of 92°C, and apatites with 2.2 wt% CI retain traaksto temperatures of above 124°C (e.g.,
Green et al. 1989).

The concept of closure temperatuii@) (cannot be easily applied to fission-track datamgl
should be regarded as a simplified concept in #me @f monotonic cooling because: (1)
there is no geologically reasonable temperaturehith annealing is negligible (Donelick et
al. 1990, Spiegel et al. 2007); (2) fission-traeksmeal at relative low temperatures near the
surface and thus many samples have experienceni@icated history. Therefore, Wagner et
al. (1972) introduced the concept of the partiadesating zone (PAZ), which accounts for the
fact that annealing occurs over a range of tempesst The PAZ ranges from 60 to 120°C
for apatite and about 200 to 280°C tedamaged zircon, depending of duration of heating
(Wagner and Van den Haute, 1992; Hurford, 1986n8oa et al. 1998; Garver et al. 1999).

Track length data can be used to derive informaabout the t-T history of analysed
samples. Implemented annealing models are usedofarard and inverse modelling of
possible t-T paths. Ketcham et al. (2007b) implae@ra multikinetic inversion model,

requiring kinetic parameters such gs/Dalues of each grain.
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Fission-track annealing in apatite is anisotromod strongly controlled by the track
orientation relative to the crystallographic c-af&arbarand et al. 2003a, b), which has an
impact on track length distributions. C-axis praj@e of measured track lengths can be used

to correct for this bias (Ketcham et al. 2007a).

3.5 Length measurements

Track lengths are routinely measured on confinadks. There are two types of confined
tracks: (1) tracks in track (TINTs) and (2) trackscleavage (TINCLEs) (Wagner and Van
den Haute, 1992). There is a clear trend to lotigeks in TINCLEs (Barbarand et al. 2003
a, b), resulting from several sources of bias: dIJINCLE is more likely to intersect a

fracture if its angle to the fracture is highersuking in a non-uniform distribution. (2)

Fractures may be widened during polishing and etehi3) Fractures exhibit higher etching
rates, because the etchant can access the cotrfiegd more easily (Fig. 3.4). Therefore, for
reducing the bias of track length data and thusnfore reliable t-T reconstructions, only

TINTs were measured.

Induced tracks

e e

etectol
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w7 - s
st \\p.ica\c’“d

_Polish surface

C

Fig. 3. 4.A) Features related to apatite fission-track therinnonology analysis and position of detector oranic
Confined fission-tracks under the microscope: ks observed in a partially annealed Durangoitepat
sample comparing long, short and possibly gappeak$: Sample etched with 5 M HhNGt 20+1°C, for 30 s.
(From Barbarand et al. 2003a, b). C) TINCLE or krid CLEavage. D) TINT or Track IN Track. The image
C to D were taken using transmitted illuminatiordaan dry objective (pictures C and D were taked from
Geotrack website: www.geotrack.com.au).
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Another problem in length measurements is thatatheunt of shorter tracks will always be
underestimated, because tracks between 5 aumal &e difficult to observe and for tracks <2
um it is impossible to distinguish between a cordineck and etch pits (Barbarand et al.
2003a, b). Chemical properties of the etchant (eapcentration) cause different track
revelation, e.g. in apatite with concentrated ¢utdd HNG; as etchant (Wagner and Van den
Haute, 1992). The etched tracks can be identifieddme distinct characteristics: (1) line
defects of limited length (<20m), (2) straight, (3) exhibiting no preferred otiion and (4)
disappear after suitable heating. Irradiation witbollimated beam of heavy ions (€€H#Cf)
results in an increased proportion of TINTs, thogrioving the analytical precision. For
aliquots with MTL <14um there is a slight systematic shift to longer ealfor Cf-irradiated
samples, which is within the standard error forlicgpe measurements (Barbarand et al.
20034, b).

Interlaboratory comparisons show that length measants of the same sample often yield
differences of 20 % (Wagner and Van den Haute, 1993 of great importance to ensure
that annealing models used by different analysés aomparable to each other. Recent
investigations show that there are large variatianSFT length distributions both intra- and

interlaboratory, which can be up to ~ 30 % in axieecases for samples with short mean
track length measured by different analysts (Babaret al. 2003 a, b; Ketcham et al. 2009).
The reliability of the deduced t-T history from ARJata depends mainly on the size of the
dataset, especially the amount of the measurel keagths. For complex thermal histories a
minimum value of 100 length measurements is reduindnereas simple t-T histories can be

reliably deduced from ~50 length measurements @arid et al. 2003a, b).

3.6 Analytical procedure

Samples were disaggregated and minerals separsiteyisiandard magnetic and gravimetric
techniques: crushing, sieving and electromagnetid beavy liquid separation (sodium
polytungstate and Methylene lodide or Diiodomethargatites were mounted in epoxy,
and polished to expose internal surfaces. Thatapaounts were etched with 5.5M HNO
for 20s at 20°C. All mounts were irradiated togethith Fish Canyon Tuff and Durango
apatite standards and IRMM-540 uranium dosimeteissgls at the Orphée reactor at

Laboratoire Léon Brillouin, Centre d'Etudes Nudtésaide Saclay, Gif-sur-Yvette, France.
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During the mounting process | assured that numergnasns (~800) were randomly

distributed within the mounts. This helps avoidiagsampling bias when counting and
provides a better variability with respect to cagliages and uranium content of individual
apatites. During the counting process the grairis well exposed and polished surfaces were
marked for counting using transmitted ligat 125x magnification. Marked grains were

counted at 1250x (dry) using an Olympus BH-60 nscape.

The samples were dated with the external detectthad (Naeser, 1978; Gleadow, 1981)
using the zeta calibration approach (Hurford ande@y 1982; Hurford and Green, 1983).
AFT zeta values of 288.66 + 5.23 yr/cm2 and 12%83.02 yr/cm? (M. BermudeZpr
IRMM-540 and Corning-1 (CN-1) dosimeter glass resipely, were determined from
Durango and Fish Canyon Tuff apatite age standds#g® appendix section). Age
calculation, visualization and statistics were iearrout with the Trackkey 4.2f program
(Dunkl, 2002), BINOMFIT (Brandon, 1992, 1996) anepartition algorithm (Bermudez-
Cella, 2008). More details about the used analyresdescribed in appendix.

Apatite samples with young cooling ages or low-lLhteat were irradiated with &°Cf
source in Melbourne (Australia), to enhance the lemof etchable confined tracks.
Predicted time-temperature (t-T) paths for indiadwsamples were used for forward
modeling of AFT and AHe data. Modeling was carroed with the program HeFTy v. 1.5.6
(Ketcham, 2005) based on the multikinetic anneafimagel of Ketcham et al. (2007b) and
with c-axis projected track-length data (Ketcham et 8D72). t-T paths were statistically
evaluated and categorized by a value of goodnedg (EOF), in which a ‘good’ result
corresponds to a value of 0.5, an ‘acceptable’lresuresponds to a value of 0.05, and a
GOF of 1 is the optimum. The input parameters fachesample used in this study are its
central FT age with d error, the predicted t-T path, and, if availalites c-axis projected

track-length distribution, and, as a kinetic pareendhe B value.

3.7 Detrital apatite fission-track thermochronology

Detrital thermochronology provides the opporturtitystudy different processes: long-term
evolution of mountain belts, their cooling histoghanges in topography, and changes in
river drainage paths, as among others (Bernet are&, 2004). In this work | used detrital
apatite fission-track thermochronology for threepgmses: provenance analysis, landscape
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evolution and exhumation studies. Figure 3.5 reprissthe history of one detrital apatite
grain inside the exhumation-erosion-deposition €yclthe Venezuelan Andes system. In this

figure:

t.= time of closure, or time at which the apatitesses the closure isotherm surface (~110°C)
and the fission-track clock starts (applying tha@ified closure temperature concept).

te= time when the apatite arrives at the surface lmaf exhumation and is eroded; at this
point the sedimentary cycle starts.

ty= time of deposition in the sedimentary basin.

Thus,

t, =t. —t,= time between closure at depth and exposure autiace
t. =t,—t,= transport time in the fluvial system, betweensarn at the surface an deposition

in a sedimentary basin

t =t, —t

S

wiay = lIMe between deposition in the basin and todwy, it to say, the stratigraphic

age of the sediment

—-t,= lag time, is the time required for the sampledol, get exhumed to the surface,

and then get deposited in a nearby basin (BerrtkGanver, 2005).

For determining rates of exhumation from detrifadit#te fission-track ages it is necessary to
known t; and t. The stratigraphic agets( can be obtained by techniques such as
magnetostratigraphy, palinology or biostratigrapfiyie fission-track dating method can
provide a stratigraphic age for volcanic ash lay@wley et al. 1989; Bernet and Garver,
2005). In the case of the pro- and retro-side &omelbasins of the Venezuelan Andes, it is
difficult to determine precise stratigraphic agesduse the sedimentary rocks are poor in

fossils and because their make trend poor qualityfagnetostratigraphic analyses.

The stratigraphic ages are therefore poorly stchiswed the best indication for the age of
deposition is the youngest AFT age component indéiital samples and the estimated
average lag time. The youngest age component obd@em river samples provides the
present day lag time, which can be used as adiddr estimated lag-time in the past. The
youngest age component is determined by decomposif age components through
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statistical analyses and the results are preseimteprobability density or radial plots

(Galbraith and Green, 1990; Brandon, 1996).
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Fig. 3.5. Schematic representation of the lag-time concepdérital apatite or zircon (solid symbol) in the
Venezuelan Andes (Modified from Crowley et al. 1289

For discussing lag time and its relation to exhuomait is necessary to define the terms
exhumationand denudation(Fig. 3.5). Exhumation has been defined as theemiffce
between rock uplift and surface uplift (England adlnar, 1990), or the unroofing history
of a rock caused by tectonic and/or surface presessich as erosion (Ring et al. 1999).
Denudation refers to the removal of rock by teataamd/or surface processes at the Earth’s
surface or in the upper crust (Ring et al. 199%huEnation describes the fact that rock is
brought closer to the Earth surface because ofdiimn. Thus, the amount of exhumation

equals denudation, but they are defined with abfit perspective.

The histories of the Lake Maracaibo basin and taends basins (Fig. 3.5), are somewhat
different in that the Lake Maracaibo basin is thtieges as deep as the Barinas basin. Here
arises another application of apatite fission-trattkermochronology: the thermal

reconstruction of these sedimentary basins.
To generate liquid hydrocarbon under natural comst sediments should be buried until

they reach the “oil-window”, between 60 and 130°Chis zone is shown in Figure 3.6,
together with the paleo-temperature and the AFT Ratdich overlaps to a large part with the
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oil-window. AFT age and track-length analysis alkoveconstructing the thermal history of

sedimentary basins (Armstrong, 2005).

DEPTH HYDROCARBON MVT ORE APATITE TEMP.
(km) GENERATION PRECIPITATION FISSION-TRACK Q)
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Fig. 3.6. Comparison among temperature and depth for hydoocageneration, MVT ore precipitation and
annealing of fission-track in apatites (After Wagaad van den Haute, 1992).

3.8 Conventional statistics for detrital FT thermoc hronology

Application of detrital apatite fission-track thevohronology requires gathering sufficient
data for obtaining the best information possiblée Tquantities of grains necessary for
application of detrital thermochronology has bele@ subject of discussion for a long time
(Carter, 2007). Dobson et al. (1988) establisltied 60 grains are enough to achieve 95%
detection probability. Vermeesch (2004) considéi &t least 117 grains are needed for
achieving the same probability, however this wastydated for U/Pb analyses of detrital

zircon smaller error.

In this work, | tried to date more than 100 grapes detrital sample, but this number was
difficult to obtain for certain samples becausgobr apatite quality. The mixed distribution
of grain ages in a detrital sample requires decluiem into component ages. The
presentation of detrital grain-age distributionhistograms has its limitations because the
uncertainties of single-grain ages cannot be sholwnaddition to histograms, many

researchers use probability density plots for regméng grain-age distributions and age
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components of detrital samples. However, theresareral problems with these types of
plots. For example, the overlap effect associatéti Wwroad, imprecise peaks, or poorly
estimated age components. Detailed discussioneolirtiitations of probability density plots
are given by Galbraith (1988, 1990, 2005), who psegg the use of radial plots for
visualizing the distribution of populations of Ffagh ages. Other graphical displays (cluster
clouds, dendograms, best probability contour plosplots, hierarchical plots, etc; Wilk and
Gnanadesikan, 1968; Chambers et al. 1983) of sgmgle ages provide a simple way for
discriminating age components; these graphical athematical tools require other complex
statistical-mathematical treatment for extractioghponent ages and standard errors (Carter,
2007).

The different methods for deconvolving mixed-agéadats include the decomposition into
Gaussian distribution components (Brandon, 199Paisson distribution models (Galbraith,
2005). The most common method at present is thentiad peak fitting algorithm of
Galbraith and Green (1990), which has been incatpdrinto the BINOMFIT software
developed by Brandon (Brandon, 1996; Steward aaddRn, 2004).

Figure 3.7 illustrates the plots commonly usedpi@senting detrital fission-track ages, here
given with the example of the Chama River in then&aielan Andes. In Figure 3.7A an
example of a histogram with a superimposed proivpldkensity function (PDF) is shown.
The plot indicates that different age populationsc@mponents are present in this sample.
This PDF is decomposed in three components usiNgdBIFIT. The unimodal curves in this
plot represent the binomial best-fit peaks. Thealgalot of Galbraith (1988) is shown in the
Figure 3.7B. In a simple case each population shbalrepresented by points plotting along
discrete radii. Thex-axis in this plot indicates the relative error (%he y-axis (left) is

referred to as an estimation of the standard ewbich is calculated by the equation:

g

wherez, is the central agg/{axis, to right) and; is the individual age of crystal
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Fig. 3.7.The usual representation for detrital fission-trdeka. A) Histogram, Probability Density Functiarda
binomial best-fit peaks. B) Radial plot of Galbha{Galbraith, 1988).

3.9 Data interpretation and quantitative thermochro  nology methods

The most common way of interpreting bedrock thefmnocologic data is by means of age-
elevation profiles. From this approach an Age-HlievaRelationship (AER) can be inferred.
It is commonly assumed that this relationship pilesi an estimate of exhumation/erosion
rates, but this is a simplification. According tcobte and England (2001), the inference of
denudation rates from temperature-time historiesramks is not straightforward. Many
factors may perturb simple AER (Braun, 2002), dreinhterpretation of thermochronometric
ages (Ehlers, 2005). For example, geothermal gmtddienay change over time. These
changes can be caused by advection of isothermardswhe surface because of normal
faulting or erosion, changes in relief or the baokigd thermal state of the crust because of
magmatism, or fluid flow, and even sedimentatioll.these can cause perturbations in the

geothermal gradient, and modify the curvature entdmperature-time path.

Figure 3.8 illustrates schematically the thermdemic processes that influence the

interpretation of data thermochronometric.
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Fig. 3.8 Thermo-tectonic processes that influencing tleefmonometry interpretation (Modified from Ehlers,
2005).

In chapter 2, | showed that there is no clear cosise on the structure and origin of the
Venezuelan Andes. Thus, for the purpose of intéimydission-track results of this work in a
geodynamical context, | used the PECUBE code depeeldy Braun (2003) to test different
tectonic configurations and thermo-kinematic paramse In the following section | provide a

summary of the principles of quantitative thermactuiogy.

3.9.1 Quantitative thermochronology

The PECUBE code was developed by Braun (2003) andtitutes a fundamental part of
guantitative thermochronology (Braun et al. 200B)is code solves the three dimensional

heat equation using the finite element method (FEMECUBE permits solving the
following boundary value problem (BVP):
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where: T(x,y,z,t)is the temperaturep is the rock densityc is the heat capacit is the
thermal conductivityA is the heat productions, v, w are the advection velocity of rocksg T
is the initial temperature&§(x,y,t)is the altitude of the surface, with respect mdba-levelT;
is the temperature at the base of the model, asguthat this is located & = -L; Tus.
temperature at sea-leve®; atmospheric temperature gradient (lapse ratehignnodel, the

basal temperature is defined rather than a hegtvthich simplifies the thermal calculations.

The BVP (3.16) predicts the age of closure usiritgdint thermochronometric systems. In
this case the heat equation in a crustal blockbeaaffected by the thermo-tectonic processes

as shown in Figure 3.8 (vertical and horizontal eroents and / or erosion).

In these models, | neglect heat transfer by fluldscause its relative importance to the
significant vertical advection of the flux throughe exhumation of the rocks is unknown
(Ehlers, 2005) although it could be significant (hand Ehlers, 2007). | assume that heat
transfer by advection and conduction of rocks Beedominant mechanisms of heat transfer.

PECUBE uses a mixed Lagrangian and Eulerian spatitn approach for the displacement
field. This is a way of looking at motion that f@&s on specific locations in space through
which the material moves. These specifications lwarapplied to any observer's frame of
reference, and in any coordinate system used withenchosen frame of reference. This
permits PECUBE to produce frequent re-interpolabbthe temperature field in the vertical
direction. Thus t-T paths are calculated, and usegredict thermochronologic ages for
apatite system. The AFT ages are calculated byctdireodeling of the accumulation of
daughter products, in this case fission-tracks, rastcsimply by taking the cooling age (Wolf
et al. 1998). For AFT the model of Laslett et 4Bg7) and Lutz and Omar (1991) are used,
and are described in van der Beek (1995), and Sheaim et al. (2006).
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For tectonic-kinematic modeling I will use the Adata from age-elevation profiles (Kohn et
al. 1984, and the new data of this work), and PEEURMth the objective of forward
modeling, without taking the tectonic configuratiorio account, | will test the timing of
different exhumation scenarios and topographyregtigenerate t-T paths for the samples,
and compare the results with thermal modeling (H@Fand transdimensional modeling
(Gallagher et al. 2009). Thus, | should recognizéhe AERs are affected by the problems

described above.

The best forward model means PECUBE is chosen diogpto the lowest misfit value,

which is calculated in the following way:

misfit = (3.17)

S|

wheren is the number of observationgys andt.; correspond to observed and calculated

fission-track age for each sample
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Chapter 4

V. SPATIAL AND TEMPORAL PATTERNS OF EXHUMATION
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4.0 Abstract

The Venezuelan Andes formed by complex geodynamaraction between the Caribbean
Plate, the Panama Arc, the South American Platetladontinental Maracaibo block. We
study the spatial and temporal patterns of exhunaticross the Venezuelan Andes using
apatite fission-track (AFT) thermochronology (48wages) and topographic analysis. This
approach permits the identification of at leasteseuvectonic blocks with contrasting
exhumation and cooling histories. Blocks locatethim central part of the Venezuelan Andes
and separated by the Boconé fault system, cooleidlyabut diachronously during the late
Miocene—Pliocene. These blocks coincide with tlghést topography and steepest relief of
the belt. The Caparo and Valera blocks at the segtern and northeastern terminations of
the Venezuelan Andes respectively, experienced aselof slow cooling from the late
Oligocene to late Miocene. Unravelling the coolimgtory of the individual blocks and the
faults that delimit them are key to better undergdiag the control of Caribbean geodynamics
on the evolution of the Venezuelan Andes. Our diatkcate: (1) a strong control of the
exhumation patterns by major fault zones, consistétth the notion that these are inherited
structures that may be rooted in the lower-crust @) temporal correlation between phases
of rapid exhumation in different blocks with majtgctonic events (e.g. collision of the

Panama arc; rotation of the Maracaibo block).

Keywords: Venezuelan Andes, apatite fission-track, exhumati®acond fault, thermal
history modeling, transpression, tectonics.
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4.1 Introduction

The Venezuelan Andes form a complex orogen charaete by high seismicity and
localized rapid Neogene exhumation (Kohn et al.4198aseet al. 1990). This northeast
trending orogen constitutes the northwestern teation of the stable South American plate
(Colletta et al. 1997), extending 400 km from theldihbia-Venezuela border to south of
Barquisimeto (Figs. 4.1 and 4.2). The VenezuelaNeérida Andes were formed as a result
of oblique convergence between the Caribbean amthStmerican plates, accretion of the
Panama arc, and rotation and translation of theireamal Maracaibo block (Aleman and
Ramos, 2000; Pindell and Kennan, 2001). The reattbiv of pre-existing tectonic
discontinuities of different ages and origins, mopsteveloped along the former passive
margin of the South American plate, has playedmaportant role in the evolution of the
orogen (Mora et al. 1993; Jacques, 2004; Mora e@D9). Oblique plate convergence
resulted in local thrusting, rotation, translatitrnstension, and extension of many of these
structures, which led to exhumation of individubddiks at different times and rates from the
Late Eocene to the Pliocene (Hargraves and Shat@®9, Schubert, 1980a, 1981; Shagam
et al. 1984; Kohn et al. 1984; Lugo and Mann, 1995)
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The structure of the Venezuelan Andes is contrdied complex system of strike-slip faults
and thrusts. Several tectonic models for the eianudf the Venezuelan Andes have been
proposed based on geochronology, field observatiand seismic data (e.g. Kellogg and
Bonini, 1982; Colletta et al. 1997; Audemard anddémnard, 2002), but due to the complex
interaction of oblique plate motion involving sealemicroplates with pre-existing structures,
as well as the absence of deep crustal seismic thegtim structure and kinematics remain

controversial.

The purpose of this paper is to provide new comggan the timing and rate of exhumation,
and the topographic evolution of individual tectoblocks within the Venezuelan Andes, by
using apatite fission-track (AFT) thermochronologyd Digital Elevation Model (DEM)
analysis. AFT thermochronology expands on the xgstlata of Kohn et al. (1984) and
Bermudez et al. (submitted, chapter 5 in this wobl) presenting 44 new AFT ages, as well
as track-length and kinetic data. In this paperattempt to explain the evolution of the
Venezuelan Andes within the Caribbean tectonic éaork from the Miocene to the present,
taking into account current tectonic models. Beeatlne deep structure of the Venezuelan
Andes and the arrangement and distribution of $anltthe subsurface is poorly understood,
very different tectonic models have been propoded. (4.2). Here we provide low-

temperature information that could help constraemdeodynamic evolution of the orogen.
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2003). Abbreviations: C&R basin: César and Raneheaisin; LPz: lower Paleozoic; UPz: upper Palegzlric
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4.2 Geodynamic setting and structure of the Venezue lan Andes

Current tectonic models for the Venezuelan Andesaie controversial with regards to the
crustal structure, asymmetry and kinematics otsle Several authors (Kellogg and Bonini,
1982; De Toni and Kellogg, 1993 Colletta et al. AP%ave proposed a “thick-skinned”
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deformation model for the belt, envisaging it atoabley-vergent orogenic wedge (Willett et
al. 1993) resulting from incipient continental subtion of the Maracaibo block toward the
southeast (Fig. 4.2B). Others have applied an ‘emagfloat” model (e.g., Oldow et al. 1990;
Yoris and Ostos, 1997; Audemard and Audemard, 20@2iel et al. 2003) to the whole of
the Caribbean-South American plate boundary zomejisaging a major mid-crustal
detachment underlying the Mérida Andes, Maracailasif3 and Perija and Santa Marta
ranges (Figs. 4.2C, D) with either northwest- owutheast-directed subduction of the
underlying lower crust. Although the seismic date disputed (Audemard and Audemard,
2002), the most compelling evidence for southaastead of northwest-directed continental
subduction is the formation of the deep (> 6 kmtlepiaracaibo foreland basin to the
northwest (i.e., on the proto-side of the orogemérige), compared to the shallow retro-side
Barinas basin (2 km depth), as shown by gravity anlsidence analyses (Chacin et al.
2005).

The amount of shortening and the partitioning betwshortening and strike-slip across the
Mérida Andes are also disputed. Shortening estsrateoss the belt range from 10 to 60 km
(Coletta et al. 1997; Audemard and Audemard, 2@D2erto et al. 2006). The belt has
absorbed significant lateral motion along major-@xesting crustal faults, the foremost of
which is the Bocon6 fault, and features indicatifestrike-slip deformation, such as pop-up
structures or releasing bend-basins, are widespi®eaubert, 1980a, 1982; Colletta et al.
1997; Audemard and Audemard, 2002; Backé et al62DQerto et al. 2006). Estimates for
the total right-lateral displacement on the Bocdadt system reach 80 km (Audemard and
Audemard, 2002). The present-day kinematics ofréiggon, as shown by GPS analyses, are
dominated by northeastward block escape of the ddava block, driven by the ongoing
motion of the Caribbean plate and northern Andesntonics in Colombia (Kellogg and
Vega, 1995; Weber et al. 2001; Pérez et al. 2001).

The Venezuelan Andes are characterized by six nsajée-slip fault systems (Figs. 4.1-4.4),
which are the right-lateral Bocono fault, Caparoltfaand Central-Sur Andino fault system,
and the left-lateral Icotea, Valera, and Carach&unbusay faults systems. The orogen is
delineated by two currently active foreland folddahrust belts to the northwest and
southeast, which incorporate Plio-Pleistocene sedis(Figs. 4.1 and 4.3). The foremost of
the strike-slip fault systems is the Bocono fawhich extends ~500 km in a NE-SW

direction along the entire Venezuelan Andes. TheoRo0 fault system is expressed at the
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surface by escarpments and aligned valleys andiesivthe Venezuelan Andes almost
symmetrically in its central part (Mérida Andesherl Caparo fault is a dextral strike-slip
system parallel to the Bocond fault in the southemspart of Venezuelan Andes. The
Central-Sur Andino fault is located between the @ucand Caparo faults and does not show
the same continuity as the other two fault systéfits 4.3), being subdivided into a southern
and a northern part, without an apparent conne¢8onlas, 1983). The Burbusay and Valera
faults are a system of continuous N-S trendingtg$athat locally control the triangular
Trujillo block in the northwest of the orogen (Fi§.3). Running parallel to these, the Icotea
fault bisects the Maracaibo block (MBL in Fig. 4)1Bnd possibly converges with the
Bocono¢ fault close to the town of El Vigia (Fig34.These fault systems separate distinct
tectonic blocks (Colletta et al. 1997).

In this work we distinguish seven blocks (Fig.B).4based on their topographic signature
and exhumation history. In the southwest, the Gapéock is truncated by the Bocono fault
to the north, and the Caparo fault and Cerro Ahuldt block to the south. The Escalante
block, to the north of the Caparo block, is limitedthe north by the NW foreland fold-and-
thrust belt and to the south by the Bocon¢ faulygF4.3 and 4.4B). The Cerro Azul thrust
block along the southeastern flank of the Venezuélades is enclosed by the Bocono fault
and the Central-Sur Andino fault to the north, #mel SE fold-and-thrust belt to the south. In
the central part of the Venezuelan Andes the Si¥eweada block is bounded by the Boconé
fault to the north and the Caparo block and CerrolAhrust to the south. The Sierra La
Culata block is bordered by the NW fold-and-throslt to the north, the Bocono fault to the
south and the Valera Block to the east. Within $ierra La Culata block, the EI Carmen
block can be defined. This block is restrictedtiyp branches of the Bocond fault, the
Mucujan and the Gavilan faults (Figs. 4.3 and 4.4B)e Valera block at the northeastern
end of the orogen is a triangular block definedtiy Valera fault, Bocono fault, and the

Burbusay fault.
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4.3 Methods and analytical procedures

4.3.1 Topographic characteristics

Geological and topographic features of the Venezuéindes were characterised using a 90-
m Digital Elevation Model (DEM; Fig. 4.4A), compderom the Shuttle Radar Topography
Mission (SRTM) data set. Topographic charactesstisuch as mean elevation, mean
hillslope angle and hypsometric parameters wereutated for individual tectonic blocks
from the DEM using ArcMap, Matlab and Splus softevar
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4.3.2 Apatite fission-track thermochronology

Samples were collected along the Venezuelan Anddwao different campaigns: the first
assembled by Shagam in the 1980’s; the secondP@7 »y the Grenoble group in the
Caparo, Valera, Cerro Azul, Sierra Nevada, SieaaClulata and Escalante blocks. Twenty
AFT ages for the Venezuelan Andes were publisheddiyn et al. (1984). Ten of these
samples were reanalyzed for this study using modeatytical techniques (external detector
method, a zeta calibration and track length measemés) compared to the population
method and absolute neutron dose calculation usetie earlier analyses. Where repeat
determinations have been made AFT ages are compathdthose previously reported
(Table 4.2). Recently, thirteen AFT ages were ighleld by Bermidez et al. (submitted,
chapter 5 in this work) for the Sierra Nevada blatkhe Mérida Andes. This pre-existing
dataset is presented in Table 4.1. To extend @netkisting AFT database, an additional 47
new AFT ages are presented in Table 4.2, which wated at the fission-track laboratories
at Grenoble (11 samples) and Melbourne (26 new kEsngmd 10 repeat samples from Kohn
et al. 1984). New sampling focused on regions hiaalt not previously been targeted for AFT

thermochronology. All sample locations used in #gtigdy are shown in Figs. 4.3 and 4.4A.
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*Sample §Block Lithology or locality La(t!tﬁ;j € LO??\)\%J de Elevation (m) I(:’\ills:)ion tracl((ialgs(-:; iMi?;érr?gr(lﬁq?%t h+ St(c:r.]g()ev. Danrli:mi)S D

78-4 CATB Tapo-Cambur granite 7.8600 -71.2700 380 .7 %£0.2 - - -

78-8 CATB Rio Quiu Granite 8.0900 -70.9900 400 H85 - - -
S-87-W EB La Quinta rhyolite 8.1800 -72.0000 1200 0.81+ 2.1 - - -
SA-79-26 SLCB Valera Granite 9.1400 -70.6900 2000 5#0.4 - - -
SA-79-1 ECB El Carmen Granodiorite 8.6200 -71.1200 1520 1.8+04 - - -
SA-79-2 ECB El Carmen Granodiorite 8.6500 -71.0900 1840 25+04 - - -
SA-79-4 ECB El Carmen Granodiorite 8.6900 -71.0500 3100 3.4+0.6 - - -
SA-79-5 ECB El Carmen contact (meta sst) 8.6700 .0400 2500 28+04 - - -
SA-79-6 ECB El Carmen Granodiorite 8.6800 -71.0700 2600 2.7+05 - - -
SA-79-7 ECB El Carmen Granodiorite 8.6600 -71.0700 2375 26+05 - - -

7007 SNB Gneiss El Morro P6 8.5476 -71.2028 1250 4.33+0 14.5+0.1 (118) 1.1 1.6+0.2

6907 SNB Gneiss El Morro P5 8.5355 -71.2015 1765 4.67+0 14.3+0.1 (51) 1.0 15+0.2

6807 SNB Gneiss El Morro P4 8.5164 -71.1968 2060 5.27+ 0 14.0 £ 0.2 (15) 0.8 1.3+0.1

6707 SNB Gneiss El Morro P3 8.4995 -71.2011 2250 5.66+ 0 13.9 £ 0.1 (100) 1.1 15+0.2

6607 SNB Gneiss El Morro P2 8.4721 -71.2129 2490 5.19+ 0 - - -

5407 SNB Agua Montafia 8.5698 -71.1055 2760 53+14 - - -

6507 SNB Gneiss El Morro P1 8.4801 -71.1909 2770 5.46+ 0 - - -

5307 SNB Aguada-La Montafia 8.5700 -71.0940 3285 6.8+ 0. - - -

5207 SNB Loma Redonda-Aguada 8.5556 -71.0826 3633 12+ 14.4 £ 0.3 (27) 1.3 1.3+0.1

5107 SNB Loma Redonda 8.5437 -71.0752 3999 6.5+0.6 144.3 (22) 14 14+0.1

5007 SNB Alto de la Cruz 8.5332 -71.0790 4236 78+1.6 13.9+0.3(10) 1.0 1.3+0.1

4907 SNB Pico Espejo 2 8.5273 -71.0516 4622 75+1.0 .4 340.1 (110) 1.4 15+0.1

4807 SNB Pico Espejol 8.5317 -71.0527 4718 7.6+0.9 114.1 (108) 1.5 1.4+0.2

Table 4.1.Summary of previously reported apatite fissiorckreata from Kohn et al. (1984) and Bermudez efsabmitted, chapter 5 in this work).
*Samples highlighted in gray were dated using tbputation method (Kohn et al. 1984). Samples shiowitalics were presented by Bermudez et al. (sttiedhi chapter 5
in this work). §Blocks: CATB = Cerro Azul ThrusEB = Caparo; EB = Escalante; SLCB = Sierra La GuIECB = El Carmen; SNB = Sierra Nevada, and VBaleXa
blocks (see Figs. 4.3, 4.4 and 4RParenthesis show number of tracks lengths measured.
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Samples analyzed in Grenoble were separated froshed rocks using standard magnetic
and heavy liquid separation techniques. Apatitgualis were mounted in epoxy, polished and
etched for 20 seconds in 5.5 M HBl@t 20°C. After fixing a low-U mica sheet used as
external detector, these samples were irradiateédeirwell-thermalized ORPHEE facility of
the Centre d’Etudes Nucléairda Gif-sur-Yvette, France, with a nominal fluenoe~5x10°
neutrons/crh Neutron fluences were monitored using IRMM540icheser glasses. Mica
detectors were etched in 48% HF at 20°C for 18 mmuAll grains were dated under dry
conditions at 1250x magnification, using an OlympBi#2 microscope.

Those samples analyzed in Melbourne were mountegbaxy resin on glass slides, ground
and polished to an optical finish to expose integnain surfaces. The mounts were etched in
5M HNGO; for 20 seconds at room temperature to reveallftssiks. The external detector
method was used for age determinations, with BRably muscovite attached to the polished
mounts to record induced tracks. Thermal neutheente was monitored by measuring the
track density in muscovite plates attached to tbhenfdg-5 (CN-5) standard glass. Neutron
irradiations were carried out in the well-thermadlsX-7 position of the Australian HIFAR
Research Reactor at Lucas Heights, NSW, Austraftar irradiation, all muscovite detectors
were etched for 27 minutes in 48% HF at room temipee to reveal induced tracks. Track
counting and horizontal confined track length measwents were performed on a Zeiss
Axiotron microscope under transmitted light, usiag dry 100x objective at a total

magnification of 1250x.

Where possible, fission tracks in 20 suitable aparains were counted and 100 horizontal
confined track lengths measured per sample (sede T4l2). Fission-track ages were
calculated using the zeta calibration method aaddstrd fission-track age equation (Hurford
and Green, 1983). The observed age spread is degslmtatistically using the Chi-square
test (Galbraith, 1981), which indicates the proligbthat all grains counted belong to a
single population of ages. A probability of <5 %eiadence of an asymmetric spread of single
grain ages and the "conventional analysis" (asnddfiby Green, 1981) based purely on
Poissonian variation is not valid. All ages repdrtere are the ‘central age’ (Galbraith and
Laslett, 1993), which is essentially a weighted-mege. For samples that pass the Chi-
square test, this age is concordant with the poatgdwithin error (expressed here at the 1

level) and calculated using the techniques of G(&681).
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Horizontally confined track lengths were measured3 of all available samples. Aliquots of
all these samples were irradiated using€f source under vacuum for 140 minutes at the
Thermochronology Laboratory at the University ofId®irne. Subsequently, these irradiated
samples were etched under the same conditionsszsilied above. Only fully etched and
horizontal confined track lengths (HCTL) (Laslettad 1982) were measured in grains with
polished surfaces parallel to prismatic crystalefacSuitable track lengths were measured
using a projection tube and a digitizing tabletg@hed to a microcomputer) calibrated using a
stage micrometer. For this procedure, the same ifizgion was applied as for track

counting.

The kinetics of AFT annealing is a function of theration of heating, chemical composition
(Green et al. 1985; Gleadow et al. 1986a, 1986Bullivan and Parrish, 1995; Barbarand et
al. 2003a) and mineralogical properties (Carlsaal.€1999). Burtner et al. (1994) have shown
that this may amount to a variation in total animgatemperature by as much as + 20°C. We
take the possible kinetic variability in our sangpiato account by using the diameter of
etched tracks at the surface of the apatite parnall¢he crystallographic-axis (Dha) as a
proxy for the annealing kinetics of the grains (fBer et al. 1994). R, of 100 tracks crossing
the etched internal surface was measured usingdhee digitizing technique as used for
measuring track lengths; for select samples medsitréhe University of Melbourne apatite
chlorine content was also determined on grains areddor age determinations (Table 4.2).

4.3.3. Thermal history modeling

AFT ages, track lengths andy,dp measurements of representative samples were ased f
determining time-temperature paths through invéfsate Carlo modeling, using the HeFTy
software of Ketcham (2005), version 1.6bgsed on the multikinetic annealing model of
Ketchamet al. (2007b), and witk-axis projected track length data (Ketcham et @072).
For modeling purposes each sample was constranagubsurface temperature of about 120
°C at a time somewhat older than the AFT age, aedemt-day surface temperature at the
elevation where the sample was collected (typicall®-25°C). The modeling strategy was to
allow for a large time-temperature sampling spawenfiodel inversions beyond these first
order assumptions. Therefore, a single large sam@pace was used to allow models as
much freedom as possible. Cooling paths are momotand composed of 16 random

segments to allow for sufficient variability in teghumation path. The& kinetic parameter
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was used to calculate initial confined track lelsgthhe Kolmogorov-Smirnov statistical test
was used to assess the goodness of fit between ledodmd measured track length

distributions, with merit values of 0.5 and 0.05 good and acceptable fits, respectively.

4.4 Results

4.4.1 Topographic characteristics

In order to highlight the topographic differencestveen individual tectonic blocks, we
determined their mean elevations and mean hillskopgles; these data are summarized in
Figures 4.4 and 4.5 and Table 4.3. The mean etevafithe Venezuelan Andes is about 2024
m, with a standard deviatioro) of 855 m and a maximum elevation of 4981 m abPic
Bolivar in the Sierra Nevada block. The mean skpgle for the entire orogen is 218 £ 9°).
The Escalante, Cerro Azul, Valera and Caparo blecksbit lower values of mean elevation
between 1160 and 1695 m (Fig. 4.5C). These fowkislehow positively skewed elevation
distributions (Fig. 4.5A, Table 4.3), implying raleely large areas at low elevations. The
highest topography is encountered in the SierraCutata, EI Carmen and Sierra Nevada
blocks, the latter two having mean elevations d@G&3200 m, respectively. The form of the
hypsometric curve for the Sierra La Culata blockasy wide and almost symmetric (weakly
negative skewness of -0.1). The hypsometric cufeeshe El Carmen and Sierra Nevada
blocks are negatively skewed, implying prepondezaoicareas at relatively high elevation.
The slope distributions as a function of elevat{big. 4.5D) of the Sierra La Culata and El
Carmen blocks show a distinct minimum at high eievs, comparable to the slope
distributions of the lower-elevation blocks and igadive of low-relief landforms at high
elevations. This minimum is conspicuously abserthan Sierra Nevada. The high-elevation
low-relief surfaces in the Sierra La Culata areoesded with ubiquitous glacial erosion
features (cirque lakes, glacially widened vallepd®etc.), which we interpret as the result of
Pleistocene glaciation of the Mérida Andes (Schiyld®&74; Schubert and Clapperton, 1990).
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4.4.2. Apatite fission-track data

All new AFT ages reported in this study are sumpeatiin Table 4.2 and shown together with
previously published AFT ages in Table 4.1 and Fegu4.3 and 4.4A. Almost all samples

passed the chi-square test at the 95% confidenieevah. The available dataset of 72 AFT

ages for the Venezuelan Andes shows that differectonic blocks have highly variable

exhumation histories (Figs. 4.4, 4.6, 4.7). YouhdgdsT ages range between 1-3 Ma and are
found close to the Bocon6 fault, specifically inmgdes from the EI Carmen block and at the
limit between the Sierra La Culata and Escalanteld. AFT ages between 4-8 Ma are
concentrated in the central part of the Venezudlades, in the Sierra La Culata and Sierra
Nevada blocks, and on both flanks of the chainhm Escalante block and the Cerro Azul
thrust block. In the Caparo block, AFT ages rangevben 7-30 Ma and are all substantially
younger than the depositional ages of the Triadgiassic La Quinta Formation (Hargraves
and Shagam, 1969) from which they were collectéte Valera block is characterized by a

wide range of AFT ages, increasing from 8 Ma asdtstheastern limit to 145 Ma in the north.
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A strong correlation between AFT age and elevasoobserved in the El Carmen and Sierra
Nevada blocks, whereas this correlation is muchkere@n the other blocks (Fig. 4.6A).
However, part of this difference is due to the fewt the sampling strategy in these two
blocks was specifically aimed at obtaining an algeation profile (Kohn et al. 1984,
Bermudez et al. submitted, chapter 5 in this workjereas this was not the case in the other

blocks.
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Fig. 4.6.AFT age versus A) Elevation and B) Mean Track Lan@iTL) for individual samples from different
tectonic blocks (annotation as for Fig. 4.4).
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After %°°Cf irradiation, we were able to obtain track lengtteasurements from 34 new
samples (Table 4.2), although only 10 samples geaia sufficient number for meaningful
thermal history modeling (>50 track length measwe®ets; see below). Bermudez et al.
(submitted, chapter 5 in this work) report 9 maeek-length measurements, of which 5 are
suitable for modeling (Table 4.1). Overall, blockgh the youngest AFT ages (e.g., Sierra
Nevada, Sierra La Culata, EI Carmen) are charaeigiby relatively long mean track lengths
(MTL) of ~13 to 14.5 um and narrow track-lengthtdimitions (typically ~1 pum). A plot of
MTL versus AFT age (Fig. 4.6B) shows a clear padil( >14 um) for ages of 51 Ma.
Blocks characterized by older AFT ages (e.g., \éabard Caparo, Fig. 4.7) have shorter and
wider track-length distributions: MTL ranges frori.3 to 13.8 um and standard deviations
are generally >2 um. A secondary peak of MIlI3.5 um occurs for ages of ~13 Ma in these
blocks (Figs. 4.6B and 4.7B). No track-length dedald be measured in samples from the
Cerro Azul block. s values were determined for 15 samples and ramoge i1 to 1.6 pm;

Cl contents were measured for 7 samples and areragbn <0.1 %. Both the CI
determinations and the ,f) measurements indicate that apatite compositiorelatively

homogeneous and close to fluorapatite (Carlsoh &089).

Our sampling for AFT thermochronology in the Venglam Andes focused on specific areas,
in order to obtain age-elevation profiles or beeaas proximity to major faults, but partly
also because of limited access to the terrain. thetess, the current AFT age database
permits mapping out the spatial distribution of ABfies and track lengths, as shown in
Figures 4.7A and B respectively. These maps wezated by interpolating all available AFT
ages and MTL using the spline with barriers metfiberzopoulos, 1988) in ArcMap. For
each of the seven tectonic blocks delineated, iagtad interpolation of AFT ages was limited
to the block boundaries defined by the major fayistems (Bocond, Valera, Central-Sur
Andino and Caparo). These maps should be regasiedfiest-order attempt to visualize the
distribution of AFT ages and MTL in the Venezuelandes, keeping in mind that data
coverage remains poor in many areas. Despite theswtions, a clear spatial pattern
emerges, with most of the youngest AFT ages andelsnMTL in the Venezuelan Andes

located in the central part of the range, closiéoBocon¢ fault system (Fig. 4.7).
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Fig. 4.7.Interpolated maps of A) AFT ages and B) Mean Traekgths (MTL) for each block. The maps were
generated using the ‘spline with barrier’ interpima method (Terzopoulos, 1988), using the majarcki
bounding faults as barriers.
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4.4.3 Thermal historymodeling

Modeling of cooling histories using HeFTy was penied on samples from the Sierra
Nevada, Sierra La Culata, Caparo, and Valera bléaksvhich at least 50 confined track-
length measurements were available (Fig. 4.8).mMhkEhistories for the Sierra Nevada block
were determined for sample 4907 from 4600 m elewa#t Pico Bolivar (Fig. 4.8A) and

sample 6407 from Santo Domingo, at 1700 m elevati# km to the northeast (Fig. 4.8B).
Both samples show a rapid, but diachronous phasealing (at rates of ~70°C/Myr), from

~7.5 to 5 Ma for sample 4907 and from ~5 to 3.5 ftasample 6407, slowing down since
that time. Bermudez et al. (submitted, chapter &is work) used the 3D forward thermal-
kinematic modePecube(Braun, 2003; Braun et al. 2006) to model the Adges and MTL

for the complete Sierra Nevada profile and showeat the observed diachronous cooling
along the profile can be explained by a phase pidraxhumation that commenced during
middle — late Miocene time (~10-14 Ma) and slowetvd in the Pliocene (~4 Ma), together

with continuous relief increase (valley carving)cg that time.

Sample 1407 (Fig. 4.8C) from the Sierra La Culdtzxlb shows an initial phase of rapid
cooling between 6.5 and 5.5 Ma, at a rate of aBOAC/Myr, followed by a phase of slow
cooling between ~5.5 and ~2.6 Ma. From ~2.6 Maéogdresent, cooling again accelerated to
a rate of about 15°C/Myr. Bermudez et al. (submijttehapter 5 in this work) predicted a
similar increase in exhumation rate frofecubemodeling of AFT ages along an age-
elevation profile in the Sierra La Culata collectedKohn et al. (1984), but with an earlier
increase in exhumation rate at 4 Ma. The time ktgvben increased exhumation and cooling
rates is due to the transient response of the tiestructure to increased exhumation rates
(e.g., Braun et al. 2006; Rahl et al. 2007).

For the Caparo block, thermal modeling of samplé75& presented in Figure 4.8D and
shows nearly linear cooling for this block since #arly Miocene (~22 Ma). The sampled
cooled through the AFT partial annealing zone (PAZa rate of ~7°C/Myr between 19 and
10 Ma; but cooling rates have possibly slowed d@amewhat since that time. The Valera
block sample 6207 (Fig. 4.8E) documents a cleageradse in cooling rates, from ~12°C/Myr
between 16 and 12 Ma (middle Miocene) to ~4°C/Mwnf the middle — late Miocene (12
Ma) to the present.
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Fig. 4.8. Time-temperature paths obtained from thermal-hystoodeling using HeFTy software (Ketcham,
2005) for representative samples of Sierra La @ulaierra Nevada, Caparo and Valera blocks. Outezlepe
contains acceptable fits; inner, shaded envelopgagts good fits (as defined by Ketcham, 2005)kHilack
line indicates best-fit model: fit is indicated bl the plot where measured and model results amgparced
(MTL is mean track length; SD is standard devigti@OF is goodness of fit) and comparison of meakure
(histogram) and predicted (thin line) track-lendthtribution is shown in the inset. Note that medet-T paths
are best constrained within the limits of the PABF-120 °C).
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4.5 Discussion

4.5.1 Data Synthesis

AFT ages and track-length distributions in the @idtevada, Sierra La Culata and ElI Carmen
blocks (Fig. 4.8) are compatible with rapid coolittgough the apatite PAZ, followed by
residence at shallower depths. Blocks cooled thrdhg PAZ at different times: middle — late
Miocene for the Sierra Nevada block, Pliocene fier El Carmen and Sierra La Culata blocks.
AFT ages and track-length distributions for the &aate block, although insufficient for
thermal history modeling, suggest a cooling hiswyilar to the Sierra La Culata block. The
Bocono fault, a right-lateral strike-slip fault th@so displays vertical offset (Giegengack et
al. 1976; Schubert, 1981, 1982; Giegengack, 1984ys appears to have played a
fundamental role in delimiting blocks with contiagt exhumation histories (see also
Bermudez et al. submitted, chapter 5 in this wddk)ting the late Miocene to early Pliocene,
obligue convergence between the Maracaibo block thwed South American plate was
enhanced by collision of the Panama arc with S&urtterica (Pindell and Kennan, 2001,
Montes et al. 2005). The obliqgue movement of snmadlividual tectonic blocks in the
Venezuelan Andes along the Boconoé fault systenindyhases of transpression, appears to
have controlled the timing of rapid exhumation byating topography. Exhumation itself was
driven by erosion of the newly created topograginpugh river incision, with trunk rivers
following the trend of the Bocond fault (e.g. ChaRiaer, Santo Domingo River, Fig. 4.3).
As shown in Figure 4.5, the small Sierra La Culakack and the Sierra Nevada block
currently host the highest topography, with meaavaions over 3000 and 3200 m
respectively, and the largest number of peaks 4060 m elevation in the Venezuelan Andes.
The Sierra La Culata block as a whole has a meavagbn of about 2216 m, but also
contains several peaks over 4000 m (Figs. 4.5CTB9.few available AFT cooling ages for
this block are similar to those of the Sierra Nevétbck, suggesting a similar exhumation
history (Figs. 4.6, 4.7).

Contrasting with the relatively young AFT ages fe tentral part of the Venezuelan Andes,
middle Miocene and older AFT cooling ages are foundther areas of this mountain belt
(Fig. 4.7A). Samples in the Caparo block yield agagying from 12 to 26 Ma (samples LB-
71-VE-5 and 6106 respectively), with MTL varyingofn 11.5 to 13 pm, indicating
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comparatively slow cooling through the AFT PAZ (Fig7B; sample 5807 in Fig. 4.8).

Therefore, this block experienced relatively slawling well before rapid exhumation started
in the Sierra Nevada, Sierra La Culata, and El @arblocks. The topography of the Caparo
block is more subdued (Fig. 4.5D), with many peaiaind 2000 m elevation. Nonetheless,
slopes remain fairly steep (20-25°C) for the highekevations (Fig. 4.5B and D), as

determined by DEM analysis.

AFT ages of >30 Ma are restricted to the Valeraclkl@Fig. 4.7A); the oldest AFT age
encountered in this study (sample SVA-80-44; 14Btg) is from the Valera Granite, located
in the north of this block and away from major lgtrslip faults. The MTL of this sample is
13.8 £ 0.1 um, which suggests relatively fast cgpthrough the apatite PAZ during the Late
Jurassic — Early Cretaceous, with little subsegeghtimation. Mesozoic denudation of parts
of the Andean basement is consistent with the wigegl deposition of Jurassic-Cretaceous
sandstones, which are mainly preserved in the s@asthof the belt (Escalante and Caparo
blocks). While the northern part of the Valera ll@ppears to record an older, pre-orogenic
cooling history, younger AFT ages are observededouthwest of the block (Fig. 4.7). The
average MTL for the southwestern Valera block sasp$ 13.2 + 0.3 um. The modeled
cooling path of sample 6207 in the southwesterrendablock (Fig. 4.8E) suggests cooling
through the PAZ at a rate of about 14°C/Myr duting middle Miocene, and slower cooling
from the Late Miocene to the present. Clearly, Waéera block was not affected by the rapid

exhumation observed in the central Mérida Andes.

4.5.2. Tectonic Implications

The structure and development of the Venezuelanesnkdave been controlled by the
reactivation of preexisting faults and structuregy(4.9A), and the inversion of Jurassic rift
grabens (Kellogg and Bonini, 1982; Mora et al. 1,9@8lletta et al. 1997; Audemard and
Audemard, 2002; Jacques, 2004), as is also thefoaske Eastern Cordillera in Colombia
(Corredor 2003; Cortés et al. 2006; Mora et al.2@arra et al. 2009). These pre-existing
faults delimit tectonic blocks that are characiby strongly variable exhumation histories,

as observed in other transpressional mountain {@fis Spotila et al. 2007a, b).
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system and connection to the central Atlantic. PRJeogene; initiation of clockwise rotation of thkaracaibo
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Valera blocks). (C) Rotation of the Maracaibo blaskalmost completed during the late Miocene, latiéral
strike-slip displacement between the Maracaibolbbrtd the South American plate is concentratecherBfS,
producing translation and minor rotation in the &falblock (VB) during its tectonic escape. Majoh@xation
of the SNB and SLCB occurs during this phase. 8gefor more detailed discussion (modified from Nemet
al. 2005; Pindell and Kennan, 2001).
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The signal of early (pre-Miocene) exhumation acrtées Venezuelan Andes is not very
strong, because it is mostly overprinted by late@déne to Pliocene exhumation. Only a few
samples from the Valera and Caparo granite recalebBene (AFT ages of 26-36 Ma) or, in
one case, Jurassic-Cretaceous (AFT age 145 Majr&tlan. By contrast, existing zircon FT
data for the Venezuelan Andes (Kohn et al. 1984)adirlate Mesozoic, ranging from ~70 to
~160 Ma, indicating that Miocene tectonics did maolve sufficient exhumation to expose

rocks with reset zircon FT ages at the surface.

Distinct tectonic blocks in the Venezuelan Andésjted by preexisting faults, responded in
different ways to tectonic events that occurredhis zone, driven by the triple convergence
of the South American, Caribbean and Farallon/Ngtates (Fig. 4.9). The similar early to

middle Miocene exhumation history of the present-G@aparo and Valera blocks suggests
that they were juxtaposed at that time, before daieparated by ~80 km of right-lateral
translation along the Bocon¢ fault system (Audenmsand Audemard, 2002). In effect, both
blocks contain remnants of the inverted Jurassibddte graben (Mora et al. 1993; Lugo and
Mann, 1995; Jacques, 2004; Fig. 4.9A) that continueto the Eastern Cordillera in

Colombia. As AFT ages from the Caparo and Valeoahs are compatible with AFT ages of
20-26 Ma observed in the Eastern Cordillera, isuggested that they also record similar
exhumation histories (Parra et al. 2009). The @kge - Miocene evolution of these blocks is
possibly related to block rotation, associated withdean deformation (Hargraves and

Shagam, 1969), with a rotation pole close to Buoaraga (Fig. 4.9B).

In the central part of the Venezuelan Andes antdaih its flanks, the Escalante, EI Carmen,
Sierra La Culata, Sierra Nevada and Cerro Azul Kdoecord late Miocene — Pliocene
exhumation resulting from transpression generatealckwise rotation of the Maracaibo
block (Fig. 4.2A, 4.9C) and obliqgue convergencetto$ continental block with the stable
South American plate during Miocene to present t{@elletta et al. 1997; Montes et al.
2005). Block rotation, as supported by paleomagnatialyses (Montes et al. 2005 and
references therein; Bayona et al. 2008), was drinerastward movement of the Caribbean
plate to the north of the Maracaibo block and salh of the Panama arc with the northern
Andes in Colombia. The Panama arc collision comreérnic the middle Miocene (15-12 Ma)
but reached its climax between 8 and 3 Ma, regylitinthe closure of the Panaméa seaway
during the Pliocene (Duque-Caro, 199hates et al. 2004; Montes et al. 2005; Lunt et al.
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2008). The timing of these events is compatiblénhie late Miocene — Pliocene evolution of
foreland basins on both the pro- and retro-sidéhefmountain belt (De Toni and Kellogg,
1993). According to De Toni and Kellogg (1993), twedimentary sequences of fluvial
molasse deposits in the foreland basin to the n@shof the Venezuelan Andes are separated
by a late Miocene discontinuity, at least in theutewestern part of the basin. The
unconformity is possibly related to surface u@ita consequence of the Panama arc collision
(Duque-Caro, 1990). The onset of exhumation in $ierra Nevada at8 Ma is also
consistent with surface uplift and creation of figant topography around this time, as
recorded by the Late Miocene deflection of theutidnies of Orinoco and Magdalena rivers
(Fig. 4.2A) inferred from the Neogene sedimentaggord (Hoorn et al. 1995; Diaz de
Gamero, 1996).

In the northeastern part of the Venezuelan Andes,Trujillo Andes are controlled by the
interaction of the Bocond, Valera and Burbusay t&uhich delimit the Valera block.
Analysis of the AFT ages, cooling history and togdiy of the Valera block shows it does
not record rapid exhumation during the Late Miocand Pliocene, hence the evolution of the
Trujillo Andes is somewhat different from that dfet Mérida Andes, The Trujillo Andes
currently appears to be a site of active extensiot tectonic escape (Backé et al. 2006),
occurring as a result of the combination of obligoavergence between the South American
plate and the Maracaibo block, with the presenceht north of the Caribbean plate
considered as a free boundary. The oblique conmesgand block rotation of the Maracaibo
block thus leads to transpression and exhumatiotiheéncentral part of the belt occurring
simultaneously with extension and collapse to theheast, consistent with the current stress
field in the northern Andes as resolved from eardtkg focal mechanisms (Colmenares and
Zoback, 2003; Cortés and Angelier, 2005).

The flanks of the central and southwestern Veneruéindes are bounded by NW and SE
vergent foreland fold-and-thrust belts. The few ilade AFT ages from these areas are
between 7.7 and 5.0 Ma (Fig. 4.7). These thrustspasssibly the product of deformation

related to inversion of the Jurassic rift basinsllglta et al. 1997; Duerto et al. 2006) and
reactivation of pre-existing faults. According tauéto et al. (2006) the widespread Jurassic
rifts suggest the possibility of thick-skinned rzation of moderately to steeply dipping

normal faults instead of low-angle thrusts as deyiin balanced cross sections (De Toni and
Kellogg, 1993; Colletta et al. 1997). By contraggris and Ostos (1997), Audemard and

105



Audemard (2002) and Cediel et al. (2003) apply latikely “thin-skinned” orogenic-float
model to the Venezuelan Andes, suggesting thatettiee orogen is underlain by a mid-
crustal detachment. Our data cannot clearly disndte between these models: on the one
hand, the strong control of major fault zones anghttern of exhumation suggests that these
are long-lived structures that may be rooted in ltweer-crust or lithosphere; on the other
hand, the absence of deeply exhumed rocks (asatedidy the lack of reset ZFT ages; Kohn
et al. 1984) appears more compatible with a shatletachment underlying the mountain belt.
Further analysis of the higher-temperature zircbRTh)/He system may contribute to

resolving the issue of the total amount of Cenoealtumation in the Venezuelan Andes.

4.6 Conclusions

AFT thermochronology and topographic analysis dceinthe history of individual tectonic
blocks in the Venezuelan Andes. Phases of rapidingp@nd erosional exhumation as a
consequence of tectonic surface uplift and devetyraf high relief during the Late Miocene
and Late Pliocene in the central part of the orogmmtrast with older exhumation histories of
the northeastern and southwestern parts of the Adeten Andes. These exhumation patterns
are consistent with the tectonic assembly of imbiliai blocks of the Northern Andes.
Exhumation in the central part of the Venezuelaném(Mérida Andes) and its flanks is the
result of Late Miocene to Pliocene transpressiorajo surface uplift and exhumation
occurred in the Sierra Nevada block sia@Ma, in concordance with fluvial reorganization
recorded by the sedimentary record during thisoderiA second phase of uplift and
exhumation affected the Sierra La Culata and Estalalocks during the late Miocene-
Pliocene, as also recorded by a major unconformithe NW foreland basin succession. At
the same time, the north-eastern part of the mourtelt records extension and tectonic
escape. The spatial and temporal patterns of exirumia the Venezuelan Andes appear to
be strongly controlled by pre-existing faults deting major tectonic blocks, as is the case in

many transpressional mountain belts elsewhere.
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Block Elevation (m) Slope (°)

mean st. dev. mode| skewness mean st. dev. mode  nessw,
Caparo (CB) 1694 815 1098 0.7 21 9 23 -0.2
Cerro Azul Thrust (CATB) 1418 759 1291 0.2 21 9 2( 0.1
Escalante (EB) 1159 750 96 1.4 17 10 17 0.5
Sierra La Culata (SLCB) 2216 1044 2289 -0.1 2 10 8 2 -0.5
Sierra Nevada (SNB) 3207 802 3740 -0.7 24 9 28 -0.4
El Carmen (ECB) 3028 1066 4108 -1.0 22 9 23 -0.1
Valera (VB) 1448 748 409 14 21 9 23 -0.2

Table 4.3Topographic characteristics, mean elevation anchrsé@pe angle for different tectonic blocks in the
Venezuelan Andes.
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Chapter 5

V. THERMOCHRONOLOGIC EVIDENCE FOR KM-SCALE
VERTICAL OFFSET ACROSS THE BOCONO STRIKE-SLIP
FAULT, CENTRAL VENEZUELAN ANDES

Mauricio A. Bermlde%?, Peter van der Begkand Matthias Bernkt

! aboratoire de Géodynamique des Chaines Alpinelvetsité Joseph Fourier, BP53, 38041 Grenoble,deran
(mauricio.Bermudez-cella@e.ujf-grenoble.fr / Fag83+476 514058 / Phone: +33 476 635964)

“Laboratorios de Termocronologia y Geomatematicasu@a de Geologia, Minas y Geofisica. Facultad de
Ingenieria, Universidad Central de Venezuela, Ceradenezuela

5.0 Abstract

The controls on the spatial patterns of exhumaiiowblique convergent orogens remain
incompletely understood. We address this questiotieé central Venezuelan Andes, which
are traversed by the 500-km long Bocono strikedgligt. We present a new apatite fission-
track (AFT) age-elevation profile from Pico Boliviarthe Sierra Nevada, to the south of the
Bocond Fault, and compare the results with preWopsblished AFT data for the Sierra La
Culata to the north of the fault. The AFT data esenbined with 3D thermal modeling to
constrain the exhumation and relief history of bdilocks, which show significant
differences: the Sierra Nevada shows decreasingneation rates from ~1.0 km/Ma before 9
Ma to ~0.3 Ma at present. The Sierra La Culatazantrast, experienced much more recent
and rapid exhumation, with rates between 0.8 afickdh/Ma since 4 Ma. The data suggest
2.6 km of relative rock uplift of the Sierra La @td with respect to the Sierra Nevada since
this time and support significant uplift of basermdocks along major pre-existing
discontinuities during transpression in the NomhAndes. Rapid exhumation in the Sierra
Nevada before 8 Ma may be related to surface uplft caused Late Miocene deflection of

the Orinoco River, as inferred from the Neogenersedtary record.

Keywords: Venezuelan Andes, apatite fission-track, exhumati®ocond Fault, thermal

models.
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5.1 Introduction

The spatial and temporal patterns of exhumatioobilgue convergent systems are complex
and controlled by several parameters. The obligaftyplate motion with respect to pre-
existing major faults controls the degree of paring between shortening, leading to uplift
and exhumation, and strike-slip (e.g., Braun an@uB®eont, 1995; Burbidge and Braun,
1998). Local changes in orientation of major stskp faults, lithological variability, as well
as climatic effects may lead to localized uplifdaxhumation (Cruz et al. 2007; Spotila et al.
2007a, b). Finally, far-field stress transfer résgl from changes in plate motions or local
variations in plate configuration due to migratiminplate triple junctions may be recorded as

temporal variations in uplift and exhumation rafiészgerald et al. 1995; Lock et al. 2006).

The Venezuelan Andes (VA) provide an ideal case dtdying the relation between
exhumation and strike-slip faulting because thdwgian of this mountain belt is coupled to
movement on major strike-slip faults with variabkertical components (Fig. 5.1). However,
the exhumation history of the VA has remained poariderstood, with only few detailed
thermochronology studies providing constraints be timing and spatial variability of
exhumation (Kohn et al. 1984). Here we report npatie fission-track (AFT) data collected
along an age-elevation profile within the higheastt@f the VA. We compare these new data
to previously published age-elevation trends, udimgrmal modeling to reconstruct the
evolution of the central VA and to document sigrafit spatial and temporal variations in

exhumation rates in this area.
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Fig. 5.1A) Simplified structural map of the Venezuelan &sdind surrounding regions, showing the location of
Sierra La Culata (SLC) and Sierra Nevada (SN) dptthe Bocon6 (BF) and Valera (VF) strike-slip fapand

the north-west (NWTT) and south-east (SETT) thsysttems bounding the Venezuelan Andes. Inset shows
location within South America; box shows locatidnFigure 5.2. B) Simplified structural cross-seatiof the
central Venezuelan Andes, modified from Collettaaét (1997). Light shaded marker horizon represents
Cretaceous series.
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5.2 Tectonic setting

The VA constitutes a 400 kilometer long NE-SW tri@gdorogen in western Venezuela (Fig.
5.1A). The present-day VA results from complex gewmic interaction between the

Caribbean Plate, the Panama Arc and the South AareRlate (Taboada et al. 2000). This
three-plate interaction is regionally expressed thg oblique convergence of a small
continental block, the Maracaibo Block, and the tSoAmerican Plate (Colletta et al. 1997,

Montes et al. 2005). Pre-existing tectonic disaunties, related to Mesozoic rifting (Case et
al. 1990), were reactivated during convergence éetwthe Maracaibo block and the South
American plate, which resulted in local thrustinganslation and rotation as well as

exhumation of individual blocks at different timaesd rates from the late Eocene to the
Pliocene.

The orogen has a crystalline core of Precambriamsgrand schist and Paleozoic to Mesozoic
plutonic rocks (Fig. 5.2), overlain by Jurassic &retaceous clastic sediments and flanked
by Eocene to Pliocene molasse deposits to the mamdhsouth. The VA is characterized by
numerous major strike-slip fault systems and flahkg foreland thrust belts to the NW and
SE (Figs. 5.1, 5.2). The foremost of these faglthe Bocond Fault that extends 500 km in a
NE-SW direction along the entire VA. Regional gegital evidence compiled by Schubert
(1982) suggests that strike-slip displacement altimg great fault zones of northern
Venezuela began during the Late Tertiary and thatBocon6 Fault has experienced both
right-lateral strike-slip and local vertical commmts of motion. The Bocond Fault is
morphologically expressed by escarpments and aligradleys dividing the VA almost
symmetrically in its central part (the Mérida Anyleshere the Sierra La Culata and Sierra
Nevada are located to the north and south of thi¢, f@spectively (Figs. 5.1, 5.2). These two
ranges form the morphologically highest part of ¥ with mean elevations ~3000 m and
numerous peaks over 4000 m elevation (including Bialivar, Venezuela’'s highest point at
4981 m).
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Fig. 5.2.Simplified geological map of the Mérida Andes (nfatl from Hackley et al. 2005) showing sample
locations and AFT ages used in this study. BocoadltFsystem indicated by thick lines; present-degirchge
by thin grey lines.

5.3 Thermochronology data

We sampled an AFT age-elevation transect in ther&Sievada, containing 13 samples
between 1250 m elevation in the Chama River velEyof Mérida and 4718 m elevation at
Pico Bolivar. The upper 7 samples were collectedglthe Teléferico de Merida cable car
system, but since the Pico Bolivar slopes below083M elevation are covered by dense
cloud-forest without outcrops, the lower 6 samplese collected along the Mérida-El Morro
road, ~10 km to the SE (Fig. 5.2). The two ageaien profiles overlap perfectly (Fig.
5.3A), indicating no differential exhumation betwebe two profiles.
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5.3.1 Methods

Apatite and zircon were extracted from rock samplsmg standard magnetic and heavy
liquid techniques. For AFT analysis, apatites wainted in epoxy, polished and etched in
a 5.5M HNGQ solution at 20°C for 20 s. All samples were dalgdthe external detector
method, using U-poor mica as external detectoraameta calibration factor for Fish Canyon
and Durango age standards. Samples were irradadtatie well-thermalized ORPHEE
facility of the Centre d’Etudes Nucléairem Saclay, France, with a nominal fluence of
~5x10d° neutrons/crh Neutron fluences were monitored using IRMM540icheser glasses.
Mica detectors were etched in 48% HF at 20°C fomli@utes. All samples were analysed by
M.A. Bermudez-Cella. Samples were counted dry vetiBH-2 Olympus microscope at
1250x magnification. Separate mounts for each sample subsequently Cf-irradiated at the
University of Melbourne, Australia, in order to eal sufficient amounts of confined tracks
for length measurements. Confined track-length omeasents were performed by digitizing
the track ends using a drawing tube; the etch-pithwparallel to the C-axis (fa) of 100

tracks crossing the etched internal surface wasuned using the same digitizing technique.

Thermal history modelling was performed using HeRmly3 software (Ketcham, 2005).
Input data for the inversions included AFT agese tAFT track-length distribution
(uncorrected for angle to the C-axis) angh/¥alues calibrated to the values of standard
samples used for deriving the annealing model (it et al. 1999). Models were
constrained by the present-day surface temperatnnoieboxes placed around the AFT ages,
with box sizes of 5-15 Myr and 60-100 °C so astoaguide thermal histories (cf. Fig. 5.5).
Random sub-segment spacing was used and no camiraomling constraint was applied.

“Good” and “acceptable” fits to the observations defined following Ketcham (2005).

5.3.2 Results

AFT central ages from the Sierra Nevada profilegeabetween 4.3+0.3 and 7.6+0.9 Ma,
increasing monotonically with elevation (Table Fig. 5.3A). Chi-square probabilities close
to 100% and age dispersions (Galbraith and Ladl8€3) close to 0O indicate that all samples
contain single age populations. Fission-track githwidths (Dy,) are relatively uniform,
ranging from 1.3 to 1.¢um (Table 5.1) and indicating homogeneous apatitepositions
close to fluorapatite (Carlson et al. 1999). Meack lengths (MTL) vary between 13.9 and
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14.5 um (Table 5.1), with narrow standard deviations {D48 um). All samples have
unimodal track-length distributions, compatible wiapid cooling since passing through the
AFT closure temperature (Gallagher et al. 1998aGdsv and Brown, 2000). We use least-
square fitting of a straight line for generalizatehr models (McCullagh and Nelder, 1989)
to obtain a slope of the age-elevation relationsifil.1+0.2 km/Ma 1 = 0.90), implying
exhumation at these rates between 4 and 8 Ma iSithea Nevada.
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Fig. 5.3. Apatite fission-track age-elevation profiles frohetSierra Nevada and Sierra La Culata (legend for
data source in B). Best-fit AER and 95% confideogeses are indicated by heavy black and thin dasihed,
respectively. Fission-track length distributione ahown for selected samples (MTL: Mean track lengD:
Standard deviation, number in parenthesis: numbetratk lengths measured). B) Comparison between
observed data and Pecube predictions for bestdidets for the Sierra Nevada and Sierra La Culaja. C
Exhumation rates through time for best-fit Peculmalefts (black: Sierra Nevada model; grey: Sierre&Cudata

model); D) Inferred relief evolution, representedrblief amplitudep (as defined by Braun, 2002) for best-fit
Pecube models.
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Sample Latitude Longitude Elevation | n Ps Ns pi Ni Pa P(X%) D Age tlo [U] MTL / SD Dpar / SD Number of lengths
(m) (10° cm?® (10° cm?) (A cm?) (%) (Ma) (ppm) (nm) (nm)

48 8.5317 -71.0527 4718 2] 0.821 84 9.244 946 5950 97.6 0 76| =09 23.4 141714 1.4/0.2 108
49 8.5273 -71.0516 4622 24 0.804 61 9.188 697 5931 99.7 0 75| 1.0 23.4 144114 15/0.1 110
50 8.5332 -71.0790 4236 13 1.196 28 13.03 305 25.92 96.6 0 78| 1.6 28.7 13.9/0.9 1.3/0.1 10
51 8.5437 -71.0752 3999 3 0.709 181 9.354 1729 125.9 99.6 0 6.5 +0.6 24.7 14.1/1.3 147/0.0 22
52 8.5556 -71.0826 3633 2] 0.709 45 8.426 535 5903 61.8 0 72 1.1 21.3 14.471.2 1.3/0.1 27
53 8.5700 -71.0940 3285 2§ 0.381 905 4,995 905 35.89 100 0 6.5 +0.8 14.6
54 8.5698 -71.1055 2760 11 0.267 16 4.261 255 5833 994 0 53| *14 11.9
65 8.4801 -71.1909 2770 18 2.841 229 46.65¢4 3760  8735. 0 0.38 5.4/ +0.6 1129
66 8.4721 -71.2129 2490 2 0.349 37 5.737 608 5864 99.7 0 5.1| £0.9 16.1
67 8.4995 -71.2011 2250 3 0.865 1y4 13.157 2646 8545. 14.8 0.11 58 £0.5 32.6 139/11 15/0.2 100
68 8.5164 -71.1968 2060 3 0.278 a1 4.504 987 5843 097.1 0 5.2| £0.7 11.2 14.0/0.8 1.3/01 15
69 8.5355 -71.2015 1765 24 0.249 52 4.509 943 5.835 99.9 0 46| +£0.7 11.6 14.4/1.0 15/0.2 51
70 8.5476 -71.2028 1250 3 1.343 320 26.888 6405 8255. 6.7 0.22 43 £0.3 69.1 145/1.1 1.6/0.2 118

Table 5.1.Apatite fission-track data from the Sierra Nevamkntral Venezuelan Andes. Note: Fission-track ageseported as central ages (Galbraith and La%R%3) , using a zeta value
of 288.7 £ 5.2 (M. Bermudez) and the IRMM 540 utemiglass standard (15 ppm U). Ages were calculatddthe Trackkey program (Dunkl, 2002). Roman nensbrepresent samples
collected along Pico Bolivar profile; bold numbeE$:Morro profile. Abbreviations: n = number of gra countedps = spontaneous track density;= induced track densityy = dosimeter
track density; N N, Ny = number of tracks counted to determine the reploitack densities. For irradiations with signifit§> 3%) axial gradients in neutron fluence (aswred by the
dosimeters)py is interpolated between dosimeter valuesx?)P¢ Chi-square probability that the single grairesgepresent one population; D = age dispersion, MTnean track length;
Dpar = Etch-pit width parallel to the C-axis (Carniset al. 1999; Barbarand et al. 2003a, b); SDandsrd deviation of track-length distribution amchepit width measurements, respectively.
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We compare our data with 7 AFT ages obtained atongge-elevation transect between 1520
and 3100 m in the Sierra La Culata by Kohn et #84; Figs. 5.2 and 5.3). Although these
ages were determined using the now outdated papulatethod, several of these samples
were recently recounted with the external detestethod and provided identical ages (B.P.
Kohn, pers. commun., 2008). AFT ages in the Siear&ulata are significantly younger than
those in the Sierra Nevada for similar elevatioasging between 1.8+0.4 and 3.4+0.6 Ma
(Fig. 5.2A). In contrast, the age-elevation relasioip is similar, with best-fitting slope for the
Sierra La Culata of 1.45+0.65 km/Mg & 0.89). The offset between the two age-elevation
relationships suggest a minimum of 1.9 km of retatiock uplift of the Sierra La Culata with

respect to the Sierra Nevada since 4 Ma.

5.4 Numerical modeling

Age-elevation relationships are sensitive to topphy and relief change (Braun, 2002) and
extracting these two signals is a complex taskl@vet al. submitted). In order to test whether
potential relief variations significantly affect mabove estimates, we employ the numerical
thermal-kinematic moddPecube(Braun, 2003) to test a range of exhumation rate ralief

evolution scenarios. Two thousand model runs wertopmed for each block, systematically
varying exhumation rates and relief through timkeefmal and kinematic model parameters

are given in Table 5.2.

Thermal parameters
Model crustal thickness 40 km
Number of nodes in the vertical direction 21
Thermal diffusivity 25 knf/Ma (Braun and Robert, 2005)
Temperature at the base of the model 650 °C
Temperature at sea level 25°C
IAtmospheric lapse rate 6 °C/km
Crustal heat production 8 °C/Ma (Braun and Ro(2805)
Erosional response time 1000 Ma

Flexural parameters
Crustal density 2700 kg/m (Gomez et al. 2005)
Sub-lithospheric mantle density 3300 kg/Bomez et al. 2005)
Young's modulus 70 GPa (Gomez et al. 2005)
Poisson ratio 0.25 (Gomez et al. 2005)
Equivalent elastic thickness 30 km (Ojeda, 2000)

Table 5.2. Thermal and flexural parameters values for Méridalés used ilPecubemodeling. References
constraining parameter values are given where apiate.
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Best-fit solutions highlight the strong differenoe exhumation history between the Sierra
Nevada and Sierra La Culata blocks (Fig. 5.3C): re&®& exhumation rates for the Sierra
Nevada decrease from 1.0 km/Ma between 14 and ®M& km/Ma since 6 Ma, the Sierra
La Culata block records a rapid exhumation evertt kin/Ma) between 4 and 2 Ma, with
rates remaining at 0.8 km/Ma since that time. Alugons that fit the data require relief to
increase with time (Fig. 5.3D). The fits betweers@ied and predicted AFT ages are shown
in Fig. 5.3B. Since the current mean elevationbath ranges are similar, these exhumation
histories imply 2.6 km of relative rock uplift ihe Sierra La Culata with respect to the Sierra

Nevada since 4 Ma.

The above models were constrained with AFT agesMid only. In order to provide an

independent check on the models, we predicted Tiemperature paths for Sierra Nevada
samples with sufficiently well-documented trackgd#n distributions using the HeFTy code
(Ketcham, 2005). All samples record decreasing exdiion rates since crossing the AFT
closure temperature 6 £ 2 Ma ago (Fig. 5.4) andecbthrough the Partial Annealing Zone
(PAZ) at rates between 16 and 40 °C/Ma. Coolingsrahrough the PAZ systematically
increase with decreasing elevation, consistent \Wwttal denudation being at least partly
controlled by relief increase, as suggested byPtbeube models. Finally, we also predicted
track-length distributions for the best-fit Pecutm®del by importing the predicted time-

temperature history into HeFTy (Fig. 5.5). Predidieck-length distributions fit the observed

distributions very well, providing further suppdot our preferred scenario.

121



(=]

0.40 |48 AFT . MTL£SD
: Model  7.63 14.46%1.42
0.35 | Measured 7.61 ~ 14.76£1.16

L]
o

O GOF 0,98 0.41
D40 0.30
% 9
60
5 50.25
&80 20.20
[ o 5
2100 Lo.15
[}
F120 0.10
140 0.05
160G 0 10 20

49) AFT MTL+SD

Model .- 7.51 - 14.2441.68
Measured 7.50 14.3541.42
| GOF 099 047 .

10

( :0 - - 045 1.3 AFT | MTL:SD

20 0.40 | Model 558 14.50+1.12
| Measured 5.55 14.48+0.96
040 035 1GoF 095 091
g i
= $0.30
w60 =
2 Lo.25
® 80 o
gﬁl ©0.20 |
('
E %0 0.15
120 A
140 0.05
& 0 10 20
0
1{69) AFT  MTLSD
20 ] 045 | Model 463 14624105
e | 0.40 | Measured 4.65  14.83+0.82
040 GOF = 098 077
R 035
260 200 |
Ta0 5025 -
(7] @ ]
£100 [£0.20 -
(7]
120 015
0.10 -
e 0.05 -
160 —
0 10 20
0.45 {70) AFT | MITLSD

_— Model ~ 4.20 14.79+1.26
g Measured 4.20 | 14.98+0.92
0.35 | GOF 098 060 [

£0.30
=
®0.25
=2
ge.za :
Y015 |
0.10
0.05

! \
0 10 20

Time (Ma) Length (um)

Fig. 5.4Thermal modeling of AFT ages and track-length thstions for samples from the Sierra Nevada,
obtained with the HeFTy code (Ketcham, 2005). Resake displayed as time-Temperature paths (left
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Histogram of measured confined track lengths isrlaire by a calculated probability density functiéor the

best-fit history (right diagrams). Note that modktel paths are well constrained only within theZP@ellow
band).
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5.5 Discussion and conclusions

Current tectonic models suggest that surface upfifthe VA began during the Miocene
(Colletta et al. 1997; Mann et al. 2006), and timatjor exhumation occurred during the
Pliocene (Kohn et al. 1984). Our data and numermaldelling demonstrate that Late
Neogene exhumation of the VA was diachronous actbesBocono Fault. Rapid Late
Miocene exhumation in the Sierra Nevada implied ttrastal thickening and (oblique?)
compression were well established by that times fase coincides with major shortening
and exhumation in the Eastern Cordillera of Colan@omez et al. 2005; Parra et al. 2009),
possibly in response to Late Miocene accretiorhef Ranama arc to the western margin of
Colombia between 8-12 Ma (Cediel et al. 2003). $gbent rapid exhumation of the Sierra
La Culata in Pliocene times implies continuous aquodi convergence of the Maracaibo Block
and South America, contrasting with present-datotec escape of the block and transtension

along the Bocono Fault (Backeé et al. 2006).
Late Miocene uplift and exhumation of the Sierravél¥a is consistent with Late Miocene

deflection of the Orinoco and Magdalena rivers (Fdl), as inferred from the Neogene
sedimentary record (Hoorn et al. 1995; Diaz de Gani996). During the Late Oligocene to
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early Middle Miocene the Central Cordillera of Colbia was drained to the east, while the
Guyana Shield was drained to the northwest. DuttregLate Miocene, the northern Andes

and their drainages attained their present cordigam (Hoorn et al. 1995).

The structure of the VA has been interpreted asacheristic of an obliquely convergent
mountain belt, in which deformation in partitionedtween compression at the edges of the
belt and strike-slip faulting in its core (Collegtaal. 1997). However, our data imply that the
Bocond Fault also accommodates km-scale vertidaletsf. Uplift and exhumation in the
Mérida Andes are not obviously related to localnges in fault orientation, as the Bocono
Fault segment of the central VA is transtensiomdther than transpressional in the current
tectonic regime (Backé et al. 2006). Instead, wggest that temporal changes in boundary
conditions, related to accretion of the Panamg@edliel et al. 2003) and clockwise rotation
of the Maracaibo block (Montes et al. 2005), canth® spatial and temporal patterns of

exhumation observed in the central VA.
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Chapter 6

VI. TECTONIC VERSUS CLIMATIC CONTROLS ON
EXHUMATION IN THE VENEZUELAN ANDES

Mauricio A BermldeZ® Matthias Bernét Peter van der Be2k

®Laboratoire de Géodynamique des Chaines Alpineijethité Joseph Fourier, BP53, 38041 Grenoble,dé&ran
(mauricio.Bermudez-cella@e.ujf-grenoble.fr / Fa3+476 514058 / Phone: +33 476 635964)

®Laboratorios de Termocronologia y Geomatematicasu®la de Geologia, Minas y Geofisica. Facultad de
Ingenieria, Universidad Central de Venezuela, Geza¢enezuela.

6.0 Abstract

In most orogenic systems it is not obvious if evasind relief development are most
dependent on tectonics or climate. We have stuttiedrelationships between present day
precipitation, stream-power based predictions @&sent-day erosion rates, seismic energy
release, relief and long-term exhumation rategHerVenezuelan Andes. Apatites in modern
sands collected from eight rivers draining the \zerdan Andes were dated with the fission-
track method for establishing sediment provenamtkfar determining catchment-averaged
long-term exhumation rates. A comparison with prasly publishedn-situ apatite fission-
track data shows that detrital apatite fissionkralsermochronology efficiently predicts
exhumation patterns across the mountain belt. Gaohaveraged exhumation rates vary
from <0.4 km/My to the northeast of the main moumthelt, to 0.45 km/My for large
catchment draining the central Venezuelan Andes &8 km/My for small catchments
draining the northwest flank of the orogen. Thesenib difference in catchment-wide
exhumation rates on the northwest and southeasksflaf the mountain belt, despite an
orographic gradient that is responsible for a thmieeincrease in precipitation from northwest
to southeast. Long-term exhumation rates are dyrotmyrelated to relief of the different
catchments, but no or negative correlations exiigt @ither present-day precipitation, present-
day erosion indexes of the pattern of seismic gnezlgase. Different explanations can be put
forward to explain the lack of correlations inclaginon-representativeness of the short-term
precipitation and seismic records on geologicaksoales or insufficient spatial distribution

of the samples. Alternatively, geodynamic reasamstlie lack of correlation could be that
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relief and exhumation in the Venezuelan Andes ageodpled from climate and that

deformation leading to relief growth is mostly aseic.

Keywords: Venezuelan Andes, detrital apatite fission-trackhugnation, erosion index,

relief, climate, relations.

6.1 Introduction

The relative importance of tectonics and climatecamtrolling the relief development and
exhumation of mountain belts remains strongly dedde.g., Molnar and England, 1990;
Burbank et al. 2003; Reiners et al. 2003; Bookhageh Strecker, 2008; Strecker et al. 2009,
Whipple, 2009). Significant problems that limit cability to discriminate between the driving
forces for topography and erosion are (1) the &chiemporal precision with which variations
in exhumation rate, climate and tectonics can belved and compared (e.g., Whipple, 2009)
and (2) the different temporal scales on which éhgocesses are resolved (Burbank et al.
2003; Reiners et al. 2003; Vernon et al. 2009): levithermochronological data record
denudation on million-year timescales, seismicity(oxy for tectonics) and precipitation (an
aspect of climate) records generally do not go bauke than a few tens of years.
Nevertheless, the comparison of spatial patternsomd-term exhumation and short-term
seismicity and precipitation may provide some fosler insights into the processes driving
mountain belt erosion, even in the absence of gtepatial correlations (Dadson et al. 2003;
Vernon et al. 2009; Koons, 2009).

The Andes have figured prominantly in the discus®a climate versus tectonic controls on
topography and denudation of mountain belts becatiske obvious link between laterally
varying topographic characteristics and climatianaon (e.g., Montgomery et al. 2001;
Lamb and Davis, 2003), as well as the strong asynymi@ orographic precipitation
associated with this orogen (e.g., Bookhagen amdcistr, 2008). While many previous
studies have concentrated on the southern andcatémdes (e.g., Strecker et al. 2007; Farias
et al. 2008), attention has recently also shiftethe northern Andes. Mora et al. (2008), for
instance, describe strongly asymmetric deforma#ind exhumation patterns in the eastern
Colombian Andes, which they link to the strong N\E&ecipitation gradient across this part
of the belt.
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In this study, we present apatite fission-track TAHata from eight major river catchments in
the Venezuelan Andes, the north-easternmost extedithe Andes. We compare AFT data
collected from modern river sediments to availabéslrock AFT data of the Venezuelan
Andes (Kohn et al. 1984; Bermudez et al. submitted)rder to test whether they faithfully
record exhumation of the catchments (e.g., RuhlHwodiyes, 2005; Brewer et al. 2006) and to
spatially integrate the still relatively sparsesitis data. The purpose of this study is to
determine provenance of the present day fluviainsexts, and to study the relative controls
of climate, tectonics and relief on the exhumatibthe Venezuelan Andes. For this purpose,
the long-term exhumation rates derived from theitaéthermochronology data are compared
to present-day precipitation rates, seismic eneagy, relief of the individual drainages and
the whole mountain belt.

Our analysis suggests that, in contrast to previtudings in the contiguous Colombian

Andes (Mora et al. 2008), the strong precipitagpadient in the Venezuelan Andes does not
impose a major control on long-term exhumation satestead, catchments draining the
highest central part of the chain, which receivile Iprecipitation but is crosscut by the active

Bocono strike-slip fault, show the highest longsteexhumation rates.

6.2 Tectonic, geomorphic and climatic setting

6.2.1 Geological evolution and exhumation history

The Venezuelan Andes were formed by oblique corererg between the continental
Maracaibo block and the South American plate, dril®y eastward movement of the
Caribbean plate and Miocene-Pliocene closure oPtieama Arc (Fig. 6.1; Case et al. 1990).
The orogen is characterized by high seismicity apdtially variable exhumation since
Miocene times, as recorded by AFT thermochronoldgta (Kohn et al. 1984; Bermudez et
al. submitted, chapters 4 and 5 in this work). Ppaéern of exhumation of the Venezuelan
Andes is controlled by reactivation of pre-existifaglts that delineate individual tectonic
blocks (Fig. 6.1). Bermudez et al. (submitted,ptba4 in this work) delimited at least seven
tectonic blocks with contrasting exhumation andlicgohistories. The most important fault
systems are the right-lateral strike-slip Boconénital-Sur Andino and Caparo faults, and the
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left-lateral strike-slip Icotea, Valera, and Carmaar Burbusay fault systems (Fig. 6.1). The
orogen is bounded by two seismically active thhedts to the northwest and southeast. The
Bocono fault extends from the border with Colomfiia more than 500 kilometers to the
northeast (Fig. 6.1). The Bocond fault zone divittes Venezuelan Andes symmetrically in
its central part, where two separate chains cadigisnguished: The Sierra La Culata to the
northwest and the Sierra Nevada to the southedmtsel two blocks cooled rapidly but
diachronously during the late Miocene—Pliocene (Koét al. 1984; Bermudez et al,
submitted, chapter 5 in this work). In contraste t@aparo and Valera blocks at the
southwestern and northeastern terminations of thene¥uelan Andes respectively,
experienced a phase of slow cooling from the laigo®ene to late Miocene. Both these
blocks are dominated by Paleozoic and Mesozoiavsadiary rocks, whereas Proterozoic to
Paleozoic gneisses and granites are exposed iootieeof the mountain belt, in the Sierra
Nevada and Sierra La Culata ranges. This crystalbasement is flanked by Cenozoic
sedimentary rocks to the north and south (Fig..6.1)
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6.2.2 Relief

The relief of the Venezuelan Andes rises very dgpidithin 50 km) from sea level at Lake
Maracaibo to the north of the belt and in the Basifasin to the south, to close to 5,000
meters at Pico Bolivar in the Sierra Nevada de défiig. 6.2). The central Sierra Nevada de
Mérida and Sierra la Culata ranges count 14 angeaks whose elevations surpass 4,300
meters, respectively, with the Sierra Nevada cairtgi the 3 highest peaks in Venezuela.
These highest parts of the Venezuelan Andes (mleaat®n 3000-3200 m; Bermudez et al.
chapter 4 in this work) have been glaciated dutheg Quaternary; Last Glacial Maximum
moraines occur at 3400-3600 m elevation (Schuld®®4) and older moraines have been
identified at elevations several 100 m lower. Theamelevation of the range is significantly
lower outside of the central Mérida Andes and mifietween 1160 and 1695 m for the
tectonic blocks recognised to the southwest antheast (Bermudez et al. chapter 4 in this

work).

Ociy

A Weteo, station

® |nsitu sample

Q Modern river sample

~72:25° -70.25°

Fig. 6.2.10-km radius relief across the Venezuelan Andempelt over shaded relief image of topography. Peaks
over 4300 m elevation in the central part of thegeare indicated by triangles. Mean relief forheanalyzed
catchment is summarized in Table 6.2.
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The relief of the Venezuelan Andes is shown in F8g6.2; relief was calculated as the
maximum elevation difference within a 10-km radfas every pixel in the digital elevation

model (e.g., Montgomery and Brandon, 2002). Thadusgrelief values (up to nearly 3500 m)
are found along the central Chama River valleycWiiollows the Boconé Fault, and on both
the northwestern and southeastern flanks of thgeoroRelief is lower both in the high central
ranges (Sierra Nevada and Sierra la Culata), dtleetpresence of low-relief glacial erosion
surfaces at high elevations, and in the tectonackd making up the northeastern and

southwestern ends of the range.

6.2.3 Seismicity

Most of the historical and instrumental seismiaityhe Venezuelan Andes is aligned with the
main lineation of the Bocond fault system, whileadler events are scattered within a band
several tens of kilometers wide adjacent to thigt fzone, indicating that many of its branches
are also active faults (Fig. 6.3A). Most of thessaicity occurs along the main trace of the
fault at an average depth about 15 km. The deptitstb increase for the biggest events to the
northwest (Lake Maracaibo basin) and southeastiiiBarbasin) of the surface trace of the
Bocono fault, reaching depths that can exceed 40Aseismic zone of intermediate depth
(~160 km) occurs towards the southwestern bounddrythe Venezuelan Andes and
continuous below the Eastern Cordillera of Colombiais significant concentration of events
is known as the Bucaramanga seismic nest (Schneidet, 1987). More scattered, but
relatively large magnitude (several magnitudes e&jthquakes are associated with the north-
south oriented Icotea, Valera and Burbusay fauttesys to the north of the Venezuelan
Andes.

Focal mechanisms suggest predominantly right-laferdting along the Bocon¢ fault, left-
lateral faulting along the north-south trendinglfato the north of the Venezuelan Andes, and
compression along the northwest and southeastafatelold-and-thrust belts (Colmenares
and Zoback, 2003; Corredor, 2003; Cortés and Aegef005). These focal mechanisms
indicate compressional stress oriented approximaMINW-ESE across the central
Venezuelan Andes, evolving toward a strike-slipimegwith NW-SE directed compression

axis to the northeast.
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Universidad de Los Andes (http://lgula.ciens.ulj.amd FUNVISIS (http://www.funvisis.gob.ve). B) Gulated seismic energy released, calculated frametirthquake
database. Individual earthquakes with magnitudecetirring outside the Venezuelan Andes are indicéte1993/12/31, 70.70 W / 9.65 N, mb=5.4; 2: 200121, 70.96 W
/8.17 N, Mw = 5.6; 3: 2006/01/03, 71.92 W /9.89 Nl = 5.0; 4: 2006/08/04, 70.65 W / 9.97 N, Mw 22pTable 6.2 summarizes the mean cumulated seisndogy

released for each analyzed catchment.
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In order to quantify the effects of seismicity e&asdhe Venezuelan Andes, we compiled the
seismicity record over a twenty year period (fro89Q to March 2009) using data available
from the digital library of the Geophysics Laborgt@f Universidad de Los Andes, Mérida
(http://lgula.ciens.ula.ve/) and the Venezuelan ridation for Seismological Investigation
(FUNVISIS) website (www.funvisis.gob.ve). The datere filtered using two criteria: 1)
epicenters of the earthquakes located betweemdast 72.25°W - 70.25°W and longitudes
7.75°N - 10.00°N, and 2) only data with local magdesM, reported were considered.
Figure 6.3A shows a summary of earthquakes thairoet in the Venezuelan Andes during
the last twenty tears. We calculated the releasgdmsc energy 9 from the local

magnitudes using the classical expression (Gutgrdosat Richter, 1954):
log(Se = 15M, + 48 (6.1)

Released seismic energy values were cumulatednagihtles with radius of 25 km around

the epicenter of each earthquake. Figure 6.3B shbe/gesulting map of seismic energy
obtained from this procedure. The rate of seismmergy release is highest in the central
Andes (Chama catchment) and decreases toward theeast and southwest. However, the
calculated pattern is strongly affected by sevihal > 5 earthquakes that occurred outside of
the Venezuelan Andes themselves, notably a sefrigtsike-slip earthquakes that occurred on

the Burbusay, Valera and Icotea fault systems

6.2.4 Precipitation pattern

The topography of the Venezuelan Andes resultsweladeveloped orographic precipitation
pattern. Moist air masses from equatorial South #eaedn the south need to rise in order to
cross the Venezuelan Andes to the north, causiagyherecipitation on the southern flank of
this mountain belt whereas the centre and nortfienk of the belt are semi-arid. It has been
proposed that the present precipitation/drainagegesy of the Venezuelan Andes started
developing at about 8 Ma as a response to tecignidaven surface uplift (Hoorn et al.
1995; Bermudez et al. chapter 5 in this work). Wareéhused precipitation data from 30
meteorological stations in and around the Venerudélades to elaborate a mean annual
precipitation map for the past twenty years. Théallase was compiled from different
sources: 1) NOAA World Temperature - Precipitation dataset
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(http://bonnet19.cs.qc.edu:7778/pls/rschdata/ edt.stain), 2) Stansell et al. (2006), 3)
Naranjo and Duque (2004), 4) Bio-climatic net sw@as of Meérida
(http://www.cecalc.ula.ve/redbc/colecciones/colenes_datos.html), and 5) Data provided
by Gerard Kopp (pers. comm.) of the Institute foetbbrology and Climate Research,
University of Karlsruhe (Germany) for the Méridamfdspheric Research Station at Pico
Espejo (MARS). The precipitation map shown in Fegé:4 was compiled from these data
using nearest-neighbor interpolation (Arya et &98) and highlights the strong orographic
gradient between the northern and southern flanksthe Venezuelan Andes, with
precipitation ranging from 1.6 to 3.4 m/yr on tleuthern flank as opposed to 0.09-1.1 m/yr
on the northern flank. A particular feature is téd patch that expands into the orogen
between El Vigia and Mérida: hot dry winds from tieeth exploit the Chama River valley to
penetrate deep into the orogen, generating a urigdelimate in this area (Fig. 6.4).

-70.25°

=

A Meteo. Station

® |nsitu sample

0 Modern river sample

Fig. 6.4.Mean precipitation pattern (m/yr) for the last 28ays across the Venezuelan Andes, compiled from
various databases (see text for details), ovedaishaded relief image of topography
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6.3 Detrital apatite fission-track thermochronology

Thermochronology of detrital grains provides infation on cooling rates and exhumation
processes in convergent mountain belts (e.g., Gaveal. 1999; Carter, 2007). Detrital
thermochronology provides a complimentary recordhaf erosional history of a mountain
belt, with respect to local cooling paths deducesinfin-situ samples within the orogen
(Brandon and Vance, 1992). Modern river sedimemtsgrate the recent exhumation history
of the entire drainage basin and provide a spgtialegrated view of exhumation, which may
be the only way to characterise exhumation pattEmnsaccessible areas. In addition, when
source-area age signal are known in some detalmibchronology of detrital material

provides information on sediment provenance (Gagveat. 1999; Bernet and Spiegel, 2004).

6.3.1. Data collection and discrimination of age aoponents

We collected samples for detrital AFT thermochroggl from eight river catchments

draining the Venezuelan Andes. The Coloncito, Chameani, San Pedro, Agua Viva,

Mimbods and Chejendé rivers drain the northern flaaakd the Santo Domingo River the
southern flank of this mountain belt (Figs. 6.15)6.Samples were collected within active
river channel bars at all sites and prepared ustagdard techniques (cf. Bermudez et al.
chapter 4 in this work for details). We aimed taigbat least 100 grains for each sample in
order to attain statistically significant AFT agepplations; this objective was attained for 5

out of 8 samples (Table 6.1), the 3 others havisig stngle-grain ages.

Because detrital thermochronology samples are elgrivom source areas with variable
bedrock ages, they may contain several single-gagm populations (Brandon and Vance,
1992; Garver et al. 1999; Bernet and Spiegel, 2dDd#erent methods have been proposed to
decompose a fission-track grain age distributida its age components, the most popular of
which is a binomial peak-fitting algorithm (Binor)fideveloped by Brandon (1992, 1996).
However, the binomial peak-fitting method is notatly suited to decompose detrital AFT
age distributions that include young ages, as tlamium content (and therefore the track
counts on which the fit is based) are relatively [@.g., Garver et al. 1999). Here, we employ
a recently developed Poissonian peak-fitting metftioel p-partition algorithm of Bermudez-
Cella, 2008; cf. appendix for a brief overview)d®ecompose the grain-age distribution of our

modern river samples. Results were compared witlorBfit as well as a Bayesian method for
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the age-mixture modeling using Markov Chain MontI€ (Jasra et al. 2006) (see appendix

).

Resulting age peaks are reported in Table 6.1 agard-6.5. In most samples, three age
components were detected: 1) a 3-7 Ma, Late MioeeR&ocene component, 2) a 7-13 Ma,
Middle-Late Miocene component and 3) a 16-28 MaelL@lligocene — Early Miocene

component. In the Chama river sample, which dr#eslargest source area, a small (2%)
fourth component was detected at 41 Ma (Middle Begewhereas in the smaller San Pedro
catchment sample, the Oligocene-Miocene peak isletivinto two subordinate components.
The youngest age component is also the largespageaation (31 up to 56%) in most river

samples, with exception of the Chama and Tucareér rsamples, in which the second

component is largest.

135



. Central
Sample River Longitude | Latitude Elevation NO'. of Age (Ma) | P1=SE |0, |[Ni| PxSE |0, | N, | PstSE | ag; | Ns| PstSE | 0, | Na
(m) grains + SE

0206 | Santo Domingo -70.3800 | 8.7600 244 100 7.8+05|52+0.3| 2056|11.8+0.9/2.6|/37|28.0+4.6/7.5| 7 — —
0507 | Chejendé -70.3310 | 9.6556 575 69| 84+04|73+05| 2134(12.0+1.7/2.8{21|28.3+7.5/8.2| 14 — —
0807 | Agua Viva -70.6285 | 9.5489 102 100 11.1+0.8| 46+0.4| 1.436| 95+0.6| 2.333(21.1+£0.9/4.7| 31 — —
1307 | Mimbéds -70.8140 | 9.2473 353 55| 56+04|4.1+04| 1.5327| 83+0.8| 1.121|22.0+8.3/5.6| 7 — —
1607 | San Pedro -71.1202  9.0880 187 68 6.4+05 £8.8|1.228| 81+0.8| 1.6§26|14.5+2.2/2.4|12|27.7+12.13.9| 2
1707 | Tucani -71.2702 | 8.9697 181 105 7.0+x04 |3.4+0.3|1.034| 80+0.5| 1.151|19.5+2.3|5.5| 20 — —
1907 | Chama -71.5294 | 8.4638 408 105 6.9+04 | 29+0.3| 1.333| 82+0.4| 1.949|17.8+2.3/4.1|21|41.4+19.28.3| 2
2607 | Coloncito -72.0653 | 8.2843 438 104 50+0.3|3.2+0.3| 1.149| 7.3+05| 1.342|18.2+3.7/5.3| 13 — —

Table 6.1.Detrital apatite fission-track data from moderrerigamples in the Venezuelan Andes.

Note: Fission-track age is given as central ageefmh populatio;,. SE is the standard fission-track error (Galbratth05),0; corresponds to the standard deviation, lind
to the number of grains that form the populatio®amples were counted with a BH-2 Olympus micrpscat 1250x magnification (dry objective), usingeda value of
288.7 + 5.2 (M. Bermudez) and the IRMM 540 uraniglass standard (15 ppm U). Populations were discaiad with the p-partition algorithm (Bermudez4@eR008; see
text for discussion and appendix section for detail method).

136



Access to the southern flank of the Venezuelan Andeextremely difficult and our dataset
contains only one river draining to the south; 8&nto Domingo River sample shows a
similar grain-age distribution and peak age asrivers that drain to the north (Table 6.1,
Figure 6.5). The Chejendé River and Agua Viva Risamples were collected above and
below the Agua Viva reservoir respectively (Fig)6.th the Valera tectonic block to the
northeast of the main mountain belt. All three Eeak the Agua Viva River sample are
younger than the corresponding peak ages in th@efdé& River and the size of the age peaks
in the Agua Viva sample are more even than in thejéhdé River sample (Table 6.1, Figure

6.5), suggesting mixing in of both younger and olglains.
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Fig. 6.5. Interpolated in-situ fission-track ages map andriéétapatite fission-track central ages for each
catchment. The different populations were discrated using the p-partition method (see Appendikg &rrors
reported in this figure correspond to standard atem (©) of the fission-track age, for each populationeTh
guantities in the parenthesis correspond to pesigendf grains that integrate each population. Sd#eT6.2 for
more information.
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A comparison of these results with predictions frother peak-fitting methods (appendix
figures) suggests that our Poissonian peak-fittimejhod tends to subdivide the AFT grain-
age distributions more finely, with the other methiogpredicting only 2 peaks for most
samples. The Binomial peak-fitting method tendscomcur with ours with respect to the
younger age-peaks but generally does not discrimitize oldest (often minor) peak. The
Bayesian mixture modeling approach, in contrass, difficulties in detecting the youngest
age peak. These somewhat diverging results undettiat fitting age peaks to a single-age
age spectrum remains a somewhat arbitrary exeacidehat age components should not be

taken as absolute entities.

6.3.2 Comparison of detrital and bedrock apatite FTages

Before using the detrital AFT grain-age distribngoof the modern river samples to assess
potential controls on exhumation patterns throughtbe Venezuelan Andes, we need to
answer the question to what degree the detritapatferns reflect source-area ages. Previous
studies (Bernet and Spiegel, 2004; Ruhl and Hod2@@5; Brewer et al. 2006) have shown
that detrital thermochronology faithfully recordeusce-area exhumation in a number of
different settings. Here, we compare our detritdlTAgrain-age distributions to previously
published bedrock AFT ages of the Venezuelan Arfledin et al. 1984; Bermudez et al.
submitted a, b). Bermudez et al. (chapter 4 is Wdrk) proposed a map of bedrock AFT
ages for the Venezuelan Andes (Figure 6.5), coct&duby interpolating the ages within
different tectonic blocks using a spline with barsi method (Terzopoulos, 1988) and
considering the major fault systems defining theck$ as barriers. Note, however, that the
distribution of bedrock AFT ages along the VeneaneAndes is still relatively limited, the
database consisting of only 68 samples. Figureé@n@pares the probability-density function
(PDF) of selected detrital samples with that defiie®m the interpolated map of bedrock
ages in their respective catchments. Both thetdkgrain-age distributions and the modelled
bedrock age distributions were decomposed intopagelations using the p-partition method
in order to compare the peak ages. We also showletine age-distributions (CDF) and
calculate the Kolmogorov-Smirnov (KS) statistic veeén the detrital and model bedrock
CDF (Conover, 1980). Note that we do not weightriwel bedrock distribution according
to AFT age or inferred exhumation rate, i.e. we roid supposea-priori that short-term
erosion rates reflect long-term denudation rates. aléo do not take potential variations in

apatite content for different lithologies makingtiye catchments into account.
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The quality of the comparison between detrital &edrock data strongly depends on the
density of available bedrock ages, as shown bydneexamples of the Chama, Agua Viva-
Chejendé, Santo Domingo and Coloncito catchmertis. Chama River (Fig. 6.6A) is the
largest catchment sampled in this study. Interpmiadf the 32 available bedrock AFT ages,
including two age-elevation profiles (Kohn et a8%; Bermudez et al. submitted, chapter 5
in this work), resulted in 1857 modelled bedrockTARges within the river catchment.
Decomposition of the observed grain age distrilbutiath the p-partition method provides
four AFT age populations for the detrital sampl®©(2 0.3, 8.2 £+ 0.4, 17.8 £ 2.3, and 41.4 +
19.2 Ma) and three for the modelledsitu AFT ages (3.0 £ 0.6, 5.7 + 0.8 and 18.2 £ 1.7 Ma).
The three youngest populations are very similae Tdurth detrital population of 41.4 Ma
was not detected in the modeled bedrock ages, pileecause of the limited and fairly
localized dataset of bedrock AFT ages in the ca&timThe comparison between CDF
confirms these observations; the KS statistic @6(Qfor a p-value of 0.5; Conover, 1980)

indicates a good fit between the two CDF.

Figure 6.6B shows the comparison for the Agua \amed Chejendé detrital samples. The data
of both samples were combined and the p-partitigoprdhm was applied on the combined
sample (169 grains) to distinguish three age pe&ksO + 0.3, 12.6 £ 0.8 and 22.2 + 0.9 Ma.
The 17 available bedrock AFT ages were used torgen@015 modelled AFT age for the
catchment. Using the p-partition method, three pgeulations of 5.3 £ 1.6, 8.9 + 3.4 and
36.3 £ 3.8 Ma can be obtained from the modelle@.d@he two youngest age peaks for the
modelled bedrock age distribution are within erobrthe detrital age peaks. The third age
population is significantly older in the modelleddoock age distribution than in the detrital
distribution, but the detrital PDF shows that thenple may in fact contain a population older
than 25 Ma. However, the comparison between CDFRhisrsample indicate that only the two
first component of age are reproduced by the ungdtta, the KS value of 0.62 indicates large
differences between the two CDF. In particular, madelled bedrock age map predicts ages
>30 Ma for a very large part of the catchment lywghin the Valera block (Fig. 6.5),
extrapolated from only a few ages in the southafye more data are needed toward the
north of this block.
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Fig. 6.6. Comparison between detrital AFT age distributioleft (plots) and interpolated bedrock fission-track
data (central plots) for A) Chama, B) Agua Viva-{@mé, C) Santo Domingo and D) Coloncito rivers (cf
location on Fig. 5). Age distributions are shownhéstograms and probability-density functions (PDRye
components and standard deviations, as determipetebp-partition algorithm are indicated. The tigiots
show cumulative probability-density functions (CDBJ detrital and bedrock fission-track ages. THg-¥alue
indicates the degree of fit between the distributipven by detrital (dotted line) and bedrock dalbKS < 0.5
the null hypothesis of similarity between detraald in-situ fission-track age distributions carelbeepted.
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The results for the Santo Domingo and Colonciteloaients are shown in Figures 6.6C and
6.6D respectively. For the Santo Domingo River, @66ital AFT ages were compared to 430
modelled bedrock AFT ages for the catchment. Howetie 430 modelled ages are based on
only three bedrock AFT samples, which is obviousiufficient for reproducing a good fit
between the detrital and modelled bedrock AFT d#&% = 0.66). Only the youngest age
population of the detrital sample was detected wh#hmodelled bedrock AFT ages. For the
Coloncito River, only the two youngest age popoladi were found in the bedrock data,
which is reflected in an acceptable fit (KS = 0.48tween the CDF. For both drainages,
much more bedrock AFT data would be needed to m®dugood fit. Nonetheless, these
examples show that a comparison is feasible andrlinds the coupling between detrital and
bedrock AFT ages, indicating that a sample of moderer sediment reproduces the ages
within the catchment. As a consequence, we camhaséetrital AFT ages to infer exhumation
rates in areas where none or only very few bedAleK ages exist, as for example in the

smaller catchments of the Tucani, Mimbds, and SalndPrivers.

6.3.3 Implications for sediment provenance

The different age populations can be comparedaspatial distribution of bedrock AFT ages
(Fig. 6.5) to determine apatite provenance (Hurfandl Carter, 1991; Bernet and Spiegel,
2004; Carter, 2007). The youngest group of bediagpds, between 1.3 and 3 Ma, is found
only in the Chama River drainage. This correspdodée youngest AFT age component of
2.9 Ma detected in the Chama River sample. A priebsdiurce for this young age component
is the EI Carmen block, located within two brancbéshe Boconé fault system and rapidly
uplifted and exhumed during Pliocene times (Kohraletl984; Bermudez et al. submitted,
chapter 5 in this work). A second possible souecein could be the Mesa Bolivar granite to
the south of the town of El Vigia (Figures 6.1,)@Hat is characterised by AFT ages of ~2.5
Ma (Kohn et al. 1984; Bermudez et al. chapter this work).

Early Pliocene AFT ages of 3-5 Ma, as well as Miecene ages of 5-8 Ma are widespread
on both flanks of the mountain belt, in the Escarsierra Nevada and Sierra La Culata
blocks. These age groups have been detected i@dlummcito, Tucani, San Pedro, Mimbds,
Agua Viva-Chejendé and Santo Domingo catchmentghwbartly or completely drain these

blocks.
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Detrital age populations between 8-16 Ma appedhénTucani, San Pedro, Mimbds, Agua
Viva-Chejendé and Santo Domingo River samples. mbst likely source for this AFT age
population appears to be the Valera granite, expaseng the southernmost branch of the
Valera fault system (Figs. 6.1 and 6.5). That #gse population also appears in small north-
flowing river that do not drain the Valera granfieicani, San Pedro and Mimbds rivers), has
three possible explanations: 1) the 8-16 Ma dét#BT ages are related to sediment
recycling from inverted foreland basin sedimentsphserved in detrital deposits elsewhere
(e.g., van der Beek et al. 2006). 2) These AFT agege from local sources in the Sierra La
Culata on the northern flank of the Venezuelan Ander instance, remnants of the Mesozoic
sedimentary cover, Figure 6.1) that have not baempted forin-situ AFT thermochronology.

3) The interpolated map of bedrock ages is basedsparse data in the north-central
Venezuelan Andes (Figure 6.5). This uncertaintyldtaaiso explain why this AFT age
population appears in the Santo Domingo River sarapd would suggest more widespread
occurrence of Middle Miocene AFT ages in this pafritthe Venezuelan Andes. Middle
Miocene ages have also been locally encounteratieanEscalante and Caparo blocks (in
particular in the Canagua area (Figs. 6.1 anddh#)could be the sources for the P2 and P3

peaks encountered in the Chama and Coloncito saeples.

The oldest detrital AFT populations of 21-41 Ma dam linked to two slowly exhuming
source areas where such bedrock ages have beeun&real; the Caparo Block for the
Chama river sample, and the Valera Block for thenbtis, Agua Viva, Chejendé and Santo

Domingo river samples.

6.4 Predicted exhumation and erosion patterns

6.4.1 Long-term exhumation rates

The detrital age distributions can also be usgardoide predictions of long-term catchment-
averaged exhumation rates, which can be comparadotieled short-term erosion rates as
well as potential control parameters. We employinaple 1-D steady-state thermal model
developed by Brandon et al. (1998; see also Ehg&85; Reiners and Brandon, 2006) to
convert detrital AFT ages to exhumation rates. fis model does not take either transient

thermal effects (e.g. Rahl et al. 2007) or the 8ffiects of topography (e.g., Whipp et al. in
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press) into account, predicted exhumation ratesildhibe considered first-order estimates.
Parameters used for these calculations are a sutéagperature of 25°C, layer thickness to
constant temperature of 40 km, thermal diffusivify25 knf My™, heat production of 1 °C
My™ and a temperature at the base of the layer oP65@mplying a pre-exhumation surface
geothermal gradient of 16.5 °C/km (Bermudez etsabmitted a). The model iteratively
calculates an exhumation raté)( cooling rate, closure temperatufie)(and -depthz;) from

the AFT ages, using the Dodson (1973) equatiorokeesfor the closure temperature of the
thermochronometer (in this case: AFT) and a stesale thermal structure to relate this to the

closure depth. The predicted cooling age is thezstenated asZ%.
&

For each detrital sample, we use the above proedduranslate single-grain detrital ages into
exhumation rates, which we then combine to prealicatchment-averaged exhumation rate.
In order to include the expected effect that rgpiedkhuming areas of a catchment will
contribute more sediment (and thus more datablatemaains), we calculate the long-term

catchment-averaged exhumation rage)( as the mean of the single-grain exhumation yates

weighted by the single-grain ages:

N
Z[é’xagdj
g.l_ :—J:]l-\l (52

Z(age)j

j=1
whereN is the total number of grains in the sames the calculated single-grain long-term
exhumation rate andge is the single-grain FT age. Results are shownabld 6.2. The

smaller north-draining catchments of the Tucanimbtds, San Pedro and Coloncito rivers
have relatively high long-term erosion rates of5~Bm/My, followed by the Chama and
Santo Domingo River catchments with about 0.45 ky/dhd the Agua Viva-Chejendé River

catchment with a relatively slow long-term erosiate of <0.4 km/My.

6.4.2 Short-term erosion patterns

The above long-term exhumation rates can be comparmodel predictions of the intensity
of short-term erosion using the erosion-index ap@hnoof Finlayson et al. (2002). The
erosion-index can be calculated in different waysdunction of stream power, which is the

rate of potential energy expenditure by flowing evand has been used extensively in studies
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of erosion, sediment transport, and geomorpholagy aneasure of the erosive power of
rivers and streams (Wilson and Gallant, 2000). @&halysis is based on a prediction of
bedrock incision rate as a function of stream pogénlayson et al. 2002; Tucker and
Whipple, 2002):

e=k AMS" (6.3)
where ¢ is the local incision ratéys is upstream drainage area (used as a proxy dialige),
Sis local slope, andh, n andk are constants. The paramekeis mainly related to bedrock
erodibility. Considering the similar geologic ancographic conditions of the studied
catchments and the lack of information on relataredibility of the different lithologies
outcropping in the Venezuelan Andes, we takid be uniform throughout the study area.

Settingk to unity, the predicte@ is the erosion index in the case of uniform priaion.

With the purpose of incorporating spatial variation precipitationP and studying their
influence on the erosion index we also appliedfdtiewing prediction fore:

e =Y (AP)s 6.4)
whereA, is the pixel area and the summation sign impli@sraing the precipitation over

each pixel within the catchment. We teemthe precipitation erosion index.

Different m and n values can be employed in equations (6.3) and, (6&pending on the
control of river incision rates by total stream mowstream power per unit channel width or
shear stress (Finlayson et al. 2002; Tucker andof¥i 2002): in the case where incision is

controlled by total stream power (TSR}1, n=1; for incision controlled by stream power per

unit channel width (USP)r,n:%, n=1; if incision is controlled by fluvial shear stge(SSP),

2
m==,n=—.
3 3

Normalized erosion index maps for the Venezuelanlesn predicted by the six possible
models (TSP, USP, SSP, uniform or spatially vaegbkcipitation) are shown in Figure 6.7.
These maps emphasize distinct zones of high ergmitential associated with the steepest
terrain and largest discharge of the main rivefrauniform precipitation is considered, the
most important zones of high erosion potentiall@f YVenezuelan Andes are located in the

central Chama and Santo Domingo valleys, with s@apnregions of high erosion potential
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on both the northern and southern flanks. Consdtyjemder this assumption the Chama and
Santo Domingo rivers, together with the small catehts (Tucani, San Pedro, Mimbds) on
the northwest flank of the orogen, have high reéagrosion indexes (whether considering
TSP, USP or SSP) with the peripheral Coloncito Agda Viva-Chejendé river catchments

showing lower erosion indexes (Table 6.2).

When the precipitation data are incorporated inetfesion index predictions, the results differ
significantly due to the strong orographic effeEtglre 6.4), which would imply that the
southeast flank of the orogen should erode morglsaphan the northwest (Figure 6.7). In
particular, the predicted high relative erosionexdn the central Chama valley disappears
when precipitation is taken into account, due te fironounced aridity of this valley.
Consequently, the southeast-draining Santo Domicgjchment is predicted to have the
highest relative erosion index (whether considerirgf, USP or SSP), followed by the
Chama River catchment. Incorporating spatially alsle precipitation lowers the relative
erosion index values for the small north-westercahi, San Pedro and Mimbds catchments,
which become indistinguishable from those for thexigheral Agua Viva-Chejendé and

Coloncito catchments (Table 6.2).
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. Seismic | Seismic
Catchment (krrf/}VIy) (rrI?Iy) Energy* Ener%yz Relief (m) TSP USP SSP TSP Prec USP Prec SSP Prec
(x109) | (I/m’)
Santo Domingo 0.44 1.91 1.21 381 1285 0.75 0.77 0.86 0.70 0.70 0.76
Agua Viva-Chejendé 0.37 1.11 1.72 506 1058 0.72 0.68 0.74 0.66 0.59 0.62
Mimbds 0.50 0.90 1.43 482 1663 0.73 0.75 0.84 0.65 0.65 0.70
San Pedro 0.50 0.77 0.65 422 1861 0.73 0.78 0.88 0.62 0.64 0.69
Tucani 0.47 0.80 1.00 632 1591 0.75 0.81 0.91 0.63 0.66 0.72
Chama 0.44 1.15 2.12 1786 1386 0.76 0.79 0.88 0.67 0.66 0.71
Coloncito 0.53 0.98 0.49 154 1817 0.72 0.73 0.81 0.65 0.62 0.68

Table 6.2.Measures of long-term exhumation and potentialrobptarameters for each catchment.

Note: The Agua Viva-Chejendé catchment results werabined for this analysis: | is catchment-averaged long-term exhumation rate détechfrom detrital AFT data

(cf. Section 4.1)P is mean annual precipitation for the past twentsgrgefrom NOAA World Temperature and Precipitatioatéset (http://bonnet19.cs.qc.edu:7778/pls/
rschdata/rd_start.main), Stansell et al. (2006yaNja and Duque, (2004), bio-climatic net statiohd1érida (www.cecalc.ula.ve/redbc/colecciones/colenes_datos.html)
and data provided by Gerard Kopp (pers. comm.kriiei energy represents the cumulative seismic gnetgased during the last 19 years after data fumiversidad de
Los Andes (http://lgula.ciens.ula.ve/) and FUNVIgI@vw.funvisis.gob.ve) and estimated for each caieht (1) from the map of cumulated seismic enegdgase within
25-km radius windows around each earthquake (Fi§uBB) and (2) by summing the seismic energy releédsy earthquakes occurring within each catchmedtdividing

by catchment area. Relief was calculated using amiQadius after Montgomery and Brandon (2002). Tital Stream Power (TSP), Shear Stress (SSP) aifdri

Stream Power (USP) are used as predictors of shont-erosion rates (Wilson and Gallant, 2000; Fsan et al. 2002; Tucker and Whipple, 2002) andwated as
explained in Section 6.4.2 assuming spatially @msprecipitation. TSPprec, SSPprec, and USPpretharsame erosion indexes but taking spatialliabbe precipitation

into account. Erosion indexes are given as log-atised values.
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Fig. 6.7.Normalized stream power index map across the VateauAndes. Left columns (A, C and E) take spatiall
variable precipitation into account (stream powalcglated following equation 3); right columns (B, F) assume
spatially constant precipitation (stream power @lalied following equation 2): A, B) Total StreamviRw (TSP)m = n=

1 in equations 6.2, 6.3); C, D) Unit Stream Povi#BR;m =0.5;n = 1); E, F) Shear Stress (S$®=0.33;n = 0.67).
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6.5 Discussion

6.5.1 Relations between tectonics, climate and erio® in the VA

Whether long-term exhumation rates in mountainsbate controlled to a first degree by tectonic or
climatic factors remains a matter of debate. Soutkass have argued for strong coupling between
long-term exhumation and precipitation, for inseufar the Central Andes (Montgomery et al. 2001)
or the Washington Cascades (Reiners et al. 2008)e wthers argued for decoupling between long-
term exhumation and precipitation, such as in #@ral Himalaya (Burbank et al. 2003) or in the
European Alps (Vernon et al. 2009). Recently, Metral. (2009) have argued for coupling between
precipitation and exhumation rates in the Eastarrdilera of Colombia, which is contiguous to the

Venezuelan Andes. Are long-term exhumation rateahenvVenezuelan Andes controlled by present-
day precipitation rates? If they are uncorrelatath yprecipitation, what could be the controlling

factor driving exhumation? The underlying questisn how strongly are tectonic and climatic

processes coupled and on which timescales? Tablsunmarizes our observations on long-term
exhumation, predicted relative short-term erosionl @otential controlling factors for the eight

studied catchments in the Venezuelan Andes. Thiéeaolga lies in comparing exhumation rates over
several million years, derived from AFT ages, witiesent-day precipitation or seismicity data that

was collected over the past 100 years in the lasstsc

In order to gain insight into the potential consroh erosion and exhumation rates in the Venezuelan
Andes, we have calculated Pearsonian correlatiefficents between each of the measures reported
in Table 6.2. Table 6.3 summarizes the resultdisfdnalysis. Given that we compare all variables
for 7 catchments, correlations are statisticalgngicant (at a 95% confidence level) for a Pearson

correlation coefficient 0.7.
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. Seismic | Seismic _
Variable € P Energy’ | Energy? | Relief TSP USP SSP | TSPPre¢ USPPrac SSP Prec
kmMy) | (W) | gy | @imd) (m)
&r (km/My) 1
Precipitation (m/y) -0.39 1
Seismic Energy (x10" J) -0.70 0.26 1
Seismic Energy (J/m?) -0.32 0.01 (0.76) 1
Relief (m) 0.95 -0.58 -0.74 -0.29 1
TSP -0.16 0.36 0.43 0.70 -0.21 1
USP 0.38 -0.07 -0.10 0.39 0.40 (0.78) 1
SSP 0.43 20.10 0.16 0.33 046 | (0.74) (1.00) 1
TSP Prec -0.46 (0.94) 0.48 0.19 -0.66 0.35 -0.18 -0.22 1
USP Prec 0.17 0.54 0.04 0.21 0.05 | (0.79) (0.75) (0.75) | 0.43 1
SSP Prec 0.31 0.48 -0.10 0.13 0.18 | (0.74) (0.78) (0.78) | 0.35 (0.98) 1

Table 6.3.Pearsonian correlation coefficients between measafi€able 6.2 for all catchments.
Note: All variables calculated as in Table 6.2.0éa in bold represent statistically significantretations at the 95% confidence level (according test for zero correlation based
on t-statistics with n-2 degrees of freedom; Conp¥880). Values shown in parentheses indicatétroorrelations, because the linear dependentkedtfivo compared variables

is expected.
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Figure 6.8 shows how long-term exhumation ratethenVenezuelan Andes correlate with
different potential control parameters (relief,ssaic energy release, precipitation, present-day
stream power). A first observation is the very strgositive correlation (r = 0.95) between
long-term exhumation rates and relief, implyingtttiee present-day relief of the Venezuelan
Andes is adapted to the long-term exhumation rafks. correlation we find here is much
stronger than that reported, for instance, in theopean Alps (Wittmann et al. 2007; Vernon
et al. 2009) or in the San Bernardino Mountain€alifornia (Binnie et al. 2007). The reason
for this is probably the comparably lower exhumaticates and relief values in the
Venezuelan Andes, so that bedrock landsliding oestiold slopes, which tends to decouple
relief and exhumation rates (Montgomery and Bran@@®2) is less important with respect
to these other mountain belts. In effect, a langgprtion of slopes close to the threshold for
landsliding is only encountered in the central Giddevada and Sierra la Culata blocks of the

Venezuelan Andes (Bermudez et al. chapter 5 invibig).

In contrast, long-term exhumation rates appeaetddroupled from present-day precipitation
rates; they appear even (weakly) negatively cardlavith present-day precipitation (i.e.
highest exhumation rates occur on the dry northvdlask of the orogen). Also, whereas
short-term erosion indexes (i.e. TSP, SSP or U$®)aly weakly correlated to long-term
exhumation rates, the correlations become even avemknegative when spatially variable
precipitation rates are taken into account in thieudation of these measures (TSP Prec, SSP
Prec or USP Prec). The lack of correlations suggbsit the present-day precipitation pattern
does not strongly control long-term exhumationgatethe Venezuelan Andes, in contrast to
what has been inferred for the contiguous Eastemdilzra of Colombie (Mora et al. 2009).
Two caveats need, however, to be recalled befaneleding from this data that climate and
exhumation are decoupled in the Venezuelan Andes:the relatively limited spatial extent
of our sampled catchments, for which the wet sautfiank is clearly under-represented and
second the timescale problem already mentionedqusly. Considering the first, it is clear
that our dataset would benefit from inclusion ofrencemote south-flank catchments. As for
the problem of comparing measurements on stronglgying timescales, whereas we
obviously acknowledge that we cannot readily exlaie the present-day precipitation
measurements several million years in the pastiaveote that (1) the Neogene sedimentary
record of northern South America suggests thatttipegraphic relief of the Venezuelan
Andes and, therefore, its associated orographicimyhas been in place since Late Miocene

times (Hoorn et al. 1995; Diaz de Gamero, 1996Q; @) Quaternary glaciations, which may
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strongly modify erosion patterns in some mountatsh(e.g., Burbank et al. 2003; Vernon et
al. 2009) have been relatively limited in the Vamdan Andes (Schubert, 1984; Stansell et al.
2006).
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Fig. 6.8.Correlation plots for: A) relief versus exhumatiie, B) present-day precipitation versus exhumatio
rate, C) seismic energy calculated in a radius ®fkeh versus exhumation rate, D) seismic energyhi t
catchment divides by the area of catchment vershsreation rate, E) erosion index (Shear StressS#t; 8 =
0.33;n = 0.67) with uniform precipitation (equation 6\9rsus exhumation rate, and F) erosion index (Shear
Stress or SSP = 0.33; n = 0.67) with spatially variable precipitation pigtation (equation 6.3) versus
exhumation rate (For more detailed informationtbeeTable 6.3).

If precipitation does not strongly control longfterexhumation rates in the Venezuelan

Andes, what about a tectonic control? To answes tjuestion, we use cumulative seismic
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energy release as a proxy for tectonic forcing. &ggmate the cumulative seismic energy
released within the different catchment in two eliéint ways: by averaging the values of
Figure 3B within each catchment, or by simply sumghe seismic energy released by each
earthquake within the catchment boundaries and agimg by catchment area. The
difference between the two methods is the extemihizh earthquakes occurring outside the
catchment boundaries are taken into account. Soatewhrprisingly, the predicted
correlations between seismic energy release and Ibng-term exhumation rates and relief
are negative, suggesting that low seismicity asgasassociated with rapid exhumation and
strong relief. We can propose several explanationthis surprising result: firstly, as for the
precipitation data, the short time-scale seismidéya may not be representative of tectonic
forcing over geological timescales. However, thereery little correlation between measures
of seismic energy release and stream-power bassterindexes, suggesting that short-term
erosion rates (if these are correctly predictedheystream-power models) are also decoupled
from seismic energy. Secondly, as noted previouslg, seismic energy release pattern is
strongly controlled by large (Mw > 5) strike-slipréhquakes located outside the Venezuelan
Andes, which contribute significantly to accumuthtgeismic energy in the low-exhumation
Agua Viva-Chejendé catchment for instance. Howeuerrelations on the central Andean
catchments only (i.e. excluding the Agua Viva-Chdg and Coloncito catchments) do not
lead to significantly different results. Thus, welibve the reason for the lack of positive
correlation between seismicity on the one hand,rahef and exhumation rates on the other,
is twofold: first, many large earthquakes havekstslip mechanisms (Colmenares and
Zoback, 2003; Corredor, 2003; Cortés and Angeief5) and thus do not contribute directly
to relief growth; second, a significant part (up9@o) of the deformation in the Venezuelan
Andes may be aseismic (Corredor, 2003) and thengety thus does not capture the true

tectonic deformation field, this means that themetity has changed over geologic time.

6.6 Conclusions

Detrital AFT analysis of modern river sediment s important tool for studying sediment
provenance and long-term exhumation rates in cotrgaieas with difficult access, such as in
the Venezuelan Andes. We have shown that the tggarefficiently records catchment-wide
long-term exhumation rates when comparedntsitu samples. The detrital AFT ages of
seven river drainages of the Venezuelan Andes degm and extrapolate the exhumation
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patterns reported by Bermudez et al. (chapter thismwork) and can thus be used to infer

exhumation rates in areas wharesitu data is absent.

Catchment-averaged long-term exhumation ratesan/gmezuelan Andes vary between 0.37
and 0.53 km/My, with small rivers draining the rowvest flank of the orogen recording the
highest rates (~0.5 km/My), large central catchmestsrding rates of ~0.45 km/My and the
large Agua Viva — Chejendé catchment located toniitheast of the belt the lowest rate
(0.37 km /My). These long-term exhumation ratesredate very well with relief of the

catchments, but correlations with the patterngrefasn-power based predictions of short-term

erosion rates, precipitation and seismic energgasad are weak or negative.

The lack of correlation between long-term exhunratrates and relief on one hand and
precipitation on the other suggests that eithecipitation is not the main controlling factor
for driving exhumation and relief development ire tienezuelan Andes, or that the short-
term record of present-day precipitation is notrespntative of long-term average values. A
similar lack of correlation with seismic energyease is likewise attributed to the different
timescales of observation between long-term exhimmattes and the short-term seismicity
record, together with the fact that many large heprakes have strike slip mechanisms and
thus do not contribute directly to relief growthdathat much of the deformation of the
Venezuelan Andes is aseismic. In order to betterprehend the potential control of climate
on exhumation of the Venezuelan Andes, it is neggs® obtain more data for their remote

southern flank.
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Chapter 7

VIl. STRATIGRAPHY AND PROVENANCE OF THE MERIDA
ANDES PRO- AND RETRO-SIDE FORELAND BASIN
DEPOSITS: INSIGHTS FROM DETRITAL APATITE FISSION-
TRACK THERMOCHRONOLOGY, PALYNOLOGY, AND
SEDIMENT PETROLOGY.

This chapter will be submitted for publication hretnext months once all sediment petrologic
and palynological samples haven been prepared aalgzad. Field work information and

preliminary results are presented in this chapter

7.0 Abstract

The foreland basins on the pro- and retro-sidehef Mérida Andes are filled with Mio-
Pliocene synorogenic sediments. Proximal depoaie heen uplifted and tilted since the late
Pliocene and are now exposed on the northern amthesm flanks of the orogen.
Stratigraphic, thermochronologic, palynologicald getrologic analyses of these sedimentary
rocks provide information on basin evolution, seelirn provenance, and exhumation of
sediment source areas. In this study we presentaletpatite fission-track (AFT) ages of
seven sandstones samples collected from the Bedjégrmation on the northern flank, and
eight samples from the Rio Yuca and Parangula fiioms& on the southern flank of the
Mérida Andes. Furthermore, 27 pollen samples frobemRio Yuca and Betijoque formations
were successfully analyzed, in addition to RockiEamalysis of 7 samples of organic
material from the same formations. The palynolabitata suggest Pliocene depositional ages
for the Betijoque and upper Rio Yuca formationsisTdbservation is supported by detrital
AFT data. The Rock-Eval analyses indicate thatRfeeYuca and Betijoque formations never
reached burial depths sufficient for hydrocarboodpiction and therefore temperatures in
these parts of the two basins were not sufficientrésetting AFT ages. The pollen and AFT
data indicate that the Parangula Formation is pbssi middle Miocene age. All Neogene
sediments deposited in these two basins were derk@n erosion of Mérida Andes
crystalline bedrocks and recycling of sedimentayet units. The observed detrital AFT ages
confirm the episodic nature of exhumation of défar tectonic blocks in the crystalline core
of the Mérida Andes.
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Keywords: Mérida Andes, exhumation, apatite fission-track lgsig, foreland basin,

stratigraphy, palynology.

7.1 Introduction

The Mérida Andes in northwestern Venezuela aradkalt of oblique convergence between
the Maracaibo continental block and the South Aczeplate (Fig. 7.1A; Colleta et al. 1997;

Bermudez et al. submitted, chapter 5 in this woflk)is convergence started in the late
Paleogene, resulting in major surface uplift of Mérida Andes during the Late Miocene

(Hoorn et al. 1995). The growth of the Mérida Andasised the separation of the Maracaibo
and Barinas-Apure basins (Guzman and Fisher, 2086h used to form a continuous basin
bounded by the northern Andes in Columbia to the &W W and the Guyana Shield to the
SE (Fig. 7.1A).

The Mio-Pliocene pro-side foreland basin on thehwn flank of the doubly vergent Mérida
Andes contains molasse deposits that are divideal time Palmar, Isnotu and Betijoque
formations (James, 2000a, b). In the retro-sidelémd basin the Mio-Pliocene deposits
include the Parangula and Rio Yuca formations. tAse formations consist of fluvial

mudstones, sandstones and conglomerates, deriged drosion of the uplifting Mérida

Andes. The synorogenic sedimentary rocks presdrgerécord of Mio-Pliocene erosional
exhumation of the Mérida Andes and are therefoigontant for understanding the long-term

evolution of this mountain belt.

Detailed stratigraphic age information on thesenftions is difficult to obtain, partly because
these units are poor in fossil content and diffidol date with magnetostratigraphy due to
discontinuous outcrops, strong secondary magnitizam some parts, and coarse grained
lithologies. The objective of this paper is to ioype the stratigraphic information on the
Betijoque, Parangula and Rio Yuca formations bysag detrital apatite fission-track (AFT)
ages and pollen samples to determine maximum dépusiages and the exhumation history
of the Mérida Andes, and b) to determine provendmm® sediment petrology and detrital

thermochronology.
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7.2 Geologic setting

Basin formation in north-western South Americatstin the late Jurassic with development
of rift grabens during Atlantic rifting. These rifgrabens were filled with red clastic
sedimentary rocks of the La Quinta Formation. Witintinuous rifting a passive margin
developed during the Early Cretaceous to Paleodeadjng to deposition of the La Luna
Formation, a calcareous shale unit which is thecsowock of 98% of all oil in the Maracaibo
basin today (Escalona and Mann, 2006). The La LEoamation is overlain by Late
Cretaceous rocks of the Colon Formation and thedeahe Guasare Formation. The tectonic
style of the Maracaibo basin changed from a passiaggin to a foreland basin setting in the
late Paleocene because of oblique convergence &etthe Caribbean and South American
plates (Lugo and Mann, 1995). Deformation and serfaplift in the Colombian Andes
increased erosion and clastic sediments were toatespto the Maracaibo basin, resulting in
deposition of the Eocene shallow-marine/deltaicddigormation, with the basin depocenter
being located in the western part of the Maracdiasin. The mainly quartz-arenitic Misoa
Formation is one of the two main reservoir rockshef Maracaibo basin (Escalona and Mann,
2006). The reservoir is sealed by a regional labeeBe/Oligocene unconformity, which
indicates uplift and partial erosion of the basepasits during the Late Eocene. Subsidence
recommenced in the southern Maracaibo basin irEtre/-Middle Miocene with deposition
of the shallow marine clastic La Rosa/Palmar Foionatfollowed by the fluvial Late
Miocene Isnotd and Pliocene Betijoque formationise Tepocenter of this second foreland
basin phase formed because of Mio-Pliocene crisdaling of the Maracaibo block during
oblique collision of the Maracaibo block with theoush American plate (De Toni and
Kellogg, 1993). This collision was driven by Mardmablock clockwise rotation (Montes et
al. 2005), and collision of the Panama Arc with tieethern Andes in Colombia (Kohn et al.
1984; Coletta et al. 1997). The Mérida Andes pdedoreland basin reaches a maximum
burial depth of about 6 km (De Toni and Kellogg93® Proximal parts of the Palmar, Isnotu
and Betijoque formations have been tilted and exg@dong the northern flank of the Mérida

Andes since the Late Pliocene-Pleistocene (Fig)/.2A

The Barinas basin is located on the southern fdfrtke Mérida Andes. This basin is limited
in the southeast by the Guyana shield, in the Wwgsthe Colombian Andes, and in the
northeast by the EI Baul Arch (Fig. 7.1A). DuringetLate Cretaceous passive margin and the
Eocene foreland basin phase this basin was corthectbe Maracaibo basin (Zambrano et al.
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1972; Roure et al. 1997; James 2000a, b; Guzmarrishér 2006). Middle Eocene marine
sediments of the Gobernador and Pagiiey formatiotisei Barinas basin reach a thickness of
up to 1 km. These rocks are partly time-equivaleith the Misoa Formation in the
Maracaibo basin. In contrast to most parts of therddaibo basin, the central part of the
Barinas-Apure basin was affected by subsidencenduhie Oligocene, leading to deposition
of the Carbonera Formation. This formation is nogsprved in the proximal basin units,
which are tilted and exposed along the southemkftz the Mérida Andes today (Fig. 7.2B).
Therefore, the Eocene Pagiey Formation is in dioecttact with the fluvial Miocene
Parangula Formation, which is overlain by the faiviate Miocene to Pliocene Rio Yuca
Formation. In contrast to the northern pro-sidesffnd basin, the Mio-Pliocene southern
retro-side foreland basin reaches a maximum thekioé only 2-3 km (De Toni and Kellogg,
1993; Chacin et al. 2005; JA&come and Chacin, 2008).
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7.3 Stratigraphic analysis and sample collection

For gaining a better understanding of Mio-Pliocetiatigraphy of the pro- and retro-side
foreland basin of the Mérida Andes we studied sediary rock outcrops on both flanks of
the mountain belt. Two complementary sections waeepped and sampled along the Rio
Hoyos and Rio Vichu near the city of Betijoque be horthern flank of the Mérida Andes
(Fig. 7.1B), focusing on the Betijoque FormatiomeTParangula and Rio Yuca formations
were studied along the Parangula River to the aadt south of Barinitas on the southern
flank of the Mérida Andes (Fig. 7.1B).

For detrital AFT analysis a total of 15 samples,155kg each, were collected from medium
to coarse grained sandstones. On the northern, ftanbke samples (H2, H9 and H11) were
collect from the Sanalejos member of the Betijofoemation along the Rio Hoyos section.
One sample (V33) collected in the Rio Vichu sectdso belongs to the Sanalejos member.
The others 3 samples (V90, V95 and V97) collectedagathe Rio Vichu section belong to the
Vicha Member (Figs. 7.2A, 7.3). On the southermklatwo samples (TPG-1, TPG-2) were
collected from the Parangula Formation and six sesngTPMY-2, TPMY-3, TPMY-4,
TPMY-5, TPMY-7 and TPMY-8) from the Rio Yuca Fornuat along the Pardngula River
section (Figs. 7.2B, 7.4).

A total of 125 pollen samples were collected fromdstone deposits, 52 along the Rio Hoyos
section and 73 along the Paradngula River sectian #3). For Rock-Eval analyses, seven

samples of organic material were taken from akéhsections. In addition, sandstone samples
were collected for thin section analysis, 9 aldmgRio Hoyos and Rio Vichua sections, and 17

along the Parangula River section (Fig. 7.4).
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7.4 Methods

7.4.1 Detrital apatite fission-track thermochronolay

For detrital AFT analysis apatites were separateth fwhole-rock samples using standard
crushing, sieving, heavy liquid, and magnetic saf@an techniques. Apatite aliquots were
mounted in epoxy resin and polished to exposenatggrain surfaces. Mounts were etched
for 20 seconds in 5.5 M HN{at 20°C. Eleven samples were irradiated togethtr Rish

Canyon Tuff and Durango apatite age standards RMM-540 uranium glass standards at
the Orphée reactor, Centre d'Etudes Nucléairesadlays Gif-sur-Yvette, France. The other
four samples were irradiated at the Oregon Statedusity reactor, along with CN1 glass

standards, Fish Canyon Tuff and Durango apatitedstals.

During mounting we assured that 500-800 grains waredomly distributed within the
mounts. This helps avoiding sampling bias duringntimg, given the variety of apatites in a
detrital sample with respect to their cooling agel aranium content. Randomly selected
grains were counted at 1250x (dry) using an Olynigids2 microscope. Our goal was to date
about 100 grains per sample, to achieve the redjuegel of statistical adequacy for
provenance studies (Vermeesch, 2004). Howeverfonall samples was it possible to find
that many countable grains because of inclusiosfahtions and poor apatite quality caused
by alteration (Table 7.1).

Observed fission-track grain-age distributions @emonly presented in probability density
functions (PDF). These PDFs can be decomposedniajor grain-age components (e.g.
Brandon, 1992). For discriminating a PDF grain-agectrum into main-age components we
used the p-partition method of Bermudez-Cella (2088d Bermudez et al. (submitted,
chapter 6 in this work). This method has the ach@atthat it is not affected by grains with
low uranium concentrations. The results were coegbawith results obtained using
commercial peak-fitting software (PeakFit 4.12 ofpike International Softwal¥) and the
BINOMFIT software of Brandon (see Ehlers, 2005). dmost all cases there are no
differences between the results given by diffesaritware.
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7.4.2 Palynological analysis

All palynological samples were processed followthg standard procedures of the Hugo de
Vries-Laboratory, University of Amsterdam. One’onfi sample material was taken from each
sample and sieved (220n mesh size). Organic-rich clays and silts weraté@ with a 10%
sodium pyrophosphate (WN&0;.10H,0). Lignites were oxidized with a so-called Schulze
mixture (2HNQ, 60%; KCIQ, 7%). Bromoform with a density of 2.0 gsftmvas used to
separate the organic/inorganic fraction and tha@mgresidue was mounted in glycerine and
sealed with paraffin. Sporomorphs were counted agra Hoorn, taking a minimum pollen
sum of 300 angiosperms. In exceptional cases, woden concentration was very low, a

minimum of 100 angiosperms was counted.

7.4.3 Characterization of organic matter

For Rock-Eval, total carbon and calcium concerdratanalysis, all organic matter samples
were crushed for obtaining an average fins graa sf 5Sum. All the samples were analyzed

at the Institut des Sciences de la Terre, UniveRiérre et Marie Curie by Francois Baudin.
7.4.3.1 Characterization by Rock-Eval pyrolysis

An Oil Show AnalyzefOSA) was used for Rock-Eval pyrolysis. The metHogdy for this
technique has been described in detail by Espitli. (1985, 1986). The method requires
heating of about 100 mg of sample material. Thepdans heated at a rate of 25°C/min to
300°C. During the first heating interval (20-300fCa helium atmosphere) free hydrocarbons
in the rock sample are volatilized (peak S1). Dgitime second heating interval (300-600°C at
about 43°C/min) heavy hydrocarbon substances ;of>Gre volatilized (peak S2).
Subsequently the pyrolysed sample is introducemantoxidization oven, using an automated
system. During this phase the sample is heatedSonin to 600°C under an air current. The
CO, produced during this heating interval is detedigdneasuring the thermal conductivity

(peak S4). This cycle of analysis provides theofelhg parameters:

1. The quantity of hydrocarbons (gas and oil) conterihe rock. This is given by peak
S1 and is expressed in mg/g of rock.
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The amount of hydrocarbon products from kerogeoking. This corresponds to peak
S2 and represents the total quantity of oil thatkérogen can provide

The Tmax is the temperature when peak S2 reachedakimum. This parameter is
an indicator of the degree of maturation of theaorg matter.

The content of residual organic carbon, measuredximization, corresponds to peak
S4.

With these parameters the following informatiowcadculated:

1.
2.

The quantity of total organic carbon (TOC) in perce

The petroleum potential (PP) of the rock: PP =S (mg hydrocarbons (HC)/g of
rock).

The hydrogen Index, HI =,0C x 100 (mg HC/g TOC), which is roughly

equivalent to the H/C of the organic matter.

The HI/Tmax diagram allows the characterizatiorihaf degree of thermal maturation of

organic matter in sedimentary rocks. With this tyeplot it is possible to discriminate

four different types of organic matter:

» Type | corresponds to algal organic matter thatdess altered by bacteria.
* Type Il corresponds to marine phytoplankton orgamatter.
* Type lll corresponds to plant fragments in sediraent

 Type IV corresponds to altered organic matter oflatermined biological
source.

7.4.3.2 Determination of total carbon content nentary analysis (LECO)

For this analysis part of the sample is oxidizechigh temperatures (1100°C). The £0
produced during the combustion is detected with arfch-red analyzer, providing the

pondered percentage of total carbon (Ctot) of #mapde with a precision of £ 0.2%. This

measure is made twice. The organic carbon contuortg) is estimated by subtracting from

Ctot the mineral carbon content (Cmin), assumirg this is present only as calcite:

Corg = Ctot - Cmin

or
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Corg = Ctot — (CaCe8.33)
7.4.3.3 Calcimetric measure

Measuring the CaCfconcentration was only possible for two of theesegamples. One
hundred mg of crushed rock sample were attackeld It HCI, and the amount of released

CO, was measured.

7.4.4 Sediment petrology

Descriptions of sediment petrology and sedimentacies from field observations from the
pro- and retro-side foreland basins are presentether below. Microscopic sediment
petrologic analyses have not been done yet, bedaisesection preparation of 29 samples
was delayed but is currently under way at the geotion preparation lab in St. Etienne.
Preliminary sediment petrologic results are preseritere for a set of thin sections of the
Isnoti and Betijoque formations. These sectionsewmeade by students of the Central
University at Caracas in connection with a geolagapping exercise by Jorge Mora in the
1990’s. Even if the exact sample location and igra@bhic position of the samples is
unknown, they provide a first inside in the petgylef the pro-side foreland basin. The thin
sections were point-counted using a BX41 Olympusogeaphic microscope, using 10 —

100x magnification.

7.5 Results

7.5.1 Detrital apatite fission-track thermochronolay

The age range of dated grains and fitted peakagusie p-partition method, of all fifteen
samples are given in Table 7.1, and in the Fig3B,77.4B. All samples failed thg? test,
indicating that grains were derived from variousirses. The discrimination made on the
samples (TPG-2 and V97) that have less than 4hgra not statistically significant.
However, these samples are displayed here (Tab)d=igs. 7.3B, 7.4B.) with the purpose of
studying the sample tendency. Therefore, all thmepsas are characterized by multiple age
populations (Table 7.1). No indications for partiesetting of fission tracks in apatites from
the Pliocene Betijoque and upper Rio Yuca formatiwmere found. For two samples of the

Parangula Formation (TPG1-2), some individual gralmve FT ages close to their
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supposedly early Miocene depositional age (Strapigic Code of Venezuelan Petroleum
Basins www.pdvsa.com/lexico), but no indicationgeviound for partial resetting of apatite
in this formation. The stratigraphic position an®M plots with central AFT ages and
standard deviation of dated sandstones samplegiaee in Figures 7.3 and 7.4 for the
Maracaibo and Barinas basin respectively. For sasnpith more than 40 dated grains more
than four age populations were found. Age poputatiB4, P5 and P6 tend to be much older
than the depositional ages, and in many cases fh@adations are defined by only a few

grains.

On the northern flank, the samples from the Betippéormation provide the following age
patterns (Fig. 7.3B). All samples contain EarlyoPéne to Late Miocene age components.
The first age component (P1) of all samples rarygween 4 and 6 Ma. All samples also
contain a Late to Middle Miocene age component wfl% Ma. In addition, a Middle Eocene

to Late Oligocene age component can be discriminatalmost all the samples (Table 7.1).

The detrital AFT age pattern of samples collectednfthe Barinas basin is slightly different
(Fig. 7.4). Only samples TMPY7 and TPMY8, from thp of the studied section, have young
peaks between about 5 and 6 Ma (Table 7.1), corbjgata the northern flank samples. All
samples, including the two from the Parangula Ftionahave a Late to Middle Miocene age
component of 9 to16 Ma. Furthermore, Early Miocage peaks (16 to 23 Ma) are present in
all samples. Eocene-Oligocene AFT age componentp@orly discriminated in the samples
of the southern flank. Only sample TPMY4, for whigd4 individuals grains were dated, has

such an old peak (Table 7.1).
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Northern Flank
Elevation | Strat. |Central ag€g
FT sample§ N-Lat.| W-Long. (m) Depth +SE N | Pi#SE; | o1 | Ny | P2SE; | o2 | No | PstSE; | 63 | Na| Pi#SE, | 64 | Na| PstSEs | o5 | Ns| PeSEs 65 | Ng| Formation
H2 9.3919] -70.776 279 1082 78+0p 105 5.04p.3 |[L.3 |58 9@401.7| 32| 16.8+x1.4 3.4 13 28.2+#4p 74 |2 Betijoque
H9 9.3883| -70.7707 252 1444 153+15 J9 4545 (.6 |23 M8 2.3] 25| 23.0+1.4 3.8 1 37.7+x2)y 46 [15 62.7+).2 [FO| 1 aEN4| 12.8] 1| Betijoque
H11 9.3839] -70.766]] 306 1811 154+3@9 100 6.040.7 1.3 | 17.2#D17| 1.8 31| 17.4+1.q 2.y J2 28.1+24 {. 12 455+%.4 WB.1| 7 .2#656 81| 1 Betijoque
V33 9.4012| -70.7355 203 1904 10.4+0.6| 49| 5.4+05| 1.3 11 10.1+0p 1pb 2p 15.6xY1 .3 |11 43.6+]13.25]4.2 Betijoque
Vo0 9.399 -70.7321] 449 2160 16.6 + 211 10 4445 P4 |12 #H67] 4.4 14| 33.7¢5.4 6. 61.7£16|5 2.6 |5 Betijoque
V95 9.3976] -70.7274 251 2433 13.8+130 $3 52#1.2 [.6 | 5 A8 2.1| 22| 17.3x1.gd 2.7 15 28.0+x4p 49 |7 403+x1p9 PB4| 2 8BB| 57| 2| Betijoque
Vo7* 9.3956| -70.7233] 238 2698 73+£0f 24 6.4+p.7 1.9 |17 9483| 4.7 7 Betijoque
Southern Flank
TPMY-7 | 8.7207| -70.1757] 191 0 122+1|13 40 59+#0.8 1.4 |13 9#409| 2.4| 18| 22.9+3.4 6. 97.9+0B 99 |1 Rio Yuca
TPMY-8 | 8.6919]| -70.3037 301 66 73+04 1p0 4.8+p.2 .6 |529+@6| 1.9] 37| 21.7+24 51 11 Rio Yuca
TPMY-2 | 8.7183| -70.352§ 300 656 126 +0l5 1200 8.5#.6 Pp.1 |43.6+0.7] 1.7 40] 19.8+1.4 3.f 30 Rio Yuca
TPMY-3 | 8.7247]| -70.3822 320 850 156 +0]8 103 8.4#40.5 p.0 |29.9+0.7] 2.7] 40| 24.6+1.4 3Pp 26 38.7+5[4 43 |7 7536 B7| 1 io YRca
TPMY-4 | 8.7248| -70.3937] 360 1275 156 +05 364 8.540.3 PpP.20{115.6+0.4 3. 162 29.7+1.4 57 5 49.7+50 .6 |23 108.44324.9| 4 Rio Yuca
TPMY-5 | 8.7382]| -70.4052 340 1709 12.2+05 3120 7.740.5 [L.61]|42.3+0.51 1.4 50 18.4+0. 3p %9 Rio Yuca
TPG1 8.7444| -70.4104 390 247 11.4+Q.5 100 8.630.3 |2.1 | 66.0+D.7] 4.5 38| 50.6x15p 13{7 P Parangula
TPG2* 8.7448] -70.411]] 390 2534 143+19 [0 9.741.7 Pp.1 | 5.5488] 1.1 3| 35.7+#12. 8 Parangula

Table 7.1.Detrital apatite fission-track results of samplesif the Betijoque, Rio Yuca and Parangula formation
Note: N is the total number of grains counted;dge given in Ma represent the central age for paghlationP; discriminated by the p-partition algorithm; errafspeak

ages are given 1 SE; N the number of grains counted belong to the mimr P;, ando is the standard deviation in a specific populatiéth samples were counted at
1250x dry (100x objective, 1.25 tube factor, 10lars) by M. Bermudez using a zeta (CN-1) of 1298203 (+1 SE) for samples with an asterisk. Tha of the samples

were dated by the same person using a zeta (IRRWNRpdf 288.66 + 5.23 (1 SE). *The populations diminated for this sample is not statistically sfgrant, because the
numbers of grains counted are lower to 40 graias.FSgures 7.3 and 7.4.
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7.5.2 Palynological analysis

Out of the 125 pollen samples collected in thedfienhly twenty four samples of the Betijoque
Formation and three of the Rio Yuca Formation vegralyzed so far (Table 7.2 and 7.3). The
guantity of pollen was not very abundant. The dibjecwas to discriminate Pliocene and
Miocene biostratigraphic marker species. In Tall@sand 7.3 Pliocene species are given in
yellow, and Late Miocene-Pliocene species are nohikdlue. Reworked Eocene pollen and
dinoflagellates are shown at the bottom of theembllaxonomic references are shown in
Table 7.4. The taxa shown in Tables 7.2 and 7.3eesented in order of first appearance.
The pollen specieg\zolla sp, Botryococcus spand marine palynomorphs (foraminifera/
acritarchs/dinoflagellates) were excluded from toéal. Almost all counted taxa were
included in the pollen sum because when dealing wre-Pleistocene material, it is often

uncertain whether local or regional elements avelued.

Only few and poorly preserved dinoflagellate cyats present in the samples from the Rio
Yuca section in the Barinas baskolysphaeridiunmspp. is the most frequent dinoflagellate,
followed by Spiniferites spp. Rare or single occurrences includeeoligera sp,
Homotrybliumsp. and a questionable specimenDgbhyes colligerum According to Roel
Verreusel (Comm. Pers., 2009) tiolysphaeridiumspecimens bear numerous slender
processes, which is more typical for the “olderbcEne or Oligocene types. The presence of
Areoligera sp and the questionable specimen @phyes colligerum would indicate an

Eocene age, but the poor preservation and theesgdtbccurrences suggest reworking.
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BETIJOQUE FORMATION/SAMPLES & COUNTS

CH105

CH10(

CH11

POLLEN, MORPHOLOGICAL TAXA

Clavainaperturites microclavatus

Cyperaceaepollis sp.

Echitricolporites mcneilly

Ericipites sp.

Heterocolpites incomptus

llexpollenites sp.

Perisyncolporites pokornyi

Monoporites annulatus

Podocarpidites sp.

Proteacidites sp.

Psilamonocolpites sp.

Psilaperiporites minimus

Psilatricolporites crassus

Psilatricolporites operculatus

Retimonocolpites sp.

Retitricolporites irregularis

EXTANT TAXA

Clusiaceae spp.

Draba

Iridaceae?

Hibiscus

Myrtaceae spp.

Oropanax (Araliaceae)

Plantago?

Rubiaceae spp.

Rutaceae spp.

Sapotaceae spp.

Symplocos (Apocynaceae)

cf. Tiliaceae spp.

Valeriana

[y

Weinmannia?

REWORKED

Gemmamonocolpites

SUM

123

101

PTERIDOPHYTES

Cingulatisporites sp.

Echitriletes muelleri

Kuylisporites waterbolkii

Magnastriatites grandiousus

=N

Psilate, monolete

84

DY)

Psilate, trilete (Cyatheaceae)

21

Psilate, trilete (small)

Verrucatotriletes bullatus

Verrucatotriletes sp.

14

Verrucatosporites usmensis

Verrucatosporites spp.

EXTANT TAXA

Hemitelia

Jamesonia

16

Lycopodium foveolate (cf. Camarozonisporites sp.)

Lycopodium jussiaei

Pityrogramma

19

Table 7.2.Palynological counts for Betijoque Formation
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Pollen & Spores (Rio Yuca, Parangula

Betijoque Fms.'

Author

Annutriporites iversenii

Van der Hammen, 1956; Gonzalez-Guzman 1967

Bombacacidites baumfalkii

Lorente 1986

Bombacacidites brevis

Dueias 1979

Bombacaciditespp.

Couper 1960

Camarozonisporitesp. (Lycopodium
foveolate

Germeraad et al. 1968

Cicatricosisporites dorongensis

Potonie & Gelletich, 1933

Cingulatisporitessp.

Thomson, in Thomson & Pflug 1953

Clavainaperturites microclavatus

Hoorn 1994b

Corsinipollenites oculusnoctis

(Thiergart 1940); Nakoman 1965

Crassiectoapertites columbianus

Duefas 1980

Crassoretitriletes vanraadshoovenii

Germeraad et al. 1968

Crototricolpites annemariae

Leidelmeyer 1966

Cyatheacidites annulatus (Lophosoria)

Cookson, 1947

Cyperaceaepollisp.

Krutzsch 1970

Echitricolporites mcneillyi

Germeraad et al. 1968

Echitricolporites spinosus

Van der Hammen 1956 ex Germeraad et al. 1968

Echitriletes cf. muelleri

Regali et al. 1974

Echitriporites trianguliformis

Van Hoeken-Klinkenberg 1964

Ericipites sp.

Wodehouse, 1933

Fenestrites spinosus

Van der Hammen 1956 ex Lorente, 1986

Gemmamonocolpites amicus

Gonzalez-Guzman 1967

Grimsdalea magnaclavata

Germeraad et al. 1968

Heterocolpites incomptus

Van der Hammen 1956 ex Hoorn 1993

llexpollenitessp.

Thiergart 1937 ex Potonie 1960

Jandufouria saemrogiformis

Germeraad et al. 1968

Kuylisporites waterbolKkii

Potonie 1956

Magnastriatites grandiosus

(Kedves & Sole de Porta 1963); Duefias 1980

Mauritidiites franciscoi

(Van der Hammen 1956); Van Hoeken-Klinkenberg
196¢

Monoporopollenites annulatus (also
Monoporites annulatu

(Van der Hammen, 1954); Jaramillo & Dilcher, 2001

Perisyncolporites pokornyi

Germeraad et al. 1968

Podocarpiditessp.

Cookson 1947 ex Couper 1953

Proteaciditescf. triangulatus

Lorente 1986

Psilamonocolpites sp.

Van der Hammen & Garcia, 1965

Psilamonocolpites rinconii

Dueias 1986

Psilaperiporites minimus

Regali et al. 1974

Psilaperiporites robustus

Regali et al. 1974

Psilastephanocolporites fissilis

Leidelmeyer 1966

Psilastephanocolporites schneideri

Hoorn 1993

Psilatricolpites acerbus

Gonzalez-Guzman 1967

Psilatricolporites caribbiensis

Muller et al. 1987

Psilatricolporites cyamus

Van der Hammen & Wijmstra 1964

Psilatricolporites aff. Sapotaceae

Van der Hammen 1956 ex Van der Hammen & Wijnj
196¢

Lanagiopollis crassa (also
Psilatricolporites crassu:

(Van der Hammen & Wymstra, 1964); Frederiksen,

988

Psilatricolporites divisus

Regali et al. 1974

Psilatricolporites labiatus

Hoorn 1993

Ranunculacidites operculatus (also
Psilatricolporites operculatu

(Van der Hammen & Wymstra, 1964); Jaramillo &
Dilcher 200:

Table 7.4. Taxonomic references used for palynological amalys
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Pollen & Spores (Rio Yuca, Parangula Author
Betijoque Fms.'

Tetracolporopollenites transversalis (alsg(Duefias, 1980); Jaramillo & Dilcher 2001
Psilatricolporites transversali:
Psilatricolporites varius Duefias 1983
Retibrevitricolpitessp. Van Hoeken-Klinkenberg, 1964
Retimonocolpitesp. Pierce, 1961
Retimonocolpites longicolpatus Lorente 1986
Retitricolpites simplex Gonzalez-Guzman 1967
Retitricolporites saturum Gonzalez-Guzman 1967
Rhoipites guianensis (also Retitricolporitg&an der Hammen & Wymstra, 1964); Jaramillo &
guianensis Dilcher, 200:
Rhoipites hispidus (also Retitricolporites|(Van der Hammen & Wymstra, 1964); Jaramillo &
hispidus Dilcher, 200:
Retitrescolpite® irregularis (also (Van der Hammen & Wymstra, 1964); Jaramillo &
Retitricolporites irreqularis Dilcher, 200:
Retistephanoporites angelicus Gonzalez-Guzman 1967
Stephanocolpites evansii Muller et al. 1987
Spinozonocolpites sp. Muller, 1968
Spirosyncolpites spiralis Gonzalez-Guzman 1967
Striatopollis catatumbus (also (Gonzalez, 1967); Takahashi and Jux, 1989
Striatricolpites catatumbu
Striasyncolpites zwaardii Germeraad et al. 1968
Verrucatosporitesspp. Pflug 1952 ex Potonie 1956
Verrucatosporites usmensis (Van der Hammen 1956); Germeraad et al. 1968
Verrucatotriletescf. bullatus Van Hoeken-Klinkenberg 1964
Zonocostites ramonae Duefias 1980

Table 7.4(cont). Taxonomic references used for palynologacellysis.
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7.5.3 Characterization of organic matter content

TOC levels of the seven analyzed samples rangeeeet® and 51%. Samples RH5 and
PAS39 can be considered as non-organic matter, Wilk% levels <0.1%, which is the
detection limit of the Rock-Eval analysis. The T@@asurements confirm the LECO Ctot
contents determined for samples CH52 (1), RH3, RBL and PAS39. There was, however,
a significant difference between the percentageBQE and Ctot for the samples CH52 (2)
and RV3. For these two samples calcimetric analysae performed. These analyses show
CaCQ concentrations of 38.5% and 0% for samples CH52(2) RV3 respectively (Table
7.5). Thus the percentage of Corg calculated forpsa CH52 (2) is very close to the TOC%.
In contrast, a 10% difference is found in sample3RWhich is poor in calcite (Table 7.5).
This difference cannot be physically explained. i@ RV1 and RV3 have significant TOC,

in the range of coal (Baudin et al. 2007).

All analyzed samples have a TOC% higher than &,apeak value of S2 greater than 0.1
mg/g. Tmax values between 389°C and 424°C wereardetate only for 4 of the 7 samples
for which the measurement of this parameter washlel (Fig. 7.5; Table 7.5). The measured
values HI range from 9 to 268 mg HC/g of TOC inf4h® 7 samples (Table 7.5).

HI
HI
CacO3 | Tmax s1 s2 TOC Ctot Ctot Corg ©sa) | (LECO)
Sample (%) ©C) (mg/g) (mg/g) (%) LECO LECO LECO mg HClg mg
%) 1 %) 2 (%) 90 HC/g
TOC
CH52 (2) NA 424 12 0.1 1 1 1 NA 12 11
CH52 (1)L| 385 389 0.9 04 47 8.9 9.3 45 9 9
RH3 NA NA 0 0 0.1 0.1 0.1 NA NA NA
RH5 NA NA 0 0 0 0 0 NA NA NA
RV1 NA 400 3.2 16.5 51 50.9 53.3 NA 32 32
RV3 0 397 113 100.3 37.4 46.1 485 46.1] 264 212
PAS39 NA NA 0.8 0.1 0.1 0 0 NA NA NA

Table 7.4.Results of Carbonate content (CaCO3) and Rock-Bwmalysis. Note: NA indicates measure not
available; Tmax is the maximum temperature; S1lcatgis hydrocarbons concentration (gas and oil)eptds

the rock; S2 indicates the amount of hydrocarbomdpced from kerogen cracking. TOC is the weighted
concentration of Carbon Organic Total expressegeitentage; Ctot 1 and 2 correspond to the two imea®f
the weighted total carbon in percentage; Corg ésdbntent of carbon organic; HI (OSA) and HI (LEC¢
measures of the Hydrogen Index.
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Fig. 7.5.Hydrogen Index (HI) versus Temperature maximum (¥)maot, shown for samples CH52 1 and 2
from the Rio Yuca Formation and samples RV1 and R¥& the Betijoque Formation. All four samples wer
not sufficient heated during burial to reach kerogeturation.

7.5.4 Sediment petrology

Point counting results of thin sections availalbtaf the Isnoti and Betijoque formations are
given in Table 7.6 (Mehrkian, 2009) and presentedrigure 7.6. The sandstones of the
Betijoque and Isnotd formations can be classifiedsab-litharenite and litharenites in the
QFL diagram after McBride (1963) (Fig. 7.6A). Foongparison point-count data of the

Eocene Misoa Formation is shown in Figure 7.6B ab {Mousiau, 2009).
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Betijoque Fm.
Isnotu Fm. 0
Misoa Fm. !

y 7 7 7 4 T 7 4 + + 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 80 70 80 90 100

Feldspar Lithoclasts ~ Feldspar Lithoclasts

Fig. 7.6.A) The analyzed samples can be classified as $hdirdinite and litharenites classified after McBride
(1963). B) All samples of the Isnotd and Betijodaemations fall into the “recycled orogenic” fietth the QFL
diagram after Dickinson et al. (1985). For comparipoint-counting results of the Eocene Misoa Faionaare
shown.

Sample | Quartz | Feldspar | Lithoclast
Isnotu and Betijoque Fm
B-113 88.0 3.0 9.0
B-306 49.5 22.3 28.2
1-324 43.6 12.1 44.3
1-325 78.5 9.3 12.2
1-331 44.9 10.2 44.9
1-333 56.2 8.3 355
1-128 60.9 12.8 26.3
I-157 86.4 0.0 13.6
Misoa Fm
S5 96.5 0.3 3.2
S6 98.0 0.3 1.7
S7 98.0 0.0 2.0
S8 96.2 0 3.8
S9 94.9 0.3 4.8
S10 95.5 1.9 2.6
S11 97.7 1.6 0.7
S12 97.4 1.9 0.7
S13 94.0 1.0 5.0
S14 94.0 0.6 14
S15 98.7 0.0 1.3
S16 96.8 0.0 3.2
S17 99.7 0.0 0.3
S18 92.6 2.2 5.2
S19 99.0 0.0 1.0
S20 96.8 0.0 3.2

Table 7.5.Point count results of the Isnotu, Betijoque andddi formations. Results have been normalized to
100%. Up to 300 points were counted per thin-sact®oint-counting results of the Isnotd and Betijeq
formations are from Mehrkian (2009), while Misoarfation results are from Housiau (2009).
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7.5.5 The Rio Hoyos-Rio Vichu stratigraphic section

The Pliocene Betijoque Formation of the Maracailasilm was studied along two river
profiles, the Rio Hoyos and Rio Vichd, to the narththe village Betijoque, in the state of
Trujillo. Because of limited accessibility and poautcrop conditions, our field work was
focused on the upper part of the VichU member andtrof the Sanalejos member of the
Betijoque Formation. The total section that we gred has a thickness of about 2700 m
(Figs. 7.2A, 7.3). For most of the section thetatsdrike and dip consistently at about N58°
NW35°, except at the top of the section where tiperabidly becomes sub-horizontal to the
NW (Fig. 7.2A). While the upper part of the Vichtember contains several meter thick
alternating fine sandstone and mudstone deposgs{HA), the Sanalejos member is marked
by 1 to 2 m thick, mainly matrix supported polymanglomerate layers, alternating with
sandstone and mudstone layers (Fig. 7.7B and C)glGmerate clasts of the Sanalejos
member include gneiss, granite, amphibolites, gands mudstone and vein quartz pebbles
(Fig. 7.3C). Sedimentary structures observed mistone layers of the Betijjoque Formation
include cross-bedding with climbing ripples (Fig.73) or flame structures (Fig. 7.7E).

Certain mudstone layers contain fossil leaf fragimand imprints (Fig. 7.8).
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o X i

Fig. 7.7. A) Alternating fine sandstone and mudstone depasitshe Vichd member. B-D) The Sanalejos
member is marked by 1 to 2 m thick, mainly matniypgorted polymict conglomerate layers, alternativitp
sandstone and mudstone layers. E) Sedimentarytwtescobserved in sandstone layers of the Betijoque
Formation include cross-bedding with climbing riggplor F) flame structures.
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Fig. 7.8.A-D) Leaf fra{gmen:[s found in mudstone layers of Bregijoque Formation. |
7.5.6 Parangula River stratigraphic section

The Parangula Rivers section was studied alondP#réngula River to the west, southwest,
and south of Barinitas in the state of Barinaslendouthern flank of the Mérida Andes. The
total thickness of the section we studied is at®d@0 m (Fig. 7.4). Near the base of the
studied section is the contact to the Eocene Pagidemation. The strata of the Paguey
Formation are gently folded and the southern liniihe anticline strikes and dips N50°

SE37° (Fig. 7.2B). The overlaying Parangula Foromatias a strike and dip of N45° SE44°
near the contact, but the dip angles increasen Bverage to SE60° upsection. Unfortunately
the contact is not exposed. More apparent is tffereince in lithology between shallow

marine, thin bedded quartz rich sandstone layatdtanred fluvial sand and mudstones of the
Parangula Formation (Fig. 7.9A and B). The contativeen the Parangula Formation and the
overlying Rio Yuca Formation is not exposed aldmg Parangula River, but is marked by a
lithologic change to several dm to m thick, beigaydstone and fine to coarse grained
sandstone of the Rio Yuca Formation (Fig. 7.9C @hdFrom about the middle of the Rio

Yuca Formation on first matrix supported polymionglomerate layers appear. These layers
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are more frequent to the top of the section (Fi@E7and F). Similar to the Betijoque
Formation the conglomerates include gneiss, gras@edstone, and vein quartz clasts. Some
mudstone outcrops of the Rio Yuca Formation yielded fragments and ldemisinusfossil
(Fig. 7.10). This gastropod is a neotropical sgaius, whose members almost entirely live in

fresh water streams and, lakes (F. Wesselingh, pensm.).

Eei.

Fig. 7.9.A) Outcrop of red mudstone and sandstone of tharigala Formation W of Barinitas. B) Angular
unconformity (black arrows) between the middle Mine Parangula Formation and Quaternary fluvial
conglomerates of the Parangula River. C-D) Altengatchannel and flood plain deposits of the sandy
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meandering system of the Rio Yuca Formation. B®ymict, matrix supported conglomerate layershe t
upper Rio Yuca Formation

Fig. 7.10.A-B) Gastropod fossil fragmentsiémisinus)and C-D) leaf imprints from mudstone of the Rioc¥u
Formation.

7.6 Discussion

7.6.1 Stratigraphy and provenance of the two forelad basins

7.6.1.1 Depositional environments

The lithologies and sedimentary structures preskivethe Betijoque Formation can be
summarized in two facies. The deposits of the umaet of the Vichi member resemble
deposition in sandy meandering river system, gitrenthickness of relatively deep sandy
channel and fine grained overbank deposits. Thal8@ms member on the other hand seems
to be better characterized as a deep gravel-bed sistem (Miall, 1996). This indicates an
increase in transport energy either associated avitimcrease in slope or discharge. The litho
facies preserved in the Parangula Formation reseebhe-grained meandering river system.
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Energy must have increased in the paleo-drainagiersyin the Late Miocene and Pliocene
during deposition of the Rio Yuca Formation becanfsa change to a sandy meandering to
gravel sand meandering system. Overall the depasitistyle of the Rio Yuca Formation
strongly resembles the middle Siwaliks in Nepal Bhdtan of the Himalayan foreland basin.

7.6.1.2 Depositional ages

As mentioned above, depositional ages of the MioeBhe deposits in the Maracaibo and
Barinas basins, are not well constrained. Our padgical analyses do help us with
establishing at least some age limits. For thej@gie Formation, so far only two samples
from the middle of the section, CH100 and CH105ehbgen analyzed (position RH18 and
RH19 in Fig. 7.7, Table 7.2). These samples containPliocene marker species,
Echitricolporites mcneillyi However, Echitricolporites spinosusCyatheacidites annulatus

andLophosoriaindicate reworking of Late Miocene-Pliocene seditrfeom the lower part of

the section.

For the upper Rio Yuca Formation a Pliocene ad@s®d on biostratigraphic marker species
Echitricolporites mcneillyiGermeraad et al. 1968) in samples CH26 and CHé0gestrites
spinosus(van der Hammen 1956; Lorente, 1986) in sample & I3 phanocolpites evansii
(Muller et al. 1987) in samples CH26, CH38, and GH&nd Striasyncolpites zwaardii
(Germeraad et al. 1968) in sample CH31 (Table 7TBg stratigraphic position of these
samples is shown in Figure 7.4. Similar to the jBgtie Formation Late Miocene-Pliocene
marker specie&chitricolporites spinosugvVan der Hammen 1956, Germeraad et al. 1968),
Grimsdalea magnaclavatgdGermeraad et al. 1968) an@yatheacidites annulatusor
Lophosoria(Cookson, 1947) in samples CH21, CH26, CH31 andldcated in the middle
of the section (location PAS39, Fig. 7.4) indicegeycling of Late Miocene sediments during
deposition of the upper part of the Rio Yuca Foromatwhich therefore has a Pliocene age.
The pollen samples of the Parangula Formation hatebeen analyzed so far and are

therefore not yet available interpretation.

In lieu of more precise biostratigraphic or magssatttigraphic information detrital AFT ages
can be used as a proxy for the depositional agieagoungest grains or peak age in a detrital
age should be the same or older than the depaaitage (Kowallis et al. 1986; Bernet and
Garver, 2005). In case of volcanic deposits, theuiigest) peak age is the same as the
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depositional age, because of very fast coolingp¥ailhg an eruption. However, no volcanic
layers have been observed in the Betijoque, RimMudParangula formations. Therefore the
youngest peak is not directly equivalent to theasdémnal age, but may be close to it, given a
certain lag time and error of the peak age estinTdtes relation only holds if fission tracks in
apatite were not reset after deposition becausbudal heating. HI plotted versus Tmax
presented in Figure 7.5 suggests that samples @H&ZH55 from the Rio Yuca Formation,
and samples RV1 and RV2 from the Betijoque Formatever reached sufficient burial
depth and heating for oil maturation (Fig 7.3, @d 7.5). The Tmax values for these 4
samples are inferior to 430-435°C, which merelyegponds to the beginning of hydrocarbon
formation (Espitalié et al. 1977). Therefore, ARJea were not reset in our samples and the
young peak ages can be used as proxies for depwditages. That the samples were not
heated is not a surprise. While the thermal gradiwithin the Maracaibo and Barinas basins
are not well known, it has been shown that forelbadins in general tend to be relatively
cool, with low thermal gradients of 15-25°C/km (@&dl and Allen, 2005). Assuming a mean
surface temperature of 20°C and a thermal gradie80°C/km even the most deeply buried
samples in our sections have hardly experiencebeganing of partial annealing. Therefore,
samples V97 and V95 of the Betijoque Formationdaté a maximum Late Miocene — early
Pliocene depositional age for the base of the meaetie studied (Fig. 7.3, Table 7.1). For the
Parangula section a maximum middle —Late Miocemmsiion age can be discerned from
sample TPG2 toward the base of the studied se(fign 7.4, Table 7.1). It is apparent that
the ages of the youngest peaks in the two sectemain fairly constant, 4-6 Ma in the Rio-
Hoyos/Rio Vichu section and 9-7 Ma in the ParandRileer section (except for the upper to
samples who have the same young peaks as fountieinBétijoque Formation). This
phenomenon of static peaks will be discussed below.

7.6.1.3 Sediment provenance

Sandstone petrology and pebble lithologies are godidators of sediment provenance. On
both sides of the Mérida Andes the Miocene-Pliocémeland basin deposits received
sediment from the crystalline core of the mountait. This is shown by gneiss and granite
lithic fragments in the sandstones and gneiss, itgraand amphibolite clasts in the
conglomerates. The variety of observed granite a@tudes micro-granular granite, and epi-
granular granite with large feldspars and/or hagnte. Further petrologic work on these

clasts is needed to relate them more closely toolkts#s, Paleozoic and Proterozoic
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crystalline rocks. Beside the crystalline fragmestdimentary rock fragments and clasts are
common. The appearance of sedimentary rock fragneerdén indication of sediment
recycling, particularly during deposition of theidekene Betijoque and upper Rio Yuca
formations. The recycled sedimentary rock fragmemése three possible sources: A)
Mesozoic and Paleozoic cover rocks of the Méridadesy B) shallow marine Eocene
deposits, such as the Pagliey Formation, and Cglmegyof poorly consolidated Middle to
Late Miocene foreland basin deposits. Sedimenteagnfients derived from Mesozoic and
Paleozoic cover rocks can be recognized becaugeatieewell cemented and rounded. Our
pollen analyses show significant abundance of meafdiark brown) Eocene pollen and
dinoflagelates in the Pliocene samples, a cleaication for the recycling of Eocene
sediments. The same is true for the Pliocene sathkgt contain recycled Late Miocene
pollen.

A similar picture emerges when studying the ddt®BT grain age distributions and peak
ages. In Figure 7.11 the AFT peak ages versusgsaphic depth are shown. The youngest
populations P1 and P2 of the Betijoque Formatianpas have more or less static peaks at
~5-6, and 10-11 Ma. The exceptions are samplesavilOv97, in which the 10-11 Ma peak is
missing (Fig. 7.3, 7.11A, Table 7.1). The sampliethe Parangula and Rio Yuca formations
in the Barinas basin show a similar trend. The fi® peaks of samples TPMY7 and TPMY8
are the comparable to the peak ages found in thigo&ee Formation. The stratigraphically
older samples of the Parangula section have “yoyegk ages of about 7-9 and 15-16 Ma.
Older peak ages mainly range between 20-30 Ma ¢€T@Hdl). The question is: What is the

meaning of all these peak ages?

186



0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190
1000

" H2
Kot g Betijoque Fm.

1200

1400
HH e e —— —_— H9

1600
1800 11 HHIOH e 3 ki H11
1 HH o i Vick!

2000
o e —%— (R Va0

2200

2400
M HEH e —%—1 % —a— Vg5

2600
4 —e— Vo7

2800

A

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 ©0 85 100 105 110 115 120 125 130

0 ——tot+—t—m—tt © 1 t & .
TPMY7
o HEH —e— .
Rio Yuca Fm. TPMY8
500 -
TPMY2
I —a—
o —m— —o— —e—1 —_— TPMY3
1000
° = i & ; i > ; 5 A TPMY4
1500 -
e+ HH —oe— TRMYS
2000
Parangula Fm.
; i TPG1
2500 o —a— I i
& HH e TPG2
3000

B
® Pop.1 M Pop.2 O Pop.3 X Pop.4 X Pop5 A Pop‘ﬁ‘

Fig. 7. 11.Up-section variation of AFT age populations: A) iggfue Formation. B) Parangula and Rio Yuca
formations. Component ages were determined witlpthartition method (Bermudez-Cella, 2008, see Aplpe
1, 2) and are given considering the standard dewi&r) on each population.

187



7.6.2 Neogene exhumation history of the Mérida Ande

Bedrock AFT ages of the crystalline core of the iblgrAndes have been published by Kohn
et al. 1984 and Bermudez et al. (submitted; chapteaind 5 in this work). The detrital AFT
ages in the foreland basin on both sides of thentains correspond closely to the published
bedrock ages in the mountains. Apatites with 2Qv0cooling ages are originally derived
from the Valera or the Caparo block (Bermudez etsabmitted; chapters 4 and 5 in this
work). The 7-11 Ma to 15-16 Ma peaks related touextion of the Sierra Nevada and Sierra
La Culata blocks during the middle-Late Miocener(Bédez et al. submitted; chapters 4 and
5 in this work). The youngest peak ages at aroulkth @re associated with exhumation of the
El Carmen block (small Sierra La Culata block, Kadtnal. 1984) for apatites found in the
Maracaibo basin, and exhumation of the Santo Domgreeiss in the Barinas basin. Because
the exhumation of the central tectonic blocks i Mérida Andes was episodic, the detrital
age spectra present static peaks. Sediment reg\afliforeland basin sediments may reinforce
the static peaks in the younger samples furthesagbon. The older, more slowly but

continuously exhuming Valera and Caparo blocks idea “moving” peak signal (Fig. 7.11).

7.7 Conclusions

Oblique convergence between the Maracaibo BlockthadSouth American plate since the
middle to Late Miocene resulted in major surfacéfupnd formation of the Mérida Andes.
Because the Mérida Andes are a doubly vergent rapurielt, two foreland basins
developed. The Maracaibo pro-side foreland basis fwemed on the northern flank, and the

Barinas retro-side foreland basin on the southamkfof the Mérida Andes orogenic wedge.

Contrary to previous estimates, the fluvial Pardadiormation in the Barinas basin seems to
be of middle Miocene age, based on AFT data, bechusal was insufficient for resetting of
fission-tracks in apatite, as shown by Rock-Evallgsis of organic matter. Our stratigraphic,
petrologic, pollen and thermochronologic analysesnanstrate that the lower Rio Yuca
Formation is of Late Miocene age, while the upp&r Ruca Formation in the Barinas basin
and the Betijoque Formation in the Maracaibo basne deposited during the Pliocene. The

detrital AFT data presented in this work are cdesiswith the exhumation patterns and
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tectonics of the Mérida Andes presented by Kohnalet(1984) and Bermudez et al.

(submitted, chapters 4 and 5 in this work).
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Chapter 8

VIll. GENERAL CONCLUSIONS

8.1 Conclusions

The main conclusions of this thesis are:

1) Based on 6&-situ AFT ages, thermal modelling and topographic areslyswas possible

to conclude that:

There are at least seven individual tectonic blocktie Venezuelan Andes: the Cerro
Azul, Escalante, Caparo, Valera, Sierra La Cul&laCarmen, and Sierra Nevada
blocks, characterized by different topographic ardumation patterns. The first four
blocks exhibit lower values of mean elevation, ew 1160 and 1695 m. High
topography between ~3000-3200 m characterizesltiogdlocated in the central part
of the Venezuelan Andes.

Youngest AFT ages (1-3 Ma) and longest mean tregigths (MTL; ~14-15um) are
found close to the Bocond fault, specifically inmgdes from the EI Carmen block and
at the limit between the Sierra La Culata and Estalblocks. AFT ages between 4-8
Ma are concentrated in the central part of the Yealmn Andes, in the Sierra La
Culata and Sierra Nevada blocks, and on both flasikhe chain in the Escalante
block and the Cerro Azul thrust block. The MTL résware compatible with rapid
cooling through the apatite PAZ, followed by reside at shallower depths of these
blocks.

Older AFT ages and shorter MTL (~12-i61) were found in the Caparo block with
ages between 7-30 Ma, which are clearly youngen tha depositional ages of the
Triassic-Jurassic La Quinta formation (Hargraves 8hagam, 1969) from which they
were collected. The Valera block is characterizgdh wide range of AFT ages and
short MTL (~12-13um), increasing from 8 Ma at its southeastern litmit45 Ma in
the north.

The temporal changes in boundary conditions, reélabecollision of the Caribbean
plate, accretion of the Panama arc (Cediel et@3Rand clockwise rotation of the
Maracaibo block (Montes et al. 2005) have causedtiration of pre-existing fault
zones that currently function as right-lateralkssslip (Bocono, Central Sur Andino

and Caparo fault systems), left-lateral strike-§\fplera and Burbusay faults system),
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and thrusts faults. These structures exert thegsgimontrol on exhumation patterns
found across the Venezuelan Andes.

The exhumation patterns are consistent with thtoméx assembly of the Northern
Andes.

2) Based on two AFT age-elevation profiles in tieri@ Nevada and Sierra La Culata, blocks

of the Venezuelan Andes, the data and numericakttiog demonstrate the following:

Late Neogene exhumation of the Venezuelan Andes diashronous across the
Bocono fault. The data imply that the Bocond Fal#to accommodates km-scale
vertical offsets.

Rapid Late Miocene exhumation in the Sierra Nevagaies that crustal thickening

and (oblique?) compression were well establishedthat time, possibly as a

response to Late Miocene accretion of the Panam&oathe western margin of

Colombia during this period.

Subsequent rapid exhumation of the Sierra La CulatRliocene times implies

continuous oblique convergence of the MaracaibaBbind South America.

The maximum surface uplift of the Sierra Nevadaaasistent with Late Miocene

deflection of the Orinoco and Magdalena rivers,irderred from the Neogene

sedimentary record (Hoorn et al. 1995; Diaz de Gajri996).

3) Comparison of the in-situ AFT age database hedritegration of eight detrital AFT ages

from modern river sediments with short-term clirmaéind tectonic records (precipitation,

seismic energy release, and erosion index caloakitipermit to conclude that:

The detrital AFT ages of eight river catchmentdhef Venezuelan Andes reproduce
and confirm in an efficient way the exhumation gats discriminated by in-situ AFT
data.

Detrital AFT thermochronology is an important téof studying sediment provenance
and long-term erosion in complex areas with difticaccess, such as in the
Venezuelan Andes, exhibiting high resolution altimg catchments.

Exhumation rates are strongly correlated to reiethe catchments, suggesting a
strong topographic control on erosion.

There is no strong correlation between long-terruexation rates and present-day

precipitation patterns. In particular, the northsteen flank of the belt appears to be
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exhumed more rapidly than the south-eastern flaelspite a threefold increase in

precipitation from north to south due to the orqipia effect.

4) AFT analysis on synorogenic sediments permitotalude that:

The Pliocene-Pleistocene Betijoque and Late Mioddlimcene Rio Yuca formations
located in the northern and southern foothillspeesively, contain the same record of
exhumation as shown by in-situ AFT data.

Older populations inside the molasse sedimentsj@8et, Rio Yuca and Parangula)
provide evidence to support the reactivation ofenited structures and the Eocene-
Oligocene origin of the chain.

Five different geodynamic events are preserved@sd sediments: three static peaks
at 5 Ma, 9 Ma and 15 Ma could indicate the begigrohtectonic reorganization and
surface uplift in the Venezuelan Andes as suggesbtsdHoorn et al. (1995) and
Montes et al. (2005), which finished with the cleswf Panama Isthmus; a moving
peak at 25 Ma could be related to rotation andedicer of the Eastern Cordillera of
Colombia; and a continuous supply of apatites ofedt®ne-Eocene age could
correspond to recycling of sediments or a Pre-Andgaicture.

Although the depositional ages of the sedimentacks sampled in the Maracaibo and
Barinas basins are not well known, important cansts were obtained by the other
methods used in this work: Palynology and Rock-Earalysis. The first suggests a
Late Miocene-Pliocene limit for the Betijjoque andoRruca formations, and the
presence of reworked material of Eocene age. ThekHRwal analyses indicate that
the Mio-Pliocene sediments of Rio Yuca and Betimgquthese basins have not been
buried deeply enough to allow significant thermesatting of fission-tracks. Thus,
young AFT age peaks in the observed grain-ageildisions can be used as a
minimum proxy for the depositional age.

The young AFT ages (9-10 Ma) found in the Parandtdemation imply that this
formation is probably much younger than generadliydved (Middle Miocene).

The Pliocene Betijoque Formation in the north amel apper part of the Rio Yuca

Formation in the south were deposited at abousanee time.

The results obtained in this study are supportaoggcal model of the Venezuelan Andes, in

which the chain is partitioned into several teatobiocks bounded by major fault systems.
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These blocks are exhumed at different times aresrédew exhumation erases the record of
previous exhumation periods. This makes it difficth discriminate between existing
geodynamic models: 1) flower structure model oo&)genic float model. Which model is
more appropiate? To better discriminate betweentwwe models other low temperature
thermochronometeric data is needed in additioretensic analysis of deep structure beneath
the Venezuelan Andes. It is absolutely necessargntmw the structures at depth and to

consider the possible rotation and translatiomdividual tectonic blocks.

8.2 Synthesis

In spite of difficulties and limitations charact&rc of any research project, this dissertation
has contributed to the following elements of oudenstanding of the origin and evolution of
the Venezuelan Andes in the regional context:

1. | contributed with new in-situ, modern river, anginsrogenic AFT data to the
reconstruction of the Cenozoic to recent kinemaifafis orogen.

2. | demonstrated the partitioning of the chain irfediént blocks that respond in different
ways to the deformation caused by the triple coyerece of tectonic plates.

3. | presented a possible tectonic reconstructionclvimcludes at least one part of the
Northern Andes (Colombia), and relates the diffeloling phases associated with
regional tectonic events, as recorded in AFT agessa the Venezuelan Andes

4. | showed that the long-term exhumation is contbly tectonically driven surface-

uplift and erosion, and less by climate.

8.3 Future perspectives

Being the responsible faculty of a fully functioriesion-track laboratory at the Universidad
Central de Venezuela in Caracas, allows me to moatmy work and develop new projects in
Venezuela and beyond when | return to Caracas. Wak will include national and

international collaboration. In the future, muckearch remains to be done, for example:
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Increase the database of apatite fission-track agessitu, synorogenic, and modern
rivers samples with the purpose of understandintpigc processes in more detail in
certain key areas, in particular the remote sountHank of the orogen.

Include higher-temperature zircon fission-track(0rTh)/He data in order to better
constrain the total exhumation of different bloagkshe Venezuelan Andes.

. Apply new low-temperature thermochronometers, sash(U-Th)/He, or’He-"He,
which are more sensitive to surface processes amahifp explaining topographic
changes.

Incorporate the entire existing database into ndwtBermal modelling using Pecube
and test different tectonic models.

. Extend this work to the rest of the Northern Andesl develop geodynamic models
that take the regional tectonics and surface psgsemito account.
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Chapter 8

VIII. CONCLUSIONS GENERALES

8.1 Conclusions

Les principales conclusions de cette thése sont:

1) Surla base de 68 nouveaux ages A3$itu, couplés a la modélisation thermique et des

analyses topographiques, il a été possible de gangle :

Il est possible de discriminer sept blocs tectoegqdistincts: Cerro Azul, Escalante,
Caparo, Valera, Sierra Culata, EI Carmen, et SidMevada. Ces blocs sont
caractérisés par des caractéristiques topographiquedes histoires d'exhumation
différentes. Les quatre premiers blocs présentest hleurs d’altitude moyenne
relativement faibles, entre 1160 et 1695m. Une gogyohie moyenne entre ~3000-
3200 m caractérise les blocs situés dans la paatirale des Andes vénézuéliennes.
Des ages jeunes (1-3 Ma) et des traces de fissigués (~14-15 um) ont été trouvés
a proximité de la faille de Bocond, dans le bldgl Carmen et a la limite entre la
Sierra La Culata et le bloc El Escalante. Des &g€sentre 4 et 8 Ma sont concentrés
dans la partie centrale des Andes vénézuélienaes, lds blocs de la Sierra Culata et
la Sierra Nevada, ainsi que sur les deux flancs @baine, dans le bloc Escalante au
nord et le bloc Cerro Azul au sud. L’analyse dagyleeurs de traces est compatible
avec un refroidissement rapide a travers la zonedst partiel ou "Partial Annealing
Zone" (PAZ) suivi d’'une résidence a des profondewogndres pour ces blocs.

Des ages anciens et de faibles longueurs de tagedssion (~12-13 pum) ont été
trouvés dans le bloc Caparo, au sud-ouest de iaehii, les ages varient entre 7 et
30 Ma, clairement plus jeunes que les ages de d#pda Formation La Quinta
(Hargraves et Shagam, 1969) d'ou les échantillohgté recueillis. Le bloc de Valera,
au nord-est, est caractéerisé par une grande vadiages AFT et des longueurs
comparables a celles du bloc Caparo. Un age deMi4a été trouvé au nord du bloc
de Valera. Les faibles longueurs de traces dans deex blocs indiquent un
refroidissement relativement lent, avec une résidelans la PAZ plus étendue.

Les changements temporels dans les conditionsimited de la plaque Amérique du
Sud, liées a la collision de la plaque Caraibectigtion de I'Arc de Panama (Cediel et
al. 2003) et la rotation horaire du bloc de MarbogMontes et al. 2005) ont réactivé

plusieurs paléo-structures. Les plus importanteat des systemes de failles
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décrochantes dextres de Bocond, Central Sur-Argli@aparo, ainsi que les systémes
nord-sud de failles décrochantes sénestres de avaerBurbusay et les chevau-
chements sur les deux flancs des Andes. Toutesteegures sont compatibles avec
'ensemble tectonique des Andes du Nord de I'Amériqu Sud, et contrdlent la

variabilité de I'exhumation a travers les Andeséztreliennes.

2) La modélisation numérique des données récoltéesdede deux profils altitudinaux dans

3)

les blocs de la Sierra Nevada et de la Sierra Uat&usitués dans la partie centrale des

Andes vénézuéliennes, démontre que :

L'exhumation Néogéne des Andes vénézuéliennesdiaetiéronique a travers la faille
de Bocond. Les données impliquent que cette failteommode également des
mouvements verticaux d'échelle kilométrique.

L'exhumation de la Sierra Nevada de Mérida a gi&eapendant le Miocéne tardif ;
cela implique I'épaississement de la crolte et dimda convergence (oblique ?)
pendant cette époque. Cette convergence peutrédre2ponse a I'accrétion de l'arc de
Panama a la marge occidentale de la Colombie.

L'exhumation rapide de la Sierra La Culata pendantPliocéne implique une
convergence oblique continue entre le bloc de Malbacet 'Amérique du Sud jusqu’a
au moins cette période.

Un soulévement maximal de la surface de la Sieeneaa au Miocene est compatible
avec la déviation Miocene tardive de paléo-riviaaassud et a I'ouest : 'Orénoque et
Magdalena, qui a été déduite de l'enregistrematitngitaire Néogéne (Hoorn et al.
1995, Diaz de Gamero, 1996).

La comparaison entre les résultats de thermochogi®lIn-situ et détritique dans les

sédiments actuels de 8 rivieres, combinée avec hase de données de controles

potentiels sur I'exhumation comme les précipitadiola sismicité et des indices du taux

d'érosion a permis de conclure que :

Les résultats sur les sédiments corroborent ebdejsent efficacement le schéma
d'exhumation observé sur les donni@esitu.
La thermochronologie détritique est un outil efiegour étudier la provenance et les

effets de I'érosion a grande échelle, sur des zdaeseés difficile comme les Andes
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vénézuéliennes. Les résultats présentés dansweal radiquent que cet outil a une
résolution comparable a la thermochronolagisitu.

» Les taux d'exhumation dans les bassins-versantgéstgont fortement corrélés avec
le relief, ce qui suggere un fort contréle topotuigpe sur I'érosion.

* |l n'y a pas de forte corrélation entre les tawexldumation a long terme et la distri-
bution actuelle des précipitations. En particulier,flanc nord-ouest de la chaine
semble étre exhumé plus rapidement que le flaneesyydnalgré 'augmentation des

précipitations du nord au sud comme conséquenteffi orographique.

4) L'analyse par traces de fission des apatites pentetes sédiments syn-orogéniques a
permis de conclure que :

 La Formation Pliocéne-Pléistocéne de Betijoquelsuitanc nord, et la Formation
Miocéne-Pliocéne de Rio Yuca située au sud, monttes variations d'exhumation
qui réfletent celles enregistrées par les donimesgu.

 Des populations d’ages anciennes, trouvées danséldisnents molassiques (Beti-
joque, Rio Yuca et Parangula) renforcent I'hypoghés la réactivation de structures
héritées et l'origine Eocéne-Oligocéne des Anéegxuéliennes.

» Cing événements géodynamiques différents sont istmeég) dans ces sédiments: trois
pics statigues a 5, 9, et 15 Ma pourraient indigeedébut de la réorganisation
tectonique rapportée par divers auteurs (Hoorn. €i985; Montes et al. 2005) qui se
termine avec la fermeture de lI'arc de Panama @ngéte3 Ma. Un pic mobile a 25 Ma
pourrait étre liée a la rotation et I'accrétionl@eordillere Orientale colombienne, et
un approvisionnement continu d'apatites d'age Ralé®Eocéne pourrait
correspondre au recyclage des sédiments ou adarqe d'une structure préandine.

* Les ages de dépbt des séries molassiques ne sohtgmacontraints jusqu’a présent.
L'intégration de la thermochronologie avec d'autme&thodes comme la palynologie
et le Rock-Eval suggere que les formations Betgogulsnotd n’ont jamais atteint une
profondeur d’enfouissement suffisante pour recle® traces de fission dans les
apatites. Ainsi, les composantes d'ages les plugegediscriminés dans la distribution
d’ages AFT peuvent étre considérées comme une agimmaximale de I'age de
dép6t.
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 Des ages AFT jeunes (9-10 Ma) ont été trouvés dmnSormation Parangula et
impliquent que cette formation est probablementubeap plus jeune (Miocéne

moyen) que précédemment admis.

Les résultats obtenus dans cette étude soutiemmentodele géologique des Andes du
Venezuela, dont la chaine est partitionnée englusiblocs tectoniques délimitée par des
principaux systemes de faille. Ces blocs sont edsum des moments et taux

d’exhumation différents. Les derniéres exhumateffecent le record de I'exhumation des
périodes précédentes. Il est donc difficile de ritisioer entre les deux modeles

géodynamique existants: 1) modele de structurdeem 6u 2) le modéle de orogéniques
flottant. Quel modele est le plus approprie? Afe mhieux distinguer entre les deux

modeles, est nécessaire plus de données thermobtbgaues, en plus de l'analyse
sismigue de la structure profonde sous les Andegaié&liennes. Il est absolument
nécessaire de connaitre les structures en profoetielexaminer la possible rotation et la

traslation des blocs tectoniques individuels.

8.2 Synthese

Malgré les difficultés et contraintes propres a faojet de recherche scientifique, cette these
a contribué aux éléments suivants qui sont néegessaour comprendre l'origine et I'évolution

des Andes du Venezuela dans leur contexte régional:

1. Jai rapporté de nouvelles données de thermoclogieopar traces de fission sur
apatites collectém-situ dans les roches du socle, ainsi que dans des gsédimde
riviere actuels et des sédiments synorogéniques.ddanées peuvent étre utilisées
dans l'avenir pour des reconstructions géodynansigeecet orogene au Cénozoique.

2. Jai démontré le découpage de la chaine en diff@relocs qui répondent de facon
diverse a la déformation causée par la triple cagerece de plaques.

3. Jai proposé une reconstruction tectonique qui gemgb au moins une partie de la
Cordillere des Andes du Nord, correspondant a ratdi entre Les Andes véné-
zuéliennes et la Cordillére Oriental colombienniai. dssayé d’associer les différentes

phases de refroidissement avec des événementsitpae régionaux importants.
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4. Jai montré que I'exhumation a long-terme est otédr par la tectonique, laquelle
contrle le souléevement de surface et I'érosionguet le climat n’exerce pas de

contrGle important sur les variations spatialetdes d’exhumation.

8.3 Perspectives et avenir

Etant responsable scientifique d'un laboratoiretrdgmochronologie par traces de fission
(installé et a pleine capacité) au sein de monargité au Venezuela me permettra a mon
retour a Caracas de développer de nouveaux pigets la région. Mon expérience acquise
pendant la these me donne en plus la possibilitéadailler en collaboration avec d'autres
chercheurs au niveau national et international. sDiavenir, il reste encore beaucoup de

recherche a faire, par exemple :

1. Augmenter la base de données d’ages traces denfissr apatites dans les roclires
situ, sur les dépots sédimentaires syn-orogéniques esfables de rivieres actuels dans
le but de comprendre les processus tectoniquesepluktail dans certains domaines
clés, en particulier sur le lointain flanc sud ‘@dedgéne.

2. Inclure des données thermochronologiques de plute hampérature (traces de fission
et/ou (U-Th)/He sur zircon) afin de mieux contramtiexhumation totale de différents
blocs dans les Andes vénézuéliennes.

3. Appliquer de nouvelles méthodes thermochronologiqgde basse température (U-
Th/He sur apatite), qui sont plus sensibles auxcgssus superficiels et peuvent
expliquer les changements de relief.

4. Incorporer la base de données existante dans desaaxi modeles thermique 3-D
utilisant Pecube et tester différents modeles hégtms.

5. Prolonger ce travail au reste des Andes du Norel & but de proposer des modeéles
géodynamiques qui prennent en considération lan@gie régionale et les processus

de surface.
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Capitulo 8

VIIl. CONCLUSIONES GENERALES

8.1 Conclusiones

Las principales conclusiones de esta tesis son:

1) Basado sobre las 68 edades in-situ, el modelad@érico termal y el analisis topografico

indican lo siguiente:

Al menos siete bloques tectonicos: Cerro Azul, Eesta, Caparo, Valera, Sierra La
Culata, ElI Carmen, y Sierra Nevada, tienen caratigas topograficas y patrones de
exhumacion diferentes. Los primeros cuatro blogudsben los valores mas bajos de
elevacion promedio entre 1160 y 1695 m. En cordrastlores altos de topografia
promedio entre ~3000-3200 m son encontrados eest de los bloques localizados
en la parte central de Los Andes Venezolanos.

Edades jévenes (1-3 Ma) por de trazas de fisibrapatitos y largas medidas de
longitudes de trazas (MTL; ~14-18n): son encontradas muy cerca de la zona de
fallas de Bocond, especificamente en el bloque &MEn y en los limites entre la
Sierra la Culata y el bloque El Escalante. Edadesaktas de fisidbn en apatitos entre
4-8 Ma son concentradas en la parte central deAhdes Venezolanos, en el bloque
El Escalante y el bloque constituido por los cataligntos de Cerro Azul. Las
medidas de longitudes de trazas de fision paramasstras en esos bloques son
compatibles con répido enfriamiento o “cooling” aavés de la zona de
desvanecimiento parcial de trazas de fision o f&lakhnealing Zone (PAZ)".

Edades antiguas y cortas longitudes (~12:&8 proporcionadas por el método de
trazas de fision en apatitos fueron encontrada®®bloques de Caparo entre 7-30
Ma, las cuales son mas joévenes que la edad TrHasréasica de la Formacion La
Quinta (Hargraves y Shagam, 1969) del cual fueabectadas las muestras. El bloque
de Valera esté caracterizado por un amplio rangeddees incrementandose desde 8
Ma en el limite suroeste hasta 145 Ma al norte ste bloque, analogamente se
encontraron cortas longitudes de trazas de fisii2-13 um) lo cual indica un
enfriamiento mas lento para estos bloques y unanmagidencia en la PAZ.

Los cambios temporales en las condiciones de borelesionadas a la colision de la

Placa del Caribe, acrecién del Arco de Panaméa €Cetil. 2003) y rotacion horaria
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del bloque de Maracaibo (Montes et al. 2005) reamtn diversas paleo-estructuras
gue actualmente han evolucionado como los sisteendaklhs destrales Bocono,
Central Sur Andino y Caparo; sinestrales: ValeraByrbusay, asi como los
corrimientos situados a ambos flancos andinos. §edas estructuras controlan los
patrones de exhumacion a lo largo de Los Andes.

* Los diversos patrones de exhumacion encontrados@usistentes con el ensamble

tectonico de Los Andes Nortes.

2) Basado en los dos perfiles verticales a lo lalgdos bloques de Sierra Nevada y la Sierra
Las Culata, los datos y la interpretacion de éstediante modelado numérico demuestra lo
siguiente:

 La exhumacién durante el Neodgeno tardio de Los #nde Venezuela fue
diacrdnica a través del sistema de fallas de Badom® resultados sugieren que este
sistema de fallas acomoda gran parte de la trasiépren forma de movimientos
verticales.

* La rapida exhumaciéon ocurrida durante el Miocenditaen la Sierra Nevada de
Mérida implica que el adelgazamiento de la litasfgrla compresion (¢ oblicua?)
estuvieron relacionadas durante ese tiempo. Pos#nie como respuesta a la
acrecion del Arco de Panama contra la parte oc@tele la Placa Suraméricana
durante ese periodo.

* La exhumacion rapida y consecuente de la Sierr&Cllata durante el Plioceno
implica una convergencia continua entre el blogri&ldracaibo y Suramérica.

* La maxima elevacion superficial de la Sierra Nevadeld/lérida es consistente con la
deflexién de los paleo-rios Orinoco y Magdalenaual fue inferida de los registros
sedimentarios Nedgenos (Hoorn et al. 1995; DiaZateero, 1996).

3) La comparacion entre los resultados de termobtogia in-situ y de sedimentos de 8 rios
actuales, en conjunto con datos de procesos a esdaa temporal como precipitacion,
sismica y erosion permiten concluir que:
» Las edades de trazas de fisién en apatitos defri¢iacontrados en las 7 cuencas de los
8 rios estudiados (Coloncito, Chejendé, Chama, Msnisan Pedro, Tucani, Santo
Domingo, y Agua Viva) reproducen y corroboran da uranera eficiente los patrones

de exhumacion discriminados en las muestras in-situ
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La termocronologia detritica constituye una impudaherramienta para estudiar la
proveniencia sedimentaria y los procesos de erasigran escala, en areas de dificil
acceso como Los Andes Venezolanos. Los resultacdesemados en este trabajo
indican que esta herramienta tiene una resoluciapomqgue la termocronologia in-
situ.

No existe correlacion entre las tasas de exhumazitamgo plazo y los patrones de
precipitacion actuales. En particular, aunqueaidb norte de la cadena pareciera ser
exhumado mucho mas rapido que el flanco sur, ésteolse caracteriza por presentar
el triple de los valores de tasas de precipitaggmemedio observados en el flanco

norte debido al efecto orografico.

4) Los andlisis mediante termocronologia de traafision en apatitos pertenecientes a los

sedimentos sinorogénicos de las cuencas de MaoagaiBarinas permiten concluir lo

siguiente:

La formacién de edad Pliocena-Pleistocena Betijgghioceno tardio a Pliocena Rio
Yuca localizadas en los flancos norte y sur de Rasles, muestran patrones de
exhumacion similares a los observados medianteo@onologia in-situ.

El conjunto de edades antiguas dentro de los setlimeinorogénicos (Betijoque, Rio
Yuca y Parangula) proporcionan evidencias sufieengjue fundamentan Ila
reactivacion de estructuras heredadas tectonicanyegitorigen Eoceno-Oligoceno de
esta cadena montafiosa.

Cinco eventos geodinamicos diferentes pueden seriminados en los sedimentos de
las Formaciones Parangula, Rio Yuca y Betijoqs: picos estaticos a 5 Ma; 9 Ma; y
15 Ma podrian indicar diferentes fases del perioéo reorganizacion tecténica
reportado por diversos autores (Hoorn et al. 188fntes et al. 2005) que finaliza con
el cierre del Arco de Panama; un pico movil hacéM2bpodria estar relacionado con
la rotacién y acrecion de la Cordillera Oriental@®@ombia y por ultimo un continuo
aporte de edades Paleocenas-Eocenas podrian smrdamte con el reciclaje de
sedimentos o indican la presencia de una estrugtaeandina.

Aunque las edades de las formaciones estudiadasomobien conocidas por la
inexistencia de marcadores bioestratigraficosaludisis palinoldgicos proporcionan
un limite Mioceno tardio-Plioceno para las formae® Betijoque y Rio Yuca. Los

analisis de materia organica (Rock-Eval) sugiensm egas formaciones no alcanzaron

205



la suficiente profundidad para soterrar los apstitentro de la PAZ. De esta manera,
la primera componente discriminada en las edadedoslegranos pueden ser
consideradas como una aproximacion para la edadsidagional de tales
formaciones.

» Edades jovenes de trazas de fision sobre apé@tbs Ma; Tortonianas) encontradas
en la Formacion Parangula implica que esta fornmaegprobablemente mucho mas
joven que lo que actualmente se creia (Mioceno &edi

e La Formacion Betijjogue de edad Pliocena ubicada eénflanco norte es

correlacionable con la parte superior de la ForaraBiio Yuca, en el flanco sur.

Los resultados obtenidos en este estudio apoyamauntelo geolégico de los Andes de
Venezuela, cuya cadena esta particionada en védiogues tectonicos limitados por
importantes sistemas de fallas. Estos bloques lsengan a diferentes intervalos de tiempo y
contrastantes velocidades de exhumacién. Las extiongs recientes borran el registro de la
exhumacion de los periodos anteriores. Por tastdjfeil discriminar entre los dos modelos
geodinamicos existentes: 1) el modelo de estructardlor, o 2) el modelo de orogéno
flotante. ¢ Qué modelo es el mas apropiado? Patiagilis mejor entre los dos modelos es
necesario incluis mas datos termocronoldgicos, adende los analisis sismicos de la
estructura profunda en los Andes venezolanos. @§tno y los fendmenos deotacion y
traslacion de los distintos bloques tecténicosdsmital importancia para el planteamiento de
nuevos modelos geodinamicos que expliquen el ogygarolucion en el tiempo de Los Andes

de Venezuela.

8.2 Sintesis

A pesar de las dificultades y limitaciones cardsteas de cualquier investigacion cientifica,
esta tesis también contribuyd con los siguientesiehtos necesarios para entender el origen

y evolucion de Los Andes venezolanos en el contegimnal:

1. Contribuyo con nuevas edades mediante termocromolpgr trazas de fision en
apatitos in-situ, en sedimentos sinorogénicos pertimentos actuales transportados
por los rios modernos. Esta base de datos reflajmématica reciente de este orégeno

y podra ser utilizada a futuro para la elaboraciémuevos modelos tectonicos.
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2. Demuestro la particion de la cadena en diferenagubs que responden de diversas
formas a la deformacion causada por la triple cayerecia de placas.

3. Presento una posible reconstruccion tectonicaudh iacluye al menos una parte de
Los Andes del Norte de Suramérica (La Cordilleree@al de Colombia y la Sierra de
Santa Marta-Bucaramanga), y trato de relacionadifasentes edades de enfriamiento
encontradas en los datos termocronoldgicos de lmeé\de Venezuela con eventos
tectonicos regionales.

4. Demuestro que la exhumacién a largo plazo est&atada principalmente por los
procesos tectonicos y que el posible control quedauejercer el clima sobre los

patrones de exhumacion es despreciable.

8.3 Perspectivas a futuro

El hecho de formar parte del personal de investigatel Laboratorio de Termocronologia de
la Universidad Central de Venezuela (ya instalada plena capacidad) me permitira al
regresar a Venezuela la oportunidad de desarnollavos proyectos de investigacion en el
area, ademas de trabajar en colaboracion con otvestigadores e instituciones a nivel

nacional e internacional. Este trabajo puede sendido en el futuro mediante:

1. Incrementar la base de datos termocronologicosraag de fision en apatitos,
pertenecientes a rocas in-situ, sedimentos desitjcsinorogénicos con el proposito
de comprender los procesos tecténicos con mayallelan ciertas areas claves de
Los Andes Venezolanos, en particular en el flango s

2. Incluir termocronémetros de alta temperatura, ctrapas de fision sobre circén o U-
Th/He sobre este mineral, con el propdsito de cengmr aun mas la exhumacion
total de los diferentes bloques en Los Andes Veaens.

3. Aplicar nuevos termocronémetros de baja temperatamo (U-Th)/He, 6He-"He,
los cuales son mas sensibles a los procesos sugledi y permiten explicar los
cambios en la topografia.

4. Utilizar todos los datos termocronolégicos existeny los que se recolecten a futuro
en modelos numéricos 3D como Pecube y probar difesemodelos tectonicos para
estudiar la sensibilidad de los datos a dichos foede

5. Extender este trabajo al resto de Los Andes deteNae Suramérica y desarrollar
modelos geoldgicos que tomen en cuenta los prodesté@nicos y superficiales a

escala regional.
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6. Realizar estudios interdisciplinarios que acoplatoslos métodos termocronolégicos
de baja temperatura permitan estudiar en el tielapavolucion de Los Andes del

Norte de Suramérica.
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Abstract

Fission-track (FT) thermochronology has been widedgd since the 1970’s to constrain the
rock low-temperature thermal history in numerouslggical settings. Statistical problems
associated with this method have been addressext dime 1980's. Today, with the
improvements brought to the technique, new questarise which require the adaptation of
previously established statistical methods. Samplesed for FT thermochronology are
typically composed of minerals (e.g. apatite, aicwith a wide variability in Uranium (U)
concentration. Previous methods, however, supgduaeatl counted grains have the same U
concentrations. This implies that fission-track misucan be modelled by a unique Poisson
distribution whose mean is a function of the mearcamcentration. This amounts to a
simplification of the problem when samples are abtarised by grains with strongly varying
U concentrations. In this case, the age-dispertgsh used for recognising homogeneous
grain-age distributions is not applicable. The tmxgs literature does not indicate in strict
terms what statistic method should be applied ithstases. We propose a new statistical
methodology called p-patrtition to solve this spegdroblem. The methodology is applied to
FT standards, in-situ and detrital samples. Fandsteds, the determined age is closer to the

independently determined age.

Keywords: fission-track age, U concentration, hoeraty, age dispersion, Poisson

distribution, mixtures.
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1. Introduction

The fission track (FT) thermochronology is a radetnt dating method that differs from
other techniques mainly because the ‘daughter ypbaf the radioactive process that is
measured to obtain the age is a structural defebieavy minerals (apatite, zircon, sphene,
etc) rather than a daughter isotope (FleischeceRmd Walker, 1975). Uranium-238 (U-238)
undergoes spontaneous fission decay at a knowmamndtés the only isotope with a decay rate
that is relevant to the significant production afural fission tracks on geological time scales.
The fragments emitted by this fission process leaas of damage (fossil tracks) in the
crystal structure of the accessory mineral.

Among the methods that utilize those fission trackestimate the age of a rock, the external-
detector method (Wagner and van den Haute, 1992)neé of the most frequently used. In
this method, induced tracks are produced by thermmatron irradiation of half of the sample
to reveal the concentration of the parent isotdpe38). The numbers of spontaneous and
induced tracksNs andN;, present within the same ar@aof a polished grain surface and the
corresponding surface of a mica (external detectwe) used to estimape, pi andR , where

R is the ratio between spontaneous and induced tladkity R=pdJpi). R is necessary to
calculate the unknown fission-track agg,(which is obtained by using the following fission

track age equation (Wagner and van den Haute, 1992)
4 A
t, =1 In(1+EZdej ) (1

where:] is the alpha decay constant for U-2381.5512%10"° y%); ¢ is the zeta-calibration

constant (Hurford and Green, 1983), which is calad from an analysis of ‘age standards’;
P4 is the track density for the fluence monitor.
The ratio R) between spontaneous and induced tracks is propattto the age. Thus, the

statistical problem of determining a sample agee@iced to how to combine the individual



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

determinations oR; for j=1,...n grains into a meaningful estimator for the sampiethe
past, many authors (Burchart, 1981; Green, 1981hr&ith and Laslett, 1985; Galbraith and
Laslett, 1993; Galbraith, 2005) have proposed diffeestimators fdr, known as isochrones,
mean ratio, pooled and central age estimators.

Currently, the most commonly used statistical pdoces to estimate fission-track ages
(Galbraith, 1981; Galbraith, 2005) are based on dineplifying hypothesis that the data
samples two Poissonian distributions, one for spoenus ls) and an other for induced\ij
fission-track counts. Assuming that all grains htheesame U concentration, there should be
a strong correlation between spontaneous and iddtreeks. Thus, the FT counts can be
modelled by a unique Poisson distribution whose meésa given by the average U
concentration (Poissonian models, Galbraith, 1981).

A standard statistical protocol is used for theedwtnation of fission-track ages and
associated errors (Galbraith, 1981; Galbraith amsldtt, 1993; Galbraith 2005). The first step
in this protocol is to test the homogeneity of #ge in the fission-track data (to test whether
there is a single population of ages, or, equiwdlemno test whether the relation between
spontaneous and induced fission tracks is linasing the dispersion in the radial plot
(Galbraith, 1990; 2005) and the so-called ‘Gallragst’ (Galbraith, 1981; Galbraith 2005),
which is based on a chi-square distribution (Gatlby2005). In cases where the fission-track
data fails the Galbraith test, no alternative methogy exists and the age is considered as
statistically unreliable. When the data pass thibi@ah test, the pooled age and its standard
error are calculated, from which the central age @dspersion may be obtained.

However, in some cases, the dispersiohlgdndN; is significantly larger than predicted by a
unique Poissonian distribution, for these case da¢a fails the Galbraith test, and,
consequently, this affects considerably the quatitythe age estimate (Green, 1981). At

present, this problem has not been solved, anaddhenon treatment is to discard ‘outlier’
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observations based on personal criteria (e.g., iHae@&73; Burchart, 1981; Bigazzi et al.,

1986), until the Galbraith test indicates homoggniei age.

In this paper, we will be concerned with presentingtatistical technique which performs
better in those unconventional situations. It issdth on a new Poissonian mixture
discrimination that we call a ‘p-partition’. Botp;partitions and p-patterns are explained in
detail. We present a table, constructed from a washge of simulations that can be used to
apply the technique in most practical situationmaly, an assessment of the method is

presented by using it in some real unconventioatd dases.

2. Poisson mixtures discrimination by p-partition dgorithm

In a rapidly cooled sample with homogenous U cotraéion, fission-track data should show

a positive correlation between spontaneous andcedtluracks. In natural samples, the U-
concentration varies in both apatite and zirconstailg, which renders meaningless the
assumption of a single Poisson population for spogius and induced tracks. In this case,

we suggest to use the p-partition algorithm, wiscéxplained in the following section.

2.1. Construction and definition of the p-partition

The construction of the p-partition is explainedhe flowchart in Figure 1. Let’s consider a
group of natural numbers (or of daf@) in the particular case of fission-track datas thet is
given by the induced fission-track counts of a semim the first step (step 1 in Figure 1) the
minimum value of dat® (min(D)) is taken, and the first Poisson quanttg i§ generated
(Mendenhall et al., 1981; Hyndman and Fan, 1996m,min(D)) using the significance level

p. Thus, we construct the intersection of this firgerval with the datd, giving the first
cover of the dataC, = [min(D),q(p, min(D))]. In the second step the first value greater than
the minimum value of the data;Gs used as the minimum value of the suliBet as

D, ={xOD/x=max(C,)} orD,=D-C, (step 2 in the Figure 1). The min(Dis used to
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generate the second Poisson quantile with the sambie of p, yielding:

C, =[a(t- p,min(D,)),q(p,min(D,))]. Thus forC,, we begin with theq(1- p,min(D,)) in
order to create a symmetrical interval.

When there are elements in the intersection ofdarminuous intervals (step 3, Figure 1), we
apply a decision rule based on the highest Poipsoipability that a certain elemertis in

one of the two subsets. After this discriminatioh imtersected elements, subdes is

2
constructed aB, ={x0D/x>maxC,)} or D,=D-|JC,, taking into account the

=
minimum value ofD, min(D,). Repeating the previous process, we generate igsdP0
quantile obtained from the interv@s, given byC, =[q(1— p,min(D, )),q(p,min(D,))].

The step 3 (Figure 1) should be repeatdanes until all the dat® is contained or equal to

the union of interval€; for j=1,... n.
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p-Partition algorithm

Y ™
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min(D)

C, _Q=§ea&;mwmu}

G = [‘1(1 = p,min(Dl )) Q'(P: min(Dw ))]

3
0 e D, ={re D/x>max(C,)}
For elements at intersection a C, = [q(l — p,min(D, )) ¢(p, min(D, ))]
decision rule.sholuld be applied
4.
¢ Repeat step 3 n times until
. b= |E,
. =i
n.

Figure 1. Flowchart showing the implementationha p-partition algorithm.

In this work we have implemented the p-partitioartihg with the minimum of the s@,
however, no significant differences were found whtarting with the maximum d. In the

next section the p-partition algorithm is definedthematically.
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2.1.1 Definition of the p-partition

A Poisson ballBp) of centrem and radiug, is a set of natural numbers given by:
B, (m,p)={xD N|P(X = x)= b}

whereX is a random variable obtained from a Poissonildigion with meamm. For a given

finite setD of natural numbers, we definB, =D, m = min(Di), D,,, =D, —B,(m, p) for

K-1
i =1,..K -1. The numbeK has to be chosen big enough to ensure IthEtU Bp(mi, p) is

i=1
satisfied. Letmax®) = m, . Forp small enough, there exists for edachl,..K — , atleast an

n,, with m <n, <m,, and P(X =x)>P, (X =x), if and only ifx<n, where P is the

probability Poisson distribution of meamm,. Then if C, ={nD D| n <ns< niﬂ} for
i=2..,K-1, C,={n0D|n<n} and c, ={n0D|n,_, <n}, {C} is a partition ofD. This
partition, which depends on the valpewill be called a p-partition ob. (Bermudez-Cella,
2008). Finally, we define the mean of tH& Poisson subpopulation of the sample Beas

A, =integer part of (averag€y).

A fixed value of 0.95 fop is used, keeping in mind that the precision ofdiserimination
made by the p-partition algorithm depends on tlasion among the means of the Poisson
sub-populations. When the distance among the meansases, the p-value must be taken
closer to 1, and reciprocally. In Table 1 we summeapur recommended a-priori for the p
selection, based on the study of simulations;\thlse will be optimized using the p-partition

algorithm as an hypothesis test. To know the dcsgabetween the means is thus very

important before the p-partition can be applied, dar this reason, we used a variation to the
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p-partition algorithm, in which we use 100 Poissandom numbers for the creation Gf
rather than quantiles.
Now, for each interval or sub-populati@ywe calculate the mean and the average difference

among all means of the intervals, using Table XHerselection of the initial p-value.

Average distance] among Poissonians sub-populations using the arpaigorithm | Interval a-priori for p
0>20 (far) [0.99,1]
15 <0 <20 (intermediate) (0.96,0.99)
10<9<15 (near) (0.94,0.96]
0<10 (very near) (0.9,0.94]

Table 1. Summary of a-priori p-values to use wité p-partition algorithm, these values depend eratlerage
distance among means of sub-populations givindghbyatpriori algorithm.

Later, the p-value is optimized using a statisticgbothesis test based on the p-partition,
which allows for the analysis of the quality of teeparation, and for the detection of the

optimum p-value.

2.1.2 p-partition and statistical hypothesis tests

The use of p-partition as hypothesis test allowsnupe the value of p to use for the p-
partition algorithm. This hypothesis test is basmd the statistical method known as
‘bootstrapping’ (Diaconis and Efron, 1983). For mdetails on this test, the reader is referred
to Bermudez-Cella (2008). The optimized value @& pompared with all different p-values;
in this way we can test the resolution of the oftéd p-value. The separation of fission-track
data by the p-partition algorithm implies that,dalculate the fission-track mean age in the

equation (1), a new statistical estimator for Rdset® be defined.

3. New statistical estimator for the fission-trackage

The number of spontaneols; and induced\; fission-tracks in a graijy can be modelled in

the following way (Galbraith, 1981):



N,=m, +¢& =AU, +¢&
168 ) rnSJ ] J J )(2
Ny =m +& =AU, +¢

169 whereg;, ¢;, U, A4 and A are random variables representing, respectivetyethors on the
170 spontaneous ;) and induced {;) fission track numbers, the U concentration;)( and
171  appropriate parametera{and 4).m, m; are the means of the U concentration. For apatite

172 or zircon grains, these values depend on the linitiaoncentration and on the age; for the

173 mica they depend only on the U concentration.

174  ExtractingU; from equations (2) results in the following relasbips:

1

UJ :A_(N _‘9)
175 15 3)

U, :A_(Nu _51')
176  which yields:

A A .
177 NSJ.=/]—_SN” —/]—ffj+£j, 0j=2---,n. 4)
A . . .

178 Renammg/}—s by R, in equation (4) results in:
179 Ny =RN, —=R¢ +&;, 0j=1--,n. (5)

180
181 Summing ovey gives:

182

183 iN R{ZN}+Z;[ RE +¢]. (6)

184

185 Inthe ideal case, the expected fission-track esremall or negligible:
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E(Z[_ R£j+gj]j=0 (7)
=
which yields a reasonable estimator Ror

2Ny

R=1L ®)

2N,

=1

This estimator is known as thé’doled meah (Burchart, 1981; Green, 1981; Galbraith,
2005). Note that to find this estimator, equati@h gssumes that the number of spontaneous
fission-tracks depends only on the U concentratianyever, this number also depends on the
age. Galbraith (2005) suggested that the pooleidhasr (8) is the maximum-likelihood
estimator; however, we show in the appendix sectioat, this estimator is only an
approximation of the maximum-likelihood (Kendalldastuart, 1958). We show that this
pooled estimator was obtained by supposing thagralhs have the same U concentration.

We now consider an alternate estimator if thisoisthe case.

3.1 The p-pooled estimator

The estimator that we propose is similar to thelgmbeestimator, but it does not suppose
similar U concentration in all the grains. Instezdusing equation (5), we suggest to use a

more general equation given by:

ng = RNig -R¢, +¢,, whereg = 1,....m (9)

in which g denotes a group that is provided by the same Godistribution;mis the number

of discriminated populationslfl

Ng+ N, are estimates of the mean number of spontanealis an

10
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induced tracksNs andN;) in the grains belonging to growgp Combining with equation (9),

separatindR and neglecting the errors on fission-track cowgsbtain:

NgE
)

i

]
1
i

(10)

NgE
=

«Q
{0l
[sy

Note that the ‘pooled estimator’ (8) is a particutase ofﬁp when there is only one group.

R, is called thep-pooledestimator because it depends on the p-partition.

In the next sections we present a comparison betwee p-pooled and traditional age
estimators (isochrona, mean ratio, pooled and akrstge) applied to fission-track age

standards.

3.2 Numerical implementation

The use of equation (10) assumes that the dataepsarated into different Poissonian
populations, using the p-partition algorithm. Themerical implementation of p-pooled

requires some assumptions:

1. Dimensionless. Defining\ as the mean area for all grajns 1,...n, theNs N; can be

defined as dimensionless quantities according to:

A
N i = round(NSi El—lj
A

S|

whereA; is the area of thgth grain and the ‘round’ refers to rounding to tiearest
integer. Note that the choice of a particular rangdule has little effect on the value
of the estimator. This is done to prevent fissi@thk counts from being affected by
the size of the counting area.

2. Hypothesis test and optimization. We use the pipart hypothesis test and the

optimization of the p-value (section 2.1).

11
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3. Estimation of the age. We calculate the p-pooldoinase (10) and the corresponding

fission-track age (1) from the original data.

4. p-patterns concept

Applying the p-partition algorithm to a samide we can plot the resulting meanshaf and

Ny for each group. This provides us with a polygoiva that we callp-pattern.Because
spontaneous and induced fission-tracks are relaiethe U concentration (according to
eguation 2), we expect the ‘ideal’ p-pattern ta@ase linearly. Figure 2 shows the p-patterns
we found for 142 standard samples provided by iffe researchers (see
acknowledgements). Figure 2A represents an ‘ideapattern, Figure 2B-F represents
anomalous p-patterns that take many different foffine 5 anomalous patterns shown here
indicate either some kind of problem in the deteation of spontaneous fission-track
numbers, (e.g., problems arising from the irradmtisample preparation, poor contact
between the mica and the sample, among many plitssshior grains of different chemical
compositions which have responded differently toemiing (e.g. Green et al. 1986,

Barbarand et al., 2003a,b).

12
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Figure 2. Different p-patterns that can be obsktimdission-track data. A) Represent the ‘idealse. The p-
patterns in B to F are anomalous patterns.

5. Applications

5.1 Fission-track age standards

We have used a database of fission-track age sts@Bable 3.3, p. 93, in Wagner and van

den Haute, 1992) formed by 142 standards procegsledhe external detector technique:

32 samples of Durango apatite with a K-Ar age a#4310.6 Ma; 27 and 20 samples of Fish

Canyon Tuff apatite and zircon with a K-Ar age af.2: 0.5 Ma; 11 samples of Buluk

Member zircon with a K-Ar age of 160.2 Ma; 25 and 14 samples of Dromedary

13
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271
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276

Mountains apatite and zircon with a Rb-Sr (biotitgje of 98.& 0.6 Ma; 8 samples of
Tardree Rhyolite zircon with a K-Ar age of 5&7.1 Ma, and 5 samples of Bishop Tuff

zircon with a*®Ar/**Ar age: of 0.734 0.024 Ma.

5.1.1 Classification in p-patterns

Table 2 summarizes the character of the computeatterns for the entire database. Taking a
fixed p=0.99, 119 dataset have ‘ideal’ p-pattercis Figure 2A). The remaining 23 cases

show anomalous p-patterns, classified accordirfgidare 2 in: 6 type (b), 6 type (c), 5 type

(d), 4 type (e), and 2 type (f).

Classification in p-pattern. p fixe@.99)
Data Total '”?i;eezsl,'”g Anomalous | (b)| () | (@) | ()| ()

Durango apatite 32 27 5 3 0D D [0 |2
Fish Canyon Tuff apatite 27 22 5 1 1 |1 (2 |0
Fish Canyon Tuff zircon 20 17 3 ) L a4 @1 |0
Buluk Member zircon 11 9 2 0 1 1 0 O
Tardree Rhyolite zircon 8 6 2 b D R 0 |0
Dromedary Mt. apatite 25 21 4 » p P 2 |0
Dromedary Mt. zircon 14 12 2 @ 2 0 D 0

Bishop Tuff zircon 5 5 0 o0 o0 g d )

Total 142 119 23 6/ 95 5 5 2

Table 2. Classification of standards database patgerns. A fixed p-value (0.99) was used to sifpptihe
calculations.

5.1.2 Numerical resolution of the age provided sy different estimators

For the database given in Table 2, we calculatedatlle given by equation (1) using the
different estimators ofR (isochrona, mean ratio, pooled, central and p-mholélo
demonstrate the accuracy of the estimated age, sed the relative error given by the

following equation:

‘f_tK—Ar

Rel.Error = (11)

K-Ar

14
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In which tand t,_, represent the estimated and the K-Ar age for thedstrd samples,

respectively. We calculated the average relativerdor the 119 ‘ideal’ p-patterns (Table 3).

It shows that there is no significant differenceoaign the differenR estimators. For the 23

‘anomalous’ patterns, the results are shown ind4bl

Relative Error Isochrona Mean ratio Pooled Central p-pooled
Durango apatite 0.3117 0.3403 0.3171 0.3172 0.3037
Fish Canyon Tuff apatite 0.2030 0.2297 0.2093 210 0.1873
Fish Canyon Tuff zircon 0.0484 0.0337 0.037p 0.0337 0.0351
Buluk Member zircon 0.4203 0.4019 0.4101 0.4077 (01437)
Tardree Rhyolite zircon 0.0181 0.0170 0.0033 0.0041 0.0033
Dromedary Mt. apatite 0.0120 0.0152 0.0021 0.0028 .00z8B
Dromedary Mt. zircon 0.0110 0.0245 0.006y 0.0070 0069
Bishop tuff zircon 0.0312 0.0529 0.0061 0.007p 280
Average 0.1320 0.1394 0.1240 0.123% 0.1189
Table 3. Average errors for the 119 data withaidp-patterns.
Relative Error Isochrona Mean ratio Pooled Central p-pooled
Durango apatite 0.2856 0.3233 0.2966 0.2959 0.2739
Fish Canyon Tuff apatite 0.0537 0.0811 0.0237 030 0.0103
Fish Canyon Tuff zircon 0.0323 0.3813 0.0625 0.0962 0.0625
Buluk Member zircon 0.5507 0.4642 0.5152 0.4964 1806
Tardree Rhyolite zircon 0.0134 0.0106 0.0001 0.0040 0.0001
Dromedary Mt. apatite 0.1678 0.3608 0.2487 0.2789 .124b
Dromedary Mt. zircon 0.0191 0.0696 0.0382 0.0389 0382
Average 0.1604 0.2416 0.1693 0.1772 0.1461

Table 4. Average errors for the 23 data with ‘anloms! p-patterns.

We conclude that for the 119 data with ‘ideal’ gtpes any of the age estimators can be used
(Table 3). In contrast, for data with ‘anomalougdatterns, differences among the estimators

are important, while the p-pooled estimator yidlus best estimation of the age.

5.2 Samples of unknown age

Applying our method to fission-track age standasasngles indicates that it has certain

advantages in comparison with the conventional odthWe now present results obtained

15



295

296

297

298

299

300

301

302

303

304

305

306

307
308
309

with the method for samples of unknown fissiondtrage. We compare our results with those

obtained with the isochrona, mean ratio, pooled@ardral estimators.

5.2.1 Vertical profile in the Venezuelan Andes

We first applied the methodology proposed in thiskato thirteen in-situ apatite fission-track
samples of Bermudez (2009). They were collecteah filve Sierra Nevada of Mérida along an
age-elevation profile from 1.2 to 4.9 km elevatidacated in the highest part of the
Venezuelan Andes near Pico Bolivar. More detaiddrimation about these samples is given
in Bermudez (2009). Table 5 shows the comparisoongnthe different fission-track age
estimations. Note that the central and pooled agwearges to the same value, and that the
ages obtained with all estimations, including thgopled estimator, are very similar. For the

p-pooled estimation a fixed p-value of 0.9999 weed.

Sample| Elevation (m) Isochrondrror | Mean R| Error | Pooled| Error | Central| Error | p-pooled| Error | Poisson Pop. p-pattern
48 4718 75 0.9 83 0.9 7.6 0.9 7. 09 7.4 D.9 2 | ncreasing
49 4622 6.8 0.9 8.5 1.1 7.9 1p 7.9 1.0 7.7 1.0 2 | ncredsing
50 4236 6.0 1.2 10.3 2.0 7.8 16 7. 1.6 6.3 1.3 3 | increasing
51 3999 5.8 0.5 7.1 0.7 6.5 0.6 6.9 0.6 6.2 D.6 4 | ncreasing
52 3633 5.7 0.9 11.2 1.7 7.2 i 7.2 11 6.7 1.0 3 | increasing
53 3285 7.0 0.9 57 0.7 6.5 0.8 6.1 08 7.1 D.9 4 | ncreasing
65* 2770 4.9 0.3 6.2 0.4 5.2 0.4 5.4 0i6 4.9 3 4 | increasing
54 2760 55 14 5.0 1.3 5.3 14 5. 1.4 52 1.3 2 | ncredsing
66 2490 5.0 0.8 53 0.9 5.1 0.9 5.1 0.9 4.9 D.8 4 | ncreasing
67 2250 5.1 0.4 59 0.5 5.6 0.4 5. 04 6.1 D.5 4 | ncreasing
68 2060 49 0.7 58 0.9 5.2 0J7 5.2 0.7 5.1 D.7 3 d
69 1765 4.4 0.6 4.9 0.7 4.6 0.7 4.4 0.7 4.7 D.7 2 | ncredsing
70 1250 3.8 0.2 4.2 0. 4.2 0.p 4. 0.3 3. D.2 7 d

Table 5. Comparison among different estimationfssion-track ages for in-situ samples of the Sid¥evada,
Venezuelan Andes (Bermudez et al., 2009a). * ReilGalbraith test
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Figure 3. Comparison of age-elevations relatiorsiigen by the different fission-track age estimagi

Figure 3 shows the corresponding age-elevatiotioakhips derived from the ages along the
Sierra Nevada vertical profile. The slope of eank tan be used to estimate the exhumation

rate. Results show that (1) the slope obtained hey dentral and pooled estimators are
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concordant, and (2) the pooled family of estimatoentral, pooled and p-pooled) give very
similar age-elevation relationships. The differestimation could be used for establishing
confidence intervals on exhumation rate. Thus,tler Sierra Nevada block the exhumation
rate lies between 0.8 and 1.5 km/Ma. Values froenpgholed family suggest an exhumation

rate of ~1 km/Ma.

5.2.2 Modern rivers samples

The objective of this section is to show how thpaptition algorithm can be used to better
decompose mixed data of unknown populations. Them numerous approaches to
discriminate components of mixed data;, some wereciBpally developed for use in
geochronology (Galbraith and Green, 1990; Brand®92; Brandon, 1996; Richardson and
Green, 1997; Brandon et al., 1998; Sambridge andpSton, 1999; Viallefont et al., 2002;
Ehlers, 2005; Veermesch, 2007; Gallagher et ab920Ne applied the p-partition algorithm
to identify the number and age of populations frdetrital samples, i.e. collected in a river
sand. Based on this decomposition, pooled agesst@amdlard errors are calculated for each
population. The results are shown using box-andskéri diagrams (or ‘boxplots’; Tukey,
1977; Frigge et al., 1989), located at the bottdrie probability density function (PDF, Fig.
4D).

We applied our new method (using p=0.995 as detmthiautomatically from the
optimization routine), to a detrital apatite figsivack sample from the Coloncito River in the
Venezuelan Andes (Bermudez, 2009). The sampledsacterized by low U concentration,
which makes the discrimination of populations difft with conventional methods (Carter,
2007). We compare our results with (1) the binorpedk-fit method (Galbraith and Green,
1990) using the BINOMFIT code (Brandon, 1992; Bramd1996; Brandon et al., 1998;

Ehlers, 2005), and (2) the Bayesian method forrapgdre modeling (BayesQtMix code) that
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uses the Markov Chain Monte Carlo approach (Jasxh,€006). A comparison of the results
obtained with the different methods is shown inufegg4. BINOMFIT and BayesQtMix
discriminate only two populations of age 4.1 + arftl 6.2 £ 4.6 Ma, and 5.1+ 1.2 and 18.1 +
5.0 Ma, respectively (Figures 4A, B). Figure 4C whothe results of the p-partition
decomposing the data into three populations: 3121+7.3 + 1.3, and 18.2 + 5.3 Ma, formed
by 49, 42, and 13 grains, respectively. These galepresent central age and standards errors,
from each group discriminated by the p-partitiogoaithm. In the central part of Figure 4, the
corresponding radial plot is shown (Galbraith, 1,92d05), which shows the dispersion of the
data. Finally, when the spontaneous and inducesiofitrack numbers are arbitrarily
multiplied by a factor of 10, the binomial peak-fitethod yields results that are markedly
different to those shown in Figure 4A, indicatiihg strong dependence of U concentration on

the BINOMFIT results.

19



354
355

356
357
358
359
360

361

362

363

364

365

366

367

368

369

370

>
w

b i v M Pl=4.1 %23, (59) ] PI= 511132, (94)
5T | ERIIEE B 6224, (15 8 P,
; 9 N =104 < 1 Log Posterior = 236.0 [0.8
Il 4
_[<j i 0.006
£ R 0.6,
6 5 J G
g 20.0044 0.42.
o 4 < g
b a = 1 w
B iy 0.002 0.2
=
£ 1 !
i 2 & £ 916 2030 506 gop Bedlplet 20025 30
FT Grain age (Ma) i " 7y Efz
o T =
21 Lo
g S
-2 $++£ ~ Py
+
C PI= 322 1.1, (49) W B
p2= 73+ 1.3, (42) Rel. error [%o] PI=14%09, (7)
= 30+ P3= 182453, (13) 12 P2=38204, (44)
S =11 P3=7.5+0.5, (40)
IS T 10 Pd=18.1 £ 2.6, (13)
2 q ¢
227 28
'g il é‘ T i
2 g 6 1)
= 104 'g 5 \ | |
2 | Z 4 1A
o | \ =3 a1
= | = il X
& | g 2
0 1] ‘ &1 iy I
x — i« xR 0 sl AR
o s 10 15 20 25 00 02 05 1 2 510 20 100
FT Grain age (Ma) FT Grain age (Ma)

Figure 4. Results for the Coloncito River samptanfrthe Venezuelan Andes. A) Probability Density ¢tioms
(PDF) with binomial peak-fit results using BINOMFEDftware (Brandon, 1992). B) Populations discrismtéa
with the Bayesian Method using Markov Chain (Bay#4i®, Jasra et al., 2006). C) PDF with boxplotsnfrthe
p-partition algorithm using p=0.995. and D) BINOMFtesults when fission-tracks count are multipllada
factor of 10. In the central part of this figureethadial-plot after Galbraith (1994) is shown. Tinembers
between parentheses correspond to numbers of efethanform the population.

6. Recommendations and Conclusions

The p-partition method we present here can be tseerify the quality of samples and to
identify possible mixed age compositions, regasiles whether the data has passed the
Galbraith test. We can thus recommend not discgrdimy observation. Instead our new
method can be used to generate p-patterns, whiehagieliable estimate of the quality of the
data. Once the homogeneity or dispersion of thepkais tested (modified Galbraith test),
and problems related to low fission-tracks coumid/@r partial annealed of grains are taken
into account, the second step is to calculate ifferent estimators of fission-track age,

considering the following situations:
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a) Inthe case of ‘ideal’ p-patterns, age estimatandependent of the estimator used.
b) In the case where p-patterns are formed by a spwlg, any pooled estimator give a
good estimation of the age.
c) In the case of anomalous p-patterns, it is recondeerio use the p-pooled or the
isochrona estimator.
Where the p-pattern does not show a simple incr@adegields different fission-track ages for
Poissonian populations could be an indication thadlyzed grains are characterized by
differences in annealing kinetics, which requires mmeasurement of kinetic parameters (e.g.
Dpar or CI/F concentration). In addition, the methpyesented here statistically evaluates the
probability that the sample is composed of morentbae age group, which can then be
decomposed using the algorithm. In samples with lbwoncentration, we suggest to apply

the p-partition method.
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Appendix
Is the pooled estimator the maximum likelihoodrestor (MLE)?

ConsidelN_,...,N_, and N.,...,N. the counts for a unit area of spontaneous andcediu

fission track respectively, of a random samplenofrains, obtained by external detector

method. Suppose that these grains were irradidtéideasame time and their fission tracks

were counted by a single investigator. Under treegepositions,N; and N; forj = 1,...n,

have independent Poisson distributions with meawsngfor the parameterd., A; of the

equation (3), thus:

' 12
E(N;)=4 42
To simplify the equations the asterisks will be tied (*) from now on. The likelihood
functionL is proportional to the combined probability to bate counts about their observed

values, or the product of the separate Poissomapitities for each count. In this situatidn,

is given by:

Zn:st —nAg ‘Zn:Nij -nA Zn:st ‘ZH:N". —n(A+4)
As;Nilei):ASjnzl € 1= € ZASFl A'Fl € (13)

D (Ns,-) |j(Nii) |j(st!)(Nij !)

L(N

sj?

Calculating the logarithm of that function yields:
In(L)= Z N, |n()|s)+i N; In(4,)—n(A; +A,)+ Const (14)
= =
and substitutingl, by kA we obtain:
In(L) = Zn: N In(xA )+ Zn: N; In(A ) - n(kA +A)+Const (15)
= =
The derivative of this last equation with respecktyields:

oin(L) _ - No: _
0K _Z KA A +0.

=
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432

and, after simplifying, we obtain:

n NS.
()=
0K K

Equating to zero (to obtain the maximum likelihogoblds:

(16)

However, A is an unknown Poisson mean, which cannot estimataas, to be able to obtain

k from (16) it is necessary to estimate or approxémd by its maximum likelihood

estimator, which, in this case, is given by itsharietic mean. Thus:

and:

(17)

(18)

This coincides with the pooled value given in thistfsection of this article. In the literature

(Galbraith. 2005) refers to this as the maximunelihkood estimator for the ratiB of the

equation (1). Thus we demonstrate that the podednly an approximation of maximum

likelihood estimator. It is thus clear that therdse other estimators that can be used to

determinate the ratio R and might provide bettsults.
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Detection of Poisson mixtures by p-Partition
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Resumen

En este articulo se exponen los resultados de aplicar el proceso de p-
Particiéon a mezclas simuladas de Poisson. Se explora la p-Particién
como estimador del nimero de subpoblaciones presentes en la mezcla y
como test para decidir si una muestra tiene una o mas poblaciones.
Palabras y frases clave: distribucién de Poisson, mezclas, p-particion,
cubrimiento por intervalos, cubrimiento por conjuntos discretos, prue-
bas de hipdétesis, huellas de fisién, edad.

Abstract

In this paper we apply a p-partitions methodology to simulated Pois-
son mixtures. The p-partitions are explored as a mean of estimating
the number of suppopulations in the mixture and as a test for deciding
whether the sample has one or more subpopulations.

Key words and phrases: Poisson distribution, mixtures, p-partition,
coverage by intervals, coverage by discrete sets, hypothesis tests, fission
tracks, age.

1 Introduccién

Una huella de fisién [3] es una traza que se produce al ocurrir una fisién de
los atomos de uranio-238 presentes en minerales accesorios constituyentes de
rocas como el apatito, circén, etc. El nimero o contaje de huellas de fisién

Recibido 2006/02/28. Revisado 2006/07/03. Aceptado 2006/07/15.
MSC (2000): Primary 62H30; Secondary 62H12.
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de un grano de roca, es considerado una variable aleatoria de Poisson cuya
media depende de la densidad de uranio del grano en que se hace el contaje.
El método del detector externo para la determinacion de la antiguedad de una
roca, utiliza el contaje de las huellas de fisién, sobre varios granos de la roca
([6]). El hecho de que la densidad de uranio en los granos de una misma roca
no sea constante hace que sea poco realista considerar siempre, los contajes
hechos como provenientes de una sola poblacién de Poisson. Ademas, el hecho
de que provengan de diversas poblaciones de Poisson puede afectar la calidad
del estimado del tiempo. Por ello se han desarrollado métodos estadisticos
que toman en cuenta la posible variacién de densidades de uranio ([1]). Es-
to ha llevado, de manera natural, a considerar el problema de separacién de
poblaciones en mezclas de Poisson. Al menos en la literatura matematica de
geologia durante el desarrollo de esta investigaciéon no se encontré trabajos
en esa direccién. En este articulo se presentan algunos resultados iniciales de
separacién de mezclas. El concepto clave es el de p-Particiéon. Se explora dicho
concepto como estimador del ntimero de poblaciones de una mezcla y como
test para discriminar entre muestras unipoblacionales y muestras bipoblacio-
nales.

2 Definicion de una p-Particién

Considérese p un nimero entre 0 y 1, y sea:

cuantil(p, k) = inf{q € N/P(x < q) > p},
q

donde x es una variable aleatoria Poisson de media k. Dado 0 < p < 1, la p-
Particién de un conjunto finito de niimeros enteros positivos D se hace en dos
etapas. En primer lugar se define un p-Cubrimiento, luego se “disjuntiza.cse
p-Cubrimiento para obtener la p-Particion.

Ahora bien, para construir el p-Cubrimiento, se considera:

ki =min{D;},
y se define el intervalo o clase C; como:

C; = [ki;max(k;, cuantil(p, k;))]

Tomando:
D1 = D; — G,

D, =D.
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Se obtiene el p-Cubrimiento {H;} de D al considerar:
H; =Ci(\D.

Se designa con m; el promedio empirico de las observaciones en C; y Py, ()
la probabilidad de que la variable de Poisson X de media m; valga x.

La sucesién dada por los m; es creciente entre min(D) y max(D). En vir-
tud de que los {H;} no necesariamente son disjuntos, se establece la siguiente
regla de decision:

Si = {zeHi/(x ¢ Hj,i#j)}
U{ZL‘ S Hi+1 ﬁ[‘[z/fjm1 (.CL‘) > Pmi-H (I)}
U{.’L’ € H; 4 mHz/sz (J?) > Pmi71 (ZIJ)}
U{.%' c Hi+1 —H1/Pm1 (.Z') = PmiJrl (%)}

3 Estudio de la p-Particion como estimaciéon
del niimero de subpoblaciones de una mezcla
de Poisson

Utilizando el paquete estadistico ST se realizaron diversas simulaciones con
la finalidad de estudiar la capacidad de la p-Particién para estimar el niimero
de subpoblaciones presentes en una mezcla Poisson. Se simularon N pobla-
ciones Poisson {Gi}i:17_._7 ~, cada una con medias m; respectivamente para
N = 2;3;...;7;9. Los resultados que se exponen a continuacién son el produc-
to de mas de 500 corridas, este nimero resulté ser estable después de haber
probado con 20, 100, 500 y 1000 corridas. La cercania de las medias de las sub-
poblaciones afecta, en general, la calidad de los algoritmos de separacién de
muestras. En el caso de las distribuciones de Poisson la incidencia de este fac-
tor se complica por el hecho de que la varianza de la distribucién esta siempre
relacionada con la media.

Las simulaciones fueron realizadas asumiendo que la separacién entre dos
medias consecutivas es constante. Esto reduce considerablemente el espectro
de simulaciones. Se hicieron algunas simulaciones con variantes de esta condi-
cién y los resultados que se obtienen no se diferencian de aquellos obtenidos
con esta condicién restrictiva. Considérese delta (0) la separacién entre dos
medias consecutivas, a continuacién se presentan los resultados de las simula-
ciones para dos casos: medias separadas y cercanas.
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El objetivo de estas simulaciones al igual que el de las dos secciones si-
guientes es establecer un rango de probabilidades p o una tabla de valores
de p ideales que pueda ser usada por los futuros usuarios de este método
con el fin de hacer una discriminacién efectiva de las diferentes subpoblacio-
nes existentes en un conjunto de datos provenientes de una mezcla de varias
distribuciones Poisson.

3.1 Primer Caso: Medias separadas (6 > 20).

Medias separadas significa distancia entre dos medias consecutivas > 20. Los
parametros para la primera simulaciéon son los siguientes:

e Media inicial: m; = 10.

e Nuimero de subpoblaciones consideradas a priori: N = 3.
e Numero de elementos en cada grupo: n; = 10.

e El valor de probabilidad a priori: p = 0,90.

Al considerar valores a priori de probabilidad p < 0,90 se observé que no
existian coincidencias entre la cantidad de subpoblaciones supuestas a priori
(N = 3) y las estimadas por la p-Particién, es decir, al fijar un valor p < 0,90
la p-Particion estimaba mas de 3 subpoblaciones. Los resultados para este
caso en particular y para valores de p de 0.95, 0.99 y 0.9999 son mostra-
dos en la tabla 1. En esta tltima se aprecia que a medida que el nivel p es
incrementado aumenta el porcentaje de coincidencias entre el nimero de sub-
poblaciones consideradas a priori y las discriminadas por la p-Particién. Para
p =0,95,0,99 y 0,9999, los porcentajes de coincidencias son: 6.2, 51 y 98.2 %
respectivamente.

D %Coinc.

0.90 0.8
0.95 6.2
0.99 51

0.9999 98.2

Cuadro 1: Porcentaje de coincidencia entre las subpoblaciones supuestas (N =
3) v el ntimero de grupos de la p-Particién para diferentes valores de p en el
caso de medias separadas.

Al incrementar el nimero de subpoblaciones a N = 4,5,6, y 7 los resul-
tados son similares a los expuestos en la tabla 1 para N=3. Estos resultados
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son resumidos en la figura 1 considerando valores de p entre 0.90 y 0.9999.
Mientras mayor es el numero de poblaciones que conforman la mezcla, en el
caso de que la media de cada poblacion esté bastante alejada con respecto a
la otra poblacién se observa que el valor maximo de coincidencia es cuando
se selecciona una probabilidad de 0.9999.

Coincidencias (%)

£.100% 95,95

Figura 1: Porcentaje de coincidencias entre el niimero de subconjuntos gene-

rados por simulacién y el nimero de poblaciones separadas por la p-Particién
en el caso de medias distantes.

3.2 Segundo Caso: Medias cercanas (0 < 20).

Dos subgrupos se dicen que tienen medias cercanas cuando 6 < 20. En este
caso particular se tom6 ¢ = 10. En analogia con el caso anterior se asumié que
m1=10 y n;=10. Obteniéndose para el caso en que el niimero de grupos con-
siderados a priori es N = 3, los resultados mostrados en la tabla 2. En esta
tltima se aprecia que cuando las medias de los 3 subgrupos estan muy cercanas
la probabilidad necesaria para separar “correctamente” es menor, situdndose
su valor entre 0.95 y 0.98.
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D %Coinc.
0.90 21
0.95 74.8
0.96 80.4
0.97 81.6
0.98 69.4
0.99 43

0.9999 0

Cuadro 2: Porcentaje de coincidencia entre las subpoblaciones supuestas (N =
3) v el ntimero de grupos de la p-Particién para diferentes valores de p en el
caso de medias cercanas.

Cuando la poblacién esté conformada por N=5 se obtuvieron los resulta-
dos mostrados en la tabla 3.

D %Coinc.
0.90 41.4
0.91 54.8
0.92 64.6
0.93 72.8
0.94 71.2
0.95 51.8
0.96 31.8
0.97 15
0.98 5.6
0.99 0.4

0.9999 0

Cuadro 3: Porcentaje de coincidencia entre las subpoblaciones supuestas (N =
5) v el niimero de grupos de la p-Particién para diferentes valores de p en el
caso de medias cercanas.

Como se puede apreciar en la tabla 3, en el caso de que existan 5 subgrupos,
el valor de p ha descendido al rango comprendido entre 0.93 y 0.95. Este rango
se mantuvo para un nimero de simulaciones de 20, 50, 100 y 1000.

En el caso que existan 7 subpoblaciones en la tabla 4 se muestran los
resultados obtenidos, para un niimero de 1000 corridas. Puede observarse que
cuando el nimero de subgrupos que conforman la mezcla es 7, el rango éptimo
de separacion es alcanzado para p entre 0.90 y 0.93.
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D %Coinc.
0.90 60.6
0.91 66.2
0.92 62.3
0.93 47.4
0.94 27.1
0.95 10
0.96 2.7
0.97 0.3
0.98 0
0.99 0

0.9999 0

Cuadro 4: Porcentaje de coincidencia entre el niimero de subpoblaciones su-
puestas (N = 7) y el nimero de grupos de la p-Particién para diferentes
valores de p en el caso de medias cercanas.

Los resultados para todas estas simulaciones 20,50,100,500 y 1000 corridas
cuando las medias de cada una de las poblaciones N = 3,4, 5,6, y 7 estan poco
separadas pueden ser resumidas en la figura 2.

Observando la figura 2, se concluye que cuando las poblaciones tienen
medias muy cercanas entre si, para que coincidan el nimero de poblaciones
separadas por la p-Particion con el niimero de subpoblaciones utilizadas para
las simulaciones es necesario disminuir el valor de p. También se aprecia que a
medida que la cantidad de poblaciones aumenta el porcentaje de coincidencia
disminuye. Por ejemplo, cuando N = 4, el maximo de coincidencias entre las
poblaciones supuestas a priori y las discriminadas por la p-Particién es 86 %
y se alcanza en p = 0,948 mientras que si N = 7, el maximo de coincidencias
es 61 % y se alcanza en p = 0,905.

Todas las simulaciones realizadas considerando diferentes niimeros de sub-
poblaciones: N = 3,4,5,6, y 7, junto con las figuras 1 y 2 permiten tener una
idea del intervalo donde se encuentra el valor p a utilizar, dependiendo ini-
camente del grado de separacién entre las medias de las subpoblaciones. Esta
intervalo donde se encuentra p se denominard el rango de probabilidades p.
A partir de la gran cantidad de simulaciones realizadas en esta investigacion,
puede establecerse un posible rango de probabilidades p de manera que el por-
centaje de coincidencia entre el niimero de subpoblaciones supuestas a priori y
las separadas por la p-Particiéon sea maximo, estos rangos son mostrados en la
tabla 5. En la tabla 6 se resumen las observaciones antes realizadas, esta tabla
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Figura 2: Porcentaje de coincidencias entre el nimero de subconjuntos gene-
rados por simulacién y el niimero de poblaciones separadas por la p-Particion
en el caso de medias cercanas.

proporciona una orientacién precisa al momento de realizar las aplicaciones,
pero es necesario tener una “idea.® conocimiento a priori acerca del grado de
se-paracion entre las medias de los subgrupos.

4 Pruebas de hipdtesis aplicadas a la
p-Particién de una poblacién

Al aplicar la p-Particién a una poblacién se puede no separar una muestra
en dos subpoblaciones a pesar de que esta esté compuesta por observaciones
que provienen de dos poblaciones poissonianas diferentes. O bien se puede
separar una muestra en dos subpoblaciones a pesar de que la muestra provenga
de una sola distribucién de Poisson. Esta seccion muestra estimados de las
probabilidades de cada uno de los dos posibles errores sefialados, obtenidos
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# de Pob. | Int.Prob.p
3 ~ (0,95,0,97)
5 ~ (0,93,0,95)
7 ~ (0,90,0,93)

Cuadro 5: Rango de confiabilidad para mezclas formadas por 3, 5 y 7 subpo-
blaciones con medias cercanas.

Distancia entre poblaciones: § | Niveles 6ptimos de p
0 > 20 (lejanas) 099 <p<1
15 <6 < 20 (intermedias) 0,96 < p < 0,99
10 < 6 < 15 (cercanas) 0,94 < p <0,96
5 < ¢ < 10 (muy cercanas) 0,9<p<0,94

Cuadro 6: Resumen de los valores éptimos a usar en la p-Particién segun la
distancia entre medias de subpoblaciones para diferentes valores de my.

mediante simulaciones.

La significancia de este test guarda relacién con el p de la p-Particion.
Antes de definir el test estadistico construido para esta situacién, lo primero
que se realizé fue buscar el valor éptimo de p, para el cual al introducir una
poblacién proveniente de una sola Distribucién de Poisson no fuese dividido
por en dos poblaciones, siendo este p = 0.999999, muy cercano a 1.

4.1 La p-Particion utilizada como test de hipdtesis de
que la muestra tiene una o mas de una poblacion.

Al aplicar la p-Particién como un test de hipdtesis se conservan las carac-
teristicas de las pruebas de hipétesis ([5]), con la diferencia que en lugar de
discriminar pardmetros de una poblaciéon como la media y la varianza, dis-
crimina hasta que punto al introducir la unién de dos grupos provenientes
de dos distribuciones de Poisson distintas, la p-Particion en realidad separe
estas poblaciones en una o dos. El buen ajuste del test depende del nivel de
significancia p.

Para definir los parametros que la p-Particién utilizada como test de
hipétesis debe discriminar, se considera la siguiente matriz:

Sea:
Ti1 T12
M =
21 T22

donde:
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11 + x12 es el nimero de veces que se genera una muestra de Poisson con
dos poblaciones diferentes .

o1 + X292 es el nimero de veces que se genera una segunda poblacién de
Poisson.

En esta matriz:

211 indica el niimero de veces que al aplicar la p-Particion esta consté de un
sélo grupo (el niimero de veces que no coincide con el nimero de poblaciones
de la muestra).

x12 indica el niimero de veces que la p-Particion indica que hay méas de un
grupo.

91 indica el nimero de veces que la p-Particion indica que hay un sélo
grupo y

Zo9 indica el nimero de veces que la p-Particién indica que hay dos gru-
pos (el nimero de veces que no coincide con el nimero de poblaciones de la
muestra).

Lo que se desea al utilizar la p-Particion como test de hipdtesis es que los
valores de x12 y T21 sean maximos y al compararlos entre si se pueda tomar
una decisién sobre si las muestras estan formadas por una sola poblacién o
por mas de una poblacién de acuerdo al significado de las componentes de
la matriz M dado anteriormente. Por ejemplo, supéngase que se generan 100
muestras Poisson (es decir: x11 + £12=100 y 221 + 222=100) y que la matriz

M estd dada por:
10 90
M= < 90 10 >

Como 712=90 esto significa que con un 90 % de probabilidad cuando se in-
trodujo una muestra formada por varios subgrupos Poisson, la p-Particion de-
tectd una mezcla de poblaciones. Ahora bien, la otra componente x5, =90, indi-
ca que cuando se introdujo la muestra como una séla poblacion la p-Particion
identifica en un 90 % que no hay mezclas de poblaciones. Para formalizar es-
to, es necesario pensar el nimero de subgrupos dados por una p-Particion, en
términos de test de hipdtesis y asumiendo que:

Hy: la muestra esta constituida por dos subpoblaciones.

Hi: la muestra esta constituida por una subpoblacion.

Ast:

Tl
11 + T12

es un estimado de la probabilidad del error de Tipo I del test y

T22
To1 + X2z
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es un estimado de la probabilidad del error de Tipo II del test.
Un modo de optimizar el test es maximizando la funcion:

F(M) = (x12 + x21) — (11 + 222)

Se prob6 optimizar con otras funciones y los resultados varian muy poco.

4.2 Resultados de las simulaciones

A lo largo de las simulaciones, se procedié generando siempre muestras de 20
elementos. En el caso de que la muestra conste de dos subpoblaciones, cada
una de las subpoblaciones generadas tenfa 10 elementos. Ademas se considero:

11 + T12 = T21 + 22 = 100.

Los resultados de este test, son mostrados segin el grado de separacién
entre las distancias de las medias de las subpoblaciones. En el caso de que las
medias (Poisson) de las subpoblaciones estdn muy cercanas, es decir, medias de
8 y 10 respectivamente, el intervalo donde se encuentra el nivel p-6ptimo es el
(0.995,0.996), la funcién de maximizacién establece un p-6ptimo de 0.995611,
obteniéndose que el 58 % de las veces en que hay dos grupos, el test discrimina
2 grupos, mientras que el 67 % de las veces en que hay un sélo grupo el test
discrimina un sélo grupo. En este caso el error de tipo II es 0.33 y el error de
tipo I es 0.42. Todas estas observaciones son resumidas en la tabla 7. En estas
situaciones de separacién de medias tan cercanas el test tiene un desempeno
pobre.

Media de G4 mi1=8
Media de Go mo=10
Intervalo donde se encuentra el p-6ptimo | [0,995,0,996]
p-6ptimo 0.995611
. 42 58
Matriz M ( 67 33 >
Valor de la funcién f(M) 50

Cuadro 7: Resultados de la p-Particién como test de hipdtesis en el caso de
m1=8 y mo=10

Fijando m1=8 y tomando ms =10;12;...;20, se estudiaron 6 casos, el iltimo
de ellos es resumido en la tabla 8. En este caso, el intervalo donde se alcanza
el méximo estd entre [0.998, 0.99999], el nivel p-6ptimo es de 0.999777. Para
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este caso particular, si se observa los valores estadisticos de los errores de tipo
Iy II se aprecia que la probabilidad de que ocurran estos errores es pequena:
1%, en ambos casos. El valor de la funcién donde el maximo es alcanzado es
de 196, lo cual representa una buena aproximacién.

Media de G mi=8
Media de Go meo=20
Intervalo donde se encuentra el p-6ptimo | [0,998,0,9999]
p-6ptimo 0.999777
. 1 99
Matriz M ( 99 1 >
Valor de la funcién f(x) 196

Cuadro 8: Resultados de la p-Particién como test de hipdtesis en el caso de
m1=8 y mo=20

Anélogamente, se hicieron otras pruebas tomando medias mayores, con
los siguientes criterios: se tomaba como media del primer subgrupo mq, y
me = mq + 2i con ¢ = 1...n hasta que mso fuera el doble de my. En la
figura 3, se resumen los 8 casos considerados, con medias m; de 8, 14, 18,
20, 30, 40, 50 y 60. El eje x representa la distancias entre las dos medias
de las dos poblaciones consideradas, el eje y representa la altura del valor
de f(M) obtenido con el p-6ptimo. Mientras mds cerca estén las medias el
valor del p-6ptimo serd més cercano a 0.99, mientras que a mayor distancia
entre las medias el valor de p se acerca mucho a 1, es decir, p=0.999999.
La nocién de cercania y lejania para medias grandes cambia con respecto a
medias pequenas.

En la mayoria de las simulaciones se observé que al aumentar considera-
blemente mq, debido a que la varianza de una Distribuciéon de Poisson esta
relacionada con su media m mediante:

0%(m) =m

esta varianza también se incrementaba, y la p-Particién tiende a no separar
eficazmente poblaciones con medias gercanas”. Esto es cierto para el caso en
que mq > 100.
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Figura 3: Resultados de la p-Particién para diferentes distancias entre medias.
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6 Conclusiones

El algoritmo descrito en este articulo fue aplicado a varios de los conjuntos de
datos que motivaron este estudio. Esto permitié:

1) Hacer un estudio més detallado sobre la estructura de ciertos datos y
compararlos con los resultados que se obtienen con el test de Galbraith ([4]).
Se pudo constatar ([1], [2]), que en numerosos casos el test de Galbraith es
inefectivo, mientras que el test, basado en la p-Particién, si detecta distancia-
miento de la hipdtesis nula.

2) Mostrar que el problema fisico de tener varias concentraciones de uranio
en muestras si afecta la calidad del estimado en la edad proporcionada por el
método de huellas de fisién y que la influencia de una distribucién heterogénea
de uranio no habfa sido resuelto por la técnica del detector externo como se
pensé desde 1981 (ver [6]).

3) La aplicacién de la p-Particién a los datos de huellas de fisién lleva a la
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nocién de p-Patrones ([2]) que permite mejorar la calidad de la estimacién de la
edad de las rocas para los casos de datos en donde la distribucién heterogénea
del uranio afecta la calidad de la estimacion de la edad.

4) Permiti6 definir un nuevo estimador ([1], [2]) de la edad proporcionada
por el método de huellas de fision que es mucho mas eficiente que los estima-
dores convencionales para este fin.

Las rutinas de St que sirvieron para este estudio pueden ser suministradas
por el autor si le son solicitadas.
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CARACTERIZACION DE CRISTALES DE APATITO
Y CIRCON DEL ESTANDAR INTERNACIONAL
FISH CANYON TUFF PARA SU USO

EN UN LABORATORIO DE TERMOCRONOLOGIA

MAURICIO BERMUDEZ-CELLA, ARTURO LOPEZ, MIGUEL BALCAZAR-GARCIA,
GRACIELA ZARAZUA-ORTEGA y ROMMEL BONA

RESUMEN

Cristales de apatito y circon del estdndar internacional FCT
(Fish Canyon Tuff, Montafias San Juan de Colorado, EEUU)
para el método de huellas de fision fueron caracterizadas usando
difraccion y fluorescencia de rayos X, microscopia electronica de
barrido de bajo y alto vacio, y petrografia de secciones finas,
para identificar la disposicion de estos minerales en la matriz
de la muestra. Un total de 19 cristales de apatitos fueron fecha-

dos mediante esta técnica de datacion arrojando una edad de
27,2 +0,2Ma, la cual esta en concordancia con la edad K-Ar
(27,8 £0,5Ma). El estudio realizado permitié reconocer la exis-
tencia de diferentes especies cristalinas de circones y apatitos,
asi como la validacion de cada uno de los procedimientos para
la datacion de apatitos en el Laboratorio de Termocronologia de
la Universidad Central de Venezuela.

os minerales pesados (apa-
tito y circén) de la toba
volcanica de Fish Canyon
Tuff (FCT) en las Montaiias de San Juan de
Colorado, EEUU, son un estandar interna-
cional para el fechado de muestras de edad
desconocida por el método de huellas de fi-
sién (MHF; Fleischer et al., 1975; Hurford y
Green, 1982, 1983; Wagner y van den Hau-
te, 1992), el evento geoldgico asociado a la
formacién de estos minerales, fue una extru-
siéon volcdnica violenta ocurrida hace 27,8
+(0,5Ma segun el método de datacién pota-
sio-argén (K-Ar), (Lipman, 1975).
El uso de estindares en
los métodos de datacion radiométrica (Fau-

re, 1986) es importante por dos razones; la
primera porque permite calibrar los proce-
dimientos de laboratorios y la segunda por-
que a través de ellos se deducen parametros
necesarios en la ecuacion de edad prove-
niente del decaimiento radioactivo de iséto-
pos inestables. En el caso de la termocrono-
logia por huellas de fisién, el FCT es utili-
zado con este mismo doble propésito. En
este caso los pardmetros a obtener son el
factor Z y/o, la fluencia de neutrones aplica-
da en el reactor nuclear, para luego incorpo-
rar €stos en la ecuacion de edad préctica del
MHF (Wagner y van den Haute, 1992) y
posteriormente fechar otras muestras de
edad desconocida.

El objetivo principal de este
trabajo fue llevar a cabo la caracterizacion de
los granos de apatito y circéon del FCT por
fluorescencia (FRX) y difraccién (DRX) de
rayos X, microscopia electrénica de barrido
(MEB) de alto y bajo vacio, y andlisis petro-
grifico de secciones delgadas, con el fin de
validar cada una de las etapas realizadas en el
Laboratorio de Termocronologia de la Univer-
sidad Central de Venezuela (UCV) y fechar
cristales de apatitos por el MHE.

Marco Geoldgico

La toba volcdnica FCT
es el producto de la expulsién de lava
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Figura 1. a: Mapa de ubicacién del campo volcdnico de San Juan y distribucién aproximada del FCT.
b: Orientacién de los campos volcdnicos del Terciario Medio al momento de la subduccién de la Sierra
Madre Oriental (Modificada de Bachmann et al., 2002).

ocurrida durante el Terciario a través
de la Caldera Garita y otras fisuras en
el Parque Nacional Black Canyon, lo-
calizado en el rio Gunnison, a ~7 mi-
llas al NO de Montrose, Colorado.
Este parque nacional estd formado por
un conjunto de campos volcdnicos ex-
tintos (Figura 1) y el cafién actual es
el resultado de la erosién de estructu-

ras preexistentes (Charlier et al.,
2007).

Estos campos volcéni-
cos, de acuerdo a Bachmann er al.

(2002) estdn relacionados a los proce-
sos de magmatismo ocurridos durante
la extension causada por la subduccién
de la Sierra Madre Occidental al cam-
po volcdnico San Juan. En la Figura 1b
puede observarse la orientacién de los
campos volcdnicos del Ter-
ciario Medio al momento
de la subduccién de la Sie-
rra Madre Oriental.

La Caldera Garita, se-

c d

un volumen de ~5000km? (Charlier et al.,
2007).

Metodologia
Andlisis petrogrdfico

Se seleccionaron cinco
muestras de mano con variaciones latera-
les visibles de una muestra de Fish Can-
yon Tuff proporcionada por John Garver,
del Union College, EEUU, a Jorge Mora,
del Laboratorio de Termocronologia de la
UCV.

Las Figuras 2a-e repre-
sentan las secciones delgadas de las mues-
tras de FCT estudiadas. En términos gene-
rales, éstas poseen caracteristicas de una
roca volcanica, es decir, abundancia de vi-
drio en la roca y fenocristales, los cuales
algunas veces se encuentran embebidos en
una matriz vitrea. Asi, es posible asignar
una cristalinidad de tipo hipocristalina. En
las muestras FCT-1, FCT-2 y FCT-3, repre-
sentadas por las Figuras 2a, b y ¢, respec-
tivamente, se observan: 1) inclusiones de

Figura 2. Fotografia de las secciones delgadas en nicoles cruzados (NX). Objetivo 0:/0,12x. Ocular:
12,5% para las secciones FCT-1 al FCT 5 (a-e); f: diagrama ternario para la clasificacion de rocas volcé-
nicas segtin Streckeisen (1979), elaborado en Matlab y modificado de Middleton (1999). Ver Tabla 1.

Nevada en el intervalo 40-25Ma. La Ga-
rita fue probablemente el sitio donde
hubo una mayor cantidad de erupciones
entre 26 a 28Ma (Oligoceno). El dep6sito
resultante de este vulcanismo es conoci-
do como Fish Canyon Tuff, el cual tiene

TABLA I

RESULTADOS DEL ANALISIS PETROGRAFICO DE

LAS CINCO SECCIONES DE FCT

apatito en corte transversal (delimitados
por circunferencias), 2) el mismo mineral
en corte basal (encerrados en cuadrados), y
3) cristales de circén (delimitados por un
hexdgono) en biotita. En la Figura 2b se
observan dreas blancas correspondientes a
cristales de plagiocla-
sas. La Figura 2d re-
presenta la  muestra
FCT-4, donde se obser-
van granos de circén

gin diversos autores (Lip- Mineral FCT-1 FCT2 FCT3 FCT4 FCTS  .on habito prismético
man, 2000; Bachmann et ]Cg).rtolsa lg 12 lg lg lg encerrados en hexdgo-
al., 2002) es una larga cal- lotita n Ita figur: in-
der’a Volcz’mica localiz%ida en Iorblenda . s 2 3 4 4 4 te(;sfe)r/esctiz irglgluid((i)es en
Accesorios (esfena, apatito y circén) 1 1 1 1 1 .
el campo de San Juan, en  Cuarzo 20 17 25 25 28 biotita. Puede observar-
las montafias del mismo Microclino 1 1 NC NC 1 se en la Figura 2e
nombre al suroeste de Colo-  Albita (0-5% an) 3 5 6 10 8 (FCT-5) inclusiones de
rado, EEUU (Figura 1). Albita (5-10% an) 15 10 8 9 8 esfenas (encerrada en
Esta es una de las numero- Anortoclasa 2 2 12 2 ! una elipse) tit
Oligoclasa 19 13 10 5 10 pse) y apalito
sas calderas formadas du- Sanidina 10 12 10 8 11 (encerrado en circunfe-
rante un proceso masivo de Clorita NC 3 2 4 3 rencia), ambas como
litificacién de flujos de ce- _Piroxeno NC NC 4 3 3 inclusién en el fenocris-

nizas o depdsitos pirocldsti-
cos en Colorado, Utah y

Los valores estdn en porcentaje. Estos valores son mostrados en forma de diagrama terna-

rio en la Figura 2f. NC: no cuantificable.
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tal de biotita. Los re-
sultados de este analisis
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se resumen en la Tabla I, y
son presentados en la Figura
2f en forma de diagrama ter-
nario (tridngulo APQ) para
clasificaciéon de rocas volca-
nicas  seglin  Streckeisen
(1979). De esta figura se de-
duce que el tipo de roca vol-
canica es una riolita dacitica
que pudo generarse como

nos discriminados pre-
viamente de acuerdo a
sus caracteristicas cris-
talograficas. La Figura
3a muestra los crista-
les de minerales y
fragmentos de rocas a
los cuales se les reali-
z0 este estudio con
una presién en cdmara

producto de la expulsion ra-
pida del magma a la superfi-
cie.

de 15psi y una energia
de 20keV. En la figura
se indican (A-E) los
diferentes tipos de
granos observados.
Aqui se presentan so-
lamente los resultados
obtenidos para los
cristales A y B, que se

Figura 3. Vista de cristales y fragmentos de rocas en MEB de bajo vacio (a) y de alto vacio (b).

Separacion de minerales
pesados

) TABLA 11
VALORES DEL ANALISIS POR FLUORESCENCIA CUANTITATIVA
DEL MICROSCOPIO ELECTRONICO DE BAJO VACIO
Para esta separacion se PARA LOS CRISTALES A Y B*

llevé a cabo la siguiente

. .. Cristal A Cristal B

secuencia: 1) Concentracion resumen en la Tabla
primaria de minerales medi- Elemento Elmt % Sigma % Atomic % Elemento Elmt % Sigma % Atomic % II, puesto que el cris-
ante el sistema. automati;ado C 22.38 032 3391 C 40,16 037 57.82 tal D es muy similar
para la separacién de miner- o) 39,05 0,41 4443 O 28,70 0,36 31,02 al B y los cristales C
ales (SASMP), que ademds E (3)%% 8,(3)g 8’411;} i? (1)732 8,82 8,33 y E son fragmentos de
i i iza- a > s s > N s icid

ancluye el tr}llturado y.tamlzall Al 152 0.03 102 Si 9.5 0.10 570 ;oca cu)l/? cgmposmlon
O para Omogfznelzar a Si 3’39 0707 2,20 P 0’59 0’13 0,33 ue€ analizada con ma-
muestra en fracciones entre P 9,66 0,12 5,68 Ca 1,02 0,05 0,44 yor detalle por MEB
0,074 y 0,250mm. 2) Separa- Cl 0,40 0,04 0,20 Zr 18,52 0,26 3,51 de alto vacio. La Figu-
cién magnética mediante el Ca 19,76 0.19 8,97 ra 3b representa la

Magnet Lift. 3) Concentracion  + ver Figura 4, imagen de la fraccién

mediante la técnica de liqui-

dos pesados, discriminandose

tres fracciones de diferente densidad (d), a
saber: F1 (2,96<d<3,3), F2 (3,095<d<3,225)
y F3 (d>3,3).

Fluorescencia de rayos X (FRX)

La fraccién F1 fue lle-
vada al Laboratorio de Trazas de Fision
del Instituto Nacional de Investigacio-
nes Nucleares de México (ININ) donde
se dividié la muestra en dos partes; la
primera mediante una separacién ma-
nual de apatitos bajo lupa, a la cual se
le realiz6 un andlisis mediante FRX, y
la segunda formada por el remanente
de cristales.

Microscopia electronica
de barrido (MEB)

La misma fracciéon F1
utilizada para el andlisis de fluorescencia
de rayos X fue sometida a un andlisis por
microscopia electrénica de alto y bajo va-
cio, utilizando los denominados espectré-
metros de energia dispersiva de rayos X
(EDX).

Difraccion de Rayos X (DRX)
Se realizaron tres tipos
de sesiones. La primera sobre las mismas

muestras de mano, la segunda sobre la
muestra analizada por fluorescencia y mi-
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croscopia electrénica de barrido, y la ter-
cera sobre la fracciéon F2.

Meétodo de huellas de fision (MHF) bajo
la técnica del detector externo (TDE)

Se realizé la siguiente se-
cuencia de pasos: 1) Montado de la frac-
cion F2 en resina epdxica y pulido de
muestras. 2) Revelado de huellas de fision
espontdneas. 3) Montaje del detector exter-
no o mica. 4) Preparacién del contenedor
para su irradiacién en el reactor nuclear:
en el contenedor se colocan dos vidrios es-
tandares de densidad de uranio conocida
(IRMM-540), dos pastillas con muestras de
edad conocida como el apatito de Durango,
cuya edad es de 31,4 £0,5Ma, y entre estos
dos estdndares se colocan las muestras a
ser fechadas. 5) Revelado de huellas de fi-
sién inducidas sobre la mica. 6) Prepara-
cién de la seccién para conteo en el mi-
croscopio. 7) Conteo y obtencién de la
edad en apatitos utilizando la ecuacién
practica de edad por el método de huellas
de fisién. (Wagner y van den Haute, 1992).

Resultados

MEB de bajo vacio con fluorescencia
semicuantitativa

Este andlisis fue realizado
a la fraccién F1, sobre un conjunto de gra-

estudiada por MEB de
alto vacio.

En la Figura 4a puede apreciarse con
mayor ampliacién (500x) un cristal anali-
zado, sobre el cual se sefiala con un cua-
drado el drea donde fue aplicado el andli-
sis por fluorescencia de rayos X (FRX).
El andlisis efectuado sobre esta zona del
cristal arrojé el espectro mostrado encima
de la figura, donde el eje x representa la
energia aplicada. Se observan tres picos
significativos que corresponden a la pre-
sencia de Ca, P y O, mientras los picos
mads pequeiios corresponden a Si, Al, Na,
F y Cl. La concentracién (%) de cada uno

Energia (kV)

= A W
20kV X500 50 20kV X500 50 um

a

Figura 4. Espectro generado por el microscopio
electronico de bajo vacio para grano A (a) y gra-
no B (b). Ver Tabla II.
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de estos elementos es resumido en la Ta-
bla II para este cristal. En este caso, en
virtud de que la concentracion del flior es
mayor que la de cloro, pareciera tratarse
de un fluorapatito.

En la Figura 4b se ilus-
tra el espectro semicuantitativo arrojado
por el andlisis por MEB al grano B, que
aparece debajo del mismo con el sefala-
miento de la zona donde fue aplicada la
sonda para el estudio por FRX. Aunque
en este espectro no se visualizan los picos
correspondientes a C y Zr, los resultados
mostrados en la Tabla II para este cristal
permiten aseverar que se trata de un cris-
tal de circén. La razén por la cual no se
visualizan estos elementos en el espectro
es que sus concentraciones son relativa-
mente bajas, por lo cual estdn por debajo
del limite de deteccién y el “ruido” oculta
sus picos, haciéndolos indistinguibles.

MEB de alto vacio con sonda
dispersiva de energia por rayos X

En la Figura 3b se mues-
tra la vista de la misma fraccién F1 anali-
zada anteriormente, a 50x bajo el micros-
copio de barrido electrénico de alto vacio
del Instituto Nacional de Investigaciones
Nucleares (ININ) de México, con una
energia dispersiva de 25keV y presion de
200psi. De estos cristales se seleccionaron
al azar cinco granos y se les realizé un
andlisis por drea en la parte central de
cada uno de ellos. Los granos estudiados
fueron denotados con las letras A a F. A
continuacién se presentan los resultados
de los andlisis realizados sobre los granos
B,C,DyF

TABLA 111
VALORES ARROJADOS POR LA
SONDA EDX DEL MICROSCOPIO
ELECTRONICO DE ALTO VACIO
APLICADO SOBRE EL CRISTAL B*

Zona B1 Zona B2
Si
Ca l
0 A||
0 4 Ca ﬂ l“‘ l\

= _ﬂi— S' ! K ‘__J‘l\_'jeju \ _J‘I{EE‘
3 40 1 2 3 40 1 2 3 4
Energia (kV)
o d

Figura 5. Grano B (en a) y las tres zonas donde se aplicé la sonda EDX del MEB. Espectro generado
sobre zona B (b), inclusién B, (c¢) y zona B, (d). Ver Tablas IIT y IV.

Ca P

o i 2 3 4 0

25kY  Spot4.3 %200 100um

Spot 4.9 X300

Ca

100 um

15 kV
Cc

Spot4.7 X1600 20 um

Figura 6. Espectro generado por la aplicacion de la sonda EDX del MEB sobre cristal C (a), cristal D
(b) y sobre la inclusién F, del cristal F (c). Ver Tablas V y VL.

En la Figura 5a se mues-
tra un ejemplar del cristal B, y a la dere-
cha tres espectros arrojados por EDX en
tres diferentes zonas del grano, sefialados
como B, Bl y B2. En la Figura 5b se ob-
servan picos significativos de Zr sobre la
capa L y de O, reconocido sobre la capa
K. En la Tabla III, se muestran los valores
semicuantitativos obtenidos de este estudio.
Segiin los elementos encontrados, Zr
(4917%) y O (35,61%), se deduce que el

Elemento Wt % At % K-Ratio : oY
grano analizado es un circén. Sobre el gra-
gﬂ? ?g’gé ?g’gé 8’(1)? no estudiado se observan algunas inclusio-
7L 49,17 16.30 0.37 nes y otro material adherido al mismo. Se
seleccionaron dos zonas, una sobre la in-
* Ver Figura 5.
TABLA IV

VALORES ARROJADOS POR LA SONDA EDX DEL MICROSCOPIO
ELECTRONICO DE ALTO VACIO APLICADO SOBRE
LAS ZONAS B, Y B, DEL CRISTAL B*

Zona B, Zona B,

Elemento Wt % At % K-Ratio Elemento Wt % At % K-Ratio
O K 36,27 55,53 0,05 O K 39,82 54,44 0,09
F K 2,23 2,87 0,00 NaK 1,12 1,07 0,00
SiK 0,93 0,81 0,01 AIK 8,19 6,64 0,05
P K 20,56 16,26 0,16 SiK 4291 33,41 0,29
CIK 0,95 0,66 0,01 K K 6,97 3,90 0,05
CaK 39,06 23,87 0,35 CaK 0,99 0,54 0,01

* Ver Figura 5.
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clusion (B1) y otra zona (B2) cuyos respec-
tivos espectros se presentan en las Figuras
S5c y d. Los resultados del estudio sobre
ambas zonas estdn resumidos en la Tabla
IV. En el caso de la zona B; la inclusién
corresponde a un cristal de apatito, por los
altos valores de Ca, P y O, y como la pro-
porcién de F (2,93%) es mayor a la de Cl
(0,95%) puede afirmarse que es un fluora-
patito. Con respecto a la zona B,, las con-
centraciones de elementos mostrada en la
Tabla IV permiten inferir que se trata de
restos de fragmentos de la matriz.

Los cristales C y D mos-
trados en las Figuras 6a y b, respectiva-
mente, fueron seleccionados de acuerdo a
su geometria hexagonal, por lo cual se sos-
pechaba que podrian ser cristales de apati-
tos. El andlisis realizado sobre el cristal C
indica y confirma dicha sospecha. En este
caso no es posible la cuantificacion del
fldor; sin embargo, se observa en su res-
pectivo espectro (Figura 6a) la presencia
de dos picos de calcio (Ca) activados sobre
la capa K y el valor de Cl (1,08%) en la
Tabla V permiten aseverar que es un cris-
tal de cloroapatito. Andlogamente al caso
anterior, el andlisis realizado sobre el cris-
tal D, mostrado en la Figura 6b y la Tabla
V (Wt% Cl= 1,29) confirman que se trata
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de un cristal de cloroapatito. En
la figura 6¢ se aprecia la inclu-
sién F; del cristal F, correspon- o
diente a un grano de circén; la
presencia de los elementos P, Ca
y O revelan que la inclusién es
un fluorapatito, por ser el por-
centaje de F mayor que el de C1
(Tabla VI).

Cavetsts

150

Fluorescencia de rayos X

Debido a que en las sesio- 0
nes de microscopia electronica
de barrido se distinguieron ba-
sicamente apatitos (tipo fldor- y
cloro-apatitos), circones y frag-
mentos de la matriz, se realiza-
ron dos sesiones de FRX, la
primera correspondiente a la
matriz o granos sobrantes de la
separacioén visual bajo una lupa 10x y la
segunda perteneciente a la seleccion de
granos estudiados por MEB.

Los resultados de la
FRX del segundo grupo mostraron un es-
pectro formado por diferentes elementos
de los cuales 14 (K, Ca, Mn, Fe, Hf, As,
Bi, Br, Rb, Th, U, Sr, Y y Zr) son los
mds significativos. La presencia de tierras
raras como U y Th es completamente nor-
mal, debido a que los minerales acceso-
rios al cristalizar introducen estos dtomos
dentro de su estructura; de alli la utilidad
que tienen estos minerales para la data-
cién radiométrica. La presencia del hafnio
en el espectro se debe a que este elemen-
to es un cation que determina la presencia
del mineral circén, ya que en este silicato
el circonio (Zr), frecuentemente se en-
cuentra junto con el Hf y ocasionalmente
con U, Th e Y. El mineral circén es parte
del grupo de los silicatos y estd compues-
to de minerales con férmula general
XSiO4, donde X es el catién tetravalente
X*4. Si este catiébn es Zr, el mineral es
circon, si el cation es Hf el mineral recibe
el nombre de hafnén, en el caso del Th
recibe el nombre de torita y en el caso del
U es denominado cofinita.

El intercambio se favore-
ce con el Hf debido a que el Zr y el Hf se
encuentran en la misma familia de la tabla

Figura 7. Espectro generado del estudio de difraccién de rayos X para la
muestra de FCT refinada entre 3,095 y 3,225 grs/cm?, donde el eje x se re-
fiere a la penetracién del rayo con un dngulo de incidencia 2a., y el eje y se
refiere al nimero de emisiones contadas por segundo (cps). Los simbolos
sobre el espectro denotan la especie de apatito reconocida a partir de ese
valor y estdn identificados en la leyenda de la Tabla VII.

periddica de los elementos, por lo que sus
propiedades quimicas para formar com-
puestos son similares. El mineral circén,
puede contener un 20% de hafnén en su
estructura, y si éste excede ese porcentaje
se le designa como hafnén. La presencia
de estos elementos en la estructura del sili-
cato es debida a las especies idnicas que se
forman de los elementos, que permiten un
facil intercambio quimico entre los dtomos
de Zr con los de Hf, Th o U. Por esta pro-
piedad quimica los circones contienen una
concentracion mas alta de U, situandose
ésta usualmente en el rango de 100 a
1500ppm, aunque varia dependiendo del
tipo de roca fuente que contiene el circén
y del tamafio del cristal (Sakamoto et al.,
1980; Duddy y Kelly, 1999).

Por su parte, la variacién
en la concentraciéon de Hf depende de las
condiciones fisicoquimicas del entorno
donde se encuentre la muestra. Sin embar-
go, hasta el momento no se ha realizado
un estudio de cémo influye la presencia
de este elemento en la estimacién de la
edad proporcionada por el método de hue-
llas de fision.

Difraccion de rayos X

El primer andlisis de di-
fraccién de rayos X hecho a las muestras

TABLA V
VALORES ARROJADOS POR LA SONDA EDX DEL MICROSCOPIO
ELECTRONICO DE ALTO VACIO APLICADO SOBRE LOS CRISTALES C YD *

Cristal C Cristal D
Elemento Wt % At % K-Ratio Elemento Wt % At % K-Ratio
OK 33,19 52,99 0,04 O K 39,00 59,13 0,08
SiK 0,82 0,75 0,01 SiK 0,43 0,38 0,00
P K 21,91 18,07 0,17 P K 20,97 16,42 0,18
CIK 1,08 0,78 0,01 CIK 1,29 0,88 0,01
CaK 43,00 27,41 0,39 CaK 38,30 23,18 0,36

de mano y realizado en el La-
boratorio de Difraccién y Fluo-
rescencia de Rayos X de la Es-
cuela de Geologia, Minas y
Geofisica de la Universidad
Central de Venezuela (UCV)
indicé cuatro especies cristali-
nas: apatito (fluorapatito, hi-
droxilapatito), plagioclasas, cir-
con y gestantita. Otro andlisis
realizado en la Universidad
Nacional Auténoma de México
(UNAM), sobre la fraccién F1
arrojé la presencia de a) fel-
despatos: plagioclasa de com-
posicién intermedia entre albita
(NaAlSi;Og) y anortita (CaAl-
»51,0g); b) piroxenos: enstatita
ferrosa, (Mg, Fe) SiO; y c)
apatitos: hidroxilapatito y fluo-
rapatito. La udltima sesién del
estudio se realiz6 en la UCV sobre la
fraccion F2 y proporcioné el espectro
mostrado en la Figura 7.

Los valores maximos
de la Figura 7 estan resumidos en la
Tabla VII. Utilizando la biblioteca de
reconocimiento de especies existentes
en el laboratorio fue posible discrimi-
nar las cinco especies de apatitos sefia-
lados en la leyenda de la Tabla VII e
indicados con los mismos simbolos en
la Figura 7.

Datacion de Apatitos del FCT por MHF

La fraccién F2 fue pro-
cesada completamente bajo la metodologia
presentada anteriormente con el fin de fe-
char apatitos de Fish Canyon Tuff (FCT)
por el método de huella de fision (MHF).
Después de irradiadas las muestras, se re-
velaron las huellas de fisién inducidas (N;)
sobre las micas colocadas a cada una de
las pastillas (resina con cristales pulidos).
A continuacién se calculd la densidad del
flujo (pm) de neutrones sobre el monitor,
mediante el conteo de huellas inducidas
sobre las micas colocadas sobre (o en)
cada vidrio IRMMS540. Posteriormente, se

TABLA VI
VALORES ARROJADOS POR LA
SONDA EDX DEL MICROSCOPIO
ELECTRONICO DE ALTO VACIO
APLICADA SOBRE LA INCLUSION
F, DEL CRISTAL F*

Elemento Wt % At % K-Ratio
O K 5591 71,24 0,11
F K 6,56 7,04 0,01
SiK 0,73 0,53 0,00
PK 16,41 10,80 0,12
CIK 0,41 0,24 0,00
CaK 19,98 10,16 0,18

* Ver Figura 6.
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TABLA VII
RESULTADOS SEMICUANTITATIVOS PARA LA MUESTRA DE FCT
REFINADA ENTRE 3,095 Y 3,225 GRS/CM3

Espacio-d Rel. nt. Angulo Altura  Background  Ancho  Significacién

(A) (%) (°2Theta)  (counts/s)  (counts/s)  (°2Theta)

3,43 * 24,56 * 30,22 * 53,54 * 10,31 * 0,12 * 1,41 *
2,79 O 100 O 37,31 O 217,99 O 7,17 O 0,28 O 6,34 O
2,76 O 36,1 O 37,70 O 78,7 O 6,95 O 0,24 O 1,32 0
2,70 + 49,54 + 38,55 + 108+ 6,59 + 0,28 + 4,52 +
2,62 + 27,25 + 39,91 + 59,39 + 6,05 + 0,24 + 2,92 +
2,25 + 22,01 + 46,71 + 47,97 + 4,24 + 0,16 + 1,06 +
1,93 + 15,01 + 55,07 + 32,72 + 439 + 0,28 + 1,43 +
1,88 + 24,17 + 56,66 + 52,7 + 443 + 0,2 + 1,47 +
1,83 O 50,72 O 58,34 O 110,57 o 4,46 O 0,16 O 1,2 O
1,83 0 41,81 O 58,47 O 91,15 O 4,47 O 0,1 o 100 O
1,79 ¢ 26,44 ¢ 59,61 ¢ 57,63 ¢ 4,49 ¢ 0,28 ¢ 3,14 0
1,77 + 15,94 + 60,59 + 34,76 + 451 + 0,48 + 3,03 +
1,74 © 18,9 © 61,50 O 41,21 o 4,53 O 0,16 O 1,04 O
1,47 o 12,1 o 7491 O 26,37 O 34 O 0,32 0 1,25 0

5

Los simbolos al lado derecho de cada cifra deno

tan la especie de apatito reconocida a partir de

ese valor. [J: calcium chloride phosphate hydroxide (hydroxylapatite chlorian Cas(PO,4);(OH.CLF)),

+:

calcium fluoride phosphate (fluorapatite, Cas(PO,);F),

O: calcium phosphate hydroxide

(hydroxylapatite, Cas(PO,);(OH)), 0: calcium fluoride carbonate phosphate hydroxyde (carbonatefluo-
rapatite Ca,;z(PO,)sCO;F,5(OH)(s) y *: calcium carbonate phosphate hydroxyde (carbonatehydroxylapa-

tite Ca;o(PO,4);(CO);(OH),). Ver Figura 7.

obtuvo el Factor Z, de acuerdo a
la expresion

7= exp ()\‘ o testz’mdar) -1

TABLA VIII

RESULTADOS DE LOS ANALISIS POR TRAZAS
DE FISION PARA LA MUESTRA DE FCT

Conclusiones

La muestra de FCT ana-
lizada es del tipo riolita dacitica. En ésta,
el contenido de tierras raras como U, Th
y la presencia de Hf, permite concluir
que existen varias especies de circones.
Sin embargo, la resolucién de los equipos
aqui utilizados no permitié diferenciar
las especies de este mineral. En cuanto a
la disposicion de los minerales pesados
dentro de la matriz del FCT, los circones
se encuentran en dos formas, libres en la
matriz y encajados en la biotita. En
cuanto a los apatitos, una parte de éstos
se encuentran encajados en la biotita
(cloroapatitos), otra parte libre en la ma-
triz y el resto como inclusiones dentro de
los granos de circén (fluorapatitos).

Sobre la fracciéon F2
(3,095-3,225 grs/cm?) fue posible recono-
cer cinco tipos de apatitos diferentes: hi-
droxil-apatito, carbonato-flior-apatito,
carbonato-hidroxil-apatito, flior-apatito e
hidroxil-apatito clérico. La edad propor-
cionada por el método
de huellas de fision fue
de 27,2 x0,2Ma, la
cual concuerda con la

A Ny P, (x10fcm?) N, p; (x10°%cm?)  N; Square U ppm t; edad K-Ar (,27’,8
P j
2\ Ni 0,196 13 0,738 49 80 16 27,31 £0,5Ma), lo cual indi-
d . 0.169 14 0,639 53 100 14 5779 ~ ¢3 una buena aplica-
onde N; y N;: nimero de hue- 0253 o1 0.952 79 100 1 5736  cion de los procedi-
llas de fision espontdneas e in- 0.161 12 0.589 44 90 13 28,07  mientos del método de
ducidas, respectivamente, las 0,136 9 0,512 34 80 11 27,25  huellas de fisién bajo
cuales son determinadas sobre 0,301 12 0,115 46 48 26 26,85  1a técnica del detector
dreas idénticas en la pastilla 0,181 k4 0,683 34 60 15 27,25 externo en el laborato-
. 0,169 7 0,675 28 50 15 25,74 .
para N; y sobre la mica para 0.258 15 0.981 57 70 22 2709 Tio. No obstante, se
Ni.;Aq=1,55125%10"" afio': cons- 0,265 22 1,010 84 100 23 26,96  desconoce si la presen-
tante de decaimiento radioactivo 8{22 13 84512% i% 1?)8 H %ggg cia de cristales de apa-
ision d ticulas o pp: > » » i i

ggrrlsei(rir;ll(?on te/par. 1(:(1112:213 &x ES_ 01138 8 0316 20 70 > 3745 titos  con dlfereptgs
¢ 3 Y Lestandart ¢ 0.056 3 0.189 11 70 4 2807  composiciones quimi-
tdndar utilizado para el cdlculo 0.201 10 0,763 38 60 17 27,09  cas afecta el estimado

de Z, en este caso del apatito de 0,301 7 1,200 28 28 27 25,74  de la edad y el error.
Durango (31,4 +0,5Ma). 8}%(1) g 822% gg 28 }8 %g% Con respecto al ta-
El factor Z fue calculado a 0.602 5 0.229 19 100 5 2709 ~ Mafioy distribucién de

los cristales en la

partir del conteo de Ny, N; y A
(area sobre la cual fue realizado
el conteo) sobre 30 cristales del
apatito de Durango, cuyo valor
promedio fue

_ 1 19
7= —Y 7 =307,46Ma
302{ .

el cual fue sustituido en la ecuacion de
edad practica para el MHF (Wagner y van
den Haute, 1992) para determinar la edad
individual de cada cristal de la muestra
del FCT, la cual para cada grano j= 1,...,
m viene dada por

Ll e 2 zp 41
A, 2{ p

La Tabla VIII muestra la forma
estdndar (Naeser et al., 1979) de pre-

t=

JIVERDIENDIA  APR 2009, VOL. 34 N° 4

ps, pi: densidad de huellas de fisién espontdneas (Ns) e inducidas (Ni); Square: nu-
mero de celdas contadas, para 100 celdas el drea es de 8,30x107-cm?; U: concentra-
cién de uranio en el grano en partes por millén (ppm); y t;: edad para cada grano j.
Los pardmetros para el cdlculo de la edad por el método de huellas de fisién fueron
Z= 307,46Ma, la densidad del monitor utilizado (vidrios monitores IRMMS540) p,,=
0,671x10° huellas/cm?. La edad promedio y desviacion estdndar obtenida por el mé-
todo de huellas de fisién para esta muestra es de 27,2 +0,2Ma.

sentar los resultados provenientes del
MHF sobre 19 cristales de apatito del
FCT. Al incorporar estos valores en el
programa TrackKey (Dunkl, 2002) se
obtuvo una edad promedio de 27,2Ma
con una desviacién estiandar de 0,2Ma,
la cual estd en concordancia con las
edades encontradas mediante los méto-
dos K-Ar, “°Ar/*Ar, Rb-Sr y U-Pb
para el FCT (Lanphere, 2004) y para
el MHF (Miller et al., 1985; Lim y
Lee, 2000).

muestra, los fluorapati-
tos y cloroapatitos son
los de mayor tamaifo,
aunque se necesita in-
crementar el tamaiio
de la muestra y hacer
un estudio mds detalla-
do sobre la dimensién de los cristales y
su composicién quimica. Ademads, su dis-
tribucion depende del tamafio de apertura
de los tamices utilizados. Otro importan-
te estudio futuro ha de ser el intento de
datar cada una de las especies para reco-
nocer diferencias en el estimado de la
edad. El presente trabajo representa el
primer esfuerzo en conjunto entre labora-
torios de termocronologia en Latinoamé-
rica para estandarizar los procedimientos
llevados a cabo en ambos laboratorios.
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CHARACTERIZATION OF ZIRCON AND APATITE CRYSTALS FROM FISH CANYON TUFF INTERNACIONAL
STANDARD FOR USE IN A THERMOCRONOLOGY LABORATORY

Mauricio Bermudez-Cella, Arturo Lépez, Miguel Balcdzar-Garcia, Graciela Zarazda-Ortega and Rommel Bona

SUMMARY

Batches of apatite samples and zircons, collected from the in-
ternational standard Fish Canyon Tuff (FCT) in San Juan Moun-
tains, Colorado, USA, for fission-track dating method (FTDM)
were characterized using, x-ray diffraction, x-ray fluorescence,
scanning electron microscopy of low and high vacuum with ener-
gy dispersive x-ray spectrometer, apatite FTDM and thin section
analysis. A total of 19 apatite crystals were dated by FTDM pro-

viding an age of 27.2 +0.2Ma, in agreement with the K-Ar age
(27.8 £0.5Ma). The studies performed allowed recognition of the
existence of different crystalline species of zircons and apatites,
as well the validation of each one of the procedures for this dat-
ing method in the thermo-chronology laboratory of the Universi-
dad Central de Venezuela.

CARACTERIZACAO DE CRISTAIS DE APATITA E ZIRCAO DO PA’DRAO INTERNACIONAL FISH CANYON TUFF
PARA SEU USO EM UM LABORATORIO DE TERMOCRONOLOGIA

Mauricio Bermudez-Cella, Arturo Lépez, Miguel Balcazar-Garcia, Graciela Zarazia-Ortega e Rommel Bona

RESUMO

Cristais de apatita e zircdo de padrdo internacional FCT (Fish
Canyon Tuff, Montasias San Juan de Colorado, EEUU) para o
método de tragos de fissdo foram caracterizadas usando difragcdo
e fluorescéncia de raios X, microscopia electronica de varredura
de baixo e alto vdcuo, e petrografia de se¢oes delgadas, para
identificar a disposi¢do destes minerais na matriz da amostra.
Um total de 19 cristais de apatita foram datados mediante esta

técnica de datagdo mostraram uma idade de 27,2 +0,2Ma, a
qual estd em concorddncia con a idade K-Ar (27,8 +0,5Ma). O
estudo realizado permitiu reconhecer a existéncia de diferentes
espécies cristalinas de zircoes e apatitas, bem como a valida-
¢do de cada um dos procedimentos para a data¢do de apatitas
no Laboratorio de Termocronologia da Universidade Central de
Venezuela.
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APPENDIX 4



Standard Irradiation Monitor Nd Pm 13 0
Fish Canyon Tuff 2-2007 IRMM-540R 7796 6.13E+05 262 16.20
Durango 2-2007 IRMM-540R 7919 6.23E+05 288.5D 14.20
Durango 4-2007 IRMM-540R 6431 6.32E+05 319.5D 9.20
Durango 4-2007 IRMM-540R 6431 6.32E+05 308.4D 9.00
Durango 8-2007 IRMM-540R 5601 6.60E+05 259.28 19.90
Fish Canyon Tuff 8-2007 IRMM-540R 4984 5.88E+05 361 17.90
Durango 9-2007 IRMM-540R 6626 6.65E+05 242.8D 16.80
Weighted mean 288.66 5.23
Standard Irradiation Monitor Nd Pm 13 +0
Fish Canyon Tuff U1A-94 CN-1 5426 3.27E+06 128.31 .308
Durango U1A-94 CN-1 5771 3.48E+06 136.59 10.10
Durango U1A-94 CN-1 6115 3.68E+06 128.33 5.80
Weighted mean 129.82 5.02

Table Al. Individuals and global valueszafised in this thesis.
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. . Latitude [Longitude|Elevation Thesis

Sample Block Location and lithology ©N) OW) (m) Status Position

1 Humocaro Granite 9,6057 -69,9864  101p NI

2 Sagua River sediments 9,5131 -70,0511 17f1 ND

3 Cantera Anzoategui sandstones 9,6J07 -69,4989 1464 ND

4 Carache Granite 9,683 -70,1414 23713 NID

5 Flank North Chejendé River sediments 9,65p6 -70,331075 5 D Chapter §

6 Puente Gémez sandstones 9,6619 -70,3532 492 ND

7 Agua Viva-Guaimacire sandstones 9,496 -70,5[786 2P0 ND

8 Flank North Agua Viva River sediments 9,5489 -70,6285102 D Chapter 6

9 El Cenizo River sediments 9,4827 -70,7322 89 GRQ

10 Monte Carmelo Intrusive rock 9,1943 -70,7501 1485 ND

11 Monte Carmelo silic sandstones 9,19p9 -70,7488 1853 D N

12 Mimbos Granite 9,2504 -70,8194 355 ND)

13 Flank North Mimbés River sediments 9,2473 -70,8140 3 31 D Chapter 6

14 SLCB Palmira Granite 9,1162 -70,8648 1574 D Chapter 4

15 Santa Apolonia Granite 9,0194 -71,0841 74p NID

16 Flank North San Pedro River sediments 9,0880 -72,120187 D Chapter 6

17 Flank North Tucani River sediments 8,9697 -712y02 118 D Chapter 6

18 Rio Perdido Granite 8,816y -71,39p4 314 NID

19 Flank North Chama River sedimens 8,46B8  -71,5P94 4p8 [Chapter 6

20 Mesa Bolivar Granite 8,474Y -71,6443 931 GPQ

21 Zea Granite 8,3404 -71,8337 106} NO

22 Zea Bailadores Granite 8,30718 -71,8096 1973 ND

23 Batallon-La Negra Granite 8,323B -71,8104 2186 GRQ

24 Mesa Sta Rita Granite 8,3400 -71,8(83 1614 ND

25 Bailadores Gneiss 8,291p -71,8148 1588 ND

26 Flank North Rio Coloncito sediments 8,2843 -72,0653 38 4 D Chapter §

27 El Tesoro-Umuquena Red sandstones 8,2P34 -72,p24878 10 ND

28 El Tesoro-Umuquena Amphibolite 8,226 -72,0125 1244 D N

29 El Tesoro-Umuquena Granite 8,2287 -72,0144  12B2 ND

30 La Grita massive sandstones 8,209 -72,0498 1413 gPQ

31 La Grita Granite 2 8,176 -72,04%4 190Pp GPR

32 La Grita Granite 1 8,1509 -72,0185 1095 D (0 Ma)

33 CB El Cobre Granite 8,0554 -72,04714 1670 D Chapter 4

34 Queniquea Zumbador Granite 7,9518 -72,0p72 2715 Npa()

35 Queniquea Granite 7,919D -72,0272 1839 GHRQ

36 Las Mesas sandstones 8,16p2 -72,1401 702 ND

37 Las Mesas sandstones 2 8,15p1 -72,1463 578 grPQ

38 Caparo Granite 1 7,7461 -71,46[/4 266 GHQ

39 Caparo Granite 2 7,7518 -71,46B5 314 GHQ

40 Rio Chama sandstones 8,6107 -71,6B40 110 GPQ

41 El Vigia sandstones 8,590l -71,61]19 14p GHQ

42 El Vigia quartz sandstones 8,5527 -71,5896 194 GPQ

43 El Vigia sandstones 8,5128 -71,5845 24P GHQ

44 EB and SLCB Granito Tunel Cafa Brava 8,4808 -71,570B23 | D (0 Ma

45 Via Aricagua La Quinta Formation 8,366 -71,1471 =249 GPQ

46 Cafnandon Quartz sandstones 8,1842 -71,1420 962 ND

47 Cafandon Granite 8,185  -71,13/77 99p ND

48 SNB Pico Espejol Sierra Nevada Gneiss 8,5817 -71,0524718 D Chapter §

49 SNB Pico Espejo 2 Sierra Nevada Gneiss 8,573 -16,P5 4622 D Chapter 4§

50 SNB Alto de la Cruz Sierra Nevada Gneiss 8,5332 07AQ| 4236 D Chapter b

51 SNB Loma Redonda Sierra Nevada Gneiss 8,537 -74,p738999 D Chapter §

52 SNB Loma Redonda-Aguada Sierra Nevada Gngeiss  8,9558,0826] 3633 D Chapter p

53 SNB Aguada-La Montafia Sierra Nevada Gneis 8,5[7001,0940 3285 D Chapter p

54 SNB Agua Montafa Sierra Nevada Gneiss 8,5698 -75,1052760 D Chapter §

55 Via Chacanta sandstones 8,35p2  -71,4308 2120 grPQ

56 CB Mucutamp6 sandstones 8,2286 -71,4833 2000 D Chépter

Table A2. Prepared or processed fission track seenfD) dated, (GPQ) graind of poor quality,
(ND) not dated and D(0) samples with a zero fisdrack age.



. . Latitude [Longitude|Elevation Thesis
Sample Block Location and lithology (°N) oW) (m) Status Position
57 CB Mucutamp6-Chacanta Gneiss 8,20p2 -71,4p97 1440 D apt€h4
58 CB La Quinta Canagua-Mucuchachi Sandstorjes 8,1416L,4180 1276 D Chapter #1
59 Canagua schists 8,047 -71,3935 1035 GIPQ
60 La Tendida La Quinta Formation 8,0838 -71,3424 940 QGP
61 SLCB Chachopo Granite 8,9550 -70,7581 2306 0 Chapter 4
62 VB La Quebrada Augengneiss 9,21%5 -70,6079 749 D Chdpte
63 VB Puente Via Jajo Gneiss 9,093 -70,6774 11Jf4 D @hdpt
64 SLCB Santo Domingo Gneiss 8,875 -70,6594  17p3 D @hdpt
65 SLCB El Morro P1 Gneiss 8,480L -71,19p9 2770 O Chépter
66 SLCB El Morro P2 Gneiss 8,472l -71,21p9 2490 O Chapter
67 SLCB El Morro P3 Gneiss 8,499p -71,2011 2250 O Chapter
68 SLCB El Morro P4 Gneiss 8,516ff -71,1968 2040 O Chapter
69 SLCB El Morro P5 Gneiss 8,635p -71,2005 1745 O Chapter
70 SLCB El Morro P6 Gneiss 8,547p -71,20p8 1250 O Chapter
02-06 Flank South Santo Domingo River sediments 8,16 0,3& 244 D Chapter 6
40-06 CATB La Soledad Grani 8,860( | -70,560( | 1604 D Chapter 4
61-06 CB Caparo Granite 8,0639 -71,3200 1278 D Chapter 5
TPMY-7 | Barinas Basinh Rio Yuca Formation 8,7207 -70,1757191 D Chapter 7
TPMY-8 | Barinas Basip Rio Yuca Formation 8,6919 -70,3037301 D Chapter 7
TPMY-2 [ Barinas Basih Rio Yuca Formation 8,7183 -70,3%28300 D Chapter 7
TPMY-3 [ Barinas Basih Rio Yuca Formation 8,7247 -70,3822320 D Chapter 7
TPMY-4 | Barinas Basih Rio Yuca Formation 8,7248 -70,3937360 D Chapter 7
TPMY-5 [ Barinas Basih Rio Yuca Formation 8,7382 -70,4052340 D Chapter 71
TPG1 | Barinas Basin Parangula Formation 8,7444 -70,410890 D Chapter 7
TPG2 | Barinas Basin Parangula Formation 8,7448 -70,411B90 D Chapter 7
H2  Maracaibo Ba:s Betijoque Formation Vichi member 9,3919 -70,7160 279 0 hagter 7
H9 Maracaibo Ba Betijoque Formation Vichi member 9,383 -70,7107 252 0 hagier 7
H11 Maracaibo Bas Betijoque Formation Vichi member 9,3839 -70,7461 306 0 hagter 7
V33 Maracaibo Ba Betijoque Formation Vichi member 9,4012 -70,7355 203 0 hagier 7
V90 Maracaibo Baj Betijoque Formation Isnotll member 9,3990 -70,7321 449 DChapter 7
V95 Maracaibo Ba Betijoque Formation Isnoti member 9,3976 -70,7274 251 Chapter 7
V97 Maracaibo Baj Betijoque Formation Isnotll member 9,39%6 -70,7233 238 DChapter 7
BOCO-1 SNB Sierra Nevada Gneiss 8,4616 -71,4B59 465 ND
BOCO-2 SNB Sierra Nevada Gneiss 8,47p4 -71,4p49 712 ND
BOCO-3 SNB Sierra Nevada Gneiss 9,2109 -70,3p07 1240 ND
BOCO-4 SNB Sierra Nevada Gneiss 9,0597 -70,4p75 2178 ND
BOCO-5 SNB Sierra Nevada Gneiss 9,175 -70,3p40 1315 ND
BOCO-6 SNB Sierra Nevada Gneiss 9,280 -70,1p30 1138 ND
CULO08-1 SLCB Sierra La Culata Gneiss 8,6745 -71,4176 0190 ND
CULO08-2 SLCB Sierra La Culata Gneiss 8,73%1 -71,4484 910 ND
CUL08-3 SLCB Sierra La Culata Gneiss 8,7800 -71,4616 372 ND
CUL08-4 SLCB Sierra La Culata Gneiss 8,5719 -71,2124 2151 ND

Table A2. Prepared or processed fission track seenfD) dated, (GPQ) graind of poor quality,
(ND) not dated and D(0) samples with a zero fisdrack age.
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Figure A5 (cont.). Decomposition into significant ages populations using BayesQt of syonorogenic sediments
(see Table A2).
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Figure A5 (cont.). Decomposition into significant ages populations using BayesQt for syonorogenic fission-

track samples (see Table A2).
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