CARDIFF

UNIVERSITY

PRIFYSGOL

(AFRDYD

GEOCHEMICAL AND GEOCHRONOLOGICAL
CONSTRAINTS ON TERRANE DEFINITION IN MEXICO

HENRY EIRIAN COOMBS

Submitted in partial fulfilment of the requirements for
the degree of PhD

February 2016



Declaration
This work has not previously been accepted in substance for any degree and is not
concurrently submitted in candidature for any degree.

SIBNEA ittt e (candidate)

Statement 1
This thesis is being submitted in partial fulfilment of the requirements for the degree
of PhD.

SIBNEA et (candidate)

Statement 2
This thesis is the result of my own independent work/investigation, except where
otherwise stated. Other sources are acknowledged by explicit references.

Y 1= 0 YT E T (candidate)

Statement 3

| hereby give consent for my thesis, if accepted, to be available for photocopying and
for inter-library loan, and for the title and summary to be made available to outside
organisations.

SIBNEA et e e aeraes (candidate)

Statement 4

| hereby give consent of my thesis, if accepted, to be available for photocopying and
for inter-library loans after expiry of a bar on access previously approved by
the Graduate Development Committee.

SIBNEA et r e (candidate)



ABSTRACT

Mexico has played host to a variety of igneous events since the Paleozoic, relating to
the formation and subsequent breakup of the supercontinent Pangaea, as well as to
intermittent subduction along its western coast. Through analysis of the crystalline
basement of the Western Gulf of Mexico this project has introduced the first
detailed tectonomagmatic model relating to the pre- and post- amalgamation of
Pangaea in Mexico. Additionally, post-Pangaea rifting has been investigated in the

extensional basin of the northern Cuicateco terrane.

This study has identified three igneous events in the crystalline basement of the
Western Gulf of Mexico: 1) An Early Permian (294 Ma) continental arc that formed
on Gondwana during the final amalgamation of Pangaea. These rocks appear to be
related to Late Carboniferous-Early Permian plutons found in the Oaxaca area of
Southern Mexico (Ortega-Obregon et al., 2014). 2) Late Permian-Early Triassic (274-
243 Ma) anatectic magmatism that formed in a post-collisional environment after
the final amalgamation of Pangaea. These rocks appear to be related to plutons of
comparable age found in the Oaxaca area and Chiapas Massif of Southern Mexico
(Weber et al., 2005; Ortega-Obregon et al., 2014). 3) Early Jurassic (189-164 Ma)
continental arc rocks that likely relate to the Nazas arc system that existed across

Mexico at the time (Dickinson & Lawton, 2001).

Major element and trace element geochemistry, used in conjunction with Hf and Nd
isotopic analysis have revealed that the Early Cretaceous units of the northern
Cuicateco terrane formed in a subduction related environment, likely associated
with the closure of the Arperos oceanic basin. Extrusive and intrusive arc rocks have
been dated between 140-133 Ma (Xonamanca Formation and Teotitlan Migmatitic
Complex); with subduction of the Arperos ridge later causing extension (Chivillas
Formation). Spreading in the Chivillas Formation stopped in the Earliest Aptian, likely

due to the collision of the Guerrero terrane with Mexico.
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Chapter 1: Introduction

1 Introduction

1.1 Project rationale

The continental crust which comprises Mexico has been involved in
numerous episodes of major collisional and rifting events since the Proterozoic
(Pindell & Dewey, 1982; Pindell, 1985; Dickinson & Lawton, 2001; Pindell & Kennan,
2001; Solari et al., 2003; Keppie et al., 2004; Talavera-Mendoza et al., 2005; Pindell &
Kennan, 2009; Vega-Granillo et al., 2009; Nance et al., 2010; Weber et al., 2010;
Schulze, 2011; Weber & Schulze, 2014; Ortega-Gutiérrez et al., 2014). These are
associated with the formation and breakup of supercontinents, most recently
Pangaea (Dickinson & Lawton, 2001). In addition, Mexico has had an intermittently
active continental margin along its western flank since the Early Paleozoic, which has
formed several arc systems, including the Trans Mexican Volcanic Belt that exists
today (Ferrari et al., 2012). As a result of this complex tectonomagmatic history the
continental crust of Mexico is very heterogeneous and composed of a series
accreted blocks with varying ages and origins, known as terranes. Many areas in this

vast and often remote country have yet to be studied in detail.

Such areas of Mexico where the geological evolution is poorly understood
include the unexposed crystalline basement along the Western Gulf of Mexico,
which covers an area ~130,000 km? from the border of the USA down to Southern
Mexico (Figure 1.1). Another is the extensional basin of the northern Cuicateco

terrane in Southern Mexico which covers an area of ~20,000 km? (Figure 1.1).
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Figure 1.1. Schematic map of the terranes of Southern Mexico. The dashed box marked A shows the
study area for Chapters 2-5 which concentrates on the crystalline basement of the Western Gulf of
Mexico. The dashed box marked B shows the study area for Chapters 6-10 which concentrates on
the northern Cuicateco terrane.

The crystalline basement of the Western Gulf of Mexico has only been
reported in studies conducted by PEMEX, the national oil company (Ramos-Lopez,
1972). Previous studies on the northern Cuicateco terrane have provided detailed
structural (Angeles-Moreno, 2006) and stratigraphic interpretations (Mendoza-
Rosales et al., 2010), as well as geochronological data, from which tectonic models
have been proposed. However, the geochemical dataset for this terrane is somewhat

limited and restricted to a small portion of the terrane (Mendoza et al., 2010).

1.2 Aims

This thesis presents the first comprehensive geochemical and
geochronological study on the basement of the Western Gulf of Mexico and the
extensional basin of the northern Cuicateco terrane, Southern Mexico. The major
and trace element data obtained from Cardiff University, U/Pb zircon geochronology

analysed at Universidad Nacional Auténoma de México (Juriquilla, Mexico) and
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isotopic data analysed at the Centro de Investigacidon Cientifica y de Educacion

Superior de Ensenada (Mexico) have been used to:

Produce a comprehensive geochemical and geochronological dataset for the
crystalline basement of the Western Gulf of Mexico and each of the units in the
northern Cuicateco terrane.

Constrain the age of granitoids that form the crystalline basement of the
Western Gulf of Mexico.

Investigate whether a mantle source was involved during this igneous event.
Determine the tectonic setting for the igneous event that formed the basement
of the Western Gulf of Mexico.

Constrain the age for the units of the northern Cuicateco terrane, Southern
Mexico.

Investigate the likely tectonic setting that the igneous rocks of the northern
Cuicateco terrane were formed in.

Synthesise the geochronological and geochemical interpretations to produce
tectonomagmatic models for both the crystalline basement of the Western Gulf

of Mexico and northern Cuicateco terrane, Southern Mexico.

1.3 Thesis structure

Due to the apparent separate tectonic histories of the basement of the

Western Gulf of Mexico and the northern Cuicateco terrane the two areas have not

been directly compared. The thesis has therefore been split into 11 chapters, with

the first half covering the Western Gulf of Mexico and the second half focussing on

the northern Cuicateco terrane. Chapter 2 reviews our current understanding of the
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crystalline basement of Mexico and briefly discusses its tectonic evolution since the
Proterozoic. Chapter 3 presents the U/Pb zircon geochronology results for the
crystalline basement of the Western Gulf of Mexico while Chapter 4 details the
results and discussion on the major element, trace element and Hf isotope analysis.
A tectonomagmatic model for the basement of the Western Gulf of Mexico is

presented in Chapter 5.

The second half of the thesis concentrates on the northern Cuicateco terrane,
with Chapter 6 reviewing the tectonic history of Mexico during the Mesozoic.
Chapter 7 summarises the field observations from the northern Cuicateco terrane
from this study, as well as describing the main petrographic features of each of the
units. Chapter 8 introduces the geochronology results for the units of the northern
Cuicateco terrane, while Chapter 9 presents the results and discussion for the major,
trace element and isotopic analysis. Chapter 10 presents the tectonomagmatic
model for the evolution of the northern Cuicateco terrane. Finally, Chapter 11
synthesises and makes some concluding remarks on what has been discovered about
the crystalline basement of the Western Gulf of Mexico and northern Cuicateco

terrane and proposes recommendations for future research in these areas.
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2 Geological overview of the crystalline basement

of Mexico.

2.1 Introduction

Mexico has had an active continental margin through at least two
supercontinent cycles since the Proterozoic and as a result is composed of
continental crust of varying age and composition. This chapter will review the
existing models for the formation and breakup of supercontinents since the
Proterozoic, and relate these events to the crystalline basement of Mexico up until
the Jurassic. Tectonic and basement forming events in Mexico relating to the

Cretaceous will be discussed further in Chapter 6.

2.2 Rodinia

2.2.1 Formation

The supercontinent originally known as Pangaea | (Valentine and Moores,
1970) and later renamed Rodinia (McMenamin and McMenamin, 1990) is believed
to have formed between 1300 and 900 Ma through orogenic events that included
most of the continental blocks that existed at the time (Li et al., 2008). The
continental block of Laurentia is commonly positioned in the centre of Rodinia
models (Hoffman, 1991; Li et al., 2008) due to Neoproterozoic passive margins that
run along its perimeter. The location of the remainder of the continental blocks has

been a contentious topic of over the last 30 years.
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One of the first models to be proposed for the north eastern flank of Rodinia
was the southwest U.S.-East Antarctic connection or SWEAT hypothesis (Eisbacher,
1985; Bell and Jefferson, 1987; Dalziel, 1991; Hoffman, 1991; Moores, 1991); others
include “the missing link” model by Li et al. (1995), Australia-Southwest U.S.
connection (AUSWUS; Brookfield, 1993) and the Australia-Mexico connection

(AUSMEX; Wingate et al., 2002).

The Geodynamic Map of
Rodinia

SESTSRE. )
BB EE D U Tedone oting.
B EEE I intracratonic magmatic rocks
HEEENE Continental Arc related rocks °@
BEEEECIE Oceanic Arc related rocks
===== Rift related rocks o

Foreland basin deposits :
DOOCC Intracratonic mmosm BECOE S3Rrizoe
B EECICIE Passive margin deposits [JJ[] Archean (>2500 Ma)

Figure 2.1. One possible arrangement of the continental blocks during Rodinia from
the review paper by Li et al. (2008).
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There is general agreement that during the existence of Rodinia the
continental blocks of Amazonia, Baltica and West Africa were positioned to the south
east of Laurentia (Figure 2.1; Hoffman, 1991; Bogdanova et al., 2008; Pease et al.,
2008; Li et al., 2008). Other large continental blocks such as the Congo-Sao Francisco,
Rio de la Plata and Kalahari cratons are believed to have been stitched to the south
west of Laurentia during the formation of Rodinia (Figure 2.1; Hoffman, 1991; Weil

et al., 1998; D’Agrella-Filho et al., 2004; Li et al., 2008).

A detailed description of all of the Rodinia formation models is beyond the
scope of this study but can be found in the review paper by Li et al. (2008). The one
aspect of Rodinia’s formation that is of interest to this study is the Grenville

Orogeny, which constitutes a large proportion of modern-day Mexico’s basement.

2.2.2 Grenville Orogeny and Oaxaquia

The Grenville Orogeny affected many continental blocks, such as Laurentia,
Amazonia and Baltica during the amalgamation of Rodinia in the Mesoproterozoic
(Figure 2.1). Basement rocks belonging to this orogeny stretch from Mexico, through
the US and into Canada; with remnants also found in Scotland. The Mexican extent
of the Grenville Orogeny is known as Oaxaquia or the Oaxaquia microcontinent and
has been described as the backbone of Mexico (Ortega-Guiterrez et al., 1995) due to
the way it stretches the length of the country. Outcrops of Oaxaquia type crust in
Mexico can be found in the Oaxacan Complex, Novillo Gneiss, Huiznopala Gneiss and

Guichicovi Complex (Figure 2.2).

The oldest reported ages for Oaxaquia range between 1.5 and 1.4 Ga

(orthogneiss and migmatites; Solari et al., 2003; Schulze, 2011; Weber & Schulze,
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2014) from U/Pb dates on zircons (LA-ICP-MS and ID-TIMS). They have been
interpreted to represent an early island arc system called Proto-Oaxaquia (Weber
and Schulze, 2014). A later and more prevalent pulse of island arc magmatism
occurred between 1.3 and 1.2 Ga, with possible associated back arc magmatism
(Figure 2.3A; Lawlor et al., 1999; Keppie et al., 2001; Dostal et al., 2004; Keppie,

2004; Weber et al., 2010; Weber and Schulze, 2014).

The Olmecan event records localised migmatization in Oaxaquia that has
been dated to ca. 1.1 Ga (Solari et al., 2003). It has been suggested that this
migmatization is associated with ~1.16-1.13 Ga extensional back arc granites (Keppie
et al., 2001, 2003; Keppie, 2004). However, others argue (Weber et al., 2010; Weber
and Schulze, 2014) it is related to a compressional event during island arc (Oaxaquia)
accretion to Amazonia (Figure 2.3C). Following migmatization, an anorthsite-
mangerite-charnockite-granite (AMCG) suite was emplaced (dated to ~1012 Ma;
Solari et al., 2003). This suite, has been again either linked to back arc extension
(Solari et al., 2003; Keppie et al., 2004) or island arc (Oaxaquia)-continent (Amazonia)

collision (Figure 2.3C; Weber et al., 2010).
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Figure 2.2. Schematic map of basement outcrops in Mexico. Dark red shading marks the boundaries of Oaxaquia as set by Ortega-Gutierrez et

al. (1995) and the light red shading marks possible extensions proposed by Keppie et al. (2003). The blue shaded area represents the locality
of the Jurassic Nazas arc from Lawton & Molina Garza (2014).
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The final stage of Oaxaquia’s evolution is recorded in the Zapotecan event,
which has been dated to ~1004-978 Ma (Solari et al.,, 2003). This period of
Oaxaquia’s history preserves evidence of granulite facies metamorphism, (to a depth
of ~30 km ;Solari et al., 2003, Keppie et al., 2004; Weber et al., 2010; Weber et al.,
2014). The process of burial is contentious but one possible scenario is Oaxaquia was
thrust beneath Baltica-Sveconorwegia as the continental craton collided with
Amazonia, during the formation of Rodinia (Figure 2.3D; Weber et al 2010; Weber

and Schulze, 2014).

Amazonia Oaxaquia

Bt e A R
B T RS R
FFEE e P EELE

~1300 Ma
Amazonia Oaxaquia
:‘:‘:ﬂgza«
~1180 Ma
Amazonia Oaxaquia Baltica -

Sveconor.

~1080 - 1010 Ma

Amazonia H Baltica - Sveconor.

Oaxaquia

~990 Ma

Figure 2.3. Paleogeographic and tectonic model for the formation of Oaxaquia, from
Weber et al. (2010). Abbreviations: Am= Amazonia, BA- Baltica-Sveconorwegia, C=
Congo, CA= Colombian Andes, Ch= Chortis, G= Greenland, K= Kalahari, Lau=
Laurentia, Oax= Oaxaquia, R= Rio de la Plata, SF= Sao Francisco, T= Telemarkia, WA=
West Africa. Grey shaded areas represent other areas of the Grenville Orogeny.
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2.2.3 Breakup

Rodinia completed its assembly ~900 Ma and is thought to have remained
stable for 150 Ma before rifting initiated ~750 Ma. The cause of rifting may well have
been due to a mantle plume forming beneath Rodinia (Li et al., 2008 & references
therein). The initiation of plume magmatism in Rodinia is recorded in anatectic melts
that have been dated to 870-845 Ma in Southern China (X.H. Li et al., 2003), Africa
(Johnson et al., 2005), the Scandinavian Caledonides (Paulsson and Andreasson,
2002) and Scotland (Dalziel and Soper, 2001). More widespread, mafic plume
magmatism dated to ca. 825 Ma is recorded in Australia (Zhao et al., 1994; Wingate
et al., 1998), South China (Li et al,. 1999; X.H. Li et al., 2003a; Z.X. Li et al., 2003c),
Tarim (Zhang et al.,, 2006), India (Radhakrishna and Mathew, 1996), Kalahari
(Frimmel et al., 2001), and the Arabian-Nubian terranes (Stein and Goldstein, 1996;
Teklay et al.,, 2002). As plume activity persisted, continental rifting became
widespread between 780 and 720 Ma (Figure 2.4). This rifting eventually led to the
separation (ca. 630-550 Ma) of the continental blocks that were attached to
Laurentia, marking the end of the supercontinent of Rodinia (Figure 2.5; Zhang et al.,

2006; Cawood and Pisarevsky, 2006; Li et al., 2008; Pisarevsky et al., 2008).
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Figure 2.4. Schematic maps for the initiation of rifting in Rodinia as a result of
mantle plume activity, adapted from Li et al.(2008)
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600 Ma

Laurentia at
high-latitude
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Laurentia at
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Figure 2.5. Schematic maps for the separation of the continental blocks that made
up Rodinia, adapted from Li et al. (2008).
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2.3 Gondwana

The breakup of Rodinia led to the formation of Gondwana or Gondwanaland
(Hoffman, 1991); a supercontinent that spanned the Palaeozoic. It consisted of the
continental cratons of Tarim, Australia, East Antarctica, Greater India, Arabia, Nubia,
Sahara, W. Africa, Congo-Sao-Francisco, Kalahari, Rio de la Plata and Amazonia (Li et

al., 2008).

The first cratons to collide during the formation of Gondwana were
Amazonia, W. Africa and Congo-S3o-Francisco, forming the Brasiliano Orogeny
(Trompette, 1997) ~600 Ma (Figure 2.5). By ~550 Ma the cratons that would make
up Gondwana had separated from Laurentia via extension in the Amazonia and Rio
de la Plata plates (Figure 2.5). Also in this period the minor cratons of Nubia and
Arabia collided with the Sahara craton and the Kalahari collided with the Congo and

Rio de la Plata through the closure of the Adamastor Ocean (Prave, 1996).

The final phase of Gondwana’s formation saw the closure of the Mozambique
Ocean, causing the collision of Tarim, Australia, East Antarctica and Greater India
with the remainder of the already amalgamated continental cratons (Li et al., 2008).
Palaeomagnetic analyses suggest final amalgamation had occurred by 540-530 Ma
(Meert and Van der Voo, 1996). Gondwana would eventually collide with Laurasia,
forming the southern portion of the Permo-Triassic supercontinent of Pangaea (see

following sections).
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2.4 Laurasia

After the fragmentation of Rodinia, Laurentia was separated from
surrounding continental cratons by the lapetus Ocean (to the east) and Rheic Ocean
(to the south). The closure of the lapetus Ocean throughout the Paleozoic led to the
formation of Laurasia, a supercontinent that consisted of Laurentia, Baltica and

Avalonia (Figure 2.6).

Figure 2.6. Map showing the formation of Laurasia from Cocks and Torsvik (2011).
Light brown represents Caledonian orogenic deformation and yellow shading
represents probable continental areas and terrane extension. Abbreviations: CH=
Chukchi, FJL= Franz Josef Land, IS= lapetus Suture, ML= Mendeleev, NSI= New
Siberian Islands, NW= Northwind, NZ= Novaya Zemlya, SVB= Svalbard, WI= Wrangel
Island.
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Extension in the lapetus Ocean started in the Neoproterozoic, during the
fragmentation of Rodinia. It reached its peak extension by the Early Ordovician and
subduction was initiated by the Floian (478-470 Ma; Cocks and Torsvik, 2011),
producing island arcs along the eastern flank of Laurentia. These island arcs were
accreted to Laurentia throughout the Late Cambrian-Ordovician (Mac Niocaill et al.,
1997), forming the Taconic Orogeny of the Appalachian mountain belt (Dewey et al.,
2015). Island arc accretion to Laurentia is also recorded in the Paleozoic Acatlan
Complex of Southern Mexico (see Section 2.5). These collisional events along the
flanks of Laurentia marked the beginning of the Caledonian Orogeny, which would

result in the formation of Laurasia.

The Caledonian Orogeny has been broadly defined as any tectonic or
orogenic event (related to arc-arc, arc-continent or continent-continent collisions)
occurring as a result of the closure of the lapetus Ocean, between Laurentia, Baltica
and Avalonia (McKerrow et al,. 2000). The first continent-continent collision
occurred between Avalonia and Baltica during the Late Ordovician, forming the
Polish Caledonides (Dewey et al.,, 2015). The docking of Baltica and Avalonia to
Laurentia occurred throughout the Silurian, forming the British Caledonides and
Greenland/Scandinavian Caledonides (Torsvik et al., 1996; Cocks and Torsvik, 2011
Dewey et al., 2015). This marked the final stage of the assembly of Laurasia (Figure

2.6).

2.5 The formation of Pangaea

The supercontinent of Pangaea is the last time the continental cratons were

amalgamated as one. It formed from the diachronic collision of Gondwana and
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Laurasia that initiated in the Carboniferous (~350-320 Ma), and finished in the Early
Permian (~280-250 Ma). This collision occurred through the closing of the Rheic
Ocean and is recorded in the Ouachita-Marathon-Alleghanian Orogenies of Northern
Mexico and the USA, and the Variscan Orogeny of Europe and Western Africa (Figure

2.7).

Figure 2.7. Reconstruction of Pangaea ca. 250 Ma from Cawood and Buchan (2007).

The Alleghanian Orogeny refers to the collision between Gondwana and
Laurasia in the Appalachian region of North America (Figure 2.7). The initiation of
thrusting is recorded in orthogneisses, granitic gneisses and syn-kinematic granites
of the South Appalachians. The oldest of these rocks have been dated to 335 Ma
(U/Pb zircon; Wortman et al., 1998). Anatectic melts due to crustal thickening are

recorded in the orogeny in two phases, the first in the Late Carboniferous (ca. 325-
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305 Ma), and the second in the Late Permian (ca. 275 Ma; Samson, 2001; Hatcher,

2002; Nance et al., 2010).

The Variscan Orogeny is the eastern extension of the collisional zone
between Gondwana and Laurasia (Figure 2.7) that has subsequently been separated
from the North American Alleghanian Orogeny through the opening of the Atlantic
Ocean (see section 2.6). The orogeny covers an area 1000 km in width and 8000 km
in length (Matte, 2001), stretching across Central and Western Europe as well as
West Africa (also referred to as the Mauritanide Orogen; Piqué and Skehan, 1992;

Nance et al., 2010).

The Ouachita-Marathon Orogeny is the western most point of the collision
between Gondwana and Laurasia, covering Arkansas, Texas and Mexico (Figure 2.7).
It differs from the Alleghanian Orogeny in that there is no associated magmatism
and only low grade metamorphism is present (Nance et al., 2010). The collision
between Laurentia and Gondwana along the Ouachita-Marathon segment is
believed to have occurred between the Late Carboniferous-Early Permian (Pindell
and Dewey, 1982; Pindell, 1985; Ross, 1986; Viele and Thomas, 1989; Sedlock et al.,
1993; Dickinson and Lawton, 2001). It is thought that the Ouachita-Marathon
Orogeny lay to the north of the Rheic suture zone (Nance, et al., 2010). The location

of the boundary between Laurentia and Gondwana in Mexico is poorly constrained.

Some authors (Ross, 1986; Handschy et al., 1987; Dickinson and Lawton,
2001) trace the Gondwana-Laurentia suture from the Ouachita-Marathon segment
to the south through Mexico (Figure 2.8). These interpretations were made from

gravity anomalies and similarities in Pennsylvanian-Middle Permian sheared
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metasediments found in the Coahuila block and Texas (Figure 2.8), which are

inferred to represent the interior metamorphic core of the of the suture (Handschy

et al., 1987).
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Figure 2.8. Distributions of key crustal blocks and formally named Mexican terranes,
from Dickinson and Lawton (2001). Gondwana-Laurentia suture highlighted in blue,
running through the south of Mexico. Abbreviations: Be —Belize, CCT—California-
Coahuila transform (Permian-Triassic slip), CTT—Coahuila-Tamaulipas transform
(infra-Jurassic slip), Cz—Cenozoic, Gu—Guatemala, Ho—Honduras, Mz—Mesozoic,
Pz—Paleozoic, Sa—El Salvador, TMVB (dot pattern)—Neogene Trans-Mexico volcanic
belt.

However, later studies (Poole et al, 2003 and 2005) dispute this
interpretation, instead proposing that the suture extends across Northern Mexico,
into Sonora (Figure 2.9). This interpretation was based on stratigraphic and
structural data that indicate a continuous 3000 km Paleozoic carbonate continental
shelf from Sonora to Southern USA, marking a Sonora-Marathon-Ouachita segment

to the suture (Poole et al., 2005; Figure 2.9).
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Figure 2.9. Poole et al. (2005) map of southern North America (present-day position)
and palinspastically restored Baja California and adjacent Alta California (400 km to
pre-Tertiary position). Numbers refer to localities of data. Consult Poole et al.
(2005) for explanation of data sources. Also shown, are the middle Paleozoic
Transcontinental arch, shelf-platform hingeline, edge of Laurentian crust, and
leading edge of the late Paleozoic Ouachita-Marathon-Sonora orogenic belt.

One of the few areas exposed in Mexico that preserves Paleozoic rocks is the
Acatlan Complex of the Mixteca terrane in Southern Mexico. It is composed of a
complex succession of deformed high pressure (HP) metamorphic rocks, including
eclogites and blueschists, deformed granitoids and sediments. The origin of these
Paleozoic rocks has been a topic of debate over the past decade, with some authors
indicating an affinity with Laurentia (Figure 2.10; Talavera-Mendoza et al., 2005;
Vega-Granillo et al.,, 2007 and 2009), and others interpreting the rocks as having
formed in a peri-Gondwanan terrane (Figure 2.11; Keppie et al.,, 2008, Ortega-

Obregon et al., 2009 and 2014).
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Authors that associate the Acatlan Complex with Laurentia (Talavera-
Mendoza et al., 2005; Vega-Granillo et al., 2007 and 2009) interpret U/Pb zircon ages
of granitoids and metasediments as showing an affinity with the North American
craton rather than Gondwana (Figure 2.10). Within this suite, three phases of HP
metamorphism have been identified: Early Ordovician, Late Ordovician-Early Silurian
and Devonian. These metamorphic events have been associated with a series of arc
systems accreting to the southern boundary of Laurentia during the closing of the
lapetus and Rheic Oceans (Talavera-Mendoza et al., 2005; Vega-Granillo et al., 2007
and 2009; Figure 2.10). By the Carboniferous uplift of the Acatlan Complex had
occurred in response to the approach of Gondwana (Oaxaquia), during the initial

phase of the formation of Pangaea.

This interpretation of the Acatldan Complex therefore marks the suture
between Laurentia and Gondwana during Pangaea. This would suggest the Pangaea
suture extends into Southern Mexico as suggested by Ross (1986), Handschy et al.
(1987) and Dickinson and Lawton (2001). However, in many models of Pangaea,
overlap is observed between central and Southern Mexico and Northwest South
America (Pindell and Dewey, 1982; Pindell, 1985; Handschy et al., 1987; Pindell and
Kennan, 2001), indicating that the terranes of Southern Mexico are likely to be
allochtonous. Therefore the current location of the Acatlan Complex may not

represent the position in which it formed.
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Late Ordovician-Early Silurian Early-Middle Devonian
(~460-440 Ma) (~410-390 Ma)

Xayacatlan

Laurentia Laurentia
Ixcamilpa America
Late Pennsylvanian Middle Permian
(~300 Ma) (~260 Ma)

Oaxacan
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Figure 2.10. Simplified paleogeographic reconstructions showing probable locations
of Acatlan units and their tectonic setting (Talavera et al., 2005). Mesoproterozoic,
Early-Middle Devonian, Late Pennsylvanian and Middle Permian reconstructions
adapted after Keppie and Ramos (1999). Early Ordovician and Late Ordovician—Early
Silurian reconstructions adapted after Mac Niocaill et al. (1997). Oaxacan Complex
position after Keppie and Ramos (1999). Te=Tecolapa; Co=Cosoltepec;
Xa=Xayacatlan; Ix=Ixcamilpa; Cha=Chazumba; Ac=Acatlan Complex (Xayacatlan,
Cosoltepec and Chazumba Formations already amalgamed); Ox=0Oaxacan Complex.
A=Avalonian blocks; F=Florida; NB=New Brunswick.

Other authors (e.g., Keppie et al., 2008; Ortega-Obregon et al., 2009 and
2014; Galaz et al., 2013) suggest the Acatlan Complex formed in a terrane proximal
to the northwest flank of Gondwana; interpreting Grenville aged zircons found in the
complex as being derived from Oaxaquia continental crust (Figure 2.11). This
interpretation also runs counter to the idea of multiple HP systems in association

with arc accretion. Instead, it identifies one HP event in the Carboniferous, forming

22| Page



Chapter 2: Geological overview of Mexico’s basement

in response to the extrusion into the upper plate of a Middle Devonian arc that had
undergone subduction erosion. This interpretation does not therefore recognise the
Acatldan Complex as forming the suture between Gondwana and Laurentia in

Pangaea.

- Mixteca: rift
Lower-Middle / ; tholeiites

Cambrian Atornative
530 Ma

Excalibur

‘\—
Sy

adomia

removed by
subduction A~
erosion

Figure 2.11. Paleogeographic reconstructions showing the location of southern
Mexico through time, from Keppie et al. (2008): (a) separation of Avalonia from
Oaxaquia in the Cambrian; (b) further rifting and separation of Avalonia, Ganderia
and Carolinia from Oaxaquia during the Ordovician; (c) Carboniferous reconstruction
showing southern Mexico on the active Pacific margin with subduction beneath the
Acatlan and Oaxaquia terranes, which wunderwent Devonian—-Mississippian
subduction erosion and extrusion; (d) Permian arc magmatism during oblique dextral
subduction.
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2.6 The breakup of Pangaea

Pangea remained stable as a supercontinent after final amalgamation in the
Late Carboniferous-Early Permian for ~120 Ma. During this period, however, rifting
events did occur, most notably forming the Tethys Ocean. This rifting had no
significant effect on the structure of Pangaea as it mostly involved closing of the
Paleo-Tethys Ocean. However, a slice of continental crust known as the Cimmerian
Domain became separated from Gondwana in the Late Permian and accreted to
Laurasia by the Late Triassic (Figure 2.12; de Lamotte et a., 2015). Other minor rifting
events occurred in Pangaea as a result of orogenic collapse (e.g. Variscan and
Caledonian Belts; Burg et al., 1994; Oftedal et al., 2005; Faleide et al., 2008; Stolfova
and Shannon, 2009) or extension in back arc regions (e.g. Cordilleran orogeny of

South America; Sempere, 2002; Limarino and Spaletti, 2006; Javadi et al., 2011).

The main fragmentation of Pangaea started around the Triassic-Jurassic
boundary (ca. 200 Ma), and appears to have been associated with the formation of
the Central Atlantic Magmatic Province (CAMP) large igneous province (LIP; e.g.
Marzoli et al.., 1999; de Lamotte et al., 2015). Extension first caused Laurasia and
Gondwana to separate along the Palaeozoic collision zones of the Alleghanian and
Variscan Orogenies (Figure 2.12; de Lamotte et al., 2015), leading to sea floor
spreading in the earliest Jurassic (Sahabi et al., 2004; Labails et al., 2010; Kneller et
al., 2012). By the Middle Jurassic, further extension facilitated by the emplacement
of the CAMP resulted in the separation of the Eurasian Plate from the North America
plate in Laurasia. A separate LIP known as Karoo-Ferrar initiated the Karoo Il rift

system in Gondwana ca 183 Ma (Riley et al., 2004), leading to the separation of first
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the Antarctic, Australian and Indian plates and later the African plate from South

America (Malod et al., 1991; de Lamotte et al.,2015).

As North and South America split apart during the breakup of Pangaea, part
of Gondwana remained attached to the Laurentian craton. As a result modern
Mexico displays affinities with both Gondwana and Laurentia. As previously noted

the location of the suture between the two continental blocks remains uncertain.
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Figure 2.12. Schematic map for the initiation of breakup in Pangaea (ca. 190 Ma) from de Lamotte et al, (2015)
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2.7 Paleozoic-Mesozoic Subduction

It has been proposed that continental arc systems existed in Mexico
simultaneously with the collisional and rifting tectonics associated with the

formation and break up of Pangaea. Igneous rocks dating from the Late

Carboniferous-Early Triassic can be found across Mexico (Figure 2.2; Table 2.1).

Location

Age (U/Pb zircon)

Reference

Chiapas Massif

272 Ma igneous event.
254 Ma metamorphism.

Weber et al., 2005

Honduras Pluton

290 Ma

Ortega-Obregon et al., 2014

Cuanana Pluton 311 Ma Ortega-Obregon et al., 2014
La Mixtequita batholith 254 Ma Weber and Kohler, 1999
Zaniza Pluton 287 Ma Ortega-Obregon et al., 2014
Totoltepec Pluton 306-283 Ma Kirsch et al., 2013
La Carbonera stock 272 Ma Solari et al., 2001; Ortega-
Obregon et al., 2014
Etla Pluton 255 Ma Ortega-Obregon et al., 2014
Sonora 275-258 Ma Arvizu & Iriondo, 2011

Table 2.1. Late Carboniferous-Early Permian plutons of Mexico.

These igneous rocks have been interpreted to have formed in a continental
arc environment during eastward dipping subduction along the western flank of
Pangaea (Ortega-Obregon et al., 2014). This proposed arc magmatism in Mexico may
form part of the same belt of Permo-Triassic igneous rocks found in Ecuador and
Colombia that are also reported to have formed in a continental arc environment
during eastward dipping subduction of the Panthalassa Ocean beneath Pangaea

(Vinasco et al., 2006; Cochrane et al., 2014; Spikings et al., 2015).
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A later phase of Late Triassic-Early Jurassic magmatism formed the Nazas arc

in Mexico (Figure 2.2; Dickinson and Lawton, 2001). Volcanic exposures outcrop in

northern Central Mexico (Barboza-Gudifio et al., 2008) and possibly extend as far

down as Chiapas (Figure 2.2; Godinez-Urbdan et al., 2011). Plutonic equivalents to

these Jurassic arc rocks can be found in the northern Sonora area of Mexico (Figure

2.2; Ortega-Gutierrez et al., 2014).

2.8 Review of Mexico’s basement

As highlighted in the above sections the crystalline basement of Mexico is

defined by a complex assembly of continental blocks of differing provenance and

age.

The oldest and most prevalent basement type is the Mesoproterozoic
Oaxaquia crust (1400-970 Ma). Outcrops of which can be found in the
Oaxacan Complex, Novillo Gneiss, Huiznopala Gneiss and Guichicovi Complex
(Figure 2.2).

During the Early Paleozoic, island arcs systems were accreted to Laurentia
which now form part of Acatlan Complex of Southern Mexico (Figure 2.2).
Late Carboniferous-Early Triassic (310-250 Ma) plutons (Totoltepec pluton,
Cuanana pluton, Sonora plutons, Zaniza pluton, Etla granite, Honduras
batholith, Carbonera Stock, Mixtequita batholith and Chiapas Massif; Figure
2.2) outcrop across Mexico, and may relate to arc magmatism.

Alternatively, the Late Carboniferous-Early Triassic plutons found in Mexico

may be related to the formation of Pangaea, which occurred synchronously
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(Pindell and Dewey, 1982; Pindell, 1985; Ross, 1986; Viele and Thomas, 1989;
Sedlock et al., 1993; Dickinson and Lawton, 2001).

° The Late-Triassic-Middle Jurassic Nazas arc is proposed to extend from
Sonora in the north of Mexico, to Chiapas in south. However, the arc rocks

are mostly buried so constraining its extent is difficult.
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3 Petrography & geochronology of the Western Gulf of

Mexico basement

3.1 Introduction

This chapter presents petrographic and geochronological results for the 21
basement core samples of the Western Gulf of Mexico that zircons were successfully
extracted from (Figure 3.1; Appendix B). Extraction as well as analysis (via LA-ICP-MS)
was done in the facilities at National Autonomous University of Mexico (UNAM) in
Juriquilla, Mexico. For further information concerning the method of extracting the
zircons, analysis procedure and corrections of initial results please consult Appendix A

and C.

Ages have been determined using the radiometric method of uranium-lead (U-
Pb) dating on zircons. Unless otherwise stated the depth at which the cores are taken is
unknown and there has been no previous radiometric dating done for the basement in
each of the well localities. Results of the analysis have been graphically presented in
either a Tera-Wasserburg in association with a 2*Pb/?®U weighted-mean age
calculation or Wetherill Concordia diagram in association with a 207pp, /206py, weighted-
mean age calculation, depending on the age of the zircons present. The Tera-
Wasserburg and 2%°Pb/?®U weighted-mean age calculation are more reliable with

2%ppy weighted-mean

Phanerozoic zircons whereas the Wetherill Concordia and 207Pb/
age calculations are more reliable with Precambrian zircons (Jackson et al., 2004;

Ludwig, 2012). Most of the age calculations have been made using weighted mean plots

but in samples where there is a large range in the population age then the TuffZirc plot
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has been used which uses the median age of a population. All figures presented in this

section have been constructed using the excel macro “isoplot 4.15” created by Dr. Ken

Ludwig at the Berkeley Geochronology Center (Ludwig, 2012).

100°W 99°W 98°W q7°W 96°W 95°W 94°W
26°N
]
® Benemerito- 2469+ 4.2 Ma (i) 7
-
{;};ﬁy .
> 25°N
25°N @ Trincheras- 255.8 H;a:q Ma (i)
® El
' '] = “J
Linares- 253.5 £ 5.2 Ma (i) e .
® Chaneque- 243.4 £ 2.8 Ma (i)
il| D4°N
24°N JL
I
'|'
Gonzales- Grenvillian (dz) 23°N
23°N ® .
/ gMayade- 257.0 £ 5.2 Ma (i)
.
Tamaulipas- 247.9 + 4.0 Ma (i) \ .Arenqua- 293.5 + 3.7 Ma (i)
\® , 22°N
29°N v, Erizo-250.0 £ 3.1 Ma (i)
[N
\\
i l';%ipunal- 294.1 + 3.4 Ma & 249.5 + 3.1 Ma (i)
\ 21°N
21°N @ Muro- 188.5 % 3.5 Ma (i)
®
Salto- 935 Ma, 795 Ma & 700 Ma (dz) ‘\\
- + i
Paso de Oro- 274.2 + 3.5 Ma ()®® B"J‘EE lado-262.72 4.5 Ma {i) 0N
20°N ® Tlapatoyan- 164.3 £ 3.5 Ma (i)
. hY
Plan de Las Hayas- 261.0 + 4.1 Ma & 250.0 + 4.6 ML (i)
L
Paso de Ovejas- 256.7 £ 5.5 Ma (i)® ™. .
19°N A
® ——
Orizaba- 253.0 £ 7.5 Ma (i) RN
18°N
100°W 99°W 98°W 97°W 96°W 95°W

Figure 3.1. Map showing the localities and ages of the PEMEX wells used to obtain basement samples of
the Western Gulf of Mexico. Igneous crystallization ages are indicated by (i) and detrital zircon ages
from meta-sediments and sediments indicated by (dz).
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The data presented will constrain the ages of the basement of the Western Gulf
of Mexico. Cathodoluminescence (CL) images used in conjunction with Th/U ratios and
rare earth element (REE) patterns have been used to distinguish between metamorphic
and igneous zircon growth. Zircons forming in metamorphic environments usually, but
not exclusively, yield Th/U ratios of <0.1, whereas igneous zircons generally have ratios
>0.2. The REE patterns in magmatic zircons have pronounced Eu negative anomalies and
steep/enriched heavy rare earth elements (HREE) (Rubatto & Hermann, 2007). The REE
patterns in metamorphic zircons on the other hand have less pronounced/absent
negative Eu anomalies and HREE patterns that are supressed (Rubatto and Hermann,
2007). The U concentration of the zircons will be used to identify any grains that are
likely to have undergone metamictization (Nasdala et al., 2001). On samples that have a
sedimentary protolith the detrital zircons will be used to identify the provenance of the
grains as well as constrain the maximum age of deposition, using the youngest

population of zircons.

3.2 Early Permian granitoids

3.2.1 Pinonal N2F3C1

The first analysed sample from the Pinonal well (Figure 3.1) is a phaneritic
biotite granitoid that has undergone severe subsequent alteration. Petrographic
interpretations (Figure 3.2 a-b) reveal crystals that range in size from 4000 to 250 um,
principally composed of quartz that has been recrystallized in some instances (20%),
chloritized biotite (35%) and feldspars that have been severely altered to clay minerals
and sericite (40%). The remaining 5% is made up of the accessory minerals zircon and

apatite, as well as a skeletal opaque mineral (possibly ilmenite) that appears to be
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forming from the breakdown of biotite. Due to the degree of feldspar alteration it is
difficult to distinguish between the plagioclase and alkali feldspars and therefore an

accurate classification of the sample is not possible from the thin section alone.

The sample contains large subhedral zircon grains and fragments that are 200-
800 um along their longest axis, with aspect ratios of 2:1-5:1. The CL textures are
characterised by oscillatory and sector zoning, typical of zircons that form in igneous
environments (Figure 3.2 i). Common lead contamination may be an issue during

interpretation of the results as fractures are present in some of the zircon grains.

The sample has fairly uniform Th/U ratios and U concentrations (0.3-1, 55-400
ppm respectively; Figure 3.2 e-f). These results are typical of the values you would

expect to find in zircons that crystalize in igneous environments.

Tera-Wasserburg plots (Figure 3.2 c) for the sample show that there is one
dominant Permian population of zircons. There also appears to be an inherited

xenocryst in one of the analyses which yields a Carboniferous age of 351+13 Ma.

Of the 43 analysis 36 were deemed suitable to be used in age calculations (<20%
discordance, <5% error and <5% inverse discordance). Weighted-mean plots (Figure 3.2
d) yield an age of 294.1+3.4 Ma, with a mean square weighted deviation (MSWD) of
1.15 (one age was rejected by the algorithm). This can be interpreted as the age of
crystallization for the zircons associated with an igneous event. The sample may contain
inheritance from a previous igneous event in the Carboniferous. However, this is not
clear as it is difficult to relate this older age to CL images (Figure 3.2 i). Alternatively, the

older age obtained may be the result of common lead contamination.

33| Page



Chapter 3: Petrography & Geochronology Results

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing severely sericitized plagioclase, quartz and sample showing chloritized biotite.
chlorite.
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Tera Wasserburg plot of the analysed grains (n=43). The blue Weighted mean plot for the zircons considered for age
ellipses represent zircons that were taken further to age calculations (n=36).

calculations (n=36) and the dotted ellipses show those that
were disregarded (> 20% discordance, > 5% inverse
discordance, > 5% error).
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Figure 3.2. Geochronology results for the Pinonal N2F3C1 basement core from the Western Gulf of

Mexico.

3.2.2 Arenque N15F3+4C2

The analysed sample from the Arenque well (Figure 3.1) is a biotite granite

(phaneritic in texture) that has undergone subsequent alteration. Petrographic

interpretations (Figure 3.3 a-b) reveal crystals that range in size from 4000 to 200 um,

principally composed of quartz (20%), partially seriticized feldspars (65%) and partially

chloritized biotite (10%). The remaining 5% is made up of the accessory minerals zircon

and apatite, opaque minerals that form in association with the breakdown of biotite and
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minor calcite veining. Alteration of the feldspars makes defining them difficult but they

appear to be mainly composed of alkali feldspar (60%) rather than plagioclase (40%).

Zircons in this sample are euhedral-subhedral and 100-300 um along their
longest dimension, with aspect ratios of 2:1-5:1. The CL images display oscillatory and
sector zoning (Figure 3.3 i), suggesting that the zircons formed in an igneous
environment. In some of the analysed grains there appears to be core and rim

relationships.

U concentrations in the sample range from 60-300 ppm (Figure 3.3 f) and the
Th/U ratios fall between 0.3-1.1 (Figure 3.3 e). These results support the interpretations
based on the CL images suggesting that zircons in this sample formed in an igneous

environment.

The Tera-Wasserburg plot for the analysed grains (Figure 3.3 c) displays one
population of zircons that formed in the Late-Carboniferous to Early-Permian. Of the 40
zircons that were analysed 36 were deemed reliable enough to be used for age
calculations (< 25 % discordant and < 5% error). Weighted-mean plots for the accepted
zircons (Figure 3.3 d) yield an age of 293.5+3.7 Ma with an MSWD of 1.4 (two ages were
rejected by the algorithm). The older of the rejected zircons yields an age of 322+10.6
Ma and may represent the cores that were highlighted in the CL images (A numbering
error for the analysed zircons during analysis means this theory cannot be tested). The
age obtained can therefore be interpreted as an Early Permian igneous event which may
have inherited cores from a previous igneous episode in the Carboniferous (possibly

related to the inherited grains found in Pinonal N2F3C1 sample).
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Cross polarized light (XPL) thin section image for the analysed
sample showing sericitized plagioclase, perthite, quartz and
chloritised biotite.

Plane polarized light (PPL) thin section image for the analysed
sample showing how the biotite has been partially chloritised.
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Figure 3.3. Geochronology results for the Arenque N15F3+4C2 basement core from the Western Gulf of
Mexico

3.2.3 Paso de Oro N8F4C2

The analysed sample from the Paso de Oro well (Figure 3.1) was taken from a
depth of 3367-3372 m and has a composition of a granodiorite (phaneritic in texture).
Previous dating of the basement in this core produced an age of 258+11 Ma via K-Ar
dating methods on biotite (Lopez-Ramos, 1979). Petrographic interpretations (Figure 3.4
a-b) reveal crystals that range in size between 4000 to 200 um, which are principally

composed of quartz (15%), feldspars (60%), severely altered amphiboles (10%) and
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biotite (10%). The feldspars are primarily plagioclase in composition (70%), with only
minor alkali feldspar (30%). The primary amphibole that was once present has
subsequently been broken down into opaque, epidote, biotite (chloritized), muscovite

and serpentine. The accessory minerals of zircon and apatite also exist as a minor phase.

Analysed crystals and fragments display prismatic, euhedral grains that are 100-
600 um along their longest dimension and with aspect ratios of 2:1-8-1. CL textures are
characterised by oscillatory and sector zoning in the majority of the grains, with no core-
rim relationship evident (Figure 3.4 i). The grains with higher aspect ratios appear to
have been affected by common lead contamination in fractures along the c-axis (bright
CL in fractures), which may cause age calculations for these examples to be discordant.
The form and consistency of the textures in the CL images suggest that that the zircons
within the Paso de Oro basement core all formed within the same igneous event, with

no evidence of any inheritance from older xenocrysts.

U concentrations range from 70-300 ppm (Figure 3.4 f) and Th/U ratios are
broadly uniform (0.4-0.8; Figure 3.4 e) between each of the analysed grains. These
observations support the interpretations from the CL images that suggest all the zircons

all formed in a single igneous event.

Of the 26 grains analysed, 19 were deemed suitable for further consideration in
age calculations (< 20% discordant and < 5% inversely discordant; Figure 3.4 c). The
discordance observed in some of the samples is probably due to common Pb
contamination highlighted in the CL observations. Weighted-mean plots (Figure 3.4 d)
yield an age of 274.2+3.5 Ma (n= 19, MSWD= 0.77; one age was rejected by the

algorithm) that can be interpreted as the igneous crystallization age.
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Paso de Oro N8F4C2
a

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing partly sericitized plagioclase, quartz, and sample showing low relief plagioclase, opaques and altered
biotite. hornblende and biotite.
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calculations (n=19) and the dotted ellipses show those that
were disregarded (> 20% discordance, > 5% inverse
discordance).
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Figure 3.4. Geochronology results for the Paso de Oro N8F4C2 basement core from the Western Gulf of

Mexico.

3.3 Late Permian

3.3.1 Benemerito-1 N2F7bC5

The analysed sample from the Benemerito well (Figure 3.1) was taken from a

depth of 2580-2588 m and has the composition of a granite (phaneritic in texture). The

basement in this well has been previously dated to 916+35 Ma and 203+10 Ma (Lopez-

Ramos, 1979). Unfortunately, the method of dating is not mentioned but it is likely to

have been dated by K-Ar on biotite.
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Petrographic interpretations (Figure 3.5 a-b) reveal crystals that range in size
from 150-10000 um, which are primarily composed of quartz (25%), partially seriticized
feldspars (70%) and chloritized biotite (5%). The feldspars that are present are made up
of perthite (40%), plagioclase (30%), and alkali feldspars (30%). Zircon and apatite are

also present in the sample as minor phases.

The sample contains euhedral, prismatic zircon grains and fragments that range
in size from 80-250 um along their longest dimension and with aspect ratios of 2:1-6:1.
The CL textures for the sample display oscillatory and sector zoning typical of zircons
found in igneous environments (Figure 3.5 k). There is also evidence for a minor
influence from inherited xenocrysts, highlighted by truncation in areas of zoning in some

of the grains.

Another feature of note in the CL results is how dark the grains appear in many
of the zircons, indicating high U concentrations. This may cause metamictization in the

grains, resulting in lead-loss and inaccurate age determinations (Nasdala et al., 2001).

There is a strong correlation between discordant analysis and high U levels in the
sample (Figure 3.5 f). This confirms the suspicions of metamictization and as a result any
analyses (even concordant ones) with uranium concentrations over 900 ppm have been
disregarded. Of the 35 analysed grains 13 were considered reliable enough to be

considered for age calculations (< 20% discordant, < 5% inversely discordant and <1000

ppm U).

Weighted-mean plots have been constructed for the 13 concordant zircons

considered for analysis (Figure 3.5 d) and these yield an age of 246.9+4.2 Ma with a
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MSWD of 1.4 (one age was rejected by the algorithm). One concordant inherited zircon
core yields a Proterozoic age of 1266+93 Ma (Figure 3.5 c), which probably relates to the
Oaxaquia microcontinent that makes up the basement of much of continental Mexico
(Ortega-Gutiérrez et al., 1995). Other ages that fall between the Proterozoic and Triassic

are likely to represent a mixing of both core and rim during laser ablation.

U concentrations for the considered zircons range from 100-1000 ppm (Figure
3.5 f) and have a Th/U ratio of 0.03-1 (Figure 3.5 e). The Triassic age of these zircons is
interpreted as the age of igneous crystallization, with minor influence from xenocrysts

of (poorly constrained) Proterozoic age.
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Benemerito-1 N2F7BC5
a i ] ¢

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed
sample showing sericitized plagioclase, perthite and strained sample showing low relief feldspars and quartz, chloritised

quartz biotite and high relief apatite.
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Figure 3.5. Geochronology results for the Benemerito N2F7bC5 basement core from the Western Gulf of
Mexico.
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3.3.2 Trincheras N3F5aC1

The analysed sample from the Trincheras well (Figure 3.1) has the composition
of a biotite granite (phaneritic texture) that has subsequently been hydrothermally
altered. The basement from this core has been previously dated via K-Ar whole rocks

methods at 14745 Ma (Lopez-Ramos, 1979).

Petrographic interpretations (Figure 3.6 a-b) reveal crystals that range in size
from 100 to 4000 um, which are primarily composed of quartz (25%), partially seriticized
feldspars (50%), biotite (15%), muscovite (5%). The feldspars that are found in the
sample are made up of plagioclase (30%), alkali feldspars (50%) and perthite (20%). The
remaining 5% of the sample is made up of calcite that is present in veins and the

accessory minerals of zircon and apatite.

The sample contains euhedral to subhedral zircon grains and fragments that
range in size from 100-300 um along their longest axis, with aspect ratios of 2:1-5:1. The
CL textures are characterised by igneous features such as oscillatory and sector zoning
(Figure 3.6 j). There appear to be fractures in some of the grains which may have
resulted in contamination from common lead. Additionally, some of the analysed grains

are very dark, indicating high U concentrations and possible metamictization.

Tera-Wasserburg plots for the sample (Figure 3.6 c) display a population of
zircons that are Permian in age as well as 2 concordant grains from the Proterozoic
(1018482 Ma & 75518 Ma) which indicates inheritance from xenocryst cores, although
they are not obvious in the CL images. The older of the cores is likely to derive from the

Oaxaquia microcontinent; the younger core's source is unclear.
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U concentrations between the Proterozoic xenocrysts and Permian zircons are
comparable, with values of 100-1200 ppm (Figure 3.6 f). There appears to be a
relationship between high U concentrations and the younger ages which reveals that
metamictization is indeed an issue in this sample. For this reason all analyses that yield a
U concentration above 1050 ppm have been discarded. The REE patterns (Figure 3.6 g)
suggest that small inclusions within the zircons may also partially explain the discordant
grains, with enrichment of the LREEs and no pronounced Ce negative anomaly indicating

contamination from monazite.

Of the 40 analysed grains 25 were used in the age calculations (<10% discordant,
<4.8% error and <1000 ppm U). Weighted-mean plots (Figure 3.6 d) have been
constructed for the accepted Permian zircons that yield an age of 255.8+3.3 Ma, with an
MSWD of 2.7 (three ages were rejected by the algorithm). The two older rejected ages
correlate well with the zircons in the Pinonal and Arenque wells (288+5 Ma & 289+4 Ma)
which suggests they could be inherited cores. However, this is not clear in the CL
images. The zircons in this rock can therefore be interpreted to represent the igneous
crystallisation age with some inheritance from Proterozoic and potentially Early Permian
xenocrysts. High U concentrations of the zircons from the Mid-Permian igneous event

have subsequently resulted in metamictization of some of the grains.
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Trincheras-1 N3F5AC1

'

Cross polarized light (XPL) thin section image for the analysed
sample showing perthite, sericitized plagioclase, biotite,
muscovite and quartz.

Plane polarized light (PPL) thin section image for the analysed
sample showing low relief perthite, sericitized plagioclase,
muscovite, quartz and brown biotite.
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Figure 3.6. Geochronology results for the Trincheras N3F5aC1 basement core from the Western Gulf of
Mexico.

3.3.3 Linares N7F1C1

The analysed sample from the Linares well (Figure 3.1) was taken from a depth
of 2628-2629.5 m and has the composition of a hydrothermally altered granodiorite
(phaneritic texture). Previous dating of a basement sample from this core yielded an age

of 11245 Ma by K-Ar dating of biotite (Lopez-Ramos, 1979).

Petrographic interpretations (Figure 3.7 a-b) reveal crystals that range in size

from 100 to 4000 um, which are principally composed of quartz (10%), seriticized
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feldspars (55%; mainly plagioclase), chloritized biotite (20%) and amphiboles that
display twinning in some instances (10%). The remaining 5% of the sample is composed

of the alteration mineral epidote and the accessory minerals of zircon and apatite.

The sample contains euhedral to subhedral zircons that are 150-250 um along
their longest axis and have aspect ratios of 2:1-7:1. The CL images for the zircons are
characterised by oscillatory and sector zoning typical of igneous zircons (Figure 3.7).
There is also evidence for core and rim relationships within the sample which record

two separate zircon forming events.

U concentrations for the zircons range from 150-700 ppm (Figure 3.7 f) and Th/U
ratios fall between 0.4-1 (Figure 3.7 e). These values are consistent with zircons that
crystallise in magmatic environments. There are also anomalous analysed grains that
show enrichment in the LREEs as well as a less pronounced Ce positive anomaly (Figure
3.7 g-i) which would suggest contamination from monazite inclusions within the zircons

and could potentially affect the age calculations.

Of the 40 zircon analysed grains 33 were used in the age calculations (< 20%
discordance and < 10% inversely discordant). Weighted-mean plots were constructed
(Figure 3.7 d) for the concordant grains that yielded an age of 253.5+#5.2 Ma with an
MSWD of 5.4 (two analysis were rejected by the algorithm). The high MSWD and two
analyses that were rejected by the algorithm may be a reflection of mixing between
core and rim ages. This interpretation, although likely, is speculative as no clear
correlations are observed between the age differences and core and rim relationships in
the CL images (Figure 3.7 j). The age obtained, although somewhat imprecise, can be

interpreted as the best estimate of the igneous crystallization age of the zircons.
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Linares-1 N7C1F1

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing sericitized plagioclase, quartz and twinned
clinopyroxene (altered to iron oxides).

sample showing high relief clinopyroxene, chloritised biotite
and low relief quartz and feldspars.
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ellipses represent zircons that were taken further to age
calculations (n=33) and the dotted ellipses show those that
were disregarded (> 20% discordance, > 10% inverse
discordance).

Weighted mean plot for the zircons considered for age
calculations (n=33).
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Th/U vs. Age (Ma) plot for all of the analysed zircons (n=40).
The blue points represent the grains that were used in age
calculations and the clear points show those that were
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Figure 3.7. Geochronology results for the Linares N7F1C1 basement core from the Western Gulf of
Mexico.

3.3.4 Chaneque N6F1C4

The analysed sample from the Chaneque well is (Figure 3.1) has the composition
of a hydrothermally altered granitoid (phaneritic texture). Previous dating of the
basement core on potassium feldspars (K-Ar) yielded an age of 133+5 Ma (Lopez-Ramos,
1979). Petrographic interpretations (Figure 3.8 a-b) reveal crystals that range in size
from 150 to 2500 um, which are principally composed of quartz (10%; present as

monocrystalline grains and in veins), feldspars (65%; too altered to differentiate),
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chloritized biotite (15%) and unusually large apatite (up to ~1000 um; 5%). The
remaining 5% of the sample is made up of opaque minerals and the accessory mineral
zircon. The severity of the alteration seen in the feldspars of the sample suggests the K-

Ar age obtained by Lopez-Ramos (1979) may not have any geological significance.

This sample contains euhedral, prismatic zircons that are 150-300 um along their
longest axis, with aspect ratios of 3:1-7:1. The CL textures of the zircons are defined by
marked oscillatory and sector zoning (Figure 3.8 i). There is no evidence for core and rim
relationships but resorption features on inner zoned fractions may suggest that zircon
growth was intermittent, occurring in several phases in the same event. The observed

CL textures are typical of those found within igneous zircons.

U concentrations of the analysed zircons used in the age calculations range
between 50-900 ppm (Figure 3.8 f) and Th/U ratios fall between 0.4-2.4 (Figure 3.8 e).
These results are consistent with the igneous source interpretation from the CL images,
they are however quite varied which suggests that the source was quite compositionally

heterogeneous.

Of the 38 analysed zircons 28 were used for age calculations (< 20% discordant, <
5% inversely discordant and < 5% error). Weighted-mean plots have been constructed
for the accepted analysed grains (Figure 3.8 d), yielding an age of 243.4+2.8 Ma, with an
MSWD of 1.9 (two ages have been rejected by the algorithm). This can be interpreted as
the igneous crystallization age of the zircons within a geochemically evolving magma

chamber.
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Chaneque-1 N6F1C4

Cross polarized light (XPL) thin section image for the analysed

sample showing sericised plagioclase, chloritised biotite,

opaques and apatite.

Plane polarized light (PPL) thin section image for the analysed
sample showing low relief sericite, chloritised biotite, apatite

and opaque minerals.
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calculations
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and the clear points show those that were
disregarded.

Age (Ma) vs. U (ppm) diagram for all of the analysed grains
(n=38). Blue points represent grains that were used in age
calculations and clear points show that were disregarded.
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Figure 3.8. Geochronology results for the Chaneque N6F1C4 basement core from the Western Gulf of
Mexico.

3.3.5 Nayade N13F2C1

The analysed sample from the Nayade well (Figure 3.1) has the composition of
hydrothermally altered biotite granite (phaneritic texture). Petrographic interpretations
(Figure 3.9 a-b) reveal crystals that range in size from 150 to 7000 um, which are
primarily composed of quartz (35%; monocrystalline and recrystallized polycrystalline
grains), altered feldspars (50%; predominantly alkali feldspars) and partially chloritized
biotite (10%). The remaining 5% is composed of opaque minerals that form in

association with the breakdown of biotite and the accessory minerals zircon and apatite.
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Minor intergrowths of quartz and feldspars are also observed in the sample, producing

myrmekitic textures (Figure 3.9 a).

Zircons are subhedral grains and fragments that range in size from 100-400 um
along their longest axis, with aspect ratios of 1:1 to 5:1. The CL textures are
characterised by oscillatory zoning and core-rim relationships that are difficult to detect
due to the dark nature of the grains (Figure 3.9 k). These relationships suggest that the
zircons likely formed in an igneous environment, with inherited xenocrysts. The dark
colour of the zircons in the CL images indicates high U concentrations which in turn may

affect age calculations due to metamictization.

Th/U ratios (Figure 3.9 g) support the CL observations and yield a range typical of
igneous zircons (0.2-1.2) throughout core and rim. Suspicions of metamictization are
confirmed in the Age (Ma) vs U (ppm) plot (Figure 3.9 f) which clearly shows correlations
between the younger ages and high U concentrations. To reduce the effect of

metamictization only zircons with < 1000ppm U were used in the age calculations.

Out of the 35 analysed grains 13 were deemed suitable to use in age calculations
(< 9% discordant, < 1000ppm U). Weighted-mean plots (Figure 3.9 e) yield an age of
257+5.2 Ma with an MSWD of 3.7 which can be interpreted as the age of the youngest
igneous event which created the zircon rims. The concordant inherited cores (Figure 3.9

c) yielded ages of 39746 Ma, 538+6 Ma and 558+4 Ma.
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Nayade-1 N13F2C1

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing plagioclase, quartz (myrmekitic texture
present) and biotite filled with inclusions of opaques, apatite

and zircon.

sample showing plagioclase, quartz and biotite filled with
inclusions of opaques, apatite and zircon.
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Age (Ma) vs. U (ppm) diagram for all of the analysed grains
(n=35). Blue points represent grains that were used in age
calculations and clear points show that were disregarded.
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Figure 3.9. Geochronology results for the Nayade N13F2C1 basement core from the Western Gulf of

Mexico.
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3.3.6 Tamaulipas N1F2C1

The analysed sample from the Tamaulipas well (Figure 3.1) has a granodiorite
composition (phaneritic texture). Petrographic interpretations (Figure 3.10 a-b) reveal
relatively unaltered crystals that range in size from 200-7000 um, primarily composed of
guartz (10%), feldspars (60%; predominantly plagioclase), amphibole (15%) and biotite
(10%). The remaining 5% is made up of, opaque minerals and the accessary minerals of

titanite, zircon and apatite.

Zircons that were separated from the sample are 150-400 um in size along their
longest axis, with aspect ratios of 2:1-6:1. The CL textures are characterised by
oscillatory and sector zoning (Figure 3.10 i), indicating that the zircons are igneous in
origin. There appears to be a core and rim relationship in a lot of the grains, as well as

inclusion of other minerals, which may affect the reliability of the results.

Of the 37 zircon grains analysed 28 were deemed reliable enough to use in age
calculations (< 20% discordant, <5% inversely discordant and < 5% error; Figure 3.10 c).
The discarded zircons possibly have been affected by contamination from small
inclusions within the grains as highlighted in the CL observations (Figure 3.10 i).
Interpretation of the zircon REE concentrations (Figure 3.10 g-h) confirms these
suspicions, in that they show enrichment in the LREEs and no Ce negative anomaly

which is indicative of contamination from monazite.

Weighted-mean plots (Figure 3.10 d) have been constructed for the zircon grains
considered for age calculations and yield an age of 247.9+4.0 Ma with a MSWD of 1.8
(two ages were rejected by the algorithm). It may be the case that the rejected ages

represent the age of the inner cores (282410 Ma & 278+7 Ma) observed in some of the
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zircons. This interpretation is rather speculative however as there is not enough
evidence in the geochemistry or CL images to be certain. The age obtained for the

zircons can therefore be simply interpreted as the time of igneous crystallization.
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Tamaulipas N1F2C1

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed
sample showing plagioclase, quartz, hornblende, biotite and

sample showing plagioclase, quartz, hornblende, biotite and
minor titanite.

minor titanite.
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Figure 3.10. Geochronology results for the Tamaulipas N1F2C1 basement core from the Western Gulf of

Mexico.

3.3.7 Erizo N19F19C1

The analysed sample from the Erizo well (Figure 3.1) has the composition of

hydrothermally altered granite (phaneritic texture). Petrographic interpretations (Figure

3.11 a-b) reveal crystals that range in size from 100-9000 um, which are primarily

composed of quartz (30%), seriticized feldspars (60%; alteration makes it difficult to

distinguish between members). The remaining 10% is made up of the alteration mineral

calcite and accessory minerals of zircon and apatite.
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The sample contains euhedral to subhedral zircons grains and fragments that are
100-300 um along their longest dimension, with an aspect ratio of 2:1-5:1. The CL
images (Figure 3.11 i) show typical igneous textures such as oscillatory and sector zoning
with no apparent inherited cores. Age calculations for the zircons from this sample have
been undertaken with care as there are a few aspects of the CL results that may affect
the ages. Firstly, there appear to be fractures along the c-axis of the more elongated
grains which may be an inlet for common lead. Secondly, the dark colouration of the

zircons in the CL images indicates high U concentrations, and possible metamictization.

The age (Ma) vs U (ppm) plot (Figure 3.11 f) confirms metamictization, with
zircons over 800 ppm uranium displaying an inverse correlation between age and U
concentration. To minimise this effect all zircons with >800 ppm uranium were not used
in the age calculations. The Th/U ratios (Figure 3.11 e) are very consistent throughout

the zircon grains (0.7-1.2), which suggests they all formed from the same magma.

Of the 49 analysed grains 30 were suitable for use in the age calculations (< 25%
discordance, < 3% error, < 7% reverse discordance, < 800 ppm U; Figure 3.11 c).
Weighted-mean plots (Figure 3.11 d) yield an age of 250+3.1 Ma with an MSWD of 2.2

which can be interpreted as the igneous crystallization age.
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Erizo N19F19C4

Cross polarized light (XPL) thin section image for the analysed Cross polarized light (XPL) thin section image for the analysed

sample showing sericitized plagioclase, perthite, quartz and
calcite.

sample showing sericitized plagioclase, perthite, quartz and
calcite.
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Age (Ma) vs. U (ppm) diagram for all of the analysed grains
(n=49). Blue points represent grains that were used in age
calculations and clear points show that were disregarded.
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Figure 3.11. Geochronology results for the Erizo N19F19C4 basement core from the Western Gulf of
Mexico.

3.3.8 Pinonal N2F11C2

The second analysed sample from the Pinonal well (Figure 3.1) has the
composition of a hydrothermally altered granodiorite (phaneritic texture). Petrographic
interpretations (Figure 3.12 a-b) reveal crystals that range in size from 200-7000 pm,
which are primarily composed of quartz (10%; monocrystalline and in veins), feldspars
(50%), amphibole (20%; hornblende) and biotite (10%). Minor phases in the sample
include calcite veining (1%), opaque minerals (2%), apatite (2%) and zircon (1%). Epidote

and titanite also forms (4%) in association with the partial breakdown of hornblende.
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The sample contains euhedral to subhedral zircon grains and fragments that are
200-400 um in size along their longest axis, with aspect ratios of 2:1-10:1. The CL images
(Figure 3.12 k) are characterised by oscillatory and sector zoning indicating a magmatic
origin for the zircons. Some of the more elongated grains have fractures along their c-
axis in which common lead appears to be a contaminant (bright CL colours in the

fractures) which may affect the reliability of the age calculations.

Of the 31 zircons that were analysed 27 were deemed reliable enough to be used
in age calculations (< 30% discordance and < 5% error; Figure 3.12 c). Discordant grains
correlate with enrichment in the LREEs (Figure 3.12 g-j) and a lack of Ce anomaly which
suggests contamination from inclusions (probably monazite). It is apparent from the
Tera-Wasserburg plot (Figure 3.12 c) that there are some xenocrystic cores in the
sample. These yield a range of concordant ages: Proterozoic (1235+153 Ma); Cambrian
(509+7.8 Ma) and Ordovician (478+6.8 Ma). U concentrations in the cores range from
80-300 ppm (Figure 3.12 f) with Th/U ratios of 0.4-0.8 (Figure 3.12 e). These results are

consistent with zircons that formed in igneous environments.

Weighted-mean plots (Figure 3.12 d) have been constructed for the Permo-
Triassic zircons in the sample and these yield an age of 249.5+3.1 Ma, with an MSWD of
1.6. U concentrations and Th/U ratios range from 80-1000 ppm & 0.1-1 respectively
(Figure 3.12 e-f), which although quite variable are typical of igneous zircons. This
Permo-Triassic age can therefore be interpreted as the time of crystallization of the
zircons in an igneous event. This event failed to completely resorb pre-existing zircons

that are preserved as Proterozoic, Cambrian and Ordovician cores in some of the grains.
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Pinonal1

N2F11C2

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing plagioclase, quartz, and altered
orthopyroxene.

sample showing low relief plagioclase and quartz and brown
biotite, partially chloritised.
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Age (Ma) vs. U (ppm) diagram for all of the analysed grains
(n=31). Blue points represent grains that were used in age
calculations and clear points show that were disregarded.
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Figure 3.12. Geochronology results for the Pinonal N2F11C2 basement core from the Western Gulf of
Mexico.
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3.3.9 Cupelado N9F1C1

The analysed sample is taken from the Cupelado well (Figure 3.1) at a depth of
3818-3824 m and is composed of biotite granite. The rock was too altered to make a
thin section. Many of the zircons analysed are fragmented but some display elongated,
euhedral to subhedral shapes that are 100-300 um along their longest axis. CL textures
are characterised by oscillatory and sector zoning (Figure 3.13 i), typical of igneous
zircons. There are very distinct populations of zircons in the CL images (high-U dark
zircons, strongly zoned zircons and more homogeneous grains) indicating that the
crystals did not all grow in the same event. Enriched trends in the LREEs (Figure 3.13 j-k)
of some of the grains are likely to be caused by contamination from small inclusions. A
lack of Eu negative anomaly is also present in these anomalous zircons which suggest

the inclusions might be plagioclase feldspar.

Of the 19 grains analysed 14 were deemed suitable for age calculations (< 16%
discordant and <4.7% error; Figure 3.13 c-d). Discordance in some instances appears to
correlate with contamination by inclusions in the grains. Alternatively it may represent

mixing of isotopic compositions between core and rim.

Weighted-mean plots (Figure 3.13 g) for the strongly oscillatory zoned grains
yield an age of 1428+48 Ma (MSWD= 0.21; one of the ages was rejected by the
algorithm). U concentrations for the cores fall between 200-500 ppm (Figure 3.13 i) and
they possess a Th/U ratio ranging between 0.2-0.8 (Figure 3.13 h). These geochemical
results show consistency with the zoning in the CL observations, indicating that they
formed in a magmatic event. The Proterozoic age can therefore be interpreted as the

igneous crystallization age.
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Weighted-mean plots (Figure 3.13 f) for a second population of zircons yield an
age of 284.8+9.1 Ma (MSWD= 0.16). U concentrations are low (90-120 ppm; Figure 3.13
i), and Th/U ratios are typically igneous (0.4-0.6; Figure 3.13 h). This population of
zircons has similar ages to the igneous zircon forming event in the Early-Permian

observed in other wells such as Pinonal and Arenque.

Weighted-mean for the youngest population of zircons (Figure 3.13 e) yield an
age of 262.7+4.5 Ma (MSWD= 0.86). U concentrations in this population yield the
highest results (400-850 ppm; Figure 3.13 i) but are comparable with the other
populations in the Th/U ratios (0.2-0.35; Figure 3.13 h). These zircons can be interpreted

to have formed in a Late-Permian igneous event.

Interestingly, there is no core and rim relationship (Figure 3.13 i) observed
between the Proterozoic and Permian zircons which may suggest that this rock formed
from the partial melting of a pre-existing sedimentary rock (containing detrital zircons
from different areas to form an S-type granite). The age of the S-type granite is not
recorded in the zircon populations (no core and rim relationships), we can only conclude
that it is younger than 262 Ma. A more effective way of obtaining an age for the

40 39
Ar-

youngest igneous event would be to date the rock by Ar methods.

Alternatively, the lack of core-rim relationships may simply be due to the low
number of zircon grains analysed. In this scenario the youngest population of 262.7+4.5
Ma would represent the age of rock formation, with inheritance from Proterozoic and

Mid-Permian cores.
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Th/U vs. Age (Ma) plot for all of the analysed zircons (n=19).
The blue points represent the grains that were used in age
calculations and the clear points show those that were
disregarded.
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Figure 3.13. Geochronology results for the Cupelado N9F1C1 basement core from the Western Gulf of
Mexico.
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3.3.10 Plan de Las Hayas N14F1C1

The analysed sample from the Plan de las Hayas well (Figure 3.1) was taken at a
depth of 3316-3321 m and has the composition of an altered granodiorite (phaneritic
texture). Previous dating on a sample from the well by PEMEX yielded an age of 312+25
Ma by K/Ar dating methods on potassium feldspars (Lopez-Ramos, 1979). However, the
alteration observed in the sample suggests this age may not have any geological
significance. Petrographic interpretations (Figure 3.14 a-b) reveal crystals 150-5000 pm
in size, which are primarily composed of quartz (10%), seriticized feldspars (60%; 80:20
plagioclase and alkali feldspar respectively) and chloritized biotite (20%). Minor phases

in the sample include titanite (5%), calcite (3%), apatite (1%) and zircon (1%).

The dated zircons are subhedral, prismatic grains 80-200 um in size, with aspect
ratios of 1:1-4:1. CL textures are characterised by oscillatory and sector zoning (Figure
3.14 i). Some of the zircons contain small inclusions which may have an effect on the
ages obtained. U concentrations range between 100-1000 ppm (Figure 3.14 f), and Th/U
ratios between 0.1- 1.1 (Figure 3.14 e). In some of the REE trends (Figure 3.14 g-h) the
Ce anomaly is less pronounced which suggests that the small inclusions (potentially
monazite) observed in the CL images have contaminated some of the analyses. The CL

and geochemical observations suggest an igneous origin for the zircons.

Of the 29 analysed grains 23 were considered for age calculations (< 10%
discordant and <5% inversely discordant; Figure 3.14 c). The discordance probably relate
to contamination from inclusions as mentioned above. Weighted-mean plots (Figure
3.14 d) for the concordant grains yield a Permian age of 261+4.1 Ma with an MSWD of

2.8 which can be interpreted as the igneous crystallization age for the zircons.
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Plan de las Hayas N14F1C1
d

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing sericitized plagioclase, quartz, chloritised sample showing sericitized plagioclase, quartz, chloritised
biotite and titanite. biotite and titanite.
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calculations (n=23) and the dotted ellipses show those that
were disregarded (> 10% discordance, > 5% inverse
discordance).
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Figure 3.14. Geochronology results for the Plan de las Hayas N14F1C1 basement core from the Western

Gulf of Mexico.
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3.3.11 Plan de las Hayas N14F6C2

The second analysed sample from the Plan de las Hayas well (Figure 3.1) is taken
from a depth of 3316-3321 m and has the composition of a hydrothermally altered
quartz diorite (phaneritic texture). The basement associated with this core has
previously been dated to 312425 Ma using K-Ar methods on potassium feldspar (Lopez-
Ramos, 1979). However, the alteration observed in the sample suggests this age may

not have any geological significance.

Petrographic interpretations (Figure 3.15 a-b) reveal crystals that range in size
from 150-9000 um, which are primarily composed of quartz (15%), sericitized feldspars
(55%; alteration makes distinguishing between members difficult) and chloritized biotite
(15%). Minor phases in the sample include titanite (5%; forms in close association with
the chloritized biotite), calcite veining (5%; product of hydrothermal alteration),
serpentine (3%; product of hydrothermal alteration), opaque minerals (2%), apatite

(<1%) and zircon (<1%).

The sample contains euhedral and prismatic zircons that are 150-250 um along
their longest axis and have aspect ratios of 2:1-10:1. CL images are characterised by
marked oscillatory zoning inherent throughout the analysed grains, as well as some
instances of sector zoning (Figure 3.15 h). There is no evidence to suggest this sample
has any inheritance from xenocrystic cores and therefore it is likely that all of the
observed zircons formed in one magmatic event due to the homogeneity between
grains and types of textures seen in the CL images. It is also apparent that some of the
analysed grains contain small inclusions of other minerals which may affect the results

of the analysis.
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U concentrations and Th/U ratios are fairly uniform between the analysed
zircons, with results ranging from 80-400 ppm and 0.3-0.9 respectively (Figure 3.15 e-f).
These results are consistent with the interpretations from the CL images, which suggest

that the zircons are igneous in origin and all relate to the same event.

Of the 30 grains analysed, 27 were considered reliable enough to use in age
calculations (< 20% discordant and yielded < 6% uncertainty in their *®Pb/?**U ratio;
Figure 3.15 c). The three grains that were not considered further in the age calculations
due to either discordance or high degrees of error are likely to have been affected by
contamination from small inclusions (probably monazite), as is indicated by more
enriched LREE patterns and lack of Ce positive anomaly (Figure 3.15 g). Alternatively low
U concentrations (observed in two of three discarded zircons) could cause the high
errors observed (Figure 3.15.f). Weighted-mean plots for the concordant zircons (Figure
3.15 d) yield an age of 250+4.6 Ma with an MSWD of 2.5 (two ages were rejected by the

algorithm). This can be interpreted as the igneous crystallization age of the zircons.
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Plan de las Hayas N14F6C2

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed
sample showing sericitized plagioclase, chloritised biotite and ~ sample showing low relief sericitized plagioclase, chloritised
titanite. biotite and high relief titanite.
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Figure 3.15. Geochronology results for the Plan de las Hayas N14F6C2 basement core from the Western
Gulf of Mexico.

3.3.12 Paso de Ovejas N6F9C2

The analysed sample from the Paso de Ovejas well (Figure 3.1) has been taken
from a depth of 6114-6117 m and has a composition of a slightly altered quartz
monzodiorite (phaneritic texture). Petrographic interpretations (Figure 3.16 a-b) reveal
crystals that range in size from 100-5000 um, which are primarily composed of quartz
(10%), partially seriticized feldspars that display zoning (70%; 70:30 plagioclase to alkali
feldspars respectively) and partially chloritized biotite (15%). Intergrowths between
quartz and feldspars are observed in the sample, producing myrmekitic textures. Minor

phases found in the sample include titanite (4%), zircon (< 1%) and apatite (< 1%).

The analysed zircons are elongated, euhedral to subhedral, prismatic grains with
aspect ratios of 2:1-10:1 and between 100-300 um in size along the longest axis. The CL
textures are characterised by oscillatory and sector zoning, as well as core and rim
relationships in a small number of grains (Figure 3.16 i). More enriched patterns are

observed in the LREEs of some of the analysed zircons (Figure 3.16 g-h), possibly caused
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by inclusion contamination (monazite), which may be reflected in higher degrees of

discordance when constructing plots.

Of the 30 rims that were analysed 23 were deemed suitable to be used in age
calculations (<22% discordance and <5% error). Discordance in some of the analysis is
probably related to contamination from small inclusions as previously noted in the REE

results.

Weighted-mean plots of the concordant grains (Figure 3.16 d) yield an age of
256.7+5.5 Ma with an MSWD of 2.3 (two ages were rejected by the algorithm) with U
concentrations of between 40-200 ppm and Th/U ratios of 0.3-0.8 (Figure 3.16 e-f).
These results are consistent with zircons that form in a magmatic event, and the age can

therefore be interpreted as the timing of crystallization within a magma chamber.

Cores are not a common feature within the sample; however there are two
present, yielding ages of 297+9 Ma and 2987 Ma (Figure 3.16 c). They display
comparable results in the REE geochemistry and Th/U ratios to the rims but differ
slightly in that they are characterised by slightly higher U concentrations (200-300 ppm;
Figure 3.16 f). They are likely to represent xenocrysts from a previous zircon-forming
magmatic event, occurring in the Early Permian. This event may well relate to the early

Permian zircons found in the Pinonal and Arenque wells.
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Paso de Ovejas N6F8C4

Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed
sample showing sericitized plagioclase, k-spar, quartz, biotite sample showing low relief plagioclase, k-spar and quartz,
and minor opaques. biotite and minor opaques.
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calculations (n=23) and the dotted ellipses show those that
were disregarded (> 22% discordance, > 5% inverse
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Figure 3.16. Geochronology results for the Paso de Ovejas N6F8C4 basement core from the Western
Gulf of Mexico.
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3.3.13 Orizaba N6F1C1

The analysed sample from the Orizaba well (Figure 3.1) has been taken from a
depth of 5042-5044 m and has a composition of monzo-granite (phaneritic texture).
Petrographic interpretations (Figure 3.17 a-b) reveal crystals that range in size from 100
to 8000 um, which are primarily composed of quartz (20%), partially seriticized feldspars
(70%; 50:40:10 plagioclase, microcline and perthite respectively). Minor phases include
chloritized biotite (5%), muscovite (2%), calcite (2%), apatite (< 1%) and zircon < 1%).
The sample also includes small amounts of a relic mineral (<1%) that has 56°/124°

cleavage characteristic of amphibole.

Zircons from this sample display euhedral to subhedral, prismatic shapes with
clear core and rim relationships. Some of the grains contain small inclusions of other
minerals which may act as a source of contamination. Oscillatory zoning is inherent
throughout a good number of the cores and rims suggesting the zircons record at least
two igneous events (Figure 3.17 m). Some cores also show more homogeneity and are
rounded in shape which is more characteristic of a high grade metamorphic event. This
indicates that not all of the inherited cores were formed in the same tectonic

environment.

Of 52 grains analysed 34 were concordant, with a low degree of error (< 14%
discordant and < 4% error; Figure 3.17 c). Additional filtering had to be done however to
account for an apparent mixing line between cores and rims, leaving 25 grains suitable
for age calculations. The isotopic mixing between the cores and rims accounts for a large

proportion of the unreliable ages. Discordant grains may also be due to contamination
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from monazite inclusions, as indicated by the REE patterns (enriched LREEs and lack of

Ce positive anomaly; Figure 3.17 j-I).

Weighted-mean plots for the cores (Figure 3.17 e-f) yield an age of 1162+38 Ma
(n=8; MSWD= 0.78) for the oldest population and 959459 Ma (n= 8; MSWD= 1.2) for
the younger ones. U concentrations and Th/U ratios for the cores range from 50-900
and 0.1-0.7, respectively (Figure 3.17 h-i). The chemistry and CL images for the cores
suggest a mix of both igneous and metamorphic origins, typical of the type of zircons

found in continental Oaxaquia.

Weighted-mean plots for 9 concordant rims (Figure 3.17 g) yield an age of
253+7.5 Ma with an MSWD of 0.23. U concentrations and Th/U ratios range from 200-
900 ppm and 0.08-0.3, respectively. This can be interpreted as the best approximation
to the timing of an igneous event that occurred in the Permian. This igneous event
occurred as a partial melt of the Oaxaquia continental crust, inheriting Precambrian

zircon cores that did not completely resorb in the magma.
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Orizaba N6F1C1
a Y,

Cross polarized light (XPL) thin section image for the analysed
sample showing sericitized plagioclase, strained quartz,
altered hornblende and chloritised biotite.

Cross polarized light (XPL) thin section image for the analysed
sample showing myrmekitic textures.
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Wetherill plot of the analysed grains (n=52). The blue ellipses
represent zircons that were taken further to age calculations
(n=34) and the dotted ellipses show those that were
disregarded (> 14% discordance, > 4% error).
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Figure 3.17. Geochronology results for the Orizaba N6F1C1 basement core from the Western Gulf of
Mexico.

3.4 Jurassic granitoids

3.4.1 Muro-2 N12F2C1

The analysed sample from the Muro well (Figure 3.1) has the composition of a
micro diorite (phaneritic texture). The basement for the well has been previously dated
at 153+11 Ma and 178111 Ma via K-Ar on biotite (Lopez-Ramos, 1979). Petrographic
interpretations (Figure 3.18 a-b) reveal crystals that range in size from 100 to 2000 um,
which are primarily composed of feldspars that display zoning (80%; 95:5 plagioclase
and alkali feldspar respectively). Minor phases include quartz that has an unusual,
almost interstitial, like texture (5%), partially chloritized biotite (5%), amphibole (5%)

and opaque minerals (5%).

Zircons in this sample are euhedral-subhedral in habit and are 50-120 um along
their longest axis, with aspect ratios of 2:1-7:1. The CL images are characterised by
sector and oscillatory zoning, typical of igneous zircons (Figure 3.18 g). There are also

fractures along the c-axis of some of the grains which have been an inlet for common
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lead and so may contribute to discordance in the concordia plots. Th/U ratios and U
concentrations yield typical igneous zircon results (0.5-1 and 60-1000 ppm respectively;

Figure 3.18 e-f).

Of the 21 grains analysed 15 were deemed suitable for age calculations (<100%
discordant, <3% error; Figure 3.18 c). The weighted-mean plot (Figure 3.18 d) yields an
age of 188.5+3.5 Ma with an MSWD of 5.6. There are also some inherited cores which
yield ages of 1430+24 Ma and 398+3.2 Ma (core and rim mix). The Jurassic zircons can
be interpreted as the age of crystallization in an igneous event which inherited

Proterozoic zircons.
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Cross polarized light (XPL) thin section image for the analysed Plane polarized light (PPL) thin section image for the analysed

sample showing plagioclase, partially chloritised biotite, sample showing plagioclase, partially chloritised biotite,
opaques and minor quartz. opaques and minor quartz.
CO 2 4 data-point error ellipses are 2 d box heights are 2o
204 . I
0.20 -
200 i
0.16 196 i

e P
184 L I’][I—”;

180 ‘{ Mean= 188.5£3.5 [1.9%] 95% conf.

206,
Pb/ZPb
N

207
o
o
(0]

176 Wtd by data-pt errs only, 0 of 15 rej.
i MSWD-= 5.6, probability= 0.00
(error bars in 2s)

0.00 172
0 10 20 30 40
238Ul206Pb
Tera Wasserburg plot of the analysed grains (n=21). The blue  Weighted mean plot for the zircons used for age calculations
ellipses represent zircons that were taken further to age (n=15).

calculations (n=18) and the dotted ellipses show those that
were disregarded (> 100% discordance, > 3% error).

e 10 f 1600
| ~
1400
' 100
! : . ™ 1
©
g b4 X g 8004
(]
= 2 600
0.1
400 . .
200 Nondy ¢ .
0.01 , : ; 0 : :
0 500 1000 1500 2000 10 100 1000
Age (Ma) U (ppm)
Th/U vs. Age (Ma) plot for all of the analysed zircons (n=21). Age (Ma) vs. U (ppm) diagram for all of the analysed grains
The blue points represent the grains that were used in age (n=21). Blue points represent grains that were used in age
calculations and the clear points show those that were calculations and clear points show that were disregarded.
disregarded.

89| Page



Chapter 3: Petrography & Geochronology Results

1430 +/-24.Ma ®
(3% +/-32Ma 6
i J \ v
- \ >

199 +/- 2.8 Ma
[ ]
206 +/- 7.6 Ma
*

()
® 186 +/-2.9 Ma 189 +/- 2.8 Ma #
&

Relationship between typical CL textures in the samples and
obtained ages

Figure 3.18. Geochronology results for the Muro N12F2C1 basement core from the Western Gulf of
Mexico.

3.4.2 Tlapacoyan N10F18C5

The analysed sample from the Tlapacoyan well (Figure 3.1) has the composition
of a trachyte (porphyritic texture). Previous studies performed by PEMEX on this core
yielded ages of 179+14 Ma by K-Ar dating methods on biotite (Lopez-Ramos, 1979). This
age may have geological significance as the biotite appears fresh. Petrographic
interpretations (Figure 3.19 a-b) reveal phenocrysts that range in size from 250 to 3000
pum that lie in a fine grained matrix. The phenocrysts make up ~10% of the sample and
are composed of alkali feldspar (50%), biotite (40%) and calcite (10%). The matrix
constitutes the remaining 90% of the sample and is almost entirely made up of alkali

feldspars.

The sample contains euhedral to subhedral grains that range in size from 80-200
um, with aspect ratios of 2:1-7:1. The CL textures are characterised by oscillatory zoning
inherent throughout all the grains (Figure 3.19 i). Two grains are anomalous in that they
appear to contain inherited xenocrystic cores. The shape of the grains as well as the

homogeneity and nature of the CL textures are indicative of zircons that formed in a
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single igneous event. The existence of two xenocrystic cores tells us that this igneous

event failed to completely resorb zircons during melting of a pre-existing rock.

30 grains were analysed, four of which were discarded due to discordance or
unacceptable errors (> 4% error in the 2°°Pb/?*®U ratio, >30% discordance, or >10%
reverse discordance; Figure 3.19 c). The cores that were observed in the CL images are
apparent in Tera-Wasserburg diagrams, plotting as concordant points with Proterozoic
and Permian ages (838+60 Ma and 263+7 Ma respectively). The Permian age may relate

to the igneous event recorded in the majority of the analysed wells.

Weighted-mean plots have been constructed for 20 analysed grains that were
dated to the Jurassic period (Figure 3.19 d). They yield an age of 164.3+3.5 Ma with a
MSWD of 2.8 (one age was rejected by the algorithm). U concentrations and Th/U ratios
in the grains are consistent throughout, yielding results of 150-500 ppm and 0.6-1.5
respectively (Figure 3.19 e-f). These results can be interpreted as the crystallization age
of the rock in an igneous environment, with minor inheritance from zircon xenocrysts of

Permian and Proterozoic age.
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Tlapacoyan-1 N10F18C

5
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Cross polarized light (XPL) thin section image for the analysed
sample showing phenocrysts of biotite and k-spar and
hornblende with a k-spar matrix.

Plane polarized light (PPL) thin section image for the analysed
sample showing phenocrysts of biotite and k-spar and
hornblende with a k-spar matrix.
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Weighted-mean plots for the analysed Jurassic zircons (n=
21). The algorithm rejected one analysis.
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Age (Ma) vs U (ppm) plot for all of the analysed grains (n=30).
White points represent analysis that were disregarded and
blue that were considered for age calculations.
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Figure 3.19. Geochronology results for the Tlapacoyan N10F18C5 basement core from the Western Gulf
of Mexico.
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3.5 Sediments and meta-sediments

3.5.1 Salto N8F1C1

The analysed sample from the Salto well (Figure 3.1) is taken from a depth of
2846-2850m and has the composition of a quartz-biotite schist. Petrographic
interpretations (Figure 3.20 a-b) reveal foliated crystals that range in size from 1000 to
6000 um. The sample is composed of felsic bands of quartz (20%; polycrystalline) and
feldspars (50%; completely altered to fine micas and clay minerals) that are separated
by bands rich in micas (25%; 90:10 biotite and muscovite respectively) and opaque

minerals (5%).

Zircons within the sample are well rounded either through mechanical processes
or metamorphic zircon growth. The CL for the most part displays homogeneous textures
indicating a metamorphic event, as well as many instances of core-rim relationships
(cores characterised by zoning typical of igneous zircons; Figure 3.20 ). U concentrations
and Th/U ratios are highly variable, ranging from 200-1100 ppm and 0.01-1.1
respectively (Figure 3.20 g-h). The REE geochemistry shows heterogeneous results
(Figure 3.20 i-k) with varying degrees of enrichment between the analysed grains. The
HREEs range from flat (typical of metamorphic zircons) to steeply inclined trends (typical
of igneous zircons); there are also erratic Eu anomalies. These observations on the CL
textures and geochemistry of the zircons suggest that this sample records several

phases of zircon growth, in both igneous and metamorphic environments.

Of the 100 grains analysed 84 were deemed suitable for age calculations (< 6%
discordant; Figure 3.20 c); it is important to note that the observed discordance may

well represent a poorly constrained mixing line between two phases of zircon growth.

94 | Page



Chapter 3: Petrography & Geochronology Results

Relative probability plots for the concordant grains (Figure 3.20 e) yield a range of
populations which include 935 Ma, 795 Ma, 700 Ma. There is also a single concordant
grain at 410 Ma, this is unlikely however to hold any geological significance but instead
is probably part of a poorly constrained mixing line between a core and rim. The
different populations of zircons found within the sample indicate the rock has a

sedimentary protolith prior to metamorphism.

Interpreting the age of metamorphism is challenging as it is difficult to
distinguish between detrital zircons populations and what might be the metamorphic
age from the chemistry and CL textures. Although poorly constrained the age of
metamorphism may be represented in the mixing trend as the lower intercept with the

concordia line (ca. 400 Ma; Figure 3.20 d).

Alternatively the main metamorphic event could be recorded in the youngest
population of concordant zircons found (700 Ma). In this instance the poorly
constrained mixing line that intercepts the concordia line in the Permo-Triassic would be

a second and less significant zircon forming metamorphic event.
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Salto N8F1C1

Cross polarized light (XPL) thin section image for the analysed
sample showing schistosity, with bands of quartz and micas
(muscovite and biotite).

Plane polarized light (PPL) thin section image for the analysed
sample showing schistosity, with bands of quartz and micas
(muscovite and biotite).
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Figure 3.20. Geochronology results for the Salto N8F1C1 basement core from the Western Gulf of
Mexico.
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3.5.2 Gonzales N9F1C1

The first analysed sample from the Gonzales well (Figure 3.1) is composed of a
medium grained, moderately sorted arkosic sandstone. Petrographic interpretations
(Figure 3.21 a-b) reveal grains that range in size from 100-4000 um that are sub-angular
to sub-rounded in shape. The sample is grained supported (95% grains and 5% cement),
with a mineral composition of quartz (20%; monocrystalline and polycrystalline),
feldspars (60%; 60:40 microcline and plagioclase respectively), lithic fragments (15%;
composed of fragments of limestone and chert). Minor phases include biotite (2%),
muscovite (2%), apatite (< 1%) and zircon (< 1%). The initial porosity of the sandstone
appears to be around 5% but has subsequently been filled by a calcite cement. The
arkosic composition of the sandstone indicates a predominantly granitic source region

for the sediment.

The sample contains sub-rounded zircon grains and fragments that are 100-200
um along their longest axis, with aspect ratios of 2:1-3:1. The CL textures display clear
populations of zircons (dark in colour, oscillatory and sector zoning, homogenous
textures, core-rim relationships; Figure 3.21 k). The geochemistry shows highly variable
Th/U and U concentrations (0.02-1 and 70-1200 ppm respectively; Figure 3.21 e-f). This
sedimentary rock contains detrital zircons, with a mix of igneous and metamorphic

grains.

Of the 47 grains that were analysed 32 were deemed reliable enough to be used
for population age calculations (< 5% error and < 5% discordant; Figure 3.21 c).
Discordant ages are again likely to be caused by ablation of cores and rims during the

analysis. Probability density models (Figure 3.21 d) display three established ages, with
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peaks at 976157 Ma, 1148132 Ma, 1300+50 Ma which correlate with Oaxaquia
continental crustal ages, indicating a likely source area for the majority of the zircons.
There are no concordant Permian zircons in this sample but there is a poorly
constrained mixing line which may suggest there are Permian rims on some of the
grains. If this is indeed the case a maximum age of deposition for the sandstone can be

attributed to the Permian.

This interpretation however is highly speculative as the youngest zircon age
(366+13 Ma) relates to a grain with a very high U concentration (2537 ppm) which may
has probably undergone metamictization. In this scenario the mixing line would be too
poorly constrained to say there are Permian zircons in the sample. The interpretation
would therefore be that the sandstone contains Precambrian zircons that likely derive
from Oaxaquia continental crust, with a maximum age of deposition of 97657 Ma

(relating to the youngest population of concordant zircons in the rock).
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Gonzales-1 N9F1C1

Cross polarized light (XPL) thin section image for the analysed
sample showing fragments that contain calcite, feldspars and

Plane polarized light (PPL) thin section image for the analysed
sample showing fragments that contain calcite, feldspars and
quartz.
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Age (Ma) vs. U (ppm) diagram for all of the analysed grains
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Figure 3.21. Geochronology results for the Gonzales N9F1C1 basement core from the Western Gulf of
Mexico.
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3.5.3 Gonzales N9F2C1

The second analysed sample from the Gonzales well (Figure 3.1) is again
composed of a medium grained, moderately sorted arkosic sandstone. Petrographic
interpretations (Figure 3.22 a-b) reveal grains that range in size from 100-4000 um that
are sub-angular to sub-rounded in shape. The sample is grained supported (95% grains
and 5% cement), with a mineral composition of quartz (15%; monocrystalline and
polycrystalline), feldspars (65%; 50:50 microcline and plagioclase respectively), calcite
(10%) lithic fragments (5%; composed of fragments of limestone and chert). Minor
phases include biotite (2%), muscovite (2%), garnet (< 1%) apatite (< 1%) and zircon (<
1%). The initial porosity of the sandstone appears to be around 5% but has subsequently
been filled by a calcite cement. The arkosic composition of the sandstone indicates a

predominantly granitic source region for the sediment.

This sample contains zircon grains and fragments that range between 80-200 um
along their longest axis that are sub-rounded with aspect ratios of 2:1- 4:1. The CL
textures are quite varied throughout the grains, with some displaying oscillatory and
sector zoning whereas others are more homogeneous in texture (Figure 3.22 j). There is
also some evidence of core and rim relationships in some of the grains. This variability is
also reflected in the geochemistry of the zircons with Th/U ratios and U concentrations
ranging between 0.04-1.1 and 50-1000 ppm respectively (Figure 3.22 e-f) and highly

variable REE patterns (Figure 3.22 g-i).

Of the 38 analysed grains 31 were deemed reliable enough (< 20% discordant,
<5% uncertainty in the *®Pb/***U ratio; Figure 3.22 c) to be used for age calculations.

Those that yield discordant ages are likely to be caused by ablation of core and rims
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during analysis. Relative probability plots of the 31 concordant grains (Figure 3.22 d)
yield three well established populations at 1201+27 Ma, 996+60 Ma and 1751+73 Ma
(typical of Oaxaquia continental crust) as well as one concordant Permian grain (2859
Ma); the significance of which is difficult to determine. There does appear to be a poorly
constrained mixing line between this Permian grain and the rest of the analysis which
would suggest, although speculatively, the younger age has geological significance. This
sandstone can therefore be interpreted as having a strong influence from Precambrian
Oaxaquia crust, with a minor influence from a Permian zircon forming event (likely to
relate to the igneous crystallization ages in the other basement cores e.g. Pinonal &

Arenque). We can therefore assign a maximum age of deposition at 28519 Ma.
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Gonzales-1 N9F2C1
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Plane polarized light (PPL) thin section image for the analysed
sample showing fragments that contain calcite, feldspars and
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Figure 3.22. Geochronology results for the Gonzales N9F2C1 basement core from the Western Gulf of
Mexico.

3.6 Summary

e The crystalline basement of the Western Gulf of Mexico is more homogeneous in
age than previously reported by Lopez-Ramos, (1979).

e The igneous rocks can be split into Early Permian (294 Ma), Late Permian-Early
Triassic (274-244 Ma) and Jurassic (189-164 Ma) suites (Table 3.1). There is little

evidence for inherited zircon cores in the Early Permian igneous rocks however
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the Late Permian and Jurassic igneous rocks show inheritance from the Grenville

aged Oaxaquia continental crust as well as the Early Permian igneous event

(Table 3.1).

e There are minor contributions from basement of metamorphic origin along the

Western Gulf of Mexico. The age of metamorphism is poorly constrained and

could either relate to a Late Paleozoic mixing line or the youngest population of

zircons found (700 Ma; Table 3.1).

e Drilling of the Gonzales well did not reach the crystalline basement but instead

yield sediments that contain Grenville aged detrital zircons derived from

Oaxaquia continental crust (Table 3.1).

Sample |Age |Inheritance
Early Permain

Pinonal N2F3C1 294.1 £ 3.4 Ma

Arenque N15F3+4C2 2935+ 3.7Ma

Late Permian-Early Triassic

Paso de Oro N8F4C2 274.2 £ 3.5 Ma

Benemerito N2F7bC5 246.9+4.2 Ma |1266 £ 93 Ma*

Trincheras N3F5aC1 255.8+3.3 Ma |288 +5 Ma*; 289 + 4 Ma*

Linares N7F1C1 253.5+5.2 Ma

Chaneque N6F1C4 243.0 + 2.8 Ma

Nayade N13F2C1 257.0+5.2Ma (397 +6 Ma*; 538 + 6 Ma*; 558 + 4 Ma*
Tamaulipas N1F2C1 247.9 £ 4.0 Ma

Erizo N19F19C1 250.0 + 3.1 Ma

Pinonal N2F11C2 2494+ 3.1 Ma (478 + 6.8 Ma*; 509 + 7.8 Ma*; 1235+ 153 Ma*
Cupelado N9F1C1 262.7+ 4.5 Ma |284.8 + 9.1Ma; 1428 + 48 Ma

Plan de Las Hayas N14F1C1 |261.0+ 4.1 Ma

Plan de Las Hayas N14F6C2 [250.4 + 4.6 Ma

Paso de Ovejas N6F9C2 256.7 + 5.5 Ma |297 £+ 9 Ma*; 298 + 7 Ma*

Orizaba N6F1C1 253.0+ 7.5Ma (959 + 59 Ma; 1162 + 38 Ma

Jurassic

Muro N12F2C1 188.5+ 3.5 Ma |398 + 3.2 Ma*; 1430 + 24 Ma*
Tlapacoyan N10F18C5 164.3+ 3.5Ma (263 + 7 Ma; 838 + 60 Ma

Meta-sediments and sediments

Salto N8F1C1

700 +17 -21 Ma

795 Ma; 935 Ma

Gonzales N9F1C1

976 + 57 Ma

1148 + 32 Ma; 1300 + 50 Ma

Gonzales N9F2C1

285+ 9 Ma

996 £ 60 Ma; 1201 + 27 Ma; 1751+ 73 Ma

Table 3.1. shows all of the obtained ages for the analysed samples from the Western Gulf of Mexico.
The * symbol represents inherited ages from just one zircon grain.
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4 Western Gulf of Mexico Basement Granitoids:

Major, Trace and Hf Isotope Results and Discussion.

4.1 Introduction

This Chapter presents major, trace and Hf isotopic geochemical results and
interpretations for the Permo-Triassic basement granitoids of the Western Gulf of
Mexico to determine their tectonic setting and petrogenesis. This information will be
used along with the geochronology presented in Chapter 3 to test the validity of
existing/provide new constraints on tectonic models for the amalgamation of

western Pangaea.

Samples have been grouped according to their crystallization age as reported
in Chapter 3 (Early Permian, Late Permian-Early Triassic and undated). Complete

tables of major and trace element geochemical results can be found in Appendix D.

4.2 Analytical techniques

In total 33 basement core samples were provided by Petréleos Mexicanos
(PEMEX) for geochemical and geochronological analyses. Of the samples provided,
19 yielded Permo-Triassic igneous crystallisation ages (Chapter 3) and were deemed
suitable for geochemical analysis. Unsuitable basement cores were either highly
altered, Jurassic in age or not of an igneous origin. Major elements were analysed by
inductively coupled plasma optical emission spectrometry (ICP-OES) and trace
elements by inductively coupled plasma mass spectrometry (ICP-MS) at Cardiff

University, UK. In addition, the zircons in three samples were analysed for Hf
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isotopes (five grains analysed in total) under the direction of Dr. Bodo Weber at
Centro de Investigacion Cientifica y de Educacion Superior de Ensenada (CICESE)
research institute (Ensenada, Mexico). Detailed descriptions of analytical techniques

are given in Appendix A.

4.3 Alteration and element mobility

When interpreting geochemical data care must first be taken to consider
subsequent alteration events that may affect a rock, causing element mobility and
masking the original magmatic signatures. Factors that can cause such element
mobility include surface weathering, interactions with hydrothermal fluids,

diagenesis and metamorphism.

The wt.% loss of ignition (%LOI) for each of the samples can be used to help
assess how much sub-solidus alteration a sample has undergone. Low %LOI values in
this study are considered to be <5 wt.%, moderate between 5-10 wt.%, and high >10
wt.%. The LOI for the basement samples from the Western Gulf of Mexico ranges
from 0.6-6.8 wt.% which suggests that at least some of the samples have been

affected by alteration (as also suggested by petrography, Chapter 3).

Another method of determining the degree of element mobility in the
samples is to plot each element against Zr (Cann, 1970). Zr is widely accepted to be
one of the most immobile elements from early diagenesis to medium-high grade
metamorphic conditions (Pearce, 1996b). Assuming that all the rocks lie on a single
liquid line of descent and there is no source variation then other immobile elements

will show good correlations when plotted against Zr; in contrast, mobile elements
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affected by alteration will display more scatter. However, if scatter or multiple trend
lines are observed in elements that are usually immobile during alteration e.g. the
light rare earth elements (LREEs) and high field strength elements (HFSEs), then
petrological processes, rather than alteration processes, are likely to have controlled
the geochemical variability. To quantify the correlation observed between the
element in question and Zr, linear trends were constructed along with calculations of
the R? correlation value. For the purposes of this study if R® values >0.65 the
correlation will be considered to be good, while values between 0.65 and 0.5

represent moderate correlations, and <0.5 poor correlations.

The petrography of basement core samples (Chapter 3) reveals that they
have undergone varying degrees of alteration. The feldspars are most commonly
replaced by white micas and, in some instances, epidote. The most severely altered
samples are Pinonal N2F3C2, Pinonal N2F11C2, Chaneque N6F1C4, Erizo N19F19C4
and Nayade N13F2C1. These samples have been grouped together in an “altered”
group on the Zr mobility plots (Figures 4.1-4.2) to assess how alteration has affected

their major and trace element mobility.
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Figure 4.1. Plot showing major elements vs. Zirconium for the basement granitoids
of the Western Gulf of Mexico.
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Figure 4.2. Plot showing a representative group of trace elements vs. Zirconium for
the basement granitoids of the Western Gulf of Mexico.
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R® values have only been calculated using basement cores that were
successfully dated and did not show significant petrographic alteration (Figures 4.1-
4.2). Good correlations (>0.65) are observed for Sm, Gd and P,0s. Moderate
correlations (0.65-0.5) are observed for the remainder of the LREE and middle
(M)REEs and Ta. The elements that display poor correlations with Zr are the HREEs,
Nb, large ion lithophile elements (LILEs) and the remainder of the major elements.
The apparent mobility of the majority of the rare earth elements (REEs) and high
field strength elements (HFSEs) is surprising as these are considered immobile during
weathering and metamorphism. The scatter in the mobility plots instead may relate

to source heterogeneities.

4.4 Classification

Classification of plutonic rocks can be based on petrographic characteristics
(see Chapter 3) but they can also be classified using their geochemical
characteristics, provided analysed sample are large enough to be truly
representative of coarse-grained igneous rocks. In the total-alkali-silica (TAS)
diagram (Figure 4.3) the relatively unaltered, dated basement cores plot in the
granite (n=5), alkali granite (n=2), tonalite/granodiorite (n=3) and syeno-diorite (n=1)
fields. The Early and Late Permian basement samples appear to be compositionally
similar. The dated samples that show significant alteration display widespread data
(2 granites, 1 diorite, and 2 syeno-diorite) which may relate to element mobility. Two
undated samples are mafic, plotting in the gabbro and syeno-diorite fields
(Magdalena N6F8C4 and Jurel N6F7C1/5). This may represent a more juvenile subset

of the igneous suite or alternatively they may be unrelated to the Permian suite. The
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other 2 undated samples (Benemerito N1F9C8/10 and Trincheras N3F2C2/3) plot in
the granite and alkali granite fields and are similar to the early and late Permian

igneous suites.

Alkali-
101 Granite
8 ]
*
i
26
Q
v
5 Diorite
o4 .
=
21 A | ate Permian
B Early Permian
@ Altered
0 ¥ Not dated
35 40 45 50 55 60 65 70 75
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Figure 4.3. Total alkali-silica (TAS) of Le Maitre et al., (1989) showing the
composition of the basement samples. Field boundaries taken from Wilson (1989).

The Cross, Iddings, Pirsson, Washington (CIPW) norm has been calculated for
the basement samples of the Western Gulf of Mexico, producing a predicted
mineralogy from the anhydrous major element concentrations (wt.%). These norms
have been plotted on the quartz-alkali feldspar-plagioclase-feldspathoid (QAPF)
diagram in Figure 4.4. The Early Permian samples plot in the granodiorite and the
guartz monzonite fields. The Late Permian samples give similar results, plotting in

the monzo-granite (n= 5), granodiorite (n =3) and quartz monzodiorite/quartz
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monzogabbro (n=1) fields. The altered samples show a large spread in results likely
due to element mobility. They plot in the monzo-granite (n= 2), tonalite (n= 1),
guartz monzonite (n= 1) and monzonite (n= 1) fields. Two of the undated samples
(Benemerito N1F9C8/10 and Trincheras N3F2C2/3) display similar results to the Early
and Late Permian samples, plotting in the monzo-granite fields. The remaining
undated samples plot in the monzodiorite/monzogabbro (Jurel N6F7C1/5) and foid
monzosyenite fields (Magdalena N6F8C4), again suggesting they are unrelated to the

Permian basement samples.
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Figure 4.4. Quartz-plagioclase-Alkali feldspar-Feldspathoid (QAPF) diagram for the
basement core samples of the Western Gulf of Mexico. CIPW norms first calculated
from anhydrous major element concentrations then Q,A,P,F percentages
recalculated to 100%. 1= quartzolite, 2= quartz-rich granitoids, 3= alkali feldspar
granite, 4= granite (A-syeno-granite, B- monzo-granite), 5= granodiorite, 6= tonalite,
7= quartz diorite/ quartz gabbro/ quartz anorthosite, 8= quartz monzodiorite/
quartz monzogabbro, 9= quartz monzonite, 10= quartz syenite, 11= quartz alkali
feldspar syenite, 12= alkali feldspar syenite, 13= syenite, 14= monzonite, 15=
monzodiorite/ monzogabbro, 16= diorite/ gabbro/ anorthosite, 17= foid-bearing
diorite/ foid-bearing gabbro/ foid-bearing anorthosite, 18= foid-bearing
monzodiorite/ foid-bearing monzogabbro, 19= foid-bearing monzonite, 20=
foid=bearing syenite, 21= foid-bearing alkali feldspar syenite, 22= foid syenite, 23=
foid monzosyenite, 24= foid monzodiorite/ foid monzogabbro, 25= foid diorite/ foid
gabbro, 26= foidolite.
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4.5 Major elements

The SiO, concentrations for the basement cores that yield Early Permian ages
range from 65.0-66.9 wt.% with Mg# of 23-32. TiO,, Fe,03, Al,03 and MgO ranges
from 0.47-0.52, 3.7-4.7, 15.0-16.1 and 1.0-2.0 wt.% respectively (Figure 4.5 and
Appendix D). In the Late Permian basement cores SiO, ranges between 61.5-72.9
wt.% with Mg# of 17-33. TiO,, Fe,03, Al,O3 and MgO range from 0.12-0.78, 1.3-5.6,
11.8-16.1, 0.2-2.4 wt.% respectively (Figures 4.5 and Appendix D). Major elements in
the significantly altered samples generally display greater compositional variability
than that of the less-altered samples (Figures 4.5). The total alkalis range from 3.6-
9.0 wt.% (Na,0= 2.1-3.5 wt.%; K,0= 0.9-5.6 wt.%). The 2 undated samples that were
comparable to the Early and Late Permian samples in the classification plots
(Benemerito N1F9C8/10 and Trincheras N3F2C2/3) again fall within their major
element compositional range. Other undated samples (Magdalena N6F8C4 and Jurel
N6F7C1/5) have distinct major element contents that outline a more mafic

composition.

R?values in the bivariate plots for the major elements (Figure 4.5) surprisingly
display strong negative correlations between SiO, and MgO, TiO, and Fe,03 despite
the poor correlations in the Zr mobility plots (Figure 4.1). This suggests that the
major elements have not been mobilised but instead might show a liquid line of
descent. If this is the case then Zr in the mobility plots of Figures 4.1 & 4.2 is not
likely to be behaving incompatibly (fractionating out of the melt in zircon), which has

resulted in the poor R’ values.
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Figure 4.5. Plot showing major elements vs. SiO2 for the basement granitoids of the
Western Gulf of Mexico.
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4.6 Trace Elements

The rare earth elements (REEs) display very poor correlations (Figure 4.6)
with SiO, (R’= 0.00-0.27). The high field strength elements (HFSEs) display better
correlations (R’= 0.19-0.25) but are still poor. The mobility-susceptible large ion
lithophile elements (LILEs) surprisingly display 2 of the best correlations with SiO, in
Ba (R*= 0.39) and Rb (R’= 0.49). The poor correlations observed in the trace elements
of the bivariate plots are likely due to a multi-genetic source for the basement of the
Western Gulf of Mexico. The trace elements tend to be more sensitive to a multi-
genetic nature than the major elements which explains why the R? values in the

major element bivariate plots are higher than in the trace element ones.

The Early and Late Permian rocks (Figure 4.7 A&B), are enriched in the REE
and other trace elements (Early Permian average= x27 chondrite; Late Permian
average= x31 chondrite). There is also marked enrichment in the LREE relative to the
HREE, with La/Sm¢, (chondrite normalised) for the Early and Late Permian rocks
ranging between 2.6-5.1. The MREEs are defined by concave trends across many of
the Early and Late Permian granitoids. The HREEs are defined by flat to slightly
positively sloping trends, with Ho/Luc, for the Early and Late Permian rocks ranging
between 0.54-1.15. Two undated samples of the basement cores (Trincheras and
Benemerito) have similar REE patterns to the Permian rocks (Figure 4.7 C) which
suggests they may be part of the same suite. The incompatible trace element
content in the Magdalena sample is very enriched, with a steep LREE pattern
(La/Smcp= 7.1; Figure 4.7 C). This sample also shows significant depletion in HREEs

(Gd/Ybch= 12) and extreme enrichment in Th (Figures 4.7 C&4.10 C).
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Figure 4.6. Plot showing a representative group of trace elements vs. SiO2 for the
basement granitoids of the Western Gulf of Mexico.

119 | Page



Chapter 4: Geochemical results for Western GoM basement

>
=Y
o
o

¢ Are-15-3-1
¢ POr-8-4-2
@ L. Permian
B No Age

z
‘=100
o
c
(@)
<
(@)
S~~~
Q
o
€10 -
n
1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
B 1000
-*-Ben-2-7-5
“¢Tam-1-2-1
¢ PHy-14-6-2
¢ P0Ov-6-9-2
¢-0rz-6-1-1
2 +Tri-3-5-1
£100 ¢ PHy-14-1-1
2 ¢ Cup-9-1-1
o Lin-7-1-1
= O E. Permian
Q M No age
Q
3
£10 .
n

la C¢c Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
—»— Mag-6-8-4
- Ben-1-9-8
—¢— Jur-6-7-1
—¢— Tri-3-2-2

C 1000

[0}
'EIOO O E.Permian
'g B L. Permian
o

<

(@)

S~~~

Q

3

< 10 |

(%)

La C¢e Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 4.7. Chondrite normalised rare earth element plots for the basement cores.
A= Early Permian samples, B= Late Permian samples, C= Not dated samples

120 | Page



Chapter 4: Geochemical results for Western GoM basement

A 100
2 Are-15-3-1
¢ POr-8-4-2
@ L. Permian
o B No Age
510
-
=
<
Q
o
£1 .
v ]
0.1 : !
Th Nb Ta La Ce Sr NdSmHf Zr Eu Ti Gd TbDy Y Ho Er Tm Yb
B 1003
’ -»-Ben-2-7-5
“*¢Tam-1-2-1
- PHy-14-6-2
¢ PQOv-6-9-2
¢0rz-6-1-1
faa) ¢ Tri-3-5-1
QO: 10 1 ¢ PHy-14-1-1
S ] ¢ Cup-9-1-1
: a b
. Permian
E B No age
o
E 1

“ThNb Ta La Ce Sr NdSmHf Zr Eu Ti Gd Tb Dy Y Ho Er TmYb
C 100

—»— Mag-6-8-4

—»— Ben-1-9-8
—¢ Jur-6-7-1
—¢— Tri-3-2-2

@ 10 - O E.Permian

®) ] B L. Permian

EI B

=2

S~

o

3

o1l -

%)

“"ThNb Ta La Ce Sr NdSm Hf Zr Eu Ti Gd Tb DYy Y Ho Er Tm Yb

Figure 4.8. N-MORB normalised multi-element plots for the basement cores. A= Early
Permian Samples, B= Late Permian samples, C= Not dated samples

121 | Page



Chapter 4: Geochemical results for Western GoM basement

In multi-element plots the basement cores have negative Nb, Ta and Ti
anomalies along with variable degrees of enrichment in Th. As in the REE plots the
Early and Late Permian samples have very similar incompatible trace element
signatures e.g., average 'Nb/Nb* and Ta/Ta* for Early Permian basement= 0.14 and
0.34 respectively; average Nb/Nb* and Ta/Ta* for Late Permian basement= 0.13 and
0.26 respectively (Figures 4.8 A&B). The undated samples of Benemerito N1F9C8/10,
and Trincheras N3F2C2/3 again yield similar results to the Early and Late Permian
magmatism results, with high Th values and negative Nb, Ta and Ti anomalies (Figure

4.8 C).

4.7 Petrogenesis and tectonomagmatic setting for the

crystalline basement of the Western Gulf of Mexico

The major element results of the Western Gulf of Mexico basement samples
indicate emplacement of differentiated magmas (high SiO, and low MgO) in the
crystalline basement. The trace element contents are typical of subduction zone
magmatism, where the LREE and Th are enriched in subduction related fluids and
Nb, Ta and Ti are preferentially retained in a rutile bearing source (e.g. the
subducting oceanic crust). Alternatively, similar trends are observed in rocks of the
continental crust, which suggest that melting or assimilation of a continental source
may have generated the geochemical signatures of the studied igneous rocks. In

addition, compositional scattering of nearly all incompatible elements in the mobility

1
Nb Nb

Nb* _ 05x (Th+ La)
(Nb/Nb* used here for an example), the same equation is used to calculate Ta/Ta*
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plots (Figure 4.2) suggests that several sources contributed to the formation of the

studied igneous rocks.

The major and trace element results of the undated samples Benemerito
N1F9C8 and Trincheras N3F2C2 are comparable to both the Early and Late Permian
basement samples. The remaining undated samples (Magdalena N6F8C4 and Jurel
N6F7C2) however display major and trace element results that are distinct from the
other samples. Their major element contents are characterised by low SiO, and high
MgO which indicate a composition that is a lot more mafic than the Early and Late
Permian granitoids. The Magdalena N6F8C4 sample displays distinct trace element
signatures, with significant enrichment of the LREEs as well steep HREE patterns.
Petrographic characteristics of this sample (Chapter 3) suggest that it is a
lamprophyre. Lamprophyres have been recorded in the modern Trans Mexican
Volcanic Belt as small dykes. It is therefore likely that these distinct samples do not
belong to the pre-Mesozoic basement of the Western Gulf of Mexico. Because the
Magdalena N6F8C4 and Jurel N6F7C2 samples are unlikely to be related to the
Permian story of the Western Gulf of Mexico basement they have not been
considered further in this chapter. In contrast, the undated Benemerito N1F9C8 and
Trincheras N3F2C2 samples have been included in the discussion below due to their

chemical similarities with the Early and Late Permian samples.

It is thought that during the Permian, Northwest Colombia was attached to
Southern Mexico as part of the super-continent Pangaea (Pindell & Kennan, 2009). It
is therefore possible that any Permian magmatic event in Colombia might be related

to the Mexican granitoids of this study. Permo-Triassic igneous activity has been
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reported in the Central Cordillera of Colombia by a number of authors (Vinasco et al.,
2006; Cardona et al.,, 2010; Villagomez et al., 2011; Cochrane et al., 2014). The
earliest identified Permian phase occurred between 275-240 Ma which correlates
with the basement of the Western Gulf of Mexico (294-243 Ma; Chapter 3).
Additional exposed Permian plutons have been identified in the Chiapas Massif in
Southern Mexico (Weber et al.,, 2005; Estrada-Carmona et al., 2012), and other
locations in Mexico (Arvizu & Iriondo, 2011; Ortega-Obregon et al., 2014), as shown
in Figure 2.2. In the following sections the compositions of the crystalline basement
from the Western Gulf of Mexico (this study) will be compared with the Permian
granitoids of Colombia and elsewhere in Mexico in order to assess if they form part

of the same magmatic province.

4.7.1 Fractional Crystallisation

Before interpreting the tectonic setting of the basement cores it is important
to assess if fractional crystallisation has had an effect on the chemistry of the rocks.
As highlighted in Section 4.6 the REEs in the samples display a concave trend
throughout the MREEs. This may be caused by the preferential retention of the
MREEs in amphibole during fractional crystallisation or if it is present as a residual
phase during partial melting. The concavity of the REE slope can be calculated using

the Dy/Dy* ratio from the following equation in Davidson et al. (2013):

Dy  Dyy
Dy*_ 4 9
Lal3ybL3

Where values for Dy, La and Yb are normalised to chondrite.
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Figure 4.9. Dy/Dy* vs. Dy/Yb diagram of Davidson et al. (2013) for the Western Gulf
of Mexico basement samples. The MORB field has been compiled from N-MORB and
E-MORB data from the East Pacific Rise (Nui et al., 1999; Regelous et al., 1999;
Turner et al., 2011). The OIB field includes data from Hawaii (Sims et al., 1995, 1999)
and the Azores (Beier et al., 2010). Continental crustal estimates are from Rudnick &
Fountain (1995); Wedepohl (1995); Taylor & McLennan (1985). PM= primitive mantle
(Sun & McDonough, 1989); DM= depleted mantle (Salters & Stracke, 2004); GLOSS=
average global subducting sediment (Plank & Langmuir, 1998). Vectors for mineral
control are from Davidson et al., (2013).

The samples from the Western Gulf of Mexico have been plotted in the
Dy/Dy* vs. Dy/Yb diagram (Figure 4.9) of Davidson et al. (2013). They display a close
affinity with markers for the continental crust (Taylor & McLennan, 1985; Rudnick &
Fountain, 1995; Wedepohl, 1995) and average global subducting sediments (Plank &
Langmuir, 1998). Samples from the Western Gulf of Mexico basement also display an
affiliation with melts that have undergone amphibole or clinopyroxene fractional
crystallisation. Garnet does not appear to have had an influence on the samples

(Figure 4.9); this is also supported by the flat HREE trends seen in Figure 4.7.
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Figure 4.10. Plot showing modelled rare earth element patterns with varying degrees
of amphibole and plagioclase fractionation from a magma against the rare earth
element patterns for the Western Gulf of Mexico basement samples. Blue lines
represent the Western Gulf of Mexico samples, green lines are the modelled
patterns and the red line is the starting composition of the magma for the models,
chosen from the most mafic analysed sample (Plan de las Hayas N14F6C2).

The REE element trends for the Early and Late Permian samples of the
Western Gulf of Mexico have been plotted with model REE trends during varying
degrees of amphibole * plagioclase fractionation (Figure 4.10) using the Microsoft
Excel spreadsheet of Ersoy & Helvaci, (2010). The initial composition of the melt
used in the models was selected from the most mafic (lowest SiO, and highest MgO)
sample of the Western Gulf of Mexico (Plan de las Hayas N14F6C2). From altering
the ratio of fractionating plagioclase and amphibole the trends observed in the
MREEs of the samples can be replicated. The MREE trends in the samples are most
comparable with the 100% plagioclase: 0% amphibole, 75% plagioclase: 25%

amphibole, 50% plagioclase: 50% amphibole and 25% plagioclase: 75% amphibole
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models (Figure 4.10). This indicates that the trends observed in the MREEs can be
explained by varying degrees of plagioclase and amphibole fractionation.
Alternatively the same trends would form if amphibole and plagioclase existed as
residual phases of crustal melts. However, the models (Figure 4.10) of amphibole *
plagioclase fractionation cannot account for the variability of the LREEs, which
suggests that this variability reflects partial melting of distinct sources (or a single

heterogeneous source) and/or variable assimilation of a crustal component.

4.7.2 Tectonic setting of the granitoids

Granite discrimination diagrams can be used to distinguish volcanic arc
signatures from more continental signatures. In the Nb-Y diagram (Figure 4.11) the
Early and Late Permian granitoids as well as the undated samples plot within the
volcanic arc granites and syn-collisional granites field. Significant overlap is observed
between the basement of the Western Gulf of Mexico and Permo-Triassic granitoids
from in the Chiapas Massif (Weber et al.,2005; Estrada-Carmona et al.,2012) and the
Colombian Cordillera (Vinasco et al., 2006; Cochrane et al., 2014) indicating that they
may represent part of the same event. This plot is unable to distinguish between
granites that formed in association with a volcanic arc from those formed during a

syn-collisional event however.
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Figure 4.11. Nb vs. Y diagram of Pearce et al., (1984) for the basement granitoids of
the Western Gulf of Mexico.
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Figure 4.12. Ta vs.Yb diagram of Pearce et al., (1984) for the basement granitoids of
the Western Gulf of Mexico.
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A Ta-Yb diagram (Figure 4.12) is better able to distinguish syn-collisional
granites and volcanic arc granites. The Early and Late Permian granitoids as well as
the two undated samples of the Western Gulf of Mexico basement all plot within the
volcanic arc granite field. The Western Gulf of Mexico basement samples overlap
with the Permo-Triassic granitoids from the Colombian Cordillera and the Permo-

Triassic granitoids from the Chiapas Massif.
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Figure 4.13. Rb vs. Y+Nb diagram of Pearce et al., (1984) for the basement granitoids
of the Western Gulf of Mexico.

In the Rb vs. Y+Nb and Rb vs. Yb+Ta diagrams (Figures 4.13-4.14) the Early
and Late Permian granitoids of the Western Gulf of Mexico both plot towards the
upper limit of the volcanic arc field, with slight overlap into the syn-collisional granite
field. There is again overlap between the Western Gulf of Mexico basement samples

and the Permo-Traissic Colombian Cordillera and Chiapas Massif samples. The larger
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spread in the results of these plots may be due to the mobility of Rb, or variable

subduction/crustal inputs.
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Figure 4.14. Rb vs.Yb+Ta diagram of Pearce et al., (1984) for the basement granitoids
of the Western Gulf of Mexico.

The geochemical similarities observed between the Early and Late Permian
basement samples from the Western Gulf of Mexico, as well as with the Permo-
Triassic granitoids of the Colombian Cordillera and Chiapas Massif support the idea
that these granitoids all formed as part of the same event. The trace element
geochemical evidence suggest that the grantoids formed in association with a
volcanic arc. Larger spread is observed in the plots that use Rb which is likely due to

element mobility.
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4.7.3 | vs S type granites
The alumina saturation index (ASI) can be used to distinguish between S-type

and I-type granitoids (Chappell & White, 1974), and can be calculated from:

Na,0 + K,0 + CaO

ASI =

Samples that have high ASI values (>1.1) are classified as S-type granites and those that have low ASI

values (<1.1) are I-type granites.

The ASI values for the basement cores have been plotted against their U/Pb
age (Figure 4.15; Chapter 3) so that the evolution of magmatism can be traced
through time. The samples have been grouped according to their age and to whether
inherited cores are present or not (Chapter 3). The Late Permian basement cores
that do not display inheritance all have an ASI of <1.1 (mean= 0.86) which suggests
that they are I-type granites (metaluminous?), either from mantle derived melts from
fusion of a igneous protolith. The Early Permian basement samples that show no

inheritance also have similar, typical I-type values (mean= 0.8).

The Late Permian basement samples where inherited cores are present plot
more towards the S-type granite field (peraluminous3) in Figure 4.15, however the
majority still have ASI values <1.1 (mean= 1.04). This may be because the samples
with inherited cores have an influence from a sedimentary protolith, however this
cannot be known for sure because they still predominately fall in the I-type

(metaluminous) field.

2 Metaluminous= [Na+K+2Ca] > [Al] > [Na+K]
* Peraluminous= [Al] > [Na+K+2Ca]
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Figure 4.15. Plot showing a ASI values vs. age for the basement cores of the Western
Gulf of Mexico.

The difference in magma composition (peraluminous and metaluminous), as
well as temperatures that are required to form | and S type granites explain why
inherited zircon cores are observed in some of the granites and not others. S-type
granites form at relatively cool temperatures (< 700°C) and are usually peraluminous
in composition meaning Zr saturation is reached very quickly, therefore it is common
that existing zircons are only partially dissolved (Watson & Harrison, 1983). The
increased temperatures needed to form I-type granites (800-900 °C) as well as its
metaluminous composition (Zr saturation is harder to achieve) means pre-existing

zircons often are completely dissolved. The link between temperature and magma
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composition in zircon solubility is defined in (Watson & Harrison, 1983) by the

equation:
Zircon
——— = {-3.80 — [0.85(M — 1)]} + 12900/T
melt Zr
Where D il;io; is the concentration ratio of Zr in the stoichiometric zircon, T is the

temperature and M is the cation ratio (Na+K+2Ca)/(Al*Si).

The ASI results indicate that the granitoids of the Western Gulf of Mexico
basement are predominantly metaluminous (I-type) in composition, with a minor
peraluminous (S-type) influence. The more peraluminous examples have preserved
pre-existing zircons whereas in the metaluminous samples no inheritance is
observed. It is unclear if the I-type granites are primary melts from juvenile mantle
or if they derive from pre-existing igneous rocks in the crust and the zircon that was

contained within them was completely dissolved in the Permian magmatism.

4.7.4 Age of magma extraction from the mantle

Determining the age at which the magmas that formed the basement of the
Western Gulf of Mexico were extracted from the mantle into the crust gives a useful
insight into the tectonic setting of an igneous rock. To determine the model age of
mantle extraction Hf isotopes in zircons can be used. The model age of an
environment that involves solely juvenile mantle derived melts should be
comparable to the U/Pb zircon crystallization age (mantle extraction and zircon
crystallisation occurred at similar times), whereas in an environment where crustal
contamination or anatexis has occurred the Hf model age may be a lot older than the

U/Pb zircon crystallisation age (Hf model age records the crustal rock that is melted
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and the U/Pb zircon records the age of the new magma). Subduction related
magmatism tends to involve mantle derived melts whereas in continental collision
environments crustal anatexis is dominant. The Hf model age curves have been

calculated from the following equation:

1764 0 1764 () — 176,,,

X (eM—1
177, 1774, 177, ™ €7D

i= initial concentration, m= measured concentration, A= decay constant and t= time

The age of mantle extraction for a magma can be inferred from the
intersection between the depleted mantle model age curve (assuming that it was
extracted from a depleted mantle reservoir) and the calculated model age curve for
an analysed zircon. Model age lines for the CHUR and depleted mantle were
calculated using time intervals every 100 Ma and for the analysed samples every 10
Ma (Appendix E). Epsilon values have also been calculated, normalising everything to
CHUR values (Bouvier et al., 2008) using the equation:

. 176Hf/177Hf (rock, t)
E =
HY ™ M76Hf/177Hf (CHUR, t)

~1) x 10*

From the basement cores five zircons were analysed from three wells
(Orizaba, Linares and Paso de Ovejas) at the Centro de Investigacion Cientifica y de
Educacion Superior de Ensenada (CICESE), Mexico under the supervision of Dr. Bodo

Weber. More information on the method can be found in Appendix A.

Of the three wells two yielded inherited cores of Proterozoic age (Orizaba
and Paso de Ovejas) and one yielded zircons of homogeneous Permian age (Lineras).
It is interesting to see that all of the analysed zircons yield model ages that fall in the

Proterozoic (1.47-1.9 Ga; Figures 4.16-4.17). This indicates that the magmas from
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which the zircons crystallised did not first separate from the mantle during the
Permian. Instead the magmas likely formed by fusion of pre-existing continental
crustal rocks that were separated from the mantle during the Paleoproterozoic-

Mesoproterozoic.
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Figure 4.16. e/ HE (t) vs age plot for the samples selected for Hf isotope
analysis on zircons. Evolution lines for CHUR from Bouvier et al., (2008) and
depleted model mantle from Vervoort et al., (2000). The fields represent Hf model
ages for the Proterozoic continental crust in Mexico.

The youngest model age comes from a sample that displayed no evidence of
inherited cores (Linares) which yields an age of 1.47 Ga. One grain from the Orizaba
well yields similar results with a model age of 1.56 Ga. The likely crustal protolith is
the Oaxaquia type basement which forms the backbone of continental Mexico.
Although, the Hf model ages appear to be slightly older than the U/Pb igneous zircon
ages of Oaxaquia continental crust (1.25-1.2 Ga; Weber et al.,, 2010). However,
Weber et al. (2014) have proposed that the Oaxaquia crust initially formed as an

ocean island arc system between 1.5-1.4 Ga from model ages obtained from the
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Huiznopala gneiss, Guichicovi charnockite and typical Oaxaquia type crust (Figures
4.18). They suggest that zircon did not become a common mineral phase in this arc
system until it began to form more differentiated magmas (1.25-1.2 Ga). This
therefore indicates that the Permian basement from the Orizaba and Linares wells
formed from the partial melting of Oaxaquia continental crust which separated from
the mantle during the Calymmian (1.6-1.4 Ga). The second zircon analysed from the
Orizaba well yields an older Hf model age (1.75 Ga; Figure 4.16-4.17). This could
indicate that the source of these rocks is heterogeneous. This is supported by the
large spread in the U/Pb ages of the Permian population of zircon (~300-250Ma;
Chapter 3), indicating magmatism occurred over a prolonged period of time, giving
opportunity for a range of different contaminants to affect the Hf isotope

compositions.

The oldest zircon Hf model age from the Western Gulf of Mexico is found in
the Paso de Ovejas well, yielding an age of 1.9 Ga (Figure 4.16-4.17). This is
comparable to results of Late Permian granitoids reported from Southern Mexico
(Figure 4.17; Ortega-Obregon et al., 2014). In the study of Ortega-Obregon et al.
(2014) the older model ages are attributed to either Laurentia-derived
Paleoproterozoic detritus (Arvizu & Iriondo, 2011) found in the Sonora area of
Mexico or alternatively Gondwana-derived Paleoproterozoic belts e.g., Rio Negro-
Juruena, Rodinia-San Ignacio Provinces (Bettencourt et al., 2010; D'Agrella-Filho et
al., 2012). The 1.9 Ga model age from the Paso de Ovejas well is however also at the
upper limit of values for Oaxaquia continental crust from Weber et al. (2010), which

seems more likely to be the likely protolith Figure 4.17).
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@® Permian Sonora (Arvizu & Iriondo, 2011) @® Late Carboniferous-Early Permian Oaxaca
(Ortega-Obregon et al., 2014)
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Figure 4.17. eHf (t) vs age plot for Western Gulf of Mexico samples selected for Hf
isotope analysis on zircons (TIMS). Our results have been compared to other LA-ICP-
MS data from around Mexico, Colombia and Ecuador. Intercept between gHf (t) and
the depleted mantle curve based on a 176Lu/177Hf average crustal ratio of 0.015
(Griffin et al., 2002). Values for CHUR are from Bouvier et al., (2008). The fields
represent zircon Hf model ages from Permo-Triassic granitoids in Mexico, Ecuador
and Colombia as well as for older igneous events such as the Paleoproterozoic
Sonora and Oaxaquia continental crust.

Overall it is apparent that the basement cores from the Western Gulf of
Mexico are largely influenced by a crustal component. This crustal component
appears to relate to Oaxaquia type continental crust. The lack of mantle derived
melts in the Permian igneous event suggests that the rocks formed from crustal

anatexis rather than mantle derived magmatism.

In Late Carboniferous-Early Permian granitoids of the Oaxaca area, Southern

Mexico (Ortega-Obregon et al., 2014) the Hf model ages (0.78-1.04 Ga) are younger
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than the Oaxaquia continental crust that they are intruding, but older than the
obtained U/Pb zircon crystallisation age (Figure 4.17). This has been interpreted to
represent mixing between a mantle derived melt and the Oaxaquia continental crust
that it is intruding (Ortega-Obregon et al., 2014). Geochronological similarities
suggest these granitoids are related to the Early Permian examples found in the
Western Gulf of Mexico but unfortunately Hf model ages for the Early Permian
granitoids of the Western Gulf of Mexico were unable to be obtained to test this

hypothesis.

Later, Permo-Triassic granitoids of the Oaxaca area vyield results that are
comparable to the Permo-Triassic samples from the Western Gulf of Mexico (this
study), with Hf model ages that overlap the Oaxaquia continental crust that they are
intruding, as well as an unknown apparently older crustal source (Figure 4.17; 1.37-
2.18 Ga). However, there is also a slight indication of mantle-crustal mixing with

some results yielding Hf model ages younger than Oaxaquia.

Results from Cochrane et al., (2014) on Hf isotopes in zircons from Permo-
Triassic granitoids of the Ecuadorian and Colombian Cordilleras (Figure 4.17) yield
model ages between 0.93-2.33 Ga. A large proportion of the model ages coincide
with the Proto-Oaxaquia and Oaxaquia type crust. The younger model ages could
represent a mixing of Permian juvenile magma and older crust, as is proposed for the
Late Carboniferous-Early Permian granitoids of Oaxaca, Southern Mexico (Ortega-
Obregon et al., 2014). The older, Palaeoproterozoic model ages could derive from a
Gondwanan source other than Oaxaquia, such as the Rio Negro-Juruena, Rodinia and

San Ignacio Provinces (Bettencourt et al., 2010; D'Agrella-Filho et al., 2012).
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Permo-Triassic granitoids of the Sonora area of Northeast Mexico yield Hf
model ages of 1.6-2.9 Ga (Figure 4.17; Arvizu and Iriondo, 2011). There is overlap
between the Permo-Triassic Hf model ages and the Palaeoproterozoic crust that they
intrude, indicating strong crustal signatures. There also appears to be influence from
an unknown Archaean crustal signature. Hf model ages that are younger than the

Palaeoproterozoic crust can be interpreted as representing mantle-crustal mixing.

In summary, the Late Carboniferous-Early Permian granitoids of the Oaxaca
area (Ortega-Obregon et al., 2014) display evidence for mantle-crustal mixing and
appear unrelated to the Late Permian-Early Triassic granitoids of the Western Gulf of
Mexico. Conversely, overlap is observed in the Hf model ages of the Permo-Triassic
granitoids of the Western Gulf of Mexico (this study) and Permo-Triassic granitoids
from the Sonora, Northeast Mexico (Arvizu and Iriondo, 2011), Oaxaca area of
Southern Mexico (Ortega-Obregon et al., 2014) and Colombia and Ecuador
(Cochrane et al., 2014), which all indicate strong crustal signatures. However, the
Permo-Triassic granitoids of Sonora, Oaxaca, Colombia and Ecuador also display
evidence for mantle-crustal mixing which is not seen in the Permo-Triassic granitoids

of the Western Gulf of Mexico.

However, a concerning aspect of the LA-ICP-MS data of Cochrane et al.
(2014), Ortega-Obregon et al. (2014) and Arvizu and Iriondo (2011) is the large
amount of spread that is found in the results. These data were collected by analysing
numerous zircons per granitoid, with Hf model ages being calculated from each

datum point. The problem with this method is that any erroneous analysis can have
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a major impact on the calculated model age and therefore the interpretation of

tectonic setting.

4.7.5 Refined LA-ICP-MS results

In order to filter out anomalous LA-ICP-MS results, from Mexico and
Colombia, the median value has been calculated from individual datum points in an
analysed rock sample (Appendix E). The median averaging value was chosen due to
its effectivity at disregarding outlying results. Once this filtering process had been
done on the LA-ICP-MS data from Arvizu & Iriondo (2011), Ortega-Obregon et al.
(2014) and Cochrane et al. (2014) the spread in the results was greatly reduced
(Figure 4.18). The samples taken from Sonora, Northeast Mexico no longer display Hf
model ages older than the Palaeoproterozoic crust that they intrude but instead
show evidence for magmatism that formed from/strongly assimilated the
continental crust, as well as from mixing of mantle derived melt and continental
crust (Figure 4.18). The same mantle-crustal mixing signatures are observed in the
Permo-Triassic granitoids from Colombia and Ecuador (Figure 4.18; Cochrane et al.,
2014), as well as the Late Carboniferous-Early Permian graintoids from Southern
Mexico (Figure 4.18; Oretega-Obregon et al., 2014). The Permo-Triassic granitoids of
Southern Mexico (Ortega-Obregon et al., 2014) now display strong correlations to
the Permo-Triassic granitoids of the Western Gulf of Mexico (this study). These yield
Hf model ages that are inherited from the Oaxaquia continental crust that they
intrude, with very little evidence for any influence from a mantle derived melt
(Figure 4.18). It is therefore apparent that the Permo-Triassic magmatism from the

Western Gulf of Mexico and Southern Mexico formed solely from crustal anatexis,
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whereas the Late Carboniferous-Early Permian granitoids of Southern Mexico and
the Permo-Triassic granitoids of Sonora, Colombia and Ecuador display evidence for

a mantle derived melt that assimilated continental crust.

Permo-Triassic Sonora Early Permian Oaxaca 1 Oaxaquia continental crust
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Figure 4.18. €Hf (t) vs age plot for the Western Gulf of Mexico samples selected for
Hf isotope analysis on zircons. Median values for the LA-ICP-MS data have been
taken to reduce the effects of anomalous data points.

The trace element signatures and Hf model ages for the Late Carboniferous-
Early Permian granitoids of the Oaxaca area, Southern Mexico (Ortega-Obregon et
al., 2014) and Permo-Triassic granitoids of Sonora (Arvizu & Iriondo, 2011), Ecuador

and Colombia (Cochrane et al, 2014) are consistent with rocks that formed in
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association with a continental arc, whereby mantle derived melts interact with and

assimilate continental crust.

However, the Permo-Triassic granitoids of the Western Gulf of Mexico (this
study) and the Oaxaca area (Ortega-Obregon et al., 2014), although displaying arc
like trace element signatures, yield Hf model ages that solely indicate crustal
anatexis. This type of magmatism is not consistent with a continental arc
environment, but instead is more typical of collisional magmatism. However, they do
not appear to be related to syn-collisional magmatism, as we would expect to be
able to distinguish them from volcanic arc granitoids in the tectonic discrimination
diagrams (Figure 4.11-4.14) and to see evidence for deformation, which we do not
(petrography in Chapter 3). Post-collisional magmatism on the other hand cannot be
identified using the discrimination diagrams of Pearce et al. (1984) as their trace
element concentrations are controlled by the tectonic setting that was active prior to
the collision (Pearce et al., 1984 and 1996a). Meaning if an arc existed prior to the
post-collisional magmatism then the trace element concentrations would inherit arc
like signatures from the continental crust. Therefore, the Permo-Triassic granitoids
of the Western Gulf of Mexico (this study) and Oaxaca (Ortega-Obregon et al., 2014)
can be interpreted to have formed in a post-collisional tectonic setting that has
inherited arc like trace element signatures from fusion of the Oaxaquia continental
crust that they also intrude and possibly also from the Late Carboniferous-Early

Permian arc mentioned above.
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4.8 Summary

° The Late Carboniferous-Early Permian granitoids of the Oaxaca area (Ortega-
Obregon et al., 2014), and also likely the Early Permian granitoids of the Western
Gulf of Mexico (this study) can be linked to a continental arc system that involved
the extraction of mantle derived melts that assimilated Gondwanan derived
Oaxaquia continental crust.

° A later episode of Permo-Triassic arc magmatism can be found in Sonora,
Northeast Mexico (Arvizu and Iriondo, 2011) which assimilates Palaeoproterozoic
Laurentian crust and also in Colombia and Ecuador (Cochrane et al., 2014) which
assimilates Gondwanan derived Oaxaquia crust.

° Permo-Triassic granitoids of the Western Gulf of Mexico (this study), Oaxaca
(Ortega-Obregon et al., 2014) and Chiapas (Weber et al., 2005) appear to have
formed as a result of crustal anatexis in association with post-collisional magmatism.
This event inherited arc like trace element signatures from Oaxaquia continental

crust and possibly the Late Carboniferous-Early Permian arc mentioned above.
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5 Petrogenesis of the Permo-Triassic Basement

5.1 Introduction

The geochemical results of Chapter 4 indicate that the basement of the
Western Gulf of Mexico is associated with both arc magmatism, as well as post-
collisional anatectic magmatism. The U/Pb geochronology results of Chapter 3
suggest the arc magmatism represents an older igneous phase (Early Permian), with
the more prevalent post-collisional anatectic magmatism following in the Late
Permian-Early Triassic. Geochemical data from Late Carboniferous-Early Triassic
granitoids from Southern Mexico (Oaxaca area and Chiapas Massif) are
compositionally similar to the Western Gulf of Mexico, indicating a comparable
evolutionary history. Permo-Triassic granitoids from Northeast Mexico (Sonora) and
Colombia on the other hand appear to have formed in a tectonic environment
separate from granitoids of the same age in the Western Gulf of Mexico and
Southern Mexico. This chapter will explore possible links between the
Carboniferous-Triassic granitoids of the Western Gulf of Mexico and Southern
Mexico with the formation of Pangaea, in order to define a viable tectonomagmatic

model.

5.2 Petrogenesis of the Western Gulf of Mexico

5.2.1 Relation to the formation of Pangaea
As reviewed in detail in Chapter 2, the formation of Pangaea occurred
diachronously from east to west during the Late Paleozoic. In Southern USA and

Mexico it is thought that deformation initiated during the Late Carboniferous-Early
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Permian, with the Laurentia-Gondwana collision occurring ca. 290-280 Ma (Pindell
and Dewey, 1982; Pindell, 1985; Ross, 1986; Sedlock et al., 1993; Dickinson and
Lawton, 2001; Talavera-Mendoza et al., 2005; Vega-Granillo et al., 2007 and 2009).
The high pressure metamorphic suite of the Acatlan Complex (Mixteca terrane,
Southern Mexico) is believed to represent the suture between Laurentia and
Gondwana (Chapter 2; Talavera-Mendoza et al., 2005; Vega-Granillo et al., 2007 and
2009), which would mean the adjacent Gondwanan derived magmatism of the
Oaxaca area and the Western Gulf of Mexico formed very close to the Pangaea

suture.

The apparent proximity the granitoids of the Western Gulf of Mexico and
Southern Mexico have to the Laurentia-Gondwana suture and also the
geochronological correlations they have with the amalgamation of Pangaea indicates

the magmatism may be related to the final stage of supercontinent formation.

5.2.2 Episodes of magmatism

The U/Pb zircon geochronology presented in Chapter 3 indicates that the
Permo-Triassic magmatic basement of the Western Gulf of Mexico likely formed in
discrete phases. The geochemistry of Chapter 4 suggests that these phases of
magmatism are linked to plutonic rocks of comparable age in the Oaxaca area
(Ortega-Obregon et al., 2014) and the Chiapas Massif (Weber et al., 2005). The
probability density diagram (Figure 5.1) shows that the first phase of magmatism
occurred between ~311-286 Ma, although inherited cores found in the Western Gulf
of Mexico granitoids (Chapter 3) indicate that it may stretch back to ~326 Ma. Trace

element signatures suggest this phase of magmatism formed in a continental arc
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environment (Chapter 4). This interpretation is consistent with the Hf model ages for
the Late Carboniferous-Early Permian granitoids of the Oaxaca area (Ortega-Obregon
et al., 2014), that indicate the granitoids formed from mantle derived melts mixing
with continental crust (Chapter 4). This arc system intrudes into Oaxaquia

continental crust, indicating an affinity with the supercontinent Gondwana.
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Figure 5.1. Age probability density plot for the granitoids of the Western Gulf of Mexico (blue; this
study), the Oaxaca area (green; Ortega-Obregon et al, 2014) and Chiapas Massif (red; Weber et al.,
2005).

Ortega-Obregon et al. (2014) have associated this Late Carboniferous-Early
Permian arc with the eastward subduction of the Palaeo-Pacific Ocean. However, as
highlighted in Section 5.2.1, this area of Mexico likely represents the Northwest edge
of Gondwana prior to the final amalgamation of Pangaea ca. 290-280 Ma (Ross,

1986). Therefore the Late Carboniferous-Early Permian arc is perhaps better
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explained by the subduction of the Rheic Ocean beneath Gondwana, prior to the
formation of Pangea (Figure 5.2 A and Figure 5.4). The arc system shut down as the
Gondwana-Laurentia continental collision took place ca. 286 Ma (this study). This
supports observations from the Marathon segment of the Laurentia-Gondwana
orogenic belt that places the collision in the Early Permian ca. 290-280.Ma (Ross,

1986).

A later Permo-Triassic phase of magmatism is also recorded in the basement
of the Western Gulf of Mexico (Figure 5.1). The trace element signatures for this
magmatism again suggest forming in with a continental arc environment. However,
Hf model ages do not support this hypothesis, suggesting instead the magmatism is
due to crustal anatexis, with no evidence of mantle derived melts (Chapter 4). This
type of magmatism is more commonly associated with continental collisions. The
same geochemical signatures can be seen in Late Permian-Early Triassic granitoids of
the Oaxaca area (Ortega-Obregon et al., 2014) , as well as the Chiapas Massif (Weber
et al., 2005; Estrada-Carmona et al., 2012), suggesting they formed in the same

tectonic setting.

Post-collisional granitoids often inherit arc like trace element signatures from
previous subduction events (e.g. Pearce et al., 1984; Grimes et al.,, 2015). It is
therefore possible that the arc trace element signatures observed in the Permo-
Triassic basement of the Western Gulf of Mexico were inherited from the Late
Carboniferous-Early Permian arc and Oaxaquia continental crust. This hypothesis is
strengthened by the widespread Oaxaquia and Late Carboniferous-Early Permian

zircon inheritance observed in the Late Permian-Early Triassic igneous event
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(Chapter 3). This period of post-collisional magmatism occurred between 274 and
248 Ma (Figure 5.1). It is possible that the earliest pulse of the Late Permian-Early
Triassic magmatism represents a separate phase of magmatism (Figure 5.1), possibly
relating to a syn-collisional phase. However, there is no geochemical evidence or
deformation observed in the granitoids to support this hypothesis. The Late
Permian-Early Triassic granitoids of the Western Gulf of Mexico and Southern
Mexico can therefore be interpreted as having formed during a post-collision
magmatic event close to the collision zone between Gondwana and Laurentia, after
the final amalgamation of Pangaea (Figure 5.2 A and Figure 5.5). Post-collisional
magmatism is thought to occur through a combination of delamination of the
lithospheric mantle and melting of the lower continental crust during a period of
thermal relaxation following collision e.g. Western Anatolia for an alternative

example (Dilek & Altunkaynak, 2007).

Permo-Triassic granitoids found in the Sonora area of Northeast Mexico
(Arvizu & Iriondo, 2009) and in Colombia (Cochrane et al., 2014) appear distinct from
the Permo-Triassic granitoids of the Western Gulf of Mexico and Southern Mexico,
with Hf model ages more typical of continental arcs. This magmatism can therefore
be interpreted as forming in an arc environment, likely associated with the

subduction of the Palaeo-Pacific beneath Pangaea (Figure 5.2 A).
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5.2.3 Terrane migration

In many models of Pangaea, overlap is observed between central and
southern Mexico and Northwest South America (Pindell and Dewey, 1982; Pindell,
1985; Handschy et al., 1987; Pindell and Kennan, 2001), indicating the terranes of
central and southern Mexico are allochtonous in origin. This implies that the
Carboniferous-Triassic plutons of the Oaxaca area (Ortega-Obregon et al., 2014), as
well as the suture related HP metamorphic rocks of the Acatldan Complex (Talavera-
Mendoza et al., 2005; Vega-Granillo et al., 2007; Vega-Granillo et al., 2009), may

have migrated from elsewhere.

One possible mechanism for terrane migration occurred during the Early
Jurassic in association with the early stages of the opening of the Gulf of Mexico,
along the Mojave-Sonora Megashear (Anderson and Schmidt, 1983; Bohnel, 1999;
Pindell and Kennan, 2001). This shear zone is proposed to have accommodated 700
km of left lateral motion along the southwestern flank of the North American Plate
(Anderson and Schmidt, 1983; Pindell and Kennan, 2001; Pindell and Kennan, 2009).
In this scenario the terranes of central and southern Mexico (including the Mixteca
and Oaxaca terranes) originate in Northeast Mexico. Other studies place the timing
of shearing during the Permo-Triassic (California-Coahuila transform of Dickinson
and Lawton, 2001), arguing that the amount of Jurassic shear proposed by Anderson
and Schmidt, (1983) has been overestimated (based on palaeomagnetic data on

Lower-Middle Jurassic strata; Molina Garza & Geissman, 1999).
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Figure 5.3. Palaeogeographic model for Pangea from Vega-Granillo et al. (2009), with the Acatlan
Complex lying above the Maya block and location of main belts of the Appalachian-Caledonian
orogen (Appalachian region modified from Neugeabauer [1989])

An alternative allochtonous model for the southern terranes associates the
migration with the rotational extension during the main phase of the opening of the
Gulf of Mexico (Vega-Granillo et al., 2007 & 2009). In this model the Oaxaca and
Mixteca terranes of Southern Mexico were initially positioned above the Maya block,
supported by correlations in lithological suites, metamorphic-magmatic events,
deformational phases and geochemical signatures with the Appalachian chain of
eastern North America (Figure 5.3; Vega-Granillo et al., 2007 & 2009). However, the
viability of such a model was questioned by Keppie et al., (2009), who disputed the
age correlations between events of the Acatlan Complex and the Appalachians. They
also argue that palaeomagnetic data from Southern Mexico (Fang et al., 1989;

Molina-Garza et al.,, 1992; Alva-Valdivia et al.,, 2002) is inconsistent with such a
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hypothesis. However, the reliability of this palaeomagnetic data has since been

guestioned (Vega-Granillo et al., 2009).

The evidence for a NE-SW migration of the Southern Mexican Mixteca and
Oaxaca terranes in association with either the Permo-Triassic California-Coahuila
transform (Dickinson and Lawton, 2001) or Jurassic Mojave-Sonora Megashear
(Anderson and Schmidt, 1983; Béhnel, 1999; Pindell and Kennan, 2001) appears to
outweigh that of a rotational translation during the opening of the Gulf of Mexico
(Vega-Granillo et al., 2007; Vega-Granillo et al., 2009). For this reason, a model
where the HP metamorphic rocks of the Acatlan Complex (Mixteca terrane) and the
Carboniferous-Triassic plutons of the Oaxaca terrane have migrated from Northeast

Mexico is favoured (Figure 5.2 B).

However, the opening of the Gulf of Mexico does appear to have displaced
the Chiapas Massif portion of the Permo-Triassic anatectic province. As the Maya
block rotated to the south along the Western Gulf of Mexico transform fault it is
likely to have pulled the Chiapas Massif down with it (Figure 5.2 C). This migration of
the Maya block may have also fragmented the Permo-Triassic anatectic province,
causing the lineated trend that is now seen in the Permo-Triassic basement of the

Western Gulf of Mexico today (Figure 5.2 C).

5.2.4 Gondwanan arc (Figure 5.4)
e During the Late Carboniferous-Early Permian (ca. 326-286 Ma) a continental
arc formed on the Oaxaquia continental crust, on the Northwest flank of

Gondwana.

152 | Page



Chapter 5: Petrogenesis of the Western Gulf of Mexico

e This continental arc formed in association with the subduction of the Rheic
Ocean beneath Gondwana, prior to the formation of Pangaea.

e The arc system shut down when the Rheic Ocean was consumed and
continental collision between Laurentia and Gondwana followed ca. 286 Ma,
marking the formation of Pangaea.

e These arc rocks can be found in the basement of the Western Gulf of Mexico
and the Oaxaca area of Southern Mexico (Cuanana pluton, Honduras

batholith and Zaniza batholith; Figure 2.2).
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Figure 5.4. Schematic evolutionary model for the basement of the Western Gulf of Mexico prior to the formation of Pangaea.
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5.2.5 Post-collisional magmatism (Figure 5.5)

o After the final amalgamation of Pangaea, a post-collision phase of
magmatism occurred on the Gondwana side of the collision zone ca. 274-248
Ma.

e This post-collisional magmatism involved the Grenvillian-age Oaxaquia
continental crust, as well as the Late Carboniferous-Early Permian continental
arc.

e The post-collisional magmatism is the most voluminous event recorded in the
basement of the Western Gulf of Mexico (this study) and can also be found in
the Oaxaca area (Ortega-Obregon et al., 2014) and Chiapas Massif (Weber et
al., 2005).

e Portions of the granitoids generated from this period of post-collisional
magmatism appear to have been subsequently displaced. The southern
terranes of Mexico (including the Mixteca and Oaxaca terranes) likely
migrated from the northeast either during the Permian along the California-
Coahuila transform fault or later in the Jurassic along the Mojave-Sonora
Megashear.

e Later tectonic activity during the main phase of rifting in the Gulf of Mexico
sheared the basement of the Western Gulf of Mexico, and displaced the
Chiapas Massif to the south with the Maya block (Figure 2.2).

e Permo-Triassic granitoids from Sonora and Colombia appear unrelated to the
Western Gulf of Mexico and Southern Mexico, instead likely forming in a
continental arc environment in association with the subduction of the

Palaeo-Pacific beneath Pangaea.
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Figure 5.5. Schematic evolutionary model for the basement of the Western Gulf of Mexico after the amalgamation of Pangaea.
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5.3 Summary

e The Late Carboniferous-Early Permian granitoids (ca. 326-286 Ma) of the
Western Gulf of Mexico and the Oaxaca area of Southern Mexico are related
to subduction of the Rheic Ocean beneath Gondwana, prior to the formation
of Pangaea.

e The Late Carboniferous-Early Permian arc system was choked and stopped as
Laurentia collided with Gondwana, during the formation of Pangaea.

e After the final amalgamation of Pangaea had occurred, a post-collisional
anatectic phase followed, inheriting trace element signatures from Oaxaquia
continental crust and the Late Carboniferous-Early Permian arc rocks from
which they formed.

e These represent the Permo-Triassic granitoids (ca. 274-248 Ma) of the
Western Gulf of Mexico, Oaxaca area and Chiapas Massif.

e Permo-Triassic granitoids from Sonora and Colombia appear unrelated to the
anatectic event, instead likely forming from the eastward subduction of the
Paleo-Pacific beneath Pangaea.

e The initial phase of Pangaea break-up displaced the Oaxaca and Mixteca
terranes to the South in the Early Jurassic.

e The Permo-Triassic anatectic province was fragmented further during the
opening of the Gulf of Mexico in the Late Jurassic. The transform fault that
rotated the Maya block to the south pulled portions of the anatectic province
with it (basement of the Wester Gulf of Mexico) and displacing the Chiapas

Massif to the south, causing the lineated trend that we see today (Figure 2.2).
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6 Geological Overview of the Cuicateco Terrane

6.1 Introduction

Terrestrial Mexico is comprised of accreted allochthonous and
autochthonous blocks (Sedlock et al., 1993), known as terranes (defined as “a fault
bounded package of rocks of regional extent characterised by a geological history
which differs from that of neighbouring terranes”; Howell, 1985). The Cuicateco
terrane covers an area of approximately 20,000 km? in Southern Mexico and is
bounded by the Zapoteco terrane to the west and Maya terrane to the east (Figure
6.1). Previous studies in the north (Angeles-Moreno, 2006; Mendoza-Rosales et al.,
2010) and south (Perez-Guiterrez et al., 2009) of the Cuicateco terrane indicate that
they do not share the same tectonic history. For this reason the north and south
regions will be treated as separate entities in this study. This chapter will present a
geological overview of the Cuicateco terrane, as well as other Cretaceous terranes
found in Mexico. Observations and interpretations from fieldwork carried out during

this study will be discussed in Chapter 7.

6.2 Northern Cuicateco Terrane

The north of the Cuicateco terrane can be separated into 4 principal units: i)
the Mazateco Metamorphic Complex (subdivided into the Mazatlan de las Flores
schist and the La Nopalera Schist), ii) Pochotepec Formation, iii) Teotitldan Migmatitic
Complex and iv) Chivillas Formation (Figure 6.2). Volcano-sedimentary successions of
possible Cretaceous age have also been reported in the Xonamanca Formation of the

Sierra de Zongolica (Figure 6.2; Carrasco et al., 1975).
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Figure 6.1. Map showing the terranes of Southern Mexico and Central America, adapted from Rogers et al. (2007). CCT= Central Chortis terrane, NCMZ= Northern
Chortis Metamorphic Zone, ECT= Eastern Chortis terrane, SCT= Southern Chortis terrane, ST= Siuna terrane. The dashed line represents the Arperos basin suture
between the Guerrero terrane and continental Mexico. The yellow star highlights the study area of this project in the northern Cuicateco terrane.
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6.2.1 Chivillas Formation

6.2.1.1 Geology

The Chivillas Formation (Figure 6.2) is the youngest stratigraphic unit of the
northern Cuicateco terrane, with an estimated thickness of ~4900m (Mendoza-
Rosales et al., 2010). It is in faulted contact with the Teotitlan Migmatitic Complex,
Mazateco Metamorphic Complex and Pochotepec Formation, as well as the
Zapoteco terrane along the Oaxaca Normal Fault (Figure 6.2). The formation is
comprised of volcanic and sedimentary successions that formed in a submarine

basin.

The igneous component of the Chivillas Formation consists of pillow basalts,
massive lava flows and gabbros (Carrasco, 1978; Alzaga Ruiz & Pano Arciniega, 1989).
The presence of vesicles and amygdales within the pillow basalts suggests that these
were deposited in a shallow marine environment where CO, was able to degas from

the lavas (Mendoza-Rosales et al., 2010).

The igneous rocks are interbedded with sedimentary units, suggesting
contemporaneous formation/deposition. These sedimentary units are composed of
siliciclastic turbidite deposits which include fine grained sandstones, calcareous
shales, black limestones, siltstones, coarse grained sandstones, clast supported
breccias, calcareous debris flows, clast supported conglomerates and matrix

supported conglomerates (Mendoza-Rosales et al., 2010).
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6.2.1.2 Age

Ammonite fossils (Cassicolaria sp., Tintinnopsella sp., Lorenzialla sp.,
Olcostephanus sp. and Spitidiscus sp.) found in the sedimentary successions indicate
a Tithonian—Valanginian (151-136 Ma) depositional age (Alzaga Ruiz & Pano
Arciniega, 1989). Additional age constraints have been reported by Mendoza et al.,
(2010) through U/Pb analysis on detrital zircons found in Chivillas Formation
sandstones. These yield a maximum depositional age (youngest population of
zircons) of 126 Ma. This study will provide additional ages for the sediments of the

Chivillas Formation in Chapter 8.

6.2.2 Teotitlan Migmatitic Complex

6.2.2.1 Geology

The Teotitldn Migmatitic Complex (Angeles-Moreno, 2006), also known as
the Sierra de Juarez Mylonitic Belt (Alaniz-Alvarez et al., 1994; Mendoza-Rosales et
al., 2010) stretches for 160 km between Tehuacan and Oaxaca, along the western
boundary of the Cuicateco terrane (Figure 6.2). It is composed of migmatitic diorite-
tonalite gneiss, quartz diorite with garnet, diopside-garnet gneiss, granitic dykes,
pegmatites, aplites, volcano-sedimentary rocks and serpentinites (Delgado-Argote,
1989; Mendoza-Rosales et al., 2010; Angeles-Moreno, 2006). The complex has
subsequently been affected by several brittle-ductile faulting events producing

mylonitic structures (Angeles-Moreno, 2006).

6.2.2.2 Age
The complex yields ages that are older in its southern extent where

syntectonic granites have been dated at 169.3+1.7 Ma via ©ar/*Ar on metamorphic
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muscovite (Alaniz-Alvarez et al., 1996). In contrast, the north of the complex yields
ages of 145 Ma to 132 Ma (U-Pb zircon) from granitic gneisses (Angeles-Moreno,
2006). It is worth noting that the difference in ages observed in the north and south
of the complex may in fact be a product of the different dating techniques used
rather than true age variance. Ages from the north of the complex have been
obtained using the more modern and robust U/Pb dating technique on zircon
whereas to the south of the complex ages are limited to “°Ar/>**Ar on metamorphic

muscovite which can be affected by weathering and metamorphism.

6.2.3 Pochotepec Formation

6.2.3.1 Geology

The Pochotepec Formation is in faulted contact with the Teotitlan Migmatitic
Complex and Chivillas Formation (Figure 6.2). The formation is composed of igneous
rocks such as meta-gabbros, meta-basalts, meta-rhyolites and meta-pyroclastics as
well as meta-sedimentary successions such as greenschists and pelitic schists
(Angeles-Moreno, 2006; Angeles-Moreno et al., 2012). There are also minor
exposures of lenticular marble and serpentinite bodies which suggest the unit

formed in association with an oceanic basin.

It has been proposed that the Pochotepec Formation may be related to the
Chivillas Formation due to the compositional similarities between the two units
(Angeles-Moreno, 2006). In this scenario the Pochotepec Formation would represent
deeper structural levels of the Chivillas Formation, where it was exposed to higher
degrees of metamorphism. However, no ages have been obtained for the rocks of

the Pochotepec Formation so this hypothesis is speculative (new ages presented in
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Chapter 8). The unit may instead be associated with an igneous event that predates
the Cretaceous magmatism seen in the Teotitlan Migmatitic Complex and Chivillas

Formation.

6.2.4 Mazateco Metamorphic Complex

6.2.4.1 Geology

The Mazateco Metamorphic Complex can be split into two separate
metamorphic units: the La Nopalera Schist (~20 kmz) and the Mazatlan de Las Flores
Schist (~30 km?) as shown in Figure 6.2. The La Nopalera Schist is in faulted contact
with the Teotitlan Migmatitic Complex and the Chivillas Formation. The Mazatlan de

Las Flores Schist is in faulted contact solely with the Chivillas Formation.

The La Nopalera Schist consists of a biotite-muscovite-garnet schist, closely
interbedded with quartzite and amphibolites (Angeles-Moreno, 2006; Angeles-
Moreno et al., 2012). The Mazatlan de Las Flores Schist is compositionally similar to
the La Nopalera Schist, containing chlorite-muscovite and actinonlite schists.
However, the amphibolites found in the la Nopalera Schist are not present in the

Mazatlan de Las Flores Schist.

6.2.4.2 Age

The La Nopalera Schist yields an Ar-Ar plateau age (muscovite) of 132 Ma
(Angeles-Moreno, 2006). This age most likely represents the cooling age of the
migmatization event recorded in the Teotitlan Migmatitic Complex, rather than the

depositional age of the meta-sediments.
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The rocks of the Mazateco Metamorphic Complex are compositionally similar
to other meta-sedimentary units that outcrop to the east of the Cuicateco terrane, in
the Vista Hermosa area (Angeles-Moreno et al., 2012). These meta-sediments have
been dated to the Paleozoic (K-Ar on muscovite and whole rock samples; Carfantan,
1986; Vasquez-Meneses et al., 1989). Elsewhere, in the Sierra de Juarez, Albarradas
area, 60 km east of Oaxaca City, low grade meta-sediments (similar to the Mazateco
Metamorphic Complex) are unconformably overlain by pre-Cretaceous redbeds
(Angeles-Moreno et al., 2012). This suggests the Mazateco Metamorphic Complex is

older and probably unrelated to the Cretaceous rocks in the northern Cuicateco.

6.2.5 Xonamanca Formation

6.2.5.1 Geology

The Xonamanca Formation of the Sierra de Zongolica (Figure 6.2) was first
reported by Carrasco et al. (1975). It was described as a composite unit containing
lithic greywackes, feldspathic greywackes, pyroclastic rocks and micritic limestones.
Since this initial study very little has been carried out on the Xonamanca Formation,
however Angeles-Moreno (2006) has reported the occurrence of green
volcanoclastic rocks. More detailed information on the Xonamanca Formation based

on work of this study will be reported in Chapter 7.

6.2.5.2 Age

Existing age estimates for the Xonamanca Formation are restricted to
echinoid fossils found in the limestones. These constrain the limestones to the
Berriasian-Valanginian (146-136 Ma; Carrasco et al., 1975). This study will present

U/Pb ages on zircons found in tuffs of the Xonamanca Formation in Chapter 8.
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6.2.6 Existing models for the origin of the northern Cuicateco terrane

It is widely agreed that the volcanic and sedimentary protoliths in the area
formed in an extensional basin during the Jurassic-Early Cretaceous (Sedlock, 1993;
Delgado-Argote, 1989; Angeles-Moreno, 2006; Mendoza et al., 2010), the nature and

orientation of this basin however is still contentious.

6.2.6.1 Back-Arc Basin

One possibility for the formation of the northern Cuicateco terrane is that it
is linked to a back-arc basin associated with subduction of the Farallon plate beneath
the North American plate, along the west coast of present-day Mexico (Figure 6.3).
In this scenario the serpentinites of the Teotitldan Migmatitic Complex are proposed

to represent the roots of an eroded volcanic arc (Delgado-Argote, 1989).
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Figure 6.3. Early Cretaceous plate reconstruction of the Americas, showing a
possible back-arc basin running through Mexico (Pindell & Kennan, 2009)
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This proposed back arc setting for the northern Cuicateco terrane may be
related the Arperos back-arc basin (Elias-Herrera & Ortega-Gutierrez, 1998; Freydier
et al., 2000; Dickinson & Lawton, 2001; Martini et al., 2011). Outcrops of back arc
basin rocks have been identified in several areas along western Mexico (Figure 6.1)
which are thought to be related to the separation of the Guerrero terrane from
continental Mexico during the Early Cretaceous due to slab rollback of the eastward
subducting Farallon plate (Elias-Herrera et al., 2000; Centeno-Garcia et al., 2008;
Martini et al., 2011). Additional details of the Arperos basin are discussed further in

Section 6.4.1.4.

After the initial proposal of a back-arc basin origin for the northern Cuicateco
by Delgado-Argote (1989) the model has fallen out of favour and has not been
considered in recent studies. The main issue with this model is the lack of any
substantial arc rocks in the region, with the possible exception of the serpentinites
that are purportedly the roots of an eroded arc (Delgado-Argote, 1989). Another
issue is the large distance the Cuicateco terrane would have been from the
subducting Farallon plate (using current models on plate boundaries during the Late

Jurassic-Early Cretaceous; Figure 6.3).

6.2.6.2 Pull-Apart Basin

This model proposed by Angeles-Moreno (2006) interprets the units of the
northern Cuicateco as having formed in a pull-apart basin (Figure 6.4). In this
scenario large-scale right-lateral faulting caused trans-tensional activity to occur in
the Cuicateco region and subsequently initiated rifting. As this rifting progressed

sedimentation and simultaneous volcanism began, activity that is now recorded in
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the Chivillas Formation. The rocks of the Pochotepec Formation are interpreted to
represent deeper portions of these volcano-sedimentary successions that have
undergone metamorphism to amphibolites and schists. The gneisses and migmatites
of the Teotitlan Migmatitic Complex represent the deepest portions of this rift basin

that have been subsequently exposed via normal faulting (Angeles-Moreno, 2006).

N. America

L1 |
540 km

S. America

130-148 Ma
- = Oceanic crust

I = Thinned crust

Oax= Oaxaquia, Acatlan
and Juchatengo
Cho= Chortis
May= Maya terrane
~ =Voleanic arc = Continental crust

Figure 6.4. Pull-apart basin model for the formation of the Cuicateco terrane, from
Angeles-Moreno (2006).

Granitic Gneisses from the Teotitlan Migmatitic Complex have been dated at
145Ma to 132 Ma (U/Pb zircon; Angeles-Moreno, 2006). This has led to the

interpretation that the proposed pull-apart basin was linked to right lateral faulting
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associated with the separation of North and South America rather than the opening
of the Gulf of Mexico as it is believed ocean floor spreading in the Gulf of Mexico

ceased in the Valanginian (Marton and Buffer, 1999).

This model, however, proposes that the basin opened with an east-west
orientation rather than the north-south orientation advocated by other authors
(Sedlock et al., 1993; Mendoza-Rosales et al., 2010). The model also lacks input from
any kind of geochemical analysis on the igneous rocks which could significantly

contribute to an assessment of the tectonic environment of basin formation.

6.2.6.3 Ridge-Transform Intersection

This model, proposed by Mendoza-Rosales et al. (2010) suggests that the
extensional basin, in which the Chivillas Formation of the Cuicateco terrane is found,
was formed at a ridge-transform intersection in association with the final stages of
the north-south opening of the Gulf of Mexico (Figure 6.5). U/Pb ages on zircon
obtained by Mendoza-Rosales et al. (2010) from sediments in the Chivillas area
suggest a maximum age of deposition of 126 Ma. Field observations suggest that
sedimentation and volcanism were contemporaneous; indicating that the age of

basin formation cannot be any older than 126 Ma.

It is proposed that the right lateral transform of the Tamaulipas-Golden Line-
Chiapas fault (Pindell, 1985; Figure 6.5) which accommodated the southward
migration of the Yucatan block during the opening of the Gulf of Mexico was
displaced to the west at its southernmost point and continued along a strike-slip

fault in association with the Teotitldan Migmatitic Complex. This right lateral motion is
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proposed to be the driving force for extension in the basin observed in the Chivillas

Formation.
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Figure 6.5. Ridge-transform intersection origin for the Cuicateco basin from
Mendoza et al. (2010). Adapted from Pindell & Kennan, (2001). TGLC= Tamaulipas-
Golden Line-Chiapas fault.

In this scenario initial rifting would form fluvial and shallow marine
sedimentary deposits and then as rifting advanced this sedimentation would evolve
into deposits more associated with deep marine settings. This is what is observed in
the area, with the Todos Santos and San Ricardo Formations (of the Maya terrane,

extending into the Chiapas Massif; Figure 6.12) representing fluvial and shallow
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marine deposits and the sediments of the Chivillas Formation being consistent with

the deposition of turbidites at greater depths.

This is the most recent model on the formation of the Cuicateco terrane and
it is consistent with the reported geochemical, geochronological and field data.
However, only a limited number of samples were analysed from a confined area of
the Chivillas Formation when making this interpretation. A wider study is required in

order to assess the validity of this model.

6.2.7 Deformation and Metamorphism

The first deformation phase within the Cuicateco terrane is defined by
foliations and sheath folds observed in the schists of the Mazateco Metamorphic
Complex. The deformation orientation and direction are unclear from field
observations due to over-printing of subsequent deformation events but it likely
occurred during the Palaeozoic (Angeles-Moreno, 2006). The first metamorphic
event coincides with this deformation event and is most obvious in the meta-
sediments and meta-volcanics of the Mazateco Metamorphic Complex (Angeles-

Moreno, 2006).

The second deformation and metamorphic events of the Cuicateco terrane
have been interpreted to have occurred in right lateral trans-tensional deformation
associated with basin formation during the Cretaceous (Angeles-Moreno, 2006). At
deep structural levels the second deformation event is characterised by amphibolite
facies metamorphism, migmatization, magmatism and metasomatism of the
Teotitlan Migmatitic Complex (Angeles-Moreno, 2006). The age of migmatization

and cooling associated with deformation has been dated by ©Ar/*Ar and U/PDb at
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140-131 Ma (Angeles-Moreno, 2006). At shallower structural levels this deformation
caused lower grade greenschist facies metamorphism and metasomatism of the
Pochotepec Formation and Mazateco Metamorphic Complex (Angeles-Moreno,

2006).

The third deformation event recorded in the units of the Cuicateco terrane
can be attributed to compression experienced during the Laramide Orogeny
(orogenic event initiating ca. 80 Ma in relation to flat-slab subduction of the Farallon
Plate beneath North America). Significant shortening occurred in this area around 82
Ma, developing folds and thrusts with a northeast vergence (Angeles-Moreno, 2006).
These features are associated with the dramatic Zongolica fold and thrust belt which
is the southern extension to the Sierra Madre Oriental fold and thrust belt that
extends along the length of eastern Mexico. This extensive compressional event
inverted the northern Cuicateco basin, causing juxtaposition between the units of
the Teotitlan Migmatitic Complex, Chivillas Formation, Pochotepec Formation and

Mazateco Metamorphic Complex.

During the Eocene and the earliest part of the Miocene the area was affected
by normal and oblique lateral faulting under brittle conditions, resulting in the
development of cleavage planes (Angeles-Moreno, 2006). Age constraints for the
upper limit of deformation come from pyroclastic rocks interbedded with syn-
tectonic sediments in Tehuacan which yield an age of 50.2+1.4 Ma (K-Ar biotite)
(Angeles-Moreno, 2006). The youngest age constraints available for this deformation
event are indicated by a 20 Ma ignimbrite cut by lateral faults associated with the

fourth deformation event (Angeles-Moreno, 2006).
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The final deformation event in the Cuicateco terrane is an extensional event
defined by high angle brittle normal faulting (60-70°) of probable Miocene-
Pleistocene age (Angeles-Moreno, 2006). This event is observed throughout the
northern Cuicateco units but is most obvious in the Teotitlan Migmatitic Complex
due to its proximity to the main area of displacement, along the Oaxaca normal fault

(Angeles-Moreno, 2006).

6.2.8 Basement

The composition of the basement in the Cuicateco terrane is unclear as there
are no known exposures. With its proximity to the Oaxacan Complex (Figure 6.10) in
the Zapoteco terrane, it is possible that it forms part of the Oaxaquia micro-
continent. This would give the basement of the northern Cuicateco a Grenvillian age
(1200-900 Ma). Alternatively, the basement of the Cuicateco terrane could be
composed of the Permo-Triassic igneous rocks that make up the Western Gulf of

Mexico (see Chapters 2-5).

6.3 Southern Cuicateco Terrane

6.3.1 Geology

The southern Cuicateco (Figure 6.1) is very similar to that of the northern
Cuicateco. Previous studies (Perez-Gutiérrez et al., 2009) report amphibolites and
serpentinites that have volcanic protoliths in contact with phyllites and schists. These
lithologies are consistent with deposits forming in a submarine (potentially oceanic)
basin. Younger igneous bodies that intrude the metavolcanic-sedimentary units of

the southern Cuicateco have been dated to 16 Ma (Williams and McBirney, 1969;).
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This could relate to Neogene arc activity or alternatively interactions with the Chortis
block as it migrated eastwards across Southern Mexico (see section 6.4.3). The
southern Cuicateco shares the same tectonic boundaries as the northern Cuicateco

(Vista-Hermosa reverse fault to the east and Oaxaca normal fault to the west).

6.3.2 Age

Amphibolites from the southern Cuicateco have been dated by U/Pb
geochronology on zircons by Perez-Gutiérrez et al. (2009). They obtained an age of
65+1.2 Ma which has been interpreted as the age of crystallisation in the igneous
protolith. Detrital zircon analysis on volcanoclastic phyllites in the same study
yielded a population at 78 Ma (constraining the maximum age of deposition for the
sediment). These geochronological results show that there is a large age gap
between the Early Cretaceous northern Cuicateco and Late Cretaceous southern
Cuicateco. This strongly suggests that the two basins formed independently from
each other. Perez-Gutiérrez et al. (2009) interpret the southern Cuicateco to have
formed as an oceanic basin in relation to Maastrichtian arc magmatism in Southern

Mexico.

6.4 Other Cretaceous terranes of Mexico

6.4.1 Guerrero Terrane

6.4.1.1 Geology
The Guerrero terrane (Campa & Coney, 1983), also known as the Guerrero
composite terrane (Centeno-Garcia et al., 2008; Keppie, 2004), or the Guerrero

super terrane (Dickinson & Lawton, 2001) makes up a large proportion of Mexico’s
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Western continental margin. The terrane is composed of volcanic and volcanoclastic
successions that were mainly deposited in submarine environments (Centeno-Garcia
et al,, 2011; Martini et al., 2011). The terrane can be further divided into subterranes
based on subtle differences in stratigraphy, structures, geochronology and
geochemistry. These are known as the Tahue, Zihuatanejo, Arcelia, Teloloapan and

Guanajuato terranes (Centeno-Garcia, 2005; Centeno-Garcia et al., 2008; Figure 6.6).
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The basement of the Guerrero terrane is preserved in the Arteaga Complex of
the Zihuatanejo subterrane (Figure 6.6; Centeno-Garcia et al., 1993, 2003), and
consists of Triassic turbidite deposits. These deposits display strong correlation to
the turbidites of the Potosi fan, which cover large portions of Central Mexico. The
Potosi Fan was deposited as a large drainage area of western equatorial Pangea
during the Late Triassic (Silva-Romo et al., 2000; Barboza-Gudino et al; 2010; Martini

et al 2011).

6.4.1.2 Age

A number of U/Pb geochronological studies on zircons have been carried out
on the igneous suites of the Guerrero terrane, yielding Late Jurassic-Early Cretaceous
ages. The oldest of the igneous rocks (lava flows, tuffs and high level intrusions) can
be found in the Zihuatanejo subterrane and have been dated to 163-152 Ma
(Centeno-Garcia et al., 2003; Bissig et al., 2008). These have been interpreted to
represent crystallization ages during arc magmatism. Martini et al. (2011) obtained a
slightly younger age of 144+1.4 Ma for tonalites of the El Paxtle Assemblage
(Teloloapan subterrane), which again has been interpreted as the age of

crystallisation during arc magmatism.

6.4.1.3 Tectonic Setting

It is universally accepted that the volcano-sedimentary successions that make
up the Guerrero terrane formed in an arc environment throughout the Late Jurassic-
Early Cretaceous. However, the nature of this arc and where it formed has been
controversial over the last 30 years. Some propose the terrane to be allochthonous,

forming as an exotic island arc system (Lapierre et al., 1992; Tardy et al., 1994;
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Dickinson & Lawton, 2001; Talavera-Mendoza et al., 2007). This arc was separated
from terrestrial Mexico by the Arperos basin, which formed part of the Mezcalera
oceanic plate. In this model the Mezcalera plate was subducted towards the west,
beneath the Farallon oceanic plate (Figure 6.7; Tardy et al., 1994). Dickinson &
Lawton, (2001) proposed a similar model for the Guerrero terrane but suggested the
Mezcalera plate was subducting beneath both the Farallon plate to the west and
continental Mexico to the east. Accretion of the Guerrero terrane to continental
Mexico in these models occurred as the Mezcalera plate was consumed by
subduction. Other allochthonous models propose multiple intra-oceanic arc systems
separated by small oceanic basins (Figure 6.7; Talavera-Mendoza et al., 2007). These
arcs accreted to continental Mexico in several stages throughout the Cretaceous,

collectively forming the Guerrero terrane.

Alternatively, other authors suggest the Guerrero terrane formed as a para-
autochthonous continental arc that was separated from continental Mexico through
back arc extension via the Arperos basin (Figure 6.7, Lang et al., 1996; Cabral-Cano et
al., 2000; Elias-Herrera et al., 2000; Centeno-Garcia et al., 2008; Martini et al., 2009;
Martini et al., 2011; Martini et al., 2014; Betania Palacios-Garcia & Martini, 2014).
The terrane was later re-accreted back on to continental Mexico as the Arperos

basin underwent subduction.

6.4.1.4 Arperos Basin
The Arperos basin separated the Guerrero terrane from mainland Mexico
during the Late Jurassic-Early Cretaceous and has been subsequently closed.

Exposures of the rocks that formed in the Arperos basin mark the suture zone
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between the Guerrero terrane and continental Mexico (Figure 6.1). These rocks are
composed of rhyolites, pillow basalts, basaltic lava flows and sedimentary
successions that were mainly erupted and deposited in a submarine environment.
Research on the sandstones deposited in the basin suggest an asymmetrical
provenance, with rocks to the southwest recording Guerrero terrane signatures,

progressing to continental Mexico signatures to the east (Martini et al., 2011).

Group 1: Pacific origin of the Arperos Basin and Guerrero terrane

A Exotic arc model B Morth American-fringing, multi-arc model
Early Cretaceous Early Cretaceous

Paleé)l-F-’aciﬂc domain

Group 2: North American origin of the Arperos
Basin and Guerrero terrane

EXPLANATION

[ ]Continental crust

[ ] Oceanic crust ~ Ocean ridge
(ApB: Arperos Basin)

C West-facing North American arc model

Upper Triassic meta-turbidites derived from
North American sources (Arteaga Complex)

[ Guerrero terrane arc assemblages (GT)

T: Teloloapan arc
PC: Palmar Chico arc
Z: Zihuatanejo arc

¢ Subduction boundary

Figure 6.7. Existing models on the origins of the Arperos basin from Martini et al.
(2014). Group 1 models predict a large Arperos basin (Tardy et al., 1994; Dickinson
and Lawton, 2001; Talavera-Mendoza et al., 2007). The group 2 model predicts a
smaller back-arc basin origin for the Arperos basin (Cabral-Cano et al., 2000; Elias-
Herrera et al., 2000; Centeno-Garcia et al., 2008; Martini et al., 2011; Martini et al.,
2014).

Authors who propose an allochthonous model for the Guerrero terrane
(Tardy et al., 1994; Dickinson & Lawton, 2001; Talavera-Mendoza et al., 2007)

believe the Arperos basin was extensive, making up a part of the paleo-Pacific
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oceanic plate (Figure 6.7). Other authors think the basin was smaller in size, forming
as a back arc to the Guerrero arc system (Figure 6.7; Cabral Cano et al., 2000; Elias-
Herrera et al., 2000; Centeno-Garcia et al., 2008; Martini et al., 2011 & 2014). The
marginal back-arc basin has been favoured in recent years because of similarities in

the basement of the Guerrero terrane and continental Mexico (discussed in Section

6.4.1.1; Figure 6.8).
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Figure 6.8. Back-arc model for the opening of the Arperos basin from Martini et al.
(2011).

The initiation of rifting in the Arperos basin is recorded in rhyolites of the

Esperanza Formation (Figure 6.8) which yield an age of 150 Ma (U/Pb on zircons;
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Martini et al., 2011). The youngest ages obtained from igneous rocks in the Arperos
basin are in meta-volcanics of the Palmar Chico Assemblage which yield an age of
130 Ma (U/Pb on zircon; Martini et al., 2014). Detrital zircon studies on sandstones
from the Arperos basin produce main peaks of 133 and 131 Ma (Martini et al., 2011).
Younger peaks of 118 and 119 Ma have been obtained from sandstones of the Ojo
de Agua Assemblage (Martini et al., 2014). These are interpreted to have formed
when the Guerrero terrane and terrestrial Mexico were in close proximity to each
another. This indicates that the Arperos basin was closed by the Early Aptian,
although Martini et al. (2014) interpret metamorphically reset basalts that yield a

Oar-¥ar age of 101 Ma to represent the time of Arperos basin closure.

6.4.2 Xolapa Terrane

The Xolapa terrane defines the southernmost extent of continental Mexico
along its Pacific margin, covering an area approximately 40,000 km?. It is in tectonic
contact with the Cuicateco, Zapoteco, Mixteco and Guerrero terranes (Figure 6.1).
The terrane is composed mostly of migmatitic orthogneisses and paragneisses that
have been intruded by intermittent magmatism since the Jurassic (Solari et al., 2007;
Torres-de Leon et al., 2012). The origins and relationships of this area to the rest of
continental Mexico are still unclear. Some authors propose an allochthonous arc
system origin that accreted to Mexico during the Mesozoic (Campa & Coney, 1983;
Sedlock et al., 1993), whereas others suggest that the area is in fact autochthonous
and is a result of thinning and re-heating of existing continental crust during the

Tertiary (Ducea et al., 2004; Ratschbacher et al., 2009).
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Figure 6.9. Timeline of magmatism in the Xolapa terrane since the Jurassic, from
Solari et al. (2007).

It is believed that the magmatic rocks belonging to the Xolapa terrane formed
in association with arc volcanism or collisions between the Chortis block and
Southern Mexico (Figure 6.9; Solari et al., 2007). Previous geochronological studies in
the area (U/Pb zircon) place the first magmatic event at ca. 165-158 Ma (Ducea et
al., 2004), followed by one at 129 Ma, ca. 55 Ma (Solari et al., 2007) and ca. 34-28
Ma (Herrmann et al., 1994; Ducea et al., 2004). A migmatization event is thought to
have occurred between this sporadic magmatism at ca. 134 due to crustal thickening

in association with interactions with the Chortis Block (Solari et al., 2007).

6.4.3 Chortis Block

The Chortis block lies to the south of the Maya terrane of Southern Mexico
(Figure 6.1) and makes up the only continental portion of the Caribbean Plate
(Rogers et al., 2007). It is widely accepted that the area is not autochthonous but
instead originated to the south of Mexico (Figure 6.3), migrating east at least 1100

km during the Tertiary along the Motagua-Polochic transform fault (Malfait &
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Dinkelman, 1972; Pindell & Dewey, 1982; Pindell et al., 1988; Sedlock et al., 1993;
Dickinson & Lawton, 2001; Rogers et al., 2007; Pindell & Kennan, 2009; Ratschbacher
et al.,, 2009; Torres-de Leon et al., 2012; Talavera-Mendoza et al.,, 2013). An
alternative theory is that the block migrated north-eastwards from the Pacific Ocean
during the Eocene, along a pole of rotation found near Santiago de Chile (Keppie &
Moran-Zenteno, 2005). Within the Chortis Block five separate terranes have been
identified known as the Northern Chortis magmatic zone, the Central Chortis
terrane, Southern Chortis terrane, Eastern Chortis terrane and the Siuna terrane

(Figure 6.1).

The Central Chortis terrane covers an area 110,000 km?in size and is made up
of Grenvillian to Palaeozoic continental metamorphic rocks that include phylites,
schists, para and orthogneisses (Rogers et al., 2007) dated between 1Ga (U/Pb
zircon; Manton, 1996) to 220 Ma (K/Ar biotite; MMAJ, 1980). Towards the north of
the terrane, dacite plutons dated from 124 Ma (U/Pb on zircon; Drobe & Cann, 2000)
to ca. 60 Ma (K/Ar on biotite & hornblende; Horne et al., 1976; Emmet, 1983)
intrude Palaeozoic to Triassic metamorphic rocks (Rogers et al., 2007). This terrane
shows similarities to the Zapoteco, Mixteco and Teloloapan terranes of Southern
Mexico, in terms of both the age and composition of its basement, as well as the age

of magmatic events found within it (Rogers et al., 2007).

The Eastern Chortis terrane covers an area of 185,500 km? and consists of a
Jurassic metasedimentary basin that may relate to the southern rifted margin of the
North American plate during its separation from the South American Plate in the

Jurassic (Rogers et al., 2007). This basin has been intruded intermittently by
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magmatism from 140 Ma (Rb/Sr whole rock granite; Donnelly et al., 1990) to 70 Ma

(K/Ar on plagioclase found in a basaltic andesite; Weiland et al., 1992).

The Northern Chortis metamorphic zone is a subterrane of the Central
Chortis terrane and is defined by Early Cretaceous to Early Tertiary magmatism (124-
30 Ma; U/Pb zircon; Manton & Manton 1984) that formed in association with a
basement of sheared, high grade gneiss (Manton, 1996; Rogers et al., 2007). The
sporadic magmatism of the Northern Chortis metamorphic zone can be related to
the arc magmatism observed in the Xolapa terrane of Southern Mexico which

suggests proximity between the two areas in the past.

The Southern Chortis terrane covers an area of 120,000 km? (Rogers et al.,
2007) and is characterized by Miocene pyroclastic strata thought to be associated
with the late Cenozoic Central America volcanic arc (Rogers et al., 2007). Basement
exposures in the terrane are limited to one outcrop of meta-igneous rock (Markey,
1995) that has not been dated but are proposed to be related to the Jurassic-

Cretaceous arc of the Guerrero terrane, Southern Mexico (Rogers et al., 2007).

The Siuna terrane lies to the south of the Chortis block, in Northern
Nicaragua and is composed of serpentinites and ultramafic cumulates (Rogers et al.,
2007). It is thought that the terrane formed as an Early Cretaceous island arc built on
oceanic basement, accreted to the southern margins of the Chortis in the Late
Cretaceous (Venable, 1994). Rogers et al. (2007) suggest that the area could
represent the westernmost accreted terrane formed from the collision of the

Caribbean arc into the continental margins of Chortis.
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6.5 Adjacent Terranes

6.5.1 Zapoteco Terrane

The Zapoteco terrane (Sedlock et al., 1993) also referred to as the Oaxaca
terrane (Campa & Coney, 1983; Centeno-Garcia & Keppie, 1999) consists of
Proterozoic basement unconformably overlain by a Palaeozoic sedimentary cover

(Figure 6.1; Sedlock et al., 1993; Angeles-Moreno, 2006).

The basement of the Zapoteco terrane (Oaxacan Complex; Figure 6.10),
outcrops of which cover an area of 10,000 km? (Keppie et al., 2003) is composed of
banded gneiss, charnockite, garnet-rich paragneiss, marble, syenitic intrusions,
orthogneiss, meta-anorthosite, anorthositic gabbro and granitic pegmatite (Ortega-
Gutierrez, 1984; Sedlock et al., 1993; Angeles-Moreno, 2006). It is widely accepted
that the complex is part of the Precambrian-Palaeozoic micro-continent of Oaxaquia
that forms the backbone of Mexico, and proposed to extend southwards from the
Ouachita suture in Coahuila to the Isthmus of Tehuantepec in southern Mexico
(Figure 6.10; Ortega-Gutiérrez et al., 1995; Keppie et al., 2003; Angeles-Moreno,
2006). It is thought that the Oaxaquia micro-continent formed in sporadic episodes
of arc/backarc magmatism and migmatization events off the Northern Boundary of
the Amazonia Craton (Solari et al., 2003; Keppie & Ortega-Gutierrez, 2010). Ages of
ca 1300-1200 Ma (U/Pb zircon from para and orthogneisses; Keppie & Dostal, 2007),
ca. 1140 Ma (U/Pb zircon from anorthosites; Keppie et al., 2003), 1105 Ma (U/Pb
zircon from migmatites; Solari et al., 2003), ca. 1010 Ma (U/Pb zircon from AMCG
suite; Keppie et al., 2003) and 917 Ma (U/Pb zircon from calc-alkaline granitoid

pluton; Ortega-Obregdn et al., 2003) have been obtained by various authors from

184 | Page



Chapter 6: Geological overview of the Cuicateco terrane

the Oaxacan Complex. Other Precambrian outcrops that have comparable ages
(Figure 6.10) and thought to be related to Oaxaquia are the Huiznopala Gneiss in
Huiznopala, Hidalgo state (Lawlor et al., 1999), Novillo Gneiss in the Novillo canyon,
Ciudad Victoria, Tamaulipas (Stewart et al., 1999) and the Guichicovi Complex, near

the Tehuantepec isthmus (Weber & Kohler, 1999).

30°4
Gulf of
Mexico
Novi/lo Gneiss
C%l:ﬁggesri?e uiznopala Gneiss J/a
Terrane PR : e

Pacific Ocean

Oaxacan Complex

20060 40

Figure 6.10. Map showing the location of the Grenvillian aged Oaxaquia basement.
The dark red marks the boundaries set by Ortega-Gutierrez et al. (1995) and the
light red marks possible extensions proposed by Keppie et al. (2003).

The Precambrian basement rocks that make up the Zapoteco terrane are
covered by marine and continental Palaeozoic, Mesozoic and Cenozoic sedimentary
rocks (Angeles-Moreno, 2006). The earliest unit dating back to the Early Ordovician,
known as the Tifiu Formation (Navarro-Santillan et al., 2002), is made up of siltstones
and limestones that uncomformably overlie the Oaxacan Complex (Figure 6.11).
Above these Ordovician units lie Carboniferous-Permian rocks known as the
Ixtaltepec, Santiago and Matzitzi Formations (Centeno-Garcia & Keppie, 1999) which

are primarily made up of sandstones and conglomerates (Figure 6.11)
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Figure 6.11. Stratigraphic column for the Zapoteco terrane, adapted from Angeles-
Moreno (2006).

Mesozoic strata of the Zapoteco terrane are Callovian to Campanian in age.
The oldest rocks belong to the Metzontla Formation which consists of tonolite dykes
(Torres-Vargas et al., 1986), and are successively overlain by the late Jurassic red

beds and limestones of the Etlaltongo Formation (Alzaga-Ruiz, 1991), Middle
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Cretaceous sandstones and conglomerates of the Zapotitlan Formation (Angeles-
Moreno, 2006). These were followed by marine deposits in the late Cretaceous

(Figure 6.11)

Cenozoic units range in age from the Palaeocene until the end of the
Miocene; these include the Tecomatlan, Yanhuitlan and Suchilquitongo Formations
(Angeles-Moreno, 2006; Ferrusquia-Villafranca, 1990). They consist of interbedded
conglomerates, volcaniclastics and volcanic rocks, suggesting contemporaneous

sedimentation and magmatism (Figure 6.11; Angeles-Moreno, 2006).

6.5.2 Maya Terrane

The Maya terrane lies to the east of the Cuicateco, and is separated from it
by the Vista Hermosa thrust fault (Figure 6.1). Some authors prefer to split this
extensive terrane and instead name it the Yucatdn-Chiapas block (Dickinson &
Lawton, 2001).

Basement rocks of the Maya terrane have been constrained to be Grenvillian
in age from studies of the Guichicovi Complex (Figure 6.10). Felsic orthogneisses
have been dated at 1.23 Ga with intruded charnockites at 991 Ma (U/Pb zircon;
Weber & Kohler, 1999). These ages correspond to other high grade units from
around Mexico e.g., Oaxacan Complex, suggesting that parts of the Maya terrane
basement are derived from the microplate Oaxaquia (Ortega-Gutierrez et al., 1995).
Basement rocks from the Palaeozoic, consisting of metasedimentary and intrusive
rocks have also been well documented in the Chiapas Massif (Weber et al., 2008;
Weber et al.,, 2009), the Mayan Mountains in Belize (Martens et al., 2010), Altos

Cuchumatanes (Solari et al., 2009) and also in Guatamala (Ratschbacher et al., 2009).

187 |Page



Chapter 6: Geological overview of the Cuicateco terrane

These rocks are thought to be related to a magmatic event occurring in the Maya
Block in the Devonian (Martens et al., 2010). The basement rocks are covered by

Late Palaeozoic sedimentary strata belonging to the Santa Rosa Formation (Weber et

al., 2006).
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Figure 6.12. Stratigraphic column of the southwestern area of the Maya terrane
(Godinez-Urban et al., 2011).

The sedimentary cover of the Maya terrane consists of the Jurassic Todos
Santos Formation (Figure 6.12), lying along its western boundary (in contact with the

Cuicateco terrane). This unit is composed of red fluvial sandstones, mudstones and
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conglomerates containing volcanic-lithic detritus (Godinez-Urban et al., 2011).
Detrital zircons from sandstones found in the formation are very uniform and
suggest an age of Callovian or younger (Godinez-Urban et al., 2011). It has therefore
been proposed that the formation was deposited in a rift basin in association with
the early stages of the opening of the Gulf of Mexico (Figure 6.12; Godinez-Urban et
al., 2011). Salt deposits that outcrop between the Todos Santos Formation and the
San Ricardo Formation are also believed to be related to the continental rifting stage
of the Gulf of Mexico opening (see Section 6.6). The latest sequences of the Maya
terrane consist of deformed and undeformed Cretaceous and Tertiary marine

sediments (Perez-Gutierrez et al., 2009).

6.6 Gulf of Mexico

The Gulf of Mexico is an asymmetric oceanic basin that separates the
southern states of the USA from the south of Mexico. The basin formed in
association with the opening of the Atlantic Ocean in the Jurassic. The initiation of
continental rifting in the Gulf of Mexico is poorly defined (Salvador, 1987; Marton
and Buffler, 1994), but some authors place it in the Bathonian (Pindell and Kennan,
2001). Salt was deposited in the basin until the beginning of sea-floor spreading
during the Oxfordian, ca. 158 Ma (Figure 6.13; Pindell and Kennan, 2009). It is well
documented that the Yucatdn block prior to the initiation of rifting in the Gulf of
Mexico lay between Texas and Venezuela (Pindell and Dewey, 1982; Pindell, 1985;
Schouten and Klitgord, 1994; Dickinson and Lawton, 2001; Jacques et al., 2004; Bird
et al., 2005; Imbert, 2005; Imbert and Phillippe, 2005; Pindell et al, 2005). For it to fit

into this area a clockwise rotation of 45°-60° needed to occur relative to its current
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position (Figure 6.13; Pindell & Dewey, 1982; Pindell, 1985; Marton and Buffler,
1994). The pole of rotation was situated between Florida and Yucatan (Marton and
Buffler, 1994). The migration of Yucatan to its current position was accommodated
by the Tamaulipas-Golden Lane-Chiapas transform fault zone (Figure 6.13; Pindell,
1985). Seismic line interpretations along the Florida Straits (Marton and Buffer,

1999) indicate that extension in the Gulf of Mexico stopped in the Valanginian (139-

134 Ma).
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Figure 6.13. Model for the opening of the Gulf of Mexico, adapted from Pindell &
Kennan (2009).
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6.7 Summary

e The Cuicateco terrane lies in Southern Mexico and is in faulted contact with the
Zapoteco terrane to the west along the Oaxaca normal fault and with the Maya
terrane to the east along the Vista-Hermosa reverse fault.

e The northern Cuicateco appears to have formed in an extensional event during
the Early Cretaceous, predating similar lithologies of the southern Cuicateco by
~60-70 Ma.

e The Early Cretaceous extensional event may relate to rifting associated with the
breakup of Pangaea, either through the opening of the Gulf of Mexico (Mendoza
et al., 2010) or through the separation of North and South America (Angeles-
Moreno, 2006).

e Alternatively, the Early Cretaceous northern Cuicateco may be associated with
subduction related extension, as is seen in the Arperos basin in Mexico
throughout the Early Cretaceous (Cabral Cano et al., 2000; Elias-Herrera et al.,
2000; Centeno-Garcia et al., 2008; Martini et al., 2011 & 2014).

e The south of the Cuicateco terrane, although similar in lithology, is substantially
younger (Late Cretaceous) than the northern Cuicateco and therefore they are

not likely to be related.
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7  Fieldwork and Petrography

7.1 Introduction

Samples from the Cuicateco terrane were collected over two field seasons
during 2011 and 2014. Due to the size of the study area and inaccessibility of the
regions by foot, samples were mostly collected from outcrops along road sides. This
chapter will present field and petrographic observations made from the study area

and the collected samples.

The northern Cuicateco, as previously described in Chapter 6, can be split
into four principle units of the Mazateco Metamorphic Complex, Chivillas Formation,
Pochotepec Formation and the Teotitlan Migmatitic Complex. The Mazateco
Metamorphic Complex is comprised of rocks of probable Paleozoic age, with a
genesis unrelated to the other units in the northern Cuicateco. For this reason it was
decided to focus the sampling on the Chivillas Formation, Pochotepec Formation and
Teotitlan Migmatitic Complex. This study also conducted a short field trip in May
2014 to the Xonamanca Formation, which outcrops ~50 km to the north of the
Cuicateco terrane (Figure 7.1). There have been very few studies on the Xonamanca
Formation but it is reported to be composed of Early Cretaceous volcano-
sedimentary successions (Carrasco et al., 1975; Servicio Geoldgico Mexicano map,
2001; Angeles-Moreno, 2006) which may be similar to the Early Cretaceous
successions of the northern Cuicateco terrane. In total 48 samples were collected
from the northern Cuicateco and Xonamanca Formation for petrographic,

geochemical and geochronological analysis (Figure 7.1; Appendix B).

192 | Page



Chapter 7: Fieldwork and Petrography

-97.375 -97.225

18.725

4-6-14-7
4-6-14-80%
4-6-14-1094-6-14-9
4.6-14-13

Legend

B Teotitlan Migmatitic Complex
. Chivillas Formation

. Xonamanca Formation

B Pochotepec Formation

[[] Mazateco Metamorphic Complex
[ Tehuacan Basin

1410-21-11-6

-97.|075 -96.I925

—_

L

ﬂ

N

(5]

—

| &0

(3]

~

(3]

—

R

F =Y

N

(2]

10-20-11-78

B 10- 11- Jal-20-11-4 =
N

N

(3]

—

Lo

—

N

(3]

%10.17-11-15

10-17.11-08% &

-97.375 -97.225

-97.075 -96.925
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7.2 The Chivillas Formation

7.2.1 Fieldwork

In total 27 samples were collected from the Chivillas Formation for
geochemical and geochronological analysis (Figure 7.1). The igneous suite of the
Chivillas Formation is characterised by plutonic, hypabyssal and extrusive mafic
rocks. The extrusive rocks appear to have been erupted in a submarine basin and are
preserved as well defined pillow basalts and inter-pillow breccias (Figure 7.3 A-D).
Vesicles and amygdales found in the pillow basalts suggest they were extruded at
fairly low pressures and therefore in a shallow water column (<1km), where volatiles

were able to degas from the magmas (assuming CO, is the main volatile degassing).

Stratigraphically lower portions of the igneous suite in the Chivillas Formation
are characterised by homogeneous diorite and micro-diorite intrusions that display
massive textures (Figure 7.3 F). These plutonic rocks may represent the magma
chambers from which the extrusive rocks erupted. Younger generations of basaltic
magmatism are observed to intrude these plutonic rocks (Figure 7.3 G&H). The
igneous rocks range from being reasonably fresh to showing signs of significant
hydrothermal alteration. A slight green colouration to the rocks suggests they are

likely to have been exposed to low grades of metamorphism.
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Figure 7.2. Photographs of Chivillas Formation. A&B) Examples of pillow basalts.
C&D) Inter-pillow breccias. E) Vesicles found in the pillow basalts. F) Massive
homogeneous diorite G&H) Basaltic dykes intruding into plutonic diorites.

The sedimentary successions observed within the Chivillas Formation are
composed of sandstones, conglomerates and lithofacies that are consistent with
typical bouma sequences, associated with turbidite deposits (Figure 7.3 A-C). The
conglomerates contain clasts of banded quartzofeldspathic rock, quartz white-mica

schist and granites (Figure 7.3 D&E), indicating a continental provenance.

The turbidite deposits consist of basal sandstones with normal grading
overlain by laminated sandstones and in some instances by slate. In a few areas the
lithofacies included basal conglomerates, indicating that an almost complete bouma
sequence is present within the Chivillas Formation. Some of the finer slates include
carbonaceous material, along with a few carbonate beds (cm’s). From the field

outcrops it is unclear where the carbonates belong in the lithofacies.

The proximity of the igneous rocks and sedimentary successions throughout
the Chivillas Formation suggest that they likely formed contemporaneously. This is
confirmed by peperite deposits that are found in the area, where basalts have

intruded through wet sediment (Figure 7.3 G&H).
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Figure 7.3. A-C) Turbidite deposits. Bouma sequence include A,B,C,E. Found in close
association with the pillow basalts. D) Folding and deformation of the turbidite
deposits. Possibly related to soft sediment slumping. E&F) Interclasts and clasts
(tens of cms) of sandstones, granite, schists and quartz in a conglomerate. G&H)
Peperite deposits where magmas have intruded wet sediments.

7.2.2 Petrography

7.2.2.1 Igneous suite

The plutonic rocks of the Chivillas Formation are phaneritic in texture and
contain crystals that are 1-7 mm in size. They are predominantly composed of
plagioclase (60-80 %') that has been partially seriticised (Figure 7.4 A-D). The
dominant mafic mineral is clinopyroxene, which contributes 15-30 % of the rock
(Figure 7.4 A-D). Skeletal and tabular ilmenite is also relatively abundant (10-20 %),

and has been partially broken down into leucoxene (Figure 7.4 A&B).

The extrusive igneous rocks of the Chivillas Formation are aphanitic in texture
and contain crystals of fairly uniform size (300-1000 um), with amygdales that are
1000-5000 um. They are primarily composed of plagioclase feldspar (70-90 %) that
has undergone moderate sericitic alteration (Figure 7.4 E&F). Opaque minerals,
which appear to be mainly ilmenite, contribute 5-10 % of the rocks. The mafic phases

of the extrusive rocks are again dominated by clinopyroxene (10-20 %; Figure 7.4 H).

Hydrothermal alteration is a common feature of the igneous rocks in the
Chivillas Formation. Serpentine can be found throughout the samples in the form of
lizardite and antigorite (Figure 7.4 A-F). Calcite is also found in veins and filling
amygdales, along with iron oxides (more common in the extrusive rocks; Figure 7.4

E-H). Zeolites are another mineral found to be filling the amygdales (Figure 7.4 G).

1 . .
All mineralogical percentages are vol.%
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Figure 7.4. Photomicrographs of the igneous rocks found in the Chivillas Formation.
A-D) PPL and XPL view of diorites containing plagioclase laths, clinopyroxene and
ilmenite. Serpentine has formed as a result of hydrothermal alteration. E) XPL of a
hydrothermally altered basalt with calcite veining. F) XPL view of a hydrothermally
altered basalt showing somewhat of a porphyritic texture. Mainly composed of
plagioclase. Also contains serpentine and abundant iron oxide G&H) XPL view of a
hydrothermally altered basalt. Amygdules are filled with calcite, serpentine and
zeolites. Acronyms: ser= serpentine, plag= plagioclase, cal= calcite, FeOx= Iron
oxide, cpx= clinopyroxene, ilm= ilmenite, zeo= zeolite.

7.2.2.2 Sedimentary suite

The sandstones of the Chivillas Formation contain detrital grains that are
angular to sub-angular in habit and 0.5 to 5 mm in size. They are dominated by
guartz (50-60 %) and are arkosic in composition (25-35 % feldspars; Figure 7.5 A-F),
indicating that they likely derived from a granitic source (continental provenance;
Folk, 1974). The feldspars have been partially altered to sericite (Figure 7.5 A-F) and
lithic fragments make up around 10-15 % of the sandstones that are mostly
composed of chert. Minor phases (2-5 %) include zircon (Figure 7.5 A-F) and titanite

(Figure 7.5 E).

The sandstones range from arenites (matrix® 5 %; Figure 7.5 A-C) to
borderline greywackes (matrix ~ 15 %; Figure 7.5 D; Dott, 1964). There is also a
varying amount of calcite cement found in the sandstones which fill any initial
porosity. This is most prominent in Figure 7.5 F where calcite cement appears to

make up ~20 % of the rock.
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Figure 7.5. Photomicrograph of the sediments from the Chivillas Formation. A-C) XPL view of
crystal supported (90 %) arkosic sandstones, containing quartz, plagioclase and microcline
(partly seriticised), zircon and lithic fragments (including chert).D) XPL view of clast supported
(85 %) arkosic sandstone, predominantly composed of quartz and plagioclase. The cement is
composed of clays and calcite E) PPL view of an arkosic sandstone that contains titanite F). XPL
view of a crystal supported (85 %) arkosic sandstone, containing quartz, plagioclase and chert
fragments. Calcite acts as a cement. Acronyms: qtz= quartz, plag= plagioclase, mcr= microcline;
cal= calcite, cht= chert, ttn= titanite, Ith= lithic fragment.
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7.3 Teotitlan Migmatitic Complex

7.3.1 Fieldwork

In total 11 samples were collected from the Teotitldan Migmatitic Complex for
geochemical and geochronological analysis (Figure 7.1). The area comprises several
generations of granitoids that intrude into amphibolite, orthogneiss and paragneiss
host rock (Figure 7.6 A-H). It is evident that there has been partial melting of the host
rocks, causing migmatitic textures in the amphibolites and gneiss (Figure 7.6 F). This
unit of the Cuicateco terrane can be interpreted as a volcano-sedimentary
succession that has undergone amphibolite facies metamorphism and has been later
intruded by generations of granitoids, causing migmatization of the amphibolites and

gneiss.

A small sliver of ultramafic cumulate rock is observed in faulted contact with
the Teotitlan Migmatitic Complex (Figure 7.6 B&C). It is difficult to determine the
relationship of this cumulate to the rest of the Cuicateco terrane. It may be related
to the granitoid intrusions observed in the Teotitlan Migmatitic Complex.
Alternatively, it may relate to the oceanic crust of the Chivillas Formation to which it

is also in faulted contact with.

The contact between sediments of the Chivillas Formation and granitoids of
the Teotitlan Migmatitic Complex is observed along a sub vertical reverse fault
(95/82°; Figure 7.6 A) which likely relates to compression during the Laramide

Orogeny.

202 | Page



Chapter 7: Fieldwork and Petrography

X

WGS 84: 706655; 2011941

| b
GS 84: 705734; 2010829

L

;' : \
: (&4 ol A N ¢
& T
‘ Kk 5
4 yd ' :
S 'y
5 1182 o a2 A
5 |

N J

VGS 84: 705481; 2008398

203 | Page




Chapter 7: Fieldwork and Petrography

Figure 7.6. Photographs of the Teotitlain Migmatitic Complex. A) Faulted contact
between sediments of the Chivillas Formation and the granitoids of the Teotitlan
Migmatitic Complex. B&C) Ultramafic cumulitic rock found in faulted contact with
the rest of the Complex. D-F) Generations of granitoids intruding into amphibolites
and paragneiss. G&H) Garnet bearing paragneiss and orthogneiss that the granites of
D-F are also found to intrude.

7.3.2 Petrography

7.3.2.1 Ultramafic cumulate

The ultramafic cumulate found in the Teotitldan Migmatitic Complex contains
large crystals that are 10-40 mm in size They appear to have initially formed through
the crystallisation of orthopyroxene and clinopyroxene, with subsequent interstitial
plagioclase crystallisation (Figure 7.7 A). It has subsequently undergone amphibolite
facies metamorphism, forming brown and green amphiboles Figure 7.7 A). There is
also evidence for retrogressive metamorphism with actinolite and titanite forming

from the breakdown from the green and brown amphiboles (Figure 7.7 A).

7.3.2.2 Amphibolites

The amphibolites of the Teotitldan Migmatitic Complex contain crystals that
are 1-10 mm in size, principally composed of hornblende (50-70 %) and plagioclase
(20-40 %; partially altered to saussurite and sericite) that display weak compositional
banding (Figure 7.7 B&C). Accessory minerals include titanite (5 %) and interestingly
a relative abundance of zircon (Figure 7.7 C). In some examples metamorphic
clinopyroxene is present (5-10 %), suggesting a high grade amphibolite facies of

metamorphism.
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Figure 7.7. Photomicrographs of the Teotitlan Migmatitic Complex. A) XPL view of an
ultramafic cumulitic rock containing amphiboles and pyroxenes. B&C) PPL and XPL
view of a poorly foliated amphibolite. Accessory minerals include titanite, apatite
and zircon D) XPL view of an aplitic dyke, containing quartz and plagioclase. Quartz
recrystallised into fine aggregates. E) XPL view of a tonalite that contains large
partly seriticised plagioclase crystals, biotite, dynamically recrystallised quartz and
minor zircon. F) XPL view of a tonalite containing fresh plagioclase and quartz.
Quartz has been dynamically recrystallised G).XPL view of a biotite gneiss containing
quartz, plagioclase, biotite. Accessory minerals include zircon. H) XPL view of
amphibolitic gneiss, containing hornblende and plagioclase. Accessory minerals
include apatite and opaques. Fabric defined by hornblende. Acronyms: plag=
plagioclase, bio= biotite, qtz= quartz, hrn= hornblende, ttn= titanite, cpx=
clinopyroxene, act= actinolite, mag= magnetite.

7.3.2.3 Granitoids

Petrographic interpretations on the granitoids of the Teotitlan Migmatitic
Complex reveal crystals that are 0.5 to 15 mm in size. The granitoids are composed
of 40-50 % feldspars, which are dominated by the plagioclase member (95%),
indicating a tonalitic composition (Figure 7.7 D-F). The feldspars have subsequently
moderately been altered to sericite and saussurite. Quartz in the tonalites (25-40 %)
has been widely recrystallised, forming quartz-rich veins that tend to wrap around
the more resilient plagioclase crystals (Figure 7.7 D-F), and indicating deformation
has occurred. This deformation appears to be fairly low grade as the plagioclase only
shows evidence for brittle deformation (deformed twins and fractures). Biotite is
also present in varying amounts in the tonalites (5-25 %) and is often altered to

chlorite.

7.3.2.4 Gneiss

The gneisses of the Teotitlan Migmatitic Complex contain crystals that are 0.3
to 15 mm in size. They are variable in composition, with some examples containing
quartz (30 %), plagioclase (45 %) and biotite (15 %; Figure 7.7 G). A weak foliation is

defined by the biotite, although some grow with a random orientation suggesting
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that biotite may have grown syn- to post-kinematically (Figure 7.7 G). The quartz is
commonly recrystallised into quartz ribbon (Figure 7.7 G). Other examples lack
quartz and biotite and are instead composed of hornblende (15 %) and partially

seriticised plagioclase (70 %), with minor apatite and opaque minerals (Figure 7.7 H).

7.4 Pochotepec Formation

7.4.1 Fieldwork

In total two samples were collected from the Pochotepec Formation for
geochronological analysis from a dirt road linking the towns of Pochotepec and La
Toma (Figure 7.1). The formation is characterised by moderately-severely weathered
metasediments (schists and calc-silicates), mafic magmatism and granitoid intrusions
that have all undergone greenschist-amphibolite facies metamorphism (Figure 7.8 A-
H). The granitoids intrude into the metasediments (Figure 7.8 A&B). Pegmatites
associated with the granitoids display an unusual texture (possibly graphic) involving
blue quartz and plagioclase (Figure 7.8 C). Amphibolites are found close to the town
of La Toma, interbedded with the schists (Figure 7.8 G&H). The Pochotepec
Formation appears to have been affected by widespread deformation with folding
observed in the granitoids and metasediments (Figure 7.8 A&E). Crenulations
observed in the schists suggest that more than more deformation event has
occurred (Figure 7.8 F). No contact was observed between the Pochotepec

Formation and the other units of the Cuicateco terrane.
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Figure 7.8. Photographs of the Pochotepec Formation. A&B) folded granites
intruding into schists. C) Banding of blue quartz found in a pegmatite. D) Quartz-
mica schist. E) Isoclinal folding in a quartz-white mica schist. F) Crenulated feldspar-
white mica-chlorite banded schist. G&H) Intrusions of granitoids and amphibolites
into schists.

7.4.2 Petrography

7.4.2.1 Metasediments

Metasediments of the Pochotepec Formation are dominated by schists, with
minor examples of para-amphibolites. The para-amphibolites contain large crystals
that range in size between 2 and 12 mm that are primarily composed of tremolite
(80 %), and quartz (20 %; Figure 7.9 A). The petrographic interpretations indicate

that the protolith might have been a dolomitic limestone.

Petrographic interpretations on the schists reveal metamorphic minerals that
range in size between 0.1 and 20 mm, primarily composed of micas (20-60 %; Figure
7.9 B&C) that include both muscovite and biotite (chloritized in some examples).
Recrystallised quartz and plagioclase are also common in the schists (30-70 %) and
often define a foliation (Figure 7.9 B&C). Accessory minerals found in the schists

include zircon and apatite (<1%).
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Figure 7.9. Photomicrographs of the Pochotepec Formation. A) XPL view of tremolite
in a calc-silicate rock. B) XPL view of quartz-muscovite schist. Foliation defined by
muscovite C) XPL view of greenschist facies arkosic arenite. Foliation defined by
quartz ribbons. D) XPL view of a nematoblastic epidote amphibolite E) XPL view of
titanite, clinozoisite, zoisite bearing amphibolite F) XPL view of a coarse
amphibolite. Protolith is likely a plutonic rock. G) XPL view of quartz-chlorite schist
being intruded by a lineated granite H) PPL of a granite containing titanite. Plag=
plagioclase, bio= biotite, qtz= quartz, hrn= hornblende, ttn= titanite, trm= tremolite,
act= actinolite, epi= epidote, zoi= zoisite, czo= clinozoisite, FeOx= Iron oxide, mus=
muscovite, zrc= zircon.

7.4.2.2 Amphibolites

The amphibolites from the Pochotepec Formation range from being
compositionally banded, where the crystals are 0.1 to 1 mm in size (Figure 7.9 D), to
having more of a phaneritic igneous like texture, where the crystals are 5 to 20 mm
in size (probably relating to a meta-plutonic rock; Figure 7.9 F). The main amphibole
present is hornblende (30-60 % of the rock) but actinolite can also be found and this
may have formed from the regressive breakdown of hornblende (Figure 7.9 E-F).
Other common metamorphic minerals include epidote, clinozoisite, zoisite and
titanite (Figure 7.9 E). Quartz is also a common mineral in the compositionally

banded amphibolites (10-20%; Figure 7.9 D).

7.4.2.3 Granites

The granites of the Pochotepec Formation contain crystals that are 0.5 to 10
mm in size and predominately composed of quartz (35-50 %) and seriticised alkali
feldspars (25-40 %; Figure 7.9 G&H). The quartz has commonly been recrystallised,
forming aggregates and ribbons (Figure 7.9 G&H). Minor phases in the granites
include biotite (5-10 %), titanite (5 %) and zircon (Figure 7.9 G&H). The presence of
actinolite, clinozoisite and epidote in some samples indicates that the rocks have

undergone greenschist facies metamorphism.

211 | Page



Chapter 7: Fieldwork and Petrography

7.5 Xonamanca Formation

7.5.1 Fieldwork

In total five samples were collected for geochemical and geochronological
analysis from the Xonamanca Formation (Figure 7.1). Little has been reported on the
Xonamanca Formation in the past, likely due to the thick vegetation that covers the
area and makes finding outcrops difficult (Figure 7.10 A&B). The formation is
composed of a volcano-sedimentary succession of red tuffs that are interbedded
with extrusive volcanic rocks and volcanoclastic material (Figure 7.10 C-E). The
volcano-sedimentary unit of the Xonamanca Formation is overlain by dark micritic
limestones that contain echinoid fossils dating to the Valanginian (140-136 Ma;

Carrasco et al., 1975; Figure 7.10 F-H).
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Figure 7.10. Photographs of the Xonamanca Formation. A&B) Photos showing dense
vegetation in the area C-E) Cliff face exposing successions of red tuffs, lavas and
volcanoclastics F-H) Limestone outcrops that cover the volcanic successions of the
Xonamanca Formation.

7.5.2 Petrography

The tuffs of the Xonamanca Formation are predominantly composed of fresh
plagioclase, quartz and biotite (Figure 7.11 A-H) sitting in a matrix of devitrified and
altered glass. Small amounts of lithic fragments are also present and are associated
with iron oxides in some instances (Figure 7.11 G). Evidence of compaction can be
seen in the welded tuffs (Figure 7.11 A-D) whereby devitrified and altered glass
(possible fiammes) and biotite define a weak fabric. Alternatively this foliation may
have formed in response to a pyroclastic surge. The unwelded tuffs range from being
poorly sorted (70 % devitrified glass and ash matrix and 30 % larger crystals and lithic
fragments; Figure 7.11 F&G) to well sorted (30 % ash matrix and 70 % larger crystals;

Figure 7.11 E&H).

Zircons found in the tuffs of the Xonamanca Formation are seen to be
associated with biotite (Figure 7.11 C&D). This biotite is likely to have crystallised in
the same eruption that formed the tuffs. We can therefore be fairly confident that
any geochronological work on the tuffs would record the timing of eruption rather

than any contamination from lithic fragments.

214 | Page



Chapter 7: Fieldwork and Petrography

215 | Page



Chapter 7: Fieldwork and Petrography

Figure 7.11. Photomicrographs of the Xonamanca Formation. A-D) PPL and XPL view
of a moderately well sorted, fresh welded tuff containing quartz, plagioclase, biotite
and zircons (associated with the biotite). The biotite defines a foliation probably
related to compaction E) XPL view of a moderately well sorted tuff, containing small
crystals of plagioclase, quartz and biotite. Appears matrix supported F&G) XPL view
of a poorly sorted tuff with large crystals of plagioclase in a fine groundmass of ash,
lithics, plagioclase and quartz. H) XPL view of a crystal supported tuff containing
plagioclase and quartz. Acronyms: plag=plagioclase, qtz= quartz, Ith= lithic
fragments, bio= biotite, zrc= zircon.

7.6 Summary

e The igneous rocks of the Chivillas Formation are composed of submarine
pillow basalts and plutonic diorites that were contemporaneously formed
alongside turbidite deposits that display continental signatures. The contact
between the Chivillas Formation and the Teotitlan Migmatitic Complex was
observed along a sub vertical thrust fault, likely relating to the compressive
deformation associated with the Laramide Orogeny.

e The Teotitldan Migmatitic Complex is composed of several generations of
tonalites that intrude into migmatised amphibolites and gneisses that have
subsequently been deformed. A small sliver of ultramafic cumulate rock may
be related to the tonalite intrusions or alternatively to the marine basin of
the Chivillas Formation.

e The Pochotepec Formation is composed of sediments, mafic magmatism and
granitoids that have undergone greenschist to amphibolite facies
metamorphism. No contact was observed during this study between the
Pochotepec Formation and the rest of the units in the Cuicateco terrane.

e The Xonamanca Formation is composed of a volcano-sedimentary unit that is
dominated by tuffs and pyroclastic deposits. The tuffs yield zircons that
appear to be associated with the age of magmatism and so have been used

for geochronology in Chapter 8.
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8 Zircon U/Pb Geochronology results for the Cuicateco

terrane.

8.1 Introduction

This chapter presents U/Pb geochronological results on zircons separated
from 14 samples collected from various units of the northern Cuicateco terrane and
the Xonamanca Formation (Figure 8.1). Separation as well as analysis (via LA-ICP-MS)
was carried out at the facilities at National Autonomous University of Mexico
(UNAM) in Juriquilla, Mexico. Further information concerning the method for
extracting the zircons, analysis procedure and corrections of initial results are given

in Appendix A and F.

Ages have been determined using the radiometric method of uranium-lead
(U-Pb) dating on zircons. Results of the analysis have been graphically presented in
either a Tera-Wasserburg in association with a 205pp /238y weighted-mean age
calculation or Wetherill Concordia diagram in association with a 207p, /2%py,
weighted-mean age calculation, depending on the age of the zircons present. The
Tera-Wasserburg and 205pp /238y weighted-mean age calculation are more reliable

with Phanerozoic zircons whereas the Wetherill Concordia and 2°’Pb/?°®

Pb weighted-
mean age calculations are more reliable with Precambrian zircons (Jackson et al.,
2004; Ludwig, 2012). Most of the age calculations have been made using weighted
mean plots but in samples where there is a large range in the population age then

the TuffZirc plot has been used which calculates the median age of a population. All

figures presented in this section have been constructed using the excel macro
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“isoplot 4.15” created by Dr. Ken Ludwig at the Berkeley Geochronology Center

(Ludwig, 2012).

The data presented will constrain crystallization and depositional ages of the
rocks found within the Cuicateco terrane. CL images used in conjunction with Th/U
ratios as well as REE patterns have been used to distinguish between metamorphic
and igneous zircon growth. Zircons forming in metamorphic environments usually,
but not exclusively, yield Th/U ratios of <0.1 whereas igneous zircons generally have
ratios >0.2. Magmatic REE patterns typically have pronounced Eu negative anomalies
and steep/enriched HREE patterns whereas the Eu anomaly is usually less
pronounced/absent and HREE patterns are supressed in metamorphic zircons
(Rubatto and Hermann, 2007). The U concentration of the zircons will be used to
identify any grains that are likely to have undergone metamictization (Nasdala et al.,
2001). On samples that have a sedimentary protolith the detrital zircons will be used
to identify the provenance of the grains as well as constrain the maximum age of

deposition, using the youngest population of zircons.
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8.2 Pochotepec Formation

8.2.1 Sample 10-17-11-15¢

Sample 10-17-11-15c is composed of a quartz, two-mica schist containing
garnet that has subsequently been altered. Zircons are subhedral-subrounded and
100-400 um along their longest axis, with aspect ratios of 1:1-4:1. The CL textures
are characterised by faint oscillatory zoning throughout the grains (Figure 8.2 h).
There is one example of a potential inherited core that is dark in colour, suggesting

high U.

Th/U ratios and U concentrations are uniform throughout the grains (0.2-0.6
and 60-300 ppm respectively; Figure 8.2 d & e). The potential core highlighted in the
CL observations is anomalous and displays Th/U ratios of 0.15 and U concentrations
of 900 ppm. From the Wetherill plot a single Proterozoic population can be identified
(Figure 8.2 a). Interestingly, the high-U core yielded an age comparable to the other
zircons (966+39 Ma), which may be explained by metamictization causing an

artificially young age.

Of the 79 analysed zircons 61 were deemed reliable enough to be used in age
calculations (<10% discordant and <10% inversely discordant). Weighted mean plots
yield an age of 996125 Ma, with an MSWD = 0.5 (Figure 8.2 c). This age, along with
the uniform REE patterns and Th/U ratios, suggests that the sedimentary protolith
had a very homogeneous source of 1100-850 Ma (Figure 8.2 b), likely relating to the
Mexican aspect of the Grenville orogeny (Oaxaquia), with the calculated age

representing the maximum age of deposition for the sediment.

220 | Page



Chapter 8: U/Pb Geochronology for the Cuicateco terrane

10-17-11-15¢

a 022 data—pointerrorellipse.s”are 26 b
ﬂ/q250 10

0.20 11 5(2)

0.18 8 s
oD @ o~
§.0.16 6 5
S 5 T
08014 z S
A 750 R 4 9

012} ° =

<

0.10b 350 2

0.08 ' ‘ : - 0

08 12 16 20 24 400 600 800 1000 1200 1400 1600 1800
207PbI235U

Wetherill diagram for all of the analysis (n=79). The dotted
elipses represent zircons that were disregarded (>10%
discordant and >10% inversely discordant), the shaded
elipses represent zircons that were considered for age

Probability density plot for the zircons that were considered

in age calculations.

box heights are 2s

calculations (n=61).
C 1600

1400
g*lzoo
@ 1000

3 800
600
400
200
0

Mean= 996425 [2.5%] 95% conf.
Wtd by data-pt errs only, 0 of 61 rej.
MSWD= 0.5, probability= 1
(error bars in 2s)

207 P bIZDG P

$ oy

-

0.01 + + + t + + +
500 700 900 1100 1300 1500 1700 1900
Age (Ma)

Weighted mean plots for the zircons considered for age

Th/U vs Age (Ma) diagram for all of the analysed grains. The
blue points represent those that were considered for age

calculations.
calculations and the clear points those that were discarded.
e1800 f10000
&
~1400 o,
S %, S 100
51200 . na’
o)) o‘,;“ R 10
<4000 R,
+ g‘o.
800 ‘ 114
"0 100 1000 o1 L
U (ppm) La e Pr NP mEY g T2 py HO £ Ty, LY
Age (Ma) vs. U (ppm) diagram for all of the analysed zircons. Condrite normalised REE diagram for the disregarded
The blue points represent those that were used in age zircons.

calculations and the clear points those that were
disregarded.

221 | Page



Chapter 8: U/Pb Geochronology for the Cuicateco terrane

g 10000

1000

h

96644

103‘(1L

% ’20@7 w96 Ma
1-94*Ma B

&2
aeot% Ma
ﬁmoﬁ 70 e

100

10

WH 103 Ma

0.1 - -
La Ce Pr NdeSmEu GdTb DyHo ErTm Yb Lu e 1150+/-132
Chondrite normalised REE diagram for the zircons Relationship between CL textures and age.
considered for age calculations.

Figure 8.2. Geochronology results for sample 10-17-11-15c of the Pochotepec
Formation.

8.2.2 Sample 10-17-11-8a

This sample was collected from a folded and lineated granite and contains
subhedral zircons that are 100-250 um along their longest axis, with aspect ratios of
2:1-5:1. The CL textures clearly define a core and rim relationship in the grains
(Figure 8.3 I). The cores are characterised by dark CL response (possibly due to high
U) and oscillatory zoning, whereas the rims are more homogeneous and light

coloured (possibly due to lower U).

Th/U ratios and U concentrations are quite varied (0.01-1.1 and 10-3000 ppm
respectively; Figure 8.3 i & j). The higher U concentrations are linked to the cores as
suggested by the CL images. Correlations between the youngest core ages and high-
U concentrations are evident, suggesting metamictization. To account for this,
zircons with U>1000 ppm have not been used in age calculations. The Wetherill
diagram shows that both cores and rims yield Precambrian, mostly Mesoproterozoic

ages (Figure 8.3 a & b). The similarity in age between the igneous crystallization and
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metamorphic overgrowths in the zircons makes it difficult to distinguish between the

two events as there is a lot of overlap.

Of the 49 analysed zircons 28 were deemed reliable enough to be used in age
calculations (<10% discordant, <4% error and <8% inversely discordant). Averages of
cores and rims yielded ca. 1051+42 Ma and ca. 1173£120 Ma, which are equivalent
within error (Figure 8.3 ¢ & d). The large degree of error in the metamorphic rim

ages probably relates to their low U concentrations.

The core ages show wide spread of isotopic ratios, perhaps due to partial
resetting by metamorphism. Interestingly, there is some correlation between the
concentrations of REE and age. The cores with REE patterns similar to the
metamorphic rims yield ages younger than the cores with higher REE concentrations,
which are generally more typical of igneous systems (Figure 8.3 g & h). A plausible
interpretation is that cores richer in REE represent the igneous age and those with
low REE represent partial reset by metamorphism. The average age of cores with
high REE is 1119162 Ma, with a MSWD of 1.3 (Figure 8.3 e) and the average of cores
with low REE is 1019456 Ma, with a MSWD of 2.0 (Figure 8.3 f). These ages are
interpreted as the best constraints for the igneous and metamorphic ages

respectively.
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8.3 Xonamanca Formation

8.3.1 Sample 12-12-10 7B

This sample is a lapilli-tuff containing clasts of quartz, plagioclase and minor
biotite. The zircons are euhedral to subhedral in shape and 100-200 um along their
longest axis, with aspect ratios of 2:1-7:1. The CL textures are characterised by sector

and oscillatory zoning, typical of igneous zircons (Figure 8.4 j).

The Tera-Wasserburg and Wetherill plots (Figure 8.4 a & b) reveal a range of
zircon populations in the sample. Of the 30 grains that were analysed, 24 were
deemed reliable to use for age calculations (<4% error and <20% discordance). The
oldest concordant population relates to Grenvillian age inherited grains (1006195
Ma, 1030451 Ma, 1038+85 Ma and 1109+122 Ma). The second inherited population
is Palaeozoic in age (2516 Ma, 315+10 Ma and 421+6 Ma). The most abundant

concordant population relates to zircons that are Cretaceous in age.

The Th/U ratio and U concentrations for the oldest population of zircons span
a narrow range (0.34-0.58 and 57-339 ppm respectively; Figure 8.4 d & e). The
Palaeozoic population yield comparable Th/U ratios and U concentrations to the
Grenvillian zircons (0.24-1.1 & 72-276 ppm respectively; Figure 8.4 d & e). In the
Cretaceous population the Th/U ratio is again comparable to the inherited
populations (0.23-0.59; Figure 8.4 d) but the U concentrations are higher (193-1098

ppm; Figure 8.4 e).

The 17 concordant grains of the youngest population have been further

filtered in terms of their REE concentrations (grains with LREE enrichment have been
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disregarded; Figure 8.4 f), leaving 11 suitable for age calculations. Weighted mean
plots for the youngest population yield an age of 140.0t4.3 Ma, with an MSWD of
5.1 (one age was rejected by the algorithm; Figure 8.4 c). This can be interpreted as
the igneous crystallization age of the Xonamanca volcanism. Inherited populations
may be derived from crustal recycling during melting or from lithic fragments that
are commonly found in these tuffs. The oldest inherited population are likely to be
igneous and metamorphic zircons related to Oaxaquia continental crust. The
younger Palaeozoic zircons may be derived from the igneous and metamorphic

events of the Acatlan Complex (Nance et al., 2006).
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Zircon chondrite-normalized REE patterns of three Paleozoic
analyses and one Jurassic analysis.
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8.3.2 Sample 12-12-10 7C

This sample is a red andesitic tuff containing clasts of predominantly
plagioclase and quartz. The zircons are euhedral to subhedral in shape and 100-300
um along their longest axis, with aspect ratios of 2:1-5:1. The CL textures are
characterised by sector and oscillatory zoning, typical of igneous zircons (Figure 8.5
h).

Of the 20 analysed grains, 15 were deemed reliable enough for age
calculations (< 35% discordance, < 4% error). The Tera-Wasserburg plots reveals a
Cretaceous population of zircons, with minor inheritance from Jurassic (2015 Ma)

and Grenvillian (8611102 Ma) zircons (Figure 8.5 a & b).

The Th/U ratios and U concentrations for the Cretaceous population yield
results that span a fairly narrow range (0.27-0.71 & 132-440 ppm respectively; Figure
8.5 d & e) that are consistent with zircons that formed during an igneous event. The
two inherited grains reveal comparable Th/U and U concentration results to the

Cretaceous population.

The weighted mean plot for the Cretaceous population of zircons (n=13) yield
an age of 139+3.8 Ma, with an MSWD of 3.2 (one age was rejected by the algorithm;
Figure 8.5 c). This can be interpreted as the crystallization age for the extrusive

igneous rocks of the Xonamanca Formation.
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Figure 8.5. Geochronology results for sample 12-12-10-7c of the Xonamanca
Formation.

8.4 Teotitlan Migmatitic Complex

8.4.1 Sample 5-11-11-01

This sample is an amphibolitic gneiss primarily composed of hornblende and
plagioclase. It contains euhedral zircons that are 100-300 pum along their longest axis,
with aspect ratios of 2:1-4:1. CL textures are characterised by oscillatory zoning,
typical of igneous zircons (Figure 8.6 g). This indicates that the zircons are likely to
record the age of magmatism rather than the subsequent amphibolite grade
metamorphism. The Th/U ratios and U concentrations support the CL observations,
with uniform results that are typical of igneous zircons (0.6-1.6 & 20-300 ppm
respectively; Figure 8.6 ¢ & d). Of the 35 analysed grains 26 were considered suitable
to be used in age calculations (< 15% reverse discordance, < 30 % discordance). The
weighted mean plot for the sample yields an age of 247+5.7 Ma with an MSWD of 2
(Figure 8.6 b). This can be interpreted as the igneous crystallization age of the

protolith.
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Figure 8.6. Geochronology results for sample 5-11-11-1 of the Teotitlan Migmatitic
Complex.

8.4.2 Sample 5-11-11-03

This sample is an orthogneiss with a proto-mylonitic texture. Potassium
feldspar is present as porphyroblasts, in addition to partially chloritized biotite and
hornblende. It contains euhedral zircons which are 100-300 um along their longest
axis, with aspect ratios of 2:1-5:1. The CL textures are characterised by oscillatory
zoning, typical of igneous zircons (Figure 8.7 g). The Th/U ratios and U
concentrations span a narrow range that also support an igneous origin for the
zircons (0.3-0.6 & 150-450 ppm respectively; Figure 8.7 c & d). Therefore the zircons
present in the sample represent the igneous crystallization age rather than
subsequent metamorphism. The Tera-Wasserburg plot (Figure 8.7 a) reveals one
uniform Cretaceous population of zircons. Of the 26 analysed grains, 19 were
considered suitable for age calculations (<15% discordant, <3% reverse discordant).
The weighted mean plot yields an age of 1374+2.2 Ma, with an MSWD of 1.4 (one age
was rejected by the algorithm; Figure 8.7 b) and this can be interpreted as the age of

igneous crystallization.
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CL examples of the analysed zircons.

Figure 8.7. Geochronology results for sample 5-11-11-3 of the Teotitlan Migmatitic
Complex.

8.4.3 Sample 10-18-11-7A

This sample is a tonalite that has undergone low grade deformation as well as
retrogressive recrystallization. Zircons in the sample are euhedral to subhedral and
100-200 pum along their longest axis, with aspect ratios of 2:1-4:1. The CL textures
are characterised by oscillatory and sector zoning, typical of igneous zircons, with

evidence of inherited cores in some of the grains (Figure 8.8 g).

The sample spans a relatively narrow range in Th/U ratios and U
concentrations (0.2-0.75 & 130-650 ppm respectively; Figure 8.8 d & e) which are
consistent with values associated with igneous zircons, supporting observations
made in the CL interpretation. Two grains have been disregarded due to high U

concentrations which may have caused by metamictization.

The Tera-Wasserburg plot (Figure 8.8 a) reveals one dominant Cretaceous

population of zircons, with a single inherited Mesoproterozoic core. The analyses
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appear somewhat affected by discordance, possibly caused by common Pb
contamination. However this is unlikely to have major consequence on the

population average age.

Of the 25 analysed zircons, 23 were considered suitable to be used for age
calculations (low U concentrations). The weighted mean plot yields an age of
137.241.7 Ma, with an MSWD of 3.7 (one age was rejected by the algorithm; Figure

8.8 b). This can be interpreted as the igneous crystallization age of the tonalite.
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Figure 8.8. Geochronology results for sample 10-18-11-7a of the Teotitlan Migmatitic
Complex.

8.4.4 Sample 10-18-11-9d

This sample is a biotite tonalite that has been strongly overprinted by
hydrothermal alteration, producing chlorite, epidote and seritised plagioclase. There
is an incipient foliation defined by biotite/chlorite and recrystallized quartz
aggregates. The sample contains euhedral zircons 100-400 um along their longest
axis with aspect ratios of 2:1-7:1. The CL images show oscillatory and sector zoning
typical of igneous zircons (Figure 8.9 g). There is no indication of any inherited cores
in the sample. Th/U ratios and U concentrations range between 0.05-0.9 & 100-600
ppm respectively (Figure 8.9 c¢ & d). The Tera-Wasserburg diagram shows one
Jurassic-Cretaceous population of zircons (Figure 8.9 a). Of the 35 analysed grains, 26
were deemed reliable enough to be used in age calculations (<30% discordant). A
weighted mean plot yields an age of 138+1.7 Ma, with an MSWD of 2.9 (one age was
rejected by the algorithm; Figure 8.9 b). This can be interpreted as the igneous

crystallization age of the tonalite.
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Figure 8.9. Geochronology results for sample 10-18-11-9d of the Teotitlan Migmatitic
Complex.

8.4.5 Sample 10-18-11-9E

Sample 10-18-11-9E is a foliated tonalite, found in the Teotitldan migmatitic
complex. It contains euhedral-subhedral zircons that are 100-300 um along their
longest axis, with aspect ratios of 1:1-5:1. The CL textures are characterised by dark
grains (high U) that have oscillatory zoning, typical of igneous zircons (Figure 8.10 j).
Inherited cores are also a common feature and typically appear brighter (lower U) on

CL images.

Th/U ratios and U concentrations of the cores are variable (0.04-0.4 and 150-
1100 ppm respectively; Figure 8.10 e & f). The same is true for the rims which have
Th/U ratios of 0.01-0.6 (Figure 8.10 e) and U concentrations of 450-2300 (Figure 8.10
f). The Tera-Wasserburg plot (Figure 8.10 a) shows a spread of Jurassic-Cretaceous

ages as well as inherited cores from the Precambrian & Ordovician.
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It does not appear that metamictization has occurred in the zircons as the
high-U grains yield comparable ages to those with low-U. The high U zircons have
therefore been used in the age calculations. Of the 50 analysed zircons 26 were
considered suitable to be used in age calculations for the Jurassic-Cretaceous
population (< 20% Phanerozoic discordance, < 5% Precambrian discordance, < 5%
error). Relative probability plots for the sample show a large spread in ages for the
youngest population of zircons (Figure 8.10 b). This is probably due to core-rim
mixing during analysis; therefore the youngest zircons present can be interpreted as
the age of the latest igneous crystallization event. Weighted mean and TuffZirc
median plots yield comparable results (133+1.7 Ma and 133+2.5-2.8 Ma respectively;
Figure 8.10 c and Figure 8.10 d). This can be interpreted as the age of crystallisation

in an igneous event.
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Age (Ma) vs. U (ppm) diagram for all of the analysed grains.
The blue points represent zircons used in age calculations
and the clear ones those that were disregarded.




Chapter 8: U/Pb Geochronology for the Cuicateco terrane

h10000
—
1000 e
///
100 -~
. /,,/4
[N //,/“' /"
10 ,-",I'.!\\i = / AN J,//
-
1 1+
0.1 0.1
Y P TPy O B pm Ea_ To Ho_ Tmu L
* * a r m* u [o] m*, u
LaCePrNdeSmEquTbDyHoErTmYbLu Ce NdP smEad oy "0 e ™ yp

Chondrite normalised REE plot for the disregarded zircons.

Chondrite normalised REE plot for the inherited zircons.

o 144£1.4Ma

calculations.

Figure 8.10. Geochronology
Migmatitic Complex.

244 | Page

results for

| 10000
+
1000 960:20 Ma 13%22Ma 674 7 Mg
. ¢131£1.2 Ma
100 0147+1.5 Ma 0902141 Ma
10 ¢
! 135¢1.5Ma * ¥
- ®142+1.4 Ma
0.1
0.0 +———— ¢136x1.1 Ma
La Ce Pr Nde sm Eu Gd Tb Dy Ho ErTm Yb Lu
Chondrite normalised REE plot for the zircons used in age Comparison between ages and CL textures

sample 10-18-11-9e of the Teotitlan



Chapter 8: U/Pb Geochronology for the Cuicateco terrane

8.4.6 Sample 10-18-11-9F

This sample is a biotite gneiss with minor garnet and staurolite. The sample
contains subhedral-subrounded zircons 100-400 um along their longest axis, with
aspect ratios of 1:1-6:1. The CL textures are characterised by oscillatory zoning in
most of the grains (some more homogenous) and core and rim relationships (Figure

8.11 k).

The Th/U and U concentrations of the zircons are highly variable (0.003-0.9 &
90-1400ppm respectively; Figure 8.11 e & f), suggesting they did not all form in the
same event. Of the 60 analysed grains 45 were deemed reliable enough to be used in
age calculations (<20% Phanerozoic discordance, <5% Precambrian discordance,

<1900 ppm U).

The Tera-Wasserburg & Wetherill plots (Figure 8.11 a & b) show that the
analysed cores formed in a Precambrian event (900-1200 Ma), and were most
probably derived from Oaxaquia continental crust. The rest of the zircon grains
crystallized during the Cambrian-Devonian (Figure 8.11 c) and so may be derived
from the Acatlan Complex (Nance et al., 2006). Tuffzirc ages for the youngest
population of zircons yield an age of 354+7.8-7.6 Ma (Figure 8.11 d). This can be
interpreted as the maximum age of deposition for a sedimentary protolith that

contains zircons dominantly from the Cambrian-Devonian.
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Age (Ma) vs. U (ppm) diagram for all of the analysed grains.
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8.5 Chivillas Formation

8.5.1 Sample 10-18-11-1B

This sample is a coarse arkosic sandstone that contains euhedral-subhedral
zircons 100-300 um along their longest axis, with aspect ratios of 2:1-6:1. The CL
textures are characterised by oscillatory zoning typical of igneous zircons, some
however are dark in colour and others are light, suggesting variable U concentrations
in the grains (Figure 8.12 1). In some of the dark zircons core and (potentially

metamorphic) rim relationships are evident.

The Th/U and U concentrations of the zircons are highly variable (0.02-1 &
30-1050ppm respectively; Figure 8.12 f & g), suggesting they did not all form in the
same event. Of the 60 analysed grains 57 were deemed reliable enough to be used in
age calculations (<24% discordant). The Tera-Wasserburg & Wetherill plots show
that there are Precambrian populations of zircons as well as a Permian population

(Figure 8.12 a & b).

The majority of the Precambrian zircons are Grenvillian in age (1250-900 Ma)
and can be related to the Oaxaquia micro-continent (Figure 8.12 c). There are six
grains however that pre-date the Grenville orogeny (1.3-1.8 Ga), which may relate to
the initial stages of the Oaxaquia microcontinent formation, where it existed as an
island arc (Weber and Schulze, 2014). Weighted mean plots for the Permian
population (n=23) of zircons yield an age of 278.1+2.2 Ma (MSWD-= 2.5; 2 ages were

rejected by the algorithm; Figure 8.12 e).
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This sample therefore contains zircons from pre-Oaxaquia Precambrian
igneous/metamorphic events (1.8-1.3 Ga), the Oaxaquia igneous and metamorphic
suite (1250-900 Ma) and an igneous event at 278+2.2 Ma, likely relating to the
magmatism discussed in Chapters 2-5, which constrains the maximum age of

deposition.
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blue points represent zircons used in age calculations and
clear points those that were disregarded.
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Figure 8.12. Geochronology results for sample 10-18-11-1b of the Chivillas
Formation.

8.5.2 Sample 10-18-11-2A

This sample is a medium-coarse greywacke that contains subhedral-
subrounded zircons 100-400 um along their longest axis, with aspect ratios of 1:1-
6:1. The CL textures are characterised by oscillatory and sector zoning typical of
igneous zircons, however some grains are more homogeneous (Figure 8.13 k.). The
colour of the grains under CL ranges from dark (high U) to light (low U). The
observations from the CL images suggest that the zircons are of heterogeneous

provenance.

The Th/U and U concentrations of the zircons are variable (0.07-1.1 & 50-
1100ppm respectively; Figure 8.13 f & g), suggesting they did not all form in the
same event. Of the 48 analysed grains 42 were deemed reliable enough to be used in
age calculations (<20% discordant). The Tera-Wasserburg & Wetherill plots (Figure
8.13 a & b) show that there are populations of zircons ranging in age from the

Precambrian-Cretaceous.

Grenvillian-age zircons related to the Oaxaquia microcontinent (1250-900)
are a common component in the Precambrian zircons (Figure 8.13 d). Other
Precambrian populations pre- and post-date Oaxaquia (2.1-1.5 Ga and 850-750 Ma
respectively). There are also small populations of Cambrian-Permian zircons most
likely from the Acatlan Complex. The most numerous, as well as the youngest
population is Cretaceous in age (Figure 8.13 e). Weighted mean plots for the

Cretaceous population (n=9) of zircons yield an age of 130+2.2 Ma, with an MSWD of
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3.4 (two ages were rejected by the algorithm; Figure 8.13 c). This Early Cretaceous
population of detrital zircons likely derives from the plutonic and extrusive igneous
rocks of the Teotitlan Migmatitic Complex and Xonamanca Formation respectively.
This sample can therefore be interpreted as a greywacke that contains zircons from a
wide variety of source regions, with the Early Cretaceous population constraining the

maximum depositional age to 130+ 2.2 Ma.
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Th/U vs. age (Ma) diagram for all of the analysed zircons.
Blue points represent grains that were used in age
calculations and clear points those that were disregarded.
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8.5.3 Sample 10-18-11-5B

This sample is a red sandstone that contains subhedral-subrounded zircons
100-400 um along their longest axis, with aspect ratios of 1:1-6:1. There is a variety
of CL textures; some grains are characteristically igneous with oscillatory and sector
zoning, whilst others are more homogeneous indicating metamorphic origins (Figure
8.14 j). There are core and rim relationships in some of the zircons where zoned
igneous cores are surrounded by homogeneous metamorphic overgrowths,

suggesting igneous events pre-date metamorphic events.

The Th/U and U concentrations of the zircons are variable (0.03-0.8 & 50-
1000ppm respectively; Figure 8.14 e & f), suggesting they did not all form in the
same event. Of the 109 analysed grains 102 were deemed reliable enough to be
used in age calculations (<5% error and <7% discordant). The Tera-Wasserburg &
Wetherill plots (Figure 8.14 a & b) show that the zircons are Precambrian in age.
There is one anomalous grain that is Permian in age. However, this is the only zircon
out of 109 analyses that appears to be younger than Precambrian so it is likely that
the grain has suffered Pb loss. Grenvillian-age zircons related to the Oaxaquia
microcontinent are the dominant zircon populations present in the sample (Figure
8.14 c). TuffZirc median ages (Figure 8.14 d) for the youngest population of zircons
yield an age of 1000+23-13 Ma which can be interpreted as the maximum age of
deposition for the sandstone. There are 7 zircons in the sample that pre-date (1.6-
1.3 Ga) the Grenvillian population. As before, these older zircons, may relate to the

initial stages of Oaxaquia formation.

256 | Page



Chapter 8: U/Pb Geochronology for the Cuicateco terrane

10-18-11 5B

data-point error ellipses are 2o

do.12

0.10
o]
&
%008
2
] O\‘
0.06 oy S
400

0.04

0 4 8 12 16 20 24 28

ZSSU’ﬁZUBPb

data-point error ellipses are 2o

o4

1800,
0.3‘ /,.o/‘}
o 14(2%,//
£02 00}{
0.1} 600, s
o
200
0.00 ; 6

2 3 4
207P b I235 U

Tera Wasserburg diagram for all of the analysed grains
(n=109). The coloured ellipses represent zircons that were
used in age calculations (n=102) and the dashed ellipses
those that were discarded (>5% error and 7% discordance).

Wetherill diagram for all of the analysed grains (n=109). The
coloured ellipses represent zircons that were used in age
calculations (n=102) and the dashed ellipses those that were
discarded (>5% error and 7% discordance).

C d box heights are 2 ¢
20 1140}
1100+
15 g 1060 |
5 2|, 1020
Ke] ] [=)]
E 10 3| < 980 ‘ |
Z g 940
% 900+
5 < 860
820
TuffZirc Age =1000.00 +23.00 -13.00 Ma
200 600 1000 1400 1800 (95% conf, from coherent group of 27)
Age (Ma)
Probability density plot for the zircons used in age TuffZirc age for the youngest population of concordant
calculations. zircons.
€1 f 1800
1600 ¢
1400) ot
1 - T 12004 (VY 0”.0’:000
* 00 . = o 0 ¢ o
2 ’ Y " < 1000 R Y Tai
= o * ot . o . ¢
= KA 2 800
0.1 Wi . 600! e
. 400
200 )
.01 .
00 0 500 1000 1500 2000 0 : '
10 100 1000
Age (Ma) U (ppm)

Th/U vs. age (Ma) diagram for all of the analysed grains.
Blue points represent those used in age calculations and
clear points those that were discarded.

257 | Page

Age (Ma) vs. U (ppm) diagram for all of the analysed grains.
Blue points represent those used in age calculations and
clear points those that were discarded.




Chapter 8: U/Pb Geochronology for the Cuicateco terrane

g 10000 h 10000
1000 1000
100 100
10 10
1 1
01 * b * 01 la. Pr. Pm% Eu. Tb_ Ho_Tm*, Lu
La Ce Pr NdeSmEquTb DyHo ErTm Yb Lu Ce "Nd "sm-"Gd "Dy CEr ™ Yb
Chondrite normalised REE plot for the Permian zircons.

Chondrite normalised REE plot for the Proterozoic zircons.

| 10000
1000 =
100 - f —
10 ;/
1
0.1 - ,
La Ce Pr Ndpm*Sm Eu Gd Tb Dy Ho ErTm*Yb L

u

Chondrite normalised REE plot for the discarded zircons.

Figure 8.14. Geochronology results

Formation.

258 | Page

for

1099+48 Ma

- 91151135 Ma
117338 Ma @

133160 Ma

-

L [
163543 Ma 957+ 49 Ma

1129448 Ma
~ 153841 Mag

1104146 Maq ®/ 996+ 41
"967+44 Ma

]

1217450 Ma é1 03150 Ma
® @ k
162446 Ma  1203+39 Ma -
. \

100pm

Relationship between CL textures and ages.

[ J
a

sample 10-18-11-5b of the Chivillas



Chapter 8: U/Pb Geochronology for the Cuicateco terrane

8.5.4 Sample 5-10-11-02

This sample is a fine grained sandstone that contains subhedral-subrounded
zircons that are 150-350 um along their longest axis, with aspect ratios of 2:1-4:1.
The CL textures are characterised by oscillatory and sector zoning, typical of igneous
zircons. Core and rim relationships are observed in some of the grains. There are also
fractures along the c-axis in some of the zircons which may have allowed for
contamination from common lead.

The Th/U ratios for the zircons (0.1-0.8) also suggest an igneous origin,
although there are 2 grains with values <0.1 which may indicate metamorphic
growth (Figure 8.15 d). The U concentrations (Figure 8.15 e) in the zircons range
from 40-350 ppm and so there is no indication that they have undergone
metamictization.

Of the 39 analysed grains, 27 were considered suitable for age calculations (<
5% inverse discordance, < 20% Phanerozoic discordance, < 10% Precambrian
discordance). The Tera-Wasserburg and Wetherill diagrams (Figure 8.15 a & b) show
that there are two distinct zircon populations present in the sample. The first relates
to Grenvillian zircons which are likely derived from the Oaxaquia continental crust,
with the second population yielding a Permian age. At least some of the discordant
grains appear to form a mixing line between the 2 concordant populations of zircons,
likely caused by combined core and rim ablation during analysis.

The weighted mean plot for the youngest population of zircons yields an age
of 272414 Ma, with an MSWD of 4.7 (Figure 8.15 c). This can be interpreted as the

maximum age of deposition for the sandstone.
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Figure 8.15. Geochronology results for sample 5-10-11-2 of the Chivillas Formation.

8.6 Summary

The Pochotepec Formation appears to be comprised of old sediments and

granitoids that pre-date Cretaceous magmatism, containing zircons that are

Grenville in age. Therefore the Pochotepec Formation likely represents a

sliver of Oaxaquia type continental crust, and not deeper portions of the

Chivillas Formation as suggested by Angeles-Moreno, (2006).
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e The extrusive rocks of the Xonamanca Formation and granitoids of the
Teotitlan Migmatitic Complex record ages that overlap (within error) with
each other (140 Ma and 138-133 Ma respectively), indicating they may be
related to the same igneous event.

e The amphibolites of the Teotitlan Migmatitic Complex appear unrelated to
the other igneous rocks in the area, yielding Permo-Triassic igneous zircons
(247 Ma). Instead these amphibolites may have formed in the igneous event
discussed in Chapters 2-5.

e Meta-sediments of the Teotitlan area predate the Cretaceous magmatism,
and yield a maximum depositional age of Carboniferous-Devonian (354 Ma).

e The Chivillas Formation sediments display a range of provenances, with
influence from the initial stages of Oaxaquia formation (1.8-1.3 Ga), the main
zircon crystallization phase of Oaxaquia (1.2-0.9 Ga), Permo-Triassic
magmatism and Cretaceous magmatism. The Cretaceous population (130+2.2
Ma) constrains the maximum depositional age of the sediments, and
therefore the magmatism in the basin (as seen in field relationships discussed
in Chapter 7). This replicates the Barremian maximum depositional age
obtained by detrital zircons in Mendoza et al. (2010) and paleontological ages

in Alzaga and Pano (1989).
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9 Major, trace element and Hf-Nd geochemistry of the

Northern Cuicateco terrane.

9.1 Introduction

This chapter presents major, trace and isotopic geochemical results in order
to determine the tectonomagmatic setting of the northern Cuicateco terrane. In turn
these interpretations will be applied to the Cretaceous tectonic reconstructions of

Mexico, after the breakup of Pangaea.

As discussed in Chapter 6, the northern Cuicateco terrane can be divided into
5 units: 1) Chivillas Formation, 2) Teotitldn Migmatitic Complex, 3) Mazateco
Metamorphic Complex (further subdivided into the Mazatlan de Las Flores Schist and
la Nopalera Schist), 4) Pochotepec Formation and 5) Xonamanca Formation.
Geochronological work (Chapter 8) has revealed that magmatism in the Cuicateco
terrane is related to distinct events, with Precambrian and Permian activity
predating the more widespread Cretaceous magmatism. This chapter will
concentrate on the Cretaceous igneous rocks of the Cuicateco, which are found in

the Xonamanca Formation, Teotitlan Migmatitic Complex and Chivillas Formation.

9.2 Analytical techniques

As noted in Chapter 7, 48 samples were collected from the northern
Cuicateco during two field expeditions in October 2011 and April 2014. 30 of the
freshest samples (Figure 9.1) were selected for geochemical analysis of major and

trace elements by ICP-OES and ICP-MS at Cardiff University, UK. In addition, a
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representative batch of six samples was selected for whole rock Hf and Nd
radiogenic isotopic analysis under the supervision of Dr. Bodo Weber at Centro de
Investigacion Cientifica y de Educacidon Superior de Ensenada (CICESE) research
institute (Ensenada, Mexico). Detailed descriptions of analytical techniques are

presented in Appendix A.
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9.3 Alteration and element mobility

When interpreting geochemical data care must first be taken to consider
subsequent alteration events that may affect a rock, causing element mobility and
masking the original magmatic signatures. Factors that can cause such element
mobility include surface weathering, interactions with hydrothermal fluids, and
metamorphism. As previously highlighted in Chapters 6 and 7 the Cuicateco terrane
has undergone lower greenschist facies metamorphism so it is important to assess
how this has affected the composition of my analysed igneous rocks before

interpreting petrological processes associated with their formation.

The degree of element mobility is qualitatively determined using loss of
ignition values (%LOI) and element mobility diagrams. The %LOI is measured based
on the weight % of a sample that is lost after ignition for 2 hours at 900°C in a
furnace. The volatiles that are lost from a sample during this ignition process give an
indication into how much sub-solidus alteration has occurred. Low %LOI values in
this study are considered to be <5 wt.%, moderate between 5-10 wt.%, and high

being >10 wt.%.

Another method of determining the degree of element mobility in the
samples analysed is to plot each element against Zr (Cann, 1970). Zr has been
selected for this purpose as it is widely accepted to be one of the most immobile
elements even during medium to high grade metamorphism (Pearce, 1996).
Assuming all the rocks lie on a single fractionation trend and there is no source
variation then dispersion away from this trend can be used as an indication of

alteration associated with element mobilisation. Scatter or multiple trend lines
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observed in elements that are known to be immobile up to greenschist facies
metamorphism (e.g. light rare earth elements [LREE] and high field strength
elements [HFSE]) are more likely to reflect source variability. Where more than five
analyses were available to define a representative sample population, the degree of
compositional dispersion was quantified here using an R? value. For the purposes of
this study a good correlation is defined by an R® > 0.75, a moderate correlation
between 0.75 and 0.5, and poor correlations < 0.5. Elements that are generally
immobile under greenschist facies metamorphism include the rare earth elements
(REE), Hf, Zr, Nb, Ta, Y, Ti, Cr, Th (Hastie et al., 2007). In suites where the degree of
metamorphism is greenschist or lower and the number of analysed samples is <5 it

was assumed that these elements have remained immobile.

9.4 Xonamanca Formation

9.4.1 Element Mobility & Alteration

Three samples from the Xonamanca Formation were collected from extrusive
volcanics and tuffs that are poorly exposed due to dense tropical vegetation and
weathering. Moderate alteration of the samples is demonstrated by %LOI values of
2.9-5.0% (Appendix G). Samples 12-12 7B and 12-12-7C have suffered higher degrees
of alteration (LOI= 5.0 and 4.8 wt.% respectively) when compared to 12-12 7A (LOI=
2.9 wt.%). However, petrographic observations reveal that metamorphic and
alteration effects are low in these samples, with notably good preservation of
alteration sensitive minerals (e.g. feldspars). This therefore suggests that the tuffs
have not been significantly affected by alteration, with the elevated %LOIl values

instead potentially occurring as a result of biotite dehydration.
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Due to the small set of analysed samples from the Xonamanca Formation the
Zr mobility plots and R’ calculations are not appropriate to use in assessing how
much element mobility there has been. For this reason they have not been included

but can be found in Appendix G.

9.4.2 Classification

16
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Figure 9.2. Total alkali-silica (TAS) classification (Le Maitre et al., 1989) plot for
volcanics collected from the Xonamanca Formation. Major elements are expressed
as anhydrous values.

When classifying the rocks within the northern Cuicateco it is important to
take into account the degree of element mobility that has occurred. Traditionally the
TAS plot (Le Maitre et al., 1989) is used as a means of classifying extrusive rocks,
where silica is plotted along the x-axis and the alkalis of Na,O and K,O are plotted
along the y-axis. Samples from the Xonamanca Formation plot in the subalkaline
(Irvine & Baragar, 1971) region of the diagram (Figure 9.2) and appear to be rhyolitic

in composition. However, SiO, and the alkali major element are easily mobilised
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(section 4.4.1), so the TAS classification plot is sensitive to alteration and

metamorphism which may cause erroneous results.

0.01 0.1 10 100

Nb/Y

Figure 9.3. Zr/TiO2 vs Nb/Y (Pearce, 1996b after Winchester & Floyd, 1977)
classification plot for volcanics collected from the Xonamanca Formation.

The Zr/TiO,-Nb/Y plot (Figure 9.3) of Pearce (1996b) after Winchester & Floyd
(1977) is perhaps a more robust means of classifying the Xonamanca Formation
samples as it uses elements that are regarded to be less-mobile during weathering
and metamorphism. The samples plot between the “rhyolite/dacite” and
“andesite/basaltic andesite” field boundaries, indicating that they have an

intermediate-felsic composition in general agreement with the TAS classification.
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Figure 9.4. Th-Co classification diagram (Hastie et al., 2007) for volcanics collected
from the Xonamanca Formation.

The Th-Co diagram (Figure 9.4) of Hastie et al. (2007) uses more immobile
elements than the traditional K,0-SiO, diagram (Peccerillo & Taylor, 1976) in
classifying subalkaline volcanic rocks. The samples from the Xonamanca Formation
plot in the dacite & rhyolite fields, with two samples in the high K calc-alkaline and
shoshonite series and one in the calc-alkaline series. The two tuffs that plot in the
high K calc-alkaline and shoshonite series are known to contain lithic fragments from

the petrography (Chapter 7) which may cause elevated Th concentrations.

9.4.3 Trace element variation
Chondrite normalised REE plots (Figure 9.5) for the Xonamanca Formation
display consistent enriched patterns relative to chondrite, as well as enriched LREE

when compared to the HREE [(La/Sm)y = 1.8-6.0]. The HREE display flat to slightly
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inclined patterns [(Gd/Yb)y = 1.4-2.3] for each of the samples. The samples also
display negative Eu anomalies (Eu/Eu*'=0.4-0.8), most prominent in samples 12-12-

7B and 12-12-7C, indicating plagioclase fractionation from the magma.
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Figure 9.5. Chondrite normalised rare earth element plots for volcanic samples taken
from the Xonamanca Formation.

The N-MORB-normalised multi-element diagram for the tuffaceous samples
collected from the Xonamanca Formation (Figure 9.6) display pronounced negative
Nb (Nb/Nb*'= 0.15-0.2), Ta (Ta/Ta*!= 0.19-0.28) and Ti (Ti/Ti*'= 0.06-0.31)
anomalies. There is also a negative Sr anomaly (Sr/Sr*0.1-0.25) which along with the
Eu anomaly of the REE plot is likely to represent fractionation of plagioclase from the

magma. Other features that are common to the multi-element and REE plots is the

! Eu/Eu* and Ti/Ti* calculated using equation:

Eu _ Eu
Eux 0.5 X (Gd+ Sm)

(Eu/Eu* used here for an example). Nb/Nb* & Ta/Ta* use the elements Th & La. Sr/Sr* is calculated using Ce &

Nd.
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enrichment in the most incompatible elements (Th and the LREEs) relative to N-
MORB and overall greater enrichment in samples 12-12-7B and 12-12-7C when

compared to 12-12-7A.
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Figure 9.6. N-MORB normalised multi-element plots for volcanic samples taken from
the Xonamanca Formation.

9.5 Granites from the Teotitlan Migmatitic Complex

9.5.1 Element Mobility & Alteration

The majority of the four granitoid samples collected from the Teotitlan
Migmatitic Complex appear to be relatively unaltered from their LOI (0.6-1.8 wt.%).
One sample (10-18-11 4B) collected from a clast within a conglomerate displays
slightly higher LOI (3.2 wt.%) compared to the rest of the samples. Despite their
relatively low LOI values, alteration of these granites is suggested by petrographic

observations. Quartz recrystallisation is observed in sample 10-18-11 9D, as well as
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evidence for hydrothermal fluid interaction, with plagioclase altered to saussurite
and argillite, widespread chloritization of biotite and secondary crystallisation of
epidote (possibly pistachite). Sample 10-18-11 9E displays evidence of deformation,
associated with the recrystallisation of quartz, sericitization of plagioclase and

chloritization of biotite.

Interpretation of element mobility based on Zr mobility plots (Appendix G)
was not carried out due to limited number of granitoid samples. Petrographic

observations suggest however that the granites have undergone alteration.

9.5.2 Classification
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Figure 9.7. Total alkali-silica (TAS) of Le Maitre et al., (1989) showing the
composition of the basement samples. Field boundaries taken from Wilson (1989).
Major elements are expressed as anhydrous values.

Samples from the Teotitldn Migmatitic Complex present problems when

plotted in the TAS classification diagram (Figure 9.7). Three out of the four samples
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plot outside of the field boundaries defined in (Wilson, 1989). Sample 10-18-11 4B
plots in the tonalite/granodiorite field, with samples 10-18-11 9D, 10-18-11 9E and
10-20-11-1B all plotting outside of the field boundaries but close to the granite or
tonalite/granodiorite fields. All of the samples plot below the alkaline-subalkaline
dividing line. The alteration of these samples mentioned in Section 9.5.1 has likely

influenced where they plot on the TAS diagram.

In the Th-Co diagram (Figure 9.8) all of the samples plot in the dacite/rhyolite
field. Samples 10-18-11-9D and 10-20-11-1B plot in the calc-alkaline magma series

field whereas 10-18-11-4B and 10-18-11-9E fall in the island arc tholeiite series field.
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Figure 9.8. Th-Co classification diagram (Hastie et al., 2007) classification plot for
the granitoids of the Teotitlan Migmatitic Complex.

Classifying the granitoids of the Teotitldn Migmatitic Complex has been

somewhat unsuccessful using geochemical plots due to the mobility of the major
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elements and the use of inappropriate trace element field boundaries. The Th-Co
classification plot of Hastie et al. (2007) appears to be the more reliable but it is
important to use petrographic interpretations to help classify the rocks. The
petrographic interpretations of Chapter 7 reveal that the feldspars in samples 10-18-
11 9D, 10-18-11 9E and 10-18-11 1B are predominately plagioclase, indicating a
tonalite composition, whereas sample 10-18-11 4B contains roughly equal quantities

of plagioclase and alkali feldspars, indicating a granite composition.

9.5.3 Trace element variation

Chondrite-normalised REE plots (Figure 9.9) for granitoids from the Teotitlan
Migmatitic Complex display enriched trends relative to chondrite values (mean=
x12), and enrichment in LREE relative to the MREE [(La/Sm)y = 1.7-5]. In two of the
samples the HREEs display a flat pattern [(Gd/Yb)y = 0.7-1.2], however in samples 10-
18-11 9D and 10-20-11 1B they are slightly more depleted in the HREE [(Gd/Yb)y =
2.5-2.8]. A pronounced positive Eu anomaly (Eu/Eu*'= 4.1), associated with low REE
concentrations is observed in sample 10-18-11 9E, which may reflect residual
plagioclase accumulation. A positive anomaly is seen to a lesser extent in samples
10-18-11 9D and 10-20-11 1B (Eu/Eu*'= 1.18 and 1.35, respectively). Sample 10-18-
11 9E displays a U-shape REE pattern which is indicative of residual amphibole in the

source or extensive amphibole fractional crystallisation from the melt.
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Figure 9.9. Chondrite normalised rare earth element for granite samples taken from
the Teotitldan Migmatitic Complex. The grey field represents the analysed samples
from the Xonamanca Formation.

The REE patterns of the Teotitlan Migmatitic Complex granitoids are broadly
similar to those of the Xonamanca Formation tuffs (grey shaded field in Figure 9.9),
with however lower general concentrations. The main difference between the two
suites is the positive Eu anomaly observed in several of the Teotitlan Migmatitic
Complex granitoids coupled with a negative Eu anomaly in the extrusive rocks of the

Xonamanca Formation.
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Figure 9.10. N-MORB normalised multi-element plots for granite samples taken from
the Teotitldan Migmatitic Complex. The grey field represents the analysed samples
from the Xonamanca Formation.

The N-MORB-normalised multi-element plot for the in-situ granitoids of the
Teotitlan Migmatitic Complex (Figure 9.10) display enrichment when compared with
N-MORB values (mean= x2). The element that yields the greatest amount of
enrichment is Th (mean= x16 N-MORB values). Negative anomalies are observed for
Nb (Nb/Nb*= 0.03-0.3), Ta (Ta/Ta*= 0.05-0.3) and Ti (Ti/Ti*= 0.1-0.8). Sample 10-18-
11 9E is anomalous in that it has a does not show any Ti anomaly (Ti/Ti*= 1.4).
Samples 10-18-11-9D, 10-18-11-9E AND 10-20-11-1B all display positive Sr

anomalies, whereas 10-19-11-4B has a negative.

When compared to the samples taken from the Xonamanca Formation (grey
field of Figure 9.10) the same trends of Th enrichment and Nb,Ta and Ti negative

anomalies are observed. The Xonamanca Formation tuffs are again more enriched
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than the Teotitldn Migmatitic Complex grantioids and there is a contrast between
the negative Sr anomalies of the Xonamanca extrusive rocks and the positive Sr

anomalies of the Teotitlan Migmatitic Complex granitoids (excluding 10-18-11-4B.

In the incompatible element ratio diagrams of La/Sm-Gd/Yb, Zr/Y-Nb/Th,
Nb/Y-Zr/Y and Zr/Ti-Nb/Y (Figure 9.11 A-D) similarites are again observed between
the Teotitldan Migmatitic Complex granitoids and Xonamanca Formation tuffs, with a
high degree of overlap recorded between them in each of the plots. One tuff from
the Xonamanca Formation appears to be anomalous, displaying slightly different
trace element ratios. This may relate to contamination from lithic fragments found in

the tuffs (Petrography of Chapter 7).
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Figure 9.11. La/Sm-Gd/Yb (A), Zr/Y-Nb/Th (B), Nb/Y-Zr/Y (C) and Zr/Y-Nb/Th (D)
diagrams for the igneous rocks of the Teotitlan Migmatitic Complex and Xonamanca
Formation.

9.6 Chivillas Formation

9.6.1 Element Mobility & Alteration

Twenty three igneous samples, including pillow basalts, lava flows and dykes
were collected and analysed from the Chivillas Formations. The LOI for the basalts
taken from the Chivillas Formation range from 2.4-5.7wt.% which indicates that

there has been a degree of alteration in the samples caused by subsequent
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weathering, hydrothermal events or metamorphism. Petrographic studies reveal
that the rocks have undergone zeolite-lower greenschist facies metamorphism. To
assess how subsequent weathering in the area and the metamorphism has affected
the mobility of the elements they have been plotted against the immobile element

Zr (Figures 9.12 & 9.13).

The igneous samples collected from the Chivillas Formation have been split
into 3 groups: 1) enriched, 2) depleted and 3) transitional in accordance to their
concentrations of the HFSEs Nb and Ta. Correlations observed in the mobility plots
between the groups suggest they formed in the same (or very similar) source region.
Elements that display good correlations with Zr (R® value >0.75) include La, Ce, Pr,
Nd, Sm, Eu and Hf. Moderate correlations (R2 < 0.75 > 0.5) are observed in P,0s, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Th and Y. Poor correlations are observed in the remainder of
the major elements, large ion lithophile elements (LILEs), Nb, Ta, Sr and Pb. These
results indicate that the major elements in the Chivillas Formation igneous rocks may
have been mobilised to some degree. However, it should be noted that other factors
such as the major elements being compatible and the small degree of compositional
variation between samples may also be responsible for the low R? values. The most

immobile elements based on the R? values appear to be LREEs.

The poor correlation observed for Nb and Ta is surprising as the HFSEs are
usually considered some of the most immobile elements. Upon closer inspection the
poor R? values for these elements are mainly due to specific geochemical differences
between the groups and are more likely to be a reflection of a heterogeneous source

as opposed to sub-solidus element mobility.
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Figure 9.12. Plot showing major elements (anhydrous) vs. Zirconium for samples
from the Chivillas Formation.
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Figure 9.13. Plot showing a representative group of trace elements vs. Zirconium for
basaltic samples taken from the Chivillas Formation.
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9.6.2 Classification

Samples from the Chivillas Formation in the TAS diagram (Figure 9.14) fall
either side of the alkaline-sub alkaline dividing line (Irvine & Baragar, 1971) in the
basaltic, basaltic andesite, trachy-basalt and basaltic trachy-andesite fields. The
enriched group appears to have a more alkali nature than the depleted group.
However, as previously noted the alkalis and silica may have been mobilised by
secondary alteration and so the samples have also been plotted on the more robust
Zr/TiO,-Nb/Y plot. This diagram is likely to give a better indication of the original

composition of the extrusive rocks.

16
4= Enriched _ Alkaline-Subalkaline dividing
14 := Eranlsitti%nal line (Irvine and Baragar, 1971)
1 |[®= Deplete:
12
X
-+
=10 Aikaline
f _ - S’ut‘)_a\ka\'\ne
-—
Os
f /
O .61
2
4 |
2
0 v

60 65 70 75 80

35 40 45 50 55
SiO, (Wt%)

Figure 9.14. Total alkali-silica (TAS) classification plot (Le Maitre et al., 1989) for
igneous rocks collected from the Chivillas Formation. Fields are the same as in
Figure 9.2.

On the Zr/TiO,-Nb/Y diagram (Figure 9.15) the depleted group plot well
inside the basaltic field and form an oblique trend towards the andesitic field

boundary. The enriched group are more variable, with three samples plotting in the
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alkali basalt field and three in the basaltic field. This suggests that the alkali nature of
the rocks suggested by the TAS diagram is mostly, but not entirely, an artefact of

major element mobility.

0.01 0.1 10 100

Nb/Y

Figure 9.15. Zr/TiO2 vs Nb/Y (Pearce, 1996 after Winchester & Floyd, 1977)
classification plot for igneous rocks from the Chivillas Formation.

In the Th-Co diagram (Figure 9.16) the Chivillas Formation samples mostly
plot in the basaltic andesite and andesite field, associated with the calc-alkaline
magma series. There is little to distinguish between the groups but there does
appear to be a slight trend in the depleted group between the calc-alkaline basaltic
andesite and andesite and island arc tholeiite basalt fields. Two samples of the
transitional group also plot outside of the calc-alkaline basaltic andesite field, with
one in the calc-alkaline basalt field and the other in the island arc tholeiite basaltic

andesite & andesite field.
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Figure 9.16. Th-Co classification diagram (Hastie et al., 2007) classification plot for
igneous rocks from the Chivillas Formation.

9.6.3 Major element variation

The SiO, concentrations for the enriched group of the Chivillas Formation
range from 48.5-52.4 wt.%. TiO,, Fe,03 and MgO ranges from 1.1 to 2.65, 7.4 to 10.2
and 3.2 to 6.2 wt.% respectively which relate to a Mg# of 26 to 48. The total alkalis
range from 5.9 to 7.9 wt.% (Na,O= 4 to 6.2 wt.%; K,0= 0.7 to 2.1 wt.%). In the
transitional group SiO, ranges from 47.1 to 53.8 wt.%. TiO,, Fe,03 and MgO range
from 0.9 to 1.8, 6.9 to 11.2 and 4.0 to 6.7 wt.% respectively which relate to an Mg#
of 32 to 52. The total alkalis of the transitional group range from 3.2 to 6.8 wt.%
(Na,0= 2.4 to 6.2 wt.%; K,0= 0.3 to 0.7 wt.%). SiO, in the depleted group ranges
from 44.1 to 53.7 wt.%. TiO,, Fe,03 and MgO range between 0.9 to 1.6, 6.3 to 9.8

and 4.2 to 7.3 respectively which relate to a Mg# of 38-48. The total alkalis of the
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depleted group range from 3.7-6.8 wt.% (Na,O= 3.5-6.5 wt.%; K,O= 0.0-2.2 wt.%). R*
values in bivariate plots (Figure 9.17) for the major elements display poor
correlations between the groups of the Chivillas Formation which likely relates to
major element mobility, low major element variation or major element compatibility
as mentioned in Section 9.6.1. Weak negative correlations are observed in the TiO,
and P,0s plots, with little to no correlation present in Al,0s, Fe,03, CaO, Na,0 and
K,0. Interestingly a weak positive correlation is observed between SiO, and MgO,
however, the validity of this correlation is questionable due to the low R? value

(0.13) and apparent element mobility.
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Figure 9.17. Bivariate diagrams of major elements (anhydrous) vs. MgO for basaltic

samples taken from the Chivillas Formation.

287

|Page



Chapter 9: Geochemistry and Hf-Nd isotope results

40 80
¢=Enriched | ¢ ¢=Enriched | ¢
351|e= Transitional 701|e= Transitional
301 |B= Depleted 501 @= Depleted
¢ ¢ ®
_ ¢ =50
257
£ ) ¢ £ R=0.2357
o 20 R?=0.2142 240
5151 830
] o
10 20 H
. 10 ]
0 T T T 0 T T ]
0 2 4 6 0 2 4 6
MgO (wt.%) MgO (wt.%)
7 1.2
¢= Enriched ¢= Enriched
6 1|®= Transitional| ¢ 1.01|®= Transitional| 4
B= Depleted B= Depleted
5
- — 0.81
E, R2=0.1501 ¢ o £ o
53 ¢ 206 R2= 02546 =
> ¢ % = 0.4 )
2 [} B ]
1 0.2
0 T T T 0.0 T T T
0 2 4 6 0 2 4 6
MgO (wt.%) MgO (wt.%)
40 2.5
Enriched ¢ = Enriched Py
351|e= Transitional R >oll®= Transitional
30{|B= Depleted | |m= Depleted ¢
_ ¢ _ ¢
£ 251 €15
[« ¢ [=% ¢
L2207 ¢ ¢ R * ¢
3 15 e 10 °
0006 g O—— R’=0‘0083\..\_"
101 ]
o m Wiy [} 0.5 ] u -
54 g B s u LY .
0 T T T 0.0 T T T
0 2 4 6 0 2 4 6
MgO (wt.%) MgO (wt.%)
350 300
Enriched ®
300 1|e= Transitional 250
250 | Depleted
— ,g. 2001
€200 -
a & 150
=150 =
2 2 o
R?=0.0394 1001
[ ] ]
50 - o8 @ 20
0 T + T .1 0 T L0 T T
0 2 4 6 0 2 4 6
MgO (wt.%) MgO (wt.%)

Figure 9.18. Bivariate diagrams of trace elements vs. MgO for basaltic samples taken
from the Chivillas Formation.
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9.6.4 Trace element variation

The incompatible trace elements display a weak negative correlation with
MgO (R’= 0.15-0.25; Figure 9.18). The greatest amount of variancation between the
groups is observed in Nb and Ta however it does not appear to have any relation to
MgO concentrations (R2= 0.01 for both plots; Figure 9.18). A moderate positive
correlation is observed between MgO and the compatible element Cr which likely

relates to a fractional crystallisation trend of mafic minerals.

Chondrite normalised rare earth element plots for the igneous rocks
collected from the Chivillas Formation are shown in Figure 9.19. The depleted group
have REE patterns (Figure 9.19 A) that are enriched when compared to chondritic
values (mean x 26 chondrite). The samples also show a slight enrichment in the
LREEs relative to the MREEs (La/Smcy = 1.2-2.2; mean= 1.6). There is one anomalous
sample (10-21-11-4A) which does not display this LREE enrichment (La/Smcy = 0.77)
indicating that it may have undergone a slightly different evolutionary history than
the other depleted samples. The HREE patterns are all relatively flat (Gd/Ybcy =1-1.5;

mean=1.3).

The transitional group of samples (Figure 9.19 B) from the Chivillas basin also
show REE patterns that are enriched when compared to chondritic values (mean
across values= x31 chondrite). This enrichment is slightly higher than that observed
in the depleted igneous group. Again the LREEs show slight enrichment relative to
the MREEs (La/Smcy = 1.2-2.1; mean= 1.7) and the HREE patterns are flat (Gd/Ybcy =

1.2-1.4; mean= 1.3). This suggests that the transitional and depleted HFSE samples
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share a similar evolutionary history but that the transitional samples are slightly

more enriched.

The group that is most enriched in the HFSEs (Figure 9.19 C) also displays the
greatest amount of REE enrichment relative to chondritic values (mean across
samples= x 42 chondrite). Samples of the enriched group also yield the greatest
amount of fractionation in the LREE with La/Smcy ranging between 2.4-3.2 and a
mean of 2.8. The enriched group also has a slightly more pronounced HREE slope

(Gd/Ybey=1.4-1.6; mean= 1.5) than the depleted and transitional groups.
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Figure 9.19. Chondrite normalised rare earth element plots for the analysed igneous
rocks from the Chivillas Formation.
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Figure 9.20. N-MORB normalised multi-element plots for the analysed igneous rocks
collected from the Chivillas basin.
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Like the chondrite normalised plots the N-MORB normalised multi element
plots (Figure 9.20) for the igneous rocks from the Chivillas Formation display a range
of patterns. The depleted group (Figure 9.20 A) display multi-element patterns that
are slightly more enriched than N-MORB values (mean= x 2). The samples are
variably enriched in the more incompatible elements, most notably Th. Pronounced
negative anomalies are observed for Nb (Nb/Nb*= 0.25-0.49, mean= 0.35), Ta
(Ta/Ta*=0.24-0.59, mean= 0.42) and Ti (Ti/Ti*= 0.53-0.88, mean= 0.72). There is one
anomalous sample (7-APR-14-2) with a slightly positive Ta anomaly (Ta/Ta*= 1.03)
and a noticeably less pronounced Nb anomaly (Nb/Nb*= 0.83). The negative Ti
anomaly for this sample is not very distinct but comparable to the rest of the

samples (Ti/Ti*=0.82).

The transitional group (Figure 9.20 B) has slightly more enriched N-MORB-
normalised values than the depleted samples (mean= x 3 N-MORB). Again the most
incompatible elements are more enriched than the least incompatible ones, as
would be expected. The Nb and Ta negative anomalies, although still prevalent, are
less pronounced (Nb/Nb*= 0.38-0.74; mean= 0.55; Ta/Ta*= 0.57-1.05, mean= 0.79).
The magnitude of the Ti negative anomaly is comparable to the depleted group

(Ti/Ti*= 0.42-0.82, mean= 0.62).

The enriched group (Figure 9.20 C) displays the greatest degree of
enrichment in the multi-element plots (mean= x 5 N-MORB), most notably in the
more incompatible elements. Although the concentrations of Nb and Ta are
significantly higher in these samples they still yield a, albeit less pronounced,

negative anomaly (Nb/Nb*= 0.32-1.1, mean= 0.73; Ta/Ta*= 0.34-1.2, mean= 0.75).
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Values for Ti are comparable to the transitional and depleted groups, with slightly

negative anomalies (Ti/Ti*= 0.5-0.89, mean= 0.75).

Overall, the main differences observed in the multi-element plots between
the igneous groups of the Chivillas Formation are the low concentrations and
pronounced negative anomalies of Nb and Ta in the depleted group compared to

high concentrations and variable anomalies of Nb and Ta in the enriched group

In the La/Sm-Gd/Yb diagram (Figure 9.21 A) the depleted and transitional
groups display comparable results (La/Sm= 1.2-3.5 & 1.9-3.4 respectively; Gd/Yb=
1.3-1.9 & 1.5-1.7 respectively). The enriched group are distinguished from the
depleted and transitional groups by having higher La/Sm ratios (3.8-5.2). The Gd/Yb
ratios of the enriched group (1.7-2.0) are at the upper limit but comparable to the

transitional and depleted groups.

The depleted group in the Zr/Y-Nb/Th diagram (Figure 9.21 B) have Zr/Y
ratios of 3-5.8 and Nb/Th ratios that are consistent for the majority of the samples
(3-8). One anomalous sample (7-APR-14-2) of the depleted group has a Nb/Th ratio
of 14.4. This anomaly (also highlighted in the multi-element plots) may be caused by
the mobility of Th during subsequent alteration. The enriched group for the most
part have higher Nb/Th ratios (9-15.7) than the depleted group (ignoring the
anomalous sample); there are two examples however that display comparable
results to the depleted group (4.3 & 5.6). The Zr/Y ratio of the enriched group
displays comparable results to the depleted group (4.2-6.7). The transitional group

yields intermediate results with Zr/Y ratios of 3.8-4.8 and Nb/Th ratios of 7.3-11.6.
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Figure 9.21. La/Sm-Gd/Yb (A), Zr/Y-Nb/Th (B), Nb/Y-Zr/Y (C) and Zr/Y-Nb/Th (D)
diagrams for the igneous rocks of the Chivillas Formation.

In the Nb/Y-Zr/Y diagram (Figure 9.21 C) the enriched group are clearly

identified by their elevated Nb/Y ratios (0.28-1.52). There is some minor overlap
between the enriched and depleted groups but for the most part the depleted group
has lower Nb/Y ratios (0.15-0.33). The enriched group also has slightly higher Zr/Y
ratios (4.3-6.7) than the depleted group (3-5.8). The field for the transitional group
lies between the depleted and enriched groups, with Nb/Y ratios of 0.27-0.35 and

Zr/Y ratios of 3.8-4.8.
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The enriched group in the Zr/Ti-Nb/Y diagram (Figure 9.21 D) again can be
distinguished from the depleted group by their elevated Nb/Y ratios. The Zr/Ti ratio
between the groups is actually quite consistent (depleted group= 0.009-0.021;

transitional group= 0.14-0.024; enriched group=0.013-0.028).

9.6.5 Nd & Hf isotopes

Six samples from both the enriched and depleted groups of the Chivillas
Formation were selected for Lu-Hf and Sm-Nd isotopic analysis. Sample preparation
was carried out at the Centro de Investigacion Cientifica y de Educacion Superior de
Ensenada (CICESE) in Baja California, Mexico, and analysed by MC-ICP-MS at
Universidad Nacional Auténoma de México (UNAM) in Mexico City, Mexico. Detailed

analytical descriptions can be found in Appendix A.

The use of isotopic ratios in igneous geochemistry provides a tracer for the
composition of the mantle source during magma genesis, as well as an indication of
lithospheric contamination. The Hf and Nd isotopic systems have been selected for
this study due to their relative insensitivity to alteration through weathering and
metamorphism. Other systems such as the Sr and Pb are more susceptible to
element mobility. The Hf and Nd isotope ratios for the igneous rocks of the Chivillas
Formation have been age corrected to 130 Ma, inferred from the maximum age of
deposition (detrital zircons) of the contemporaneous turbidite deposits in the basin
(Chapter 8 of this study), to obtain their initial isotopic ratios °. To help identify

differences in ratios where the variance is low e.g. in **Nd/***Nd (due to the long

2Calculating initial ratios using Nd isotopic system as an example:

143 143 147
Nd Nd Sm (m) X (eM — 1)

() = (m) —
Where i= initial concentration, m= measured concentration, A= decay constant and t=time

1444 1444 1444
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half-life of **’Sm; 1.06 x 10™ years) epsilon (g) values® have been calculated (Depaolo

& Wasserburg, 1976).

As shown on Figure 9.22 A the depleted group from the Chivillas formation
have **Nd/™*Nd (i) values of 0.51257-0.51265 (eNd= 1.94-3.43) and *"°Hf/*""Hf (i)
values of 0.28278-0.28280 (egHf= 2.7-3.7), whereas the enriched group have
SNd/**Nd (i) values of 0.51267-0.51271 (eNd= 3.90-4.79) and °Hf/*""Hf (i) values

of 0.28279-0.28288 (eHf= 3.28-6.33).

Trace element ratios have also been plotted against the isotope ratios to help
identify trends between the enriched and depleted groups of the Chivillas Formation
(Figure 9.22 B-G). La/Sm when plotted against the isotopic ratios (Figure 9.22 B-C)
yields a weak positive correlation between the two groups, with the depleted group
having lower La/Sm values (2.2-3.5) than the enriched group (3.8-4.3). Slight
negative correlations are observed between the Hf and Nd isotope ratios and La/Nb
(Figure 9.22 D-E) and Lu/Hf (Figure 9.22 F-G). Possible end members for the
correlations observed in the isotope results will be investigated further in the

discussion section of 9.8.6.

3 Calculating epsilon values for Nd example:

. 143Nd/144Nd (rock, t)

ghq = 1) x 10*
143Nd/144Nd (CHUR, t)
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Figure 9.22. Nd and Hf isotope data vs. trace element ratios for the igneous rocks of
the Chivillas Formation. All isotopic values have been age corrected to obtain initial

values (130 Ma).
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9.7 Tectonomagmatic Setting of the Xonamanca Formation &

Teotitlan Migmatitic Complex.

Trace element signatures observed in the Xonamanca Formation and
Teotitldan Migmatitic Complex (LREE enrichment, negative Nb, Ta and Ti anomalies)
are typically, but not exclusively, associated with the magmatism in volcanic arc
settings. Similar signatures are seen however in magmas that have been
contaminated by continental crust. To help distinguish between subduction and
continental crust signatures tectonic discrimination diagrams can be employed. No
discrimination plots have been designed specifically for tuffaceous rocks but the
diagrams for granitoids (Pearce et al., 1984) can be used for igneous rocks with SiO,
concentrations of between 56-80 % (Ryan & Williams, 2007). It is therefore
appropriate to apply these discrimination diagrams to the tuffs of the Xonamanca
Formation where SiO; ranges between 67-78%. However, it is important to note that
lithic fragments found in the tuffs may affect the results. Four plots from Pearce et
al. (1984) have been constructed, which include Nb vs. Y, Ta vs. Yb, Rb vs. Y+Nb and

Rb vs. Yb+Ta diagrams (Figures 9.23 & 9.24).

The Xonamanca Formation and Teotitldan Migmatitic Complex samples have
been plotted on the same diagrams to enable comparison between the two units.
The tuffaceous samples from the Xonamanca Formation display similar results on all
of the tectonic discrimination diagrams, with an oblique trend observed between the
volcanic arc and within plate granite fields (Figures 9.23 and 9.24). All of the samples
from the Teotitldn Migmatitic Complex plot firmly in the volcanic arc field

throughout the discrimination diagrams (Figures 9.23 and 9.24).
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Figure 9.23. Nb vs. Y & Ta vs. Yb discrimination diagrams (Pearce et al., 1984) for

samples from the Xonamanca Formation and Teotitlan Migmatitic Complex.

Dashed

line represents the field boundary for ocean ridge granites at anomalous ridges.
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Figure 9.24. Rb vs. Y+Nb & Rb vs. Yb+Ta discrimination diagrams (Pearce et al., 1984)
for samples from the Xonamanca Formation and Teotitlan Migmatitic Complex.
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These results are consistent with rocks forming in a volcanic arc environment.
The spatial proximity and comparable ages (Chapter 8) between the Xonamanca
Formation and Teotitldan Migmatitic Complex suggests that they are likely related to
the same volcanic arc. The anomalous samples (12-12-7B and 12-12-7C) of the
Xonamanca Formation can be explained by contamination by lithic fragments found

in the tuffs which have enriched Rb, Nb, Ta, Y and Yb.
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Figure 9.25. Zr/Nb-Nb/Th diagram for the Teotitldn granitoids and Xonamanca
volcanics. Field boundaries and end members from Weaver, 1991 and Condie, 2003 &
2005. UC= upper continental crust, PM= primitive mantle, DM= shallow depleted
mantle, HIMU= high mu (U/Pb) source, EM1 & EM2= enriched mantle sources, ARC=
arc related basalts, N-MORB= normal mid ocean ridge basalts, OPB=ocean plateau
basalt, OIB= oceanic island basalt, DEP= deep depleted mantle, EN= enriched
component, REC= recycled component.

In the Zr/Nb-Nb/Th (Figure 9.25) plot of Fitton et al., (1997) overlap is
observed between the Xonamanca Formation group and Teotitldn Migmatitic
Complex group. Both display affinities with an enriched component associated with

arc systems (field boundaries from Condie, 2005). The Nb/Y- Zr/Y plot (Figure 9.26)
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of Fitton et al., (1997) yields similar comparible results between the two groups, with
them both firmly plotting in the non-plume source side of the dividing line, in the arc
field boundary (Condie, 2005). There is one anomalous sample from the Xonamanca
group of samples which plots within the plume source area, in the oceanic plateau

basalt field boundary.

10
B = Teotitlan granitoids
® = Xonamanca
volcanics & tuffs
.| Plume Sources
>
~
0
=
0.1
001 T T T T T T T T ||
1 10

Zr/Y

Figure 9.26. Nb/Y-Zr/Y diagram for the Teotitlan granitoids and Xonamanca
volcanics. Field boundaries and end members from Condie, 2005. Abbreviations are
the same as in Figure 9.25.

All of the in-situ granites from the Teotitlan Migmatitic Complex fall firmly in
the volcanic-arc granite field in all the diagrams, showing comparable results to one
of the tuffs of the Xonamanca formation. The results from the discrimination
diagrams as well as the trace element signatures highlighted earlier (enrichment in
the LREEs and negative Nb, Ta & Ti anomalies) indicate that the two units formed as

the volcanic and plutonic exposures of an Early Cretaceous continental arc system.
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Fractionating plagioclase accumulated in the plutonics of the Teotitlan area (positive
Eu and Sr anomalies) and was separated from the Xonamanca tuffs and volcanics
(Negative Eu and Sr anomalies) in a magma chamber or as it rose through the

continental crust.

9.8 Tectonomagmatic setting of the Chivillas Formation.

The results of the geochemistry from the Chivillas Formation highlight three
geochemically distinct groups that formed in an extensional basin (Chapters 6 and 7
Possible causes of the observed geochemical differences between the groups will

now be assessed to gain insight into the petrogenesis of the Chivillas Formation.

9.8.1 Degree of partial melting

One possible explanation for the trace element trends observed in the
igneous rocks of the Chivillas Formation is the degree of partial melting that
occurred in their formation. Different degrees of partial melting may have resulted in
the compositional difference between the groups of igneous rocks of the Chivillas
basin. Figure 9.27 shows the REE values for the groups of the Chivillas Formation
with modelled results for spinel Iherzolite from a depleted mantle (DM) source at 1,
5 and 10% partial melting overlain. It can be seen that the enriched group of the
Chivillas Formation relates well with the modelled spinel lherzolite (DM) that has
undergone 1% partial melting. The transitional group fits more with the 5% partial
melt model and the depleted group patterns can be replicated with 5-10% partial

melting.
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Figure 9.27. Chondrite normalised rare earth element plots for the analysed igneous
rocks from the Chivillas Formation with partial melt models overlain.

However, if the degree of partial melting was the only factor influencing the
compositional differences between the groups then we would not expect to see the
isotopic variance between the depleted and enriched group, as highlighted in
Section 9.6.5 (Figure 9.22), because these are not affected by partial melting or
fractional crystallisation processes. It also seems unlikely that such a small degree of
partial melt, as is needed to produce the enriched group in the model (1%) would get
extracted from the mantle. This tells us although the degree of partial melting may
contribute to the compositional differences observed in the igneous rocks of the
Chivillas Formation, it is unlikely to be the only factor affecting the geochemistry of

the rocks.
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9.8.2 Fractional Crystallisation trends
Another possible mechanism for the compositional differences in the Chivillas
Formation igneous suite is the degree of fractional crystallisation that has occurred

in the groups.

The Zr/TiO,-Nb/Y plot (Figure 9.15) suggests that there may well be some
compositional variation caused by fractional crystallisation within the depleted
group; evidenced by a compositional trend between the basaltic and andesitic fields
on variation diagrams (Figures 9.17 & 9.1). However, there is little evidence for
variation caused by fractional crystallisation between the igneous groups, with the
majority of the samples having a relatively narrow compositional range in MgO and
SiOy (~5-7 wt% & 44-53 wt% respectively). There are also no obvious correlations
observed in the MgO variation diagrams (Figure 9.17 & 9.18) between the groups,
which would indicate fractionation trends. This is especially true for Nb and Ta,
which define some of the most important compositional differences between the

groups (Figure 9.28).
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Figure 9.28. Nb & Ta vs. MgO for the igneous rocks of the Chivillas Formation.

We are therefore left to conclude that the composition of the source is likely

to be the main driver for the geochemical variance between the enriched and
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depleted groups in the Chivillas basin as neither the degree of partial melting or

fractional crystallisation can satisfactorily explain the compositional differences.

9.8.3 Composition of source: Subduction fluid vs. continental

contamination
104
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Figure 9.29. Plot of Th/Yb vs. Nb/Yb (Pearce & Peate 1995) for the basaltic samples
taken from the Chivillas Formation.

The igneous rocks from the Chivillas basin do not display a N-MORB type
signature but are instead enriched in the LREEs relative to the HREEs. The Th/Yb-
Nb/Yb diagram from Pearce & Peate (1995) can be used to discriminate arc lavas
from MORB and OIB, as well as distinguishing between continental and island arc
signatures (Figure 9.29). All of the samples from the Chivillas Formation are
displaced above the MORB array suggesting they were formed in a continental arc.

However, basalts contaminated by continental crust in environments such as
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continental rifts could also yield a similar displacement from the MORB array, giving

the appearance of a continental arc signature.
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Figure 9.30. Plot of Th/Yb vs. Ba/La (Woodhead et al., 2001) for the volcanic and
plutonic samples taken from the Chivillas Formation.

The Th/Yb-Ba/La plot (Woodhead et al., 2001; Figure 9.30) helps distinguish
between subduction fluids (Ba/La as a proxy) and input from terrigenous sediments
or sediment derived melts (Th/Yb as a proxy). The diagram clearly shows that Th/Yb
ratios are low (0.1-1.1) for the Chivillas samples with Ba/La ranging from low to high
(2-43). This trend would suggest that the geochemical signatures observed
(enrichment in Th and negative Nb, Ta and Ti anomalies) in the igneous rocks of the
Chivillas Basin are due to variable influences from subduction derived fluids rather
than contamination from continental crust. It has been demonstrated however that
Ba has been mobilised (Figure 9.13) therefore the reliability of the Ba/La ratio is

questionable. However, the proxy for terrigenous sediment (Th/Yb) is more robust
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and less susceptible to element mobility; therefore the low Th/Yb ratios observed
has more significance. It indicates that the addition of terrigenous sediments or
crustal contamination does not strongly influence the composition of the igneous

rocks and an input from subduction fluids appears to be a more likely mechanism.
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Figure 9.31. Th/La vs. (Ce/Ce)*Nd diagram from Hastie et al., 2013 for the samples
from the Chivillas Formation. SSC-FH= slow sediment clay-fish debris/hydrothermal,

SSC-HD= slow sediment clay-hydrogenous. The Ce anomaly is calculated from:
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The Th/La-(Ce/Ce)*Nd diagram (Hastie et al., 2013) is another plot that
distinguishes between potential inputs to the source region of magmas. In this
instance Th/La is used as a proxy for terrigenous sediment and the Ce anomaly as a
proxy for pelagic sediment. The diagram (Figure 9.31) suggests that the dominant
contaminants are volcanic detritus and the slow sediment clay-fish
debris/hydrothermal (SSC-FH) pelagic sediment. Minor contributions also appear to

come from the continental detritus and slow sediment clay-hydrogenous (SSC-HD).
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As the inputs to the Chivillas basin basalts appear mostly to be a mix of volcanic
detritus and pelagic sediment it seems reasonable to interpret them as being derived
from sediments that were subducted in a continental arc environment (a mix of arc
derived detritus and marine sediment) rather than from continental contamination

of the lower crust.
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Figure 9.32. (Hf/Sm)N-(Ta/La)N diagram (Fleche et al., 1998) for the basalts from the
Chivillas Formation. Ratios are normalised to primitive mantle. Field A) volcanic arc
basalts extracted from a mantle source metasomatized by silicated fluids (Aleutian
adakitic rocks; Yogodzinski et al,. 1995). Field B) volcanic arc basalts extracted from
a hydrated mantle source (Aeolian arc basalts; Francalanci et al., 1993). Field C) late
Devonian calc-alkalic mafic igneous rocks from Nova-Scotia; Tate & Clarke, 1995).
Field D) carbonatitic lavas from the United Arab Emirates (Woolley et al., 1991).
Field E) alkalic basalts from Tanzania, interpreted to have been produced by a
lithospheric mantle source metasomatized by carbonatites (Dupuy et al., 1992;
Furman, 1995). HIMU field of Tupuai basalts (Chauvel et al., 1992). Mixing line
between a depleted mantle source (DM) and the average composition of basaltic or
carbonatitic rocks forming in the listed fields.
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On the Hf/Smy-Ta/Lay diagram (Figure 9.32) of Fleche et al. (1998) the
depleted group show a trend towards mantle that has been affected by subduction
related metasomatism. On this diagram it is difficult to isolate one source influencing
the depleted group. The dominant inputs affecting the depleted igneous group of
the Chivillas Formation appears to be A (silicate fluid metasomatism) and C (calc-
alkaline mafic igneous rocks), with minor contribution from B (volcanic arc basalts
extracted from a hydrated mantle source). There does not appear to be any
contribution from carbonatitic metasomatism. The enriched and transitional groups
plot in and towards the HIMU mantle source field although three samples have
similar signatures to the depleted group, and plot in the subduction metasomatism

area of Figure 9.32.
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Figure 9.33. Zr/Nb-Nb/Th diagram for the igneous rocks of the Chivillas Formation.
Field boundaries and end members from Condie, 2005. Abbreviations are the same
as in Figure 9.25.
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In the Zr/Nb-Nb/Th plot (Figure 9.33) the enriched group from the Chivillas
basin plot mostly in the ocean island basalt field boundary, with one overlapping
between the arc and oceanic plateau basalt fields. The depleted group plot in the arc
field boundary, overlapping with the oceanic plateau basalt field (two examples plot
wholly in this field). The transitional group plot between the other two groups in the
ocean plateau basalt/arc fields. A trend linking the enriched, depleted and
transitional groups is apparent with the high mu (U/Pb) source (HIMU)/recycled
component as one end member and an enriched, arc like component as the other. A
separate incipient trend may also exist in some of the samples of the depleted
group. In this instance an enriched component forms one end member and depleted

mantle and/or deep depleted mantle makes up the other.
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Figure 9.34. Nb/Y-Zr/Y diagram for the igneous rocks of the Chivillas Formation.
Field boundaries and end members from Condie, 2005. Abbreviations are the same
as in Figure 9.25.
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In the Nb/Y-Zr/Y plot (Figure 9.34) similar trends are observed as in the
Zr/Nb-Nb/Th plot. The enriched group plot in the plume source division of the figure,
in the ocean island basalt and oceanic plateau basalt field areas, whereas the
depleted group plot mainly in the non-plume source area (MORB), in the arc field
boundary. Again, although not so apparent as in the Zr/Nb-Nb-Th plot, there appears
to be two mixing lines. One links the enriched, transitional and depleted groups
together along a line with EM1/EM2/HIMU as one end member and the arc field
boundary as the other. The depleted group again appear to form their own separate

mixing line between the arc field and N-MORB field.

From the above discrimination diagrams it is apparent that the trace element
trends of the depleted igneous group of the Chivillas Formation are most consistent
with magmas that have been influenced by subduction fluid metasomatism, rather
than ones that have been contaminated by continental crust. This would suggest
that the extension that formed the Chivillas basin was related to a subduction event
e.g. in a back arc basin environment. However, metasomatism from subduction
fluids does not provide a satisfactory explanation for the trace element trends of the
enriched igneous group of the Chivillas Formation, which appear to have formed

from a separate mantle source.

9.8.4 Composition of source: OIB

An enriched ocean island basalt (OIB)- like source could potentially explain
the enriched group of the Chivillas basin. It is generally accepted that OIB (HIMU,
EM1 & EM2 mantle reservoirs) are derived from a deep mantle plume source

comprising recycled oceanic crust and associated sediments that have previously
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been subducted (e.g. Weaver, 1991; Hofmann, 1997). During subduction, Nb and Ta
are retained in the slab by rutile which is a stable phase in the oceanic crust (Foley et
al., 2000). This results in the characteristic negative Nb and Ta anomalies in arc rocks.
Consequently, recycled oceanic crust that upwells and melts to form OIB is enriched

in Nb and Ta (Weaver, 1991).
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Figure 9.35. Plot of ThN vs. NbN (N-MORB normalised) from Saccani (2015) for the
igneous rocks taken from the Chivillas Formation. SSZ-E= supra-subduction zone
enrichment, AFC= assimilation-fractional crystallisation, OIB-CE= ocean island-type
(plume type) component enrichment; FC= fractional crystallisation, G-MORB=
garnet-influenced MORB, E-MORB= enriched-type MORB, P-MORB= plume-type
MORB, AB= alkaline ocean-island basalt, IAT= low-Ti, island arc tholeiite, CAB= calc-
alkaline basalt, MTB= medium-Ti basalt, D-MORB= depleted-type MORB, BABB= back
arc basin basalt.

The Thy-Nby diagram (Saccani, 2015) is an alternative to the Pearce & Peate,
(1995) Th/Yb-Nb/Yb plot where Th and Nb are normalised to N-MORB values instead
of Yb. It has been suggested that this method can help eliminate mathematical
errors introduced through element ratios (Chayes, 1949; Saccani, 2015),

subsequently allowing greater precision in distinguishing tectonic environments. In
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Figure 9.35 there is a clear distinction between the igneous groups found in the
Chivillas Formation. The enriched group display overlap with P-MORB, alkaline
ocean-island basalt and E-MORB signatures, the transitional group ranges from P-
MORB to E-MORB and the depleted group samples plot in the E- MORB, calc-alkaline
basalt and N-MORB fields (Figure 9.35). In terms of tectonic setting it appears they
form a trend between an enriched ocean island basalt (OIB) setting which progresses

to a more depleted, subduction related, back arc basin setting (Figure 9.36).
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Figure 9.36. Plot of ThN vs. NbN (N-MORB normalised) from Saccani (2015) for the
igneous rocks taken from the Chivillas Formation. CMVA= Continental margin
volcanic arc & polygenetic crust island arc, OCTZ= Oceanic subduction-unrelated
setting & rifted margin.

The results of the Thn-Nbn plot appear to suggest that the enriched group
found in the Chivillas Formation formed due to an upwelling of a deep seated mantle
plume like source region. In such an environment garnet would be a dominant

fractionating phase in the source due to the depth of magma generation associated.
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However, the enriched group of the Chivillas Formation have relatively flat HREE
patterns (Figure 9.19; Gd/Ybcy ratios 1.37-1.58), suggesting that garnet was not a
significant residual phase in the petrogenesis of these magmas. This is displayed in
the Dy/Dy* vs. Dy/Yb plot (Figure 9.37) of Davidson et al. (2013) which shows no

indication of any influence from garnet in the samples of the Chivillas Formation.
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Figure 9.37. Dy/Dy* vs. Dy/Yb diagram of Davidson et al. (2013) for the Western Gulf
of Mexico basement samples. The MORB field has been compiled from N-MORB and
E-MORB data from the East Pacific Rise (Nui et al., 1999; Regelous et al., 1999;
Turner et al., 2011). The OIB field includes data from Hawaii (Sims et al., 1995, 1999)
and the Azores (Beier et al., 2010). Continental crustal estimates are from Rudnick &
Fountain (1995); Wedepohl (1995); Taylor & McLennan (1985). PM= primitive mantle
(Sun & McDonough, 1989); DM= depleted mantle (Salters & Stracke, 2004); GLOSS=
average subducting sediment (Plank & Langmuir, 1998). Vectors for mineral control
are from Davidson et al. (2013).

The Lu/Hf ratio acts as another proxy for the existence of residual garnet in
the source. The enriched group of the Chivillas Formation yield low results (0.09-
0.14) when compared to samples where residual garnet is known to be present e.g.

lower crustal granulite xenoliths from Kilbourne Hole, New Mexico (Lu/Hf= 0.93-
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1.30; Scherer et al., 1997). However interpretation on the Lu/Hf ratio should be done
cautiously as amphibole fractionation can also influence the ratio. Figure 9.37
indicates that amphibole fractionation may well influence at least some of the
Chivillas Formation samples. Nevertheless, a lack of evidence for residual garnet in
the source region of the enriched group of the Chivillas Formation means a mantle

plume is unlikely to contribute to the HIMU, EM1 & EM2 like enrichment.

9.8.5 Composition of source: Lower crust ultramafic source

As mentioned previously in Chapter 7 ultramafic rocks with cumulitic textures
are present in the Teotitlan area of the northern Cuicateco These rocks may
represent lower crustal cumulates of the Cretaceous arc system that make up the
Xonamanca Formation and Teotitlan Migmatitic Complex and could be a source for

the enriched igneous group of the Chivillas Formation.

Partial melts from olivine-clinopyroxene-amphibole cumulates been
experimentally determined by (Medard et al., 2006) and have been found in island
arc volcanics of Sumatra, Bali and Vanuatu (DellaPasqua & Varne, 1997). The
experimental results yield nepheline-normative, ultra-calcic igneous melts, with CaO
of up to 18.9 wt%, CaO/Al,Os ratios of up to 1.25), low SiO, (down to 44 wt %). These
results are compositionally distinct from the enriched group of the Chivillas
Formation, which have CaO of 5-10 wt % (some samples contain calcite filled
amygdules which will raise the CaO further) and CaO/Al,0; ratios of 0.23-0.74. It is
therefore unlikely that the igneous rocks of the Chivillas Formation formed by the

partial melting of an ultramafic lower crustal source.
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9.8.6 Composition of source: slab & sediment melt metasomatism
There are instances in Mexico (Castillo, 2008; Cai et al., 2014) and around the
world (Defant et al., 1992; Kepezhinskas et al., 1995; Kepezhinskas et al., 1996;
Hastie et al., 2011) of high niobium basalts (HNBs) where metasomatism of the
lithospheric mantle from sediment and oceanic slab melts associated with arc
systems result in alkali magmas that are enriched in HFSEs such as Nb and Ta. This
could help explain the enriched signatures that are observed in some of the igneous
rocks of the Chivillas Formation. This explanation correlates with interpretations
made on the depleted group of the Chivillas Formation, which indicate an influence

from subduction.

To test this hypothesis the Hf and Nd isotopic data from the Chivillas
Formation have been compared with various potential end-member components
(Figure 9.38). Isotopic ratios for the continental crust of Mexico are represented by
three lower crustal xenoliths (Roberts & Ruiz, 1989; Vervoort et al., 2000) which
have been age corrected to 130 Ma. Isotopic ratios for the composition of potential
marine sediment influencing the Chivillas Formation have been inferred from
samples collected from the Middle America Trench by DSDP 487 (DSDP report;
Figure 9.39). A stratigraphic study (LaGatta, 2003) revealed the sediments in the
trench are composed of terrigenous and pelagic hydrothermal sediments in a ratio of
4:6. The isotopic bulk composition is calculated taking this ratio into consideration
(Cai et al., 2014). The DSDP 487 marine sediments range from the Palaeocene-Late
Miocene and therefore have not been age corrected as the difference to the initial

eHf & eNd values is negligible. Other modern day marine sediments have been
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collated from (Vervoort et al., 2011). Comparisons have also been made with high
Nb basalts taken from the Sierra Chichinautzin Volcanic Field (SCVF) in the Trans-
Mexican Volcanic Belt (Figure 9.38; Cai et al., 2014). Fields for N-MORB (Nowell et
al., 1998; Kempton et al., 2002; Thompson et al., 2003) and the back arc basin of the

East Scotia Ridge (Barry et al., 2006) have also been plotted for comparison.
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Figure 9.38. Plot of eHf; vs. eNd; (age corrected to 130 Ma) for the igneous samples
taken from the Chivillas Formation. MORB field constructed from PetDB (Nowell et
al., 1998; Kempton et al., 2002); East Scotia Ridge field from Barry et al (2006);
Mantle-Crust array from Vervoort et al (2011); Mexican lower crustal xenoliths from
Roberts & Ruiz, (1989) and Vervoort et al., (2000); volcanoclastic, hydrothermal,
hydrogenous and terrigeneous sediments from Vervoort et al., (2011); DSDP 487
sediment bulk composition calculated from stratigraphy (LaGatta, 2003); SCVF high-
Nb field from Cai et al., (2014).

The enriched and depleted samples of the Chivillas Formation have similar
isotopic compositions to the SCVF high Nb basalts and form a trend oblique to the
mantle-crust array (Figure 9.38). The source of the SCVF high Nb basalts has been
attributed to lithospheric mantle that has been metasomatised by subducted slab

and sediment melts (Cai et al., 2014 & references therein). Alternatively it is possible

319 | Page



Chapter 9: Geochemistry and Hf-Nd isotope results

that the trend relates to a mix between Grenvillian continental crust and N-MORB.

Potential end members for mixing lines will be explored further in trace element

ratio plots.
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Figure 9.39. Map showing the localities of DSDP site 487 and the Sierra Chichinautzin
Volcanic Field (SCVF) taken from Cai et al., (2014).

Although both the depleted and enriched groups of the Chivillas Formation
are comparable to the SCVF high Nb rocks (Figure 9.38), the depleted group displays
a trend towards lower Nd values. The DSDP 487 “bulk” sediment has similar Hf
isotopic ratios to the depleted and enriched groups of the Chivillas Formation but
lower Nd isotopic ratios. Therefore the lower Nd isotopic values of the depleted
group may indicate derivation from a mantle source that is more influenced by fluids
expelled by subducted sediment than the enriched group. There does not appear to

be any direct correlation between the East Scotia Ridge or N-MORB fields and the
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Chivillas samples, although it could be argued that the East Scotia Ridge samples

share a similar oceanic sediment end member as the Chivillas samples.

Plots of isotope data vs. incompatible trace element ratios can also be used
to help highlight potential end member compositions and mixing trends. Where
possible, (dependent on available data) fields have been plotted for the potential
high Nb “metasomatised mantle” end member and Mexican continental crust. The
N-MORB end member represents an average of samples from the East Pacific Rise

(EPR; Class & Lehnert, 2012).
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Figure 9.40. eNd; (age corrected to 130 Ma) vs. La/Nb diagram for the igneous
samples taken from the Chivillas Formation. SCVF high-Nb field & DSPD 487 "bulk"
sediment marker constructed from data in Cai et al., 2014; EPR N-MORB average
marker from PetDB (Class & Lehnert, 2011).

In the eHf & eNd vs. La/Nb diagrams (Figures 9.40 & 9.41) a negative
correlation is observed in the samples analysed from the Chivillas Formation (more
obvious in the eNd than eHf plot). The enriched group display La/Nb ratios that are

comparable to the SCVF high Nb field. The depleted group show a trend towards the
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DSDP 487 bulk sediment composition as in the eHf vs eNd diagrams. A mixing line
using the SCVF high Nb samples and DSDP 487 bulk sediment as end members
(Figures 9.40 & 9.41) suggests that the higher La/Nb ratios and lower isotopic ratios
in the depleted group are related to an increased influence from marine sediments
(10-30% marine sediment). No comparison with Mexican continental crust can be
made in Figures 9.40 and 9.41 due to limited trace element data availability in

Roberts & Ruiz, (1989) and Vervoort et al. (2000).
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Figure 9.41. gHf; (age corrected to 130 Ma) vs. La/Nb diagram for the igneous
samples taken from the Chivillas Formation.

Plots of Lu/Hf vs. eNd and €Hf are shown on Figures 9.42 and 9.43. Again a
mixing line between the SCVF high Nb source and DSDP 487 marine sediment reveal
that the enriched group plot closer to the SCVF high Nb field than the depleted
group which as previously noted appear to contain a greater input from marine
sediment (~20-40%). Values for the Mexican lower crustal xenoliths appear to be

completely unrelated to the trends observed in the Chivillas Formation samples.
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Figure 9.42. eNd; (age corrected to 130 Ma) vs. Lu/Hf diagram for the igneous
samples taken from the Chivillas Formation. SCVF high-Nb field & DSPD 487 "bulk"
sediment marker constructed from data in Cai et al., 2014; EPR N-MORB average
marker from PetDB (Class & Lehnert, 2011); Mexican lower crustal xenoliths from
Vervoort et al., 2000 and Roberts & Ruiz, 1989.
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Figure 9.43. gHf; (age corrected to 130 Ma) vs. Lu/Hf diagram for the igneous
samples taken from the Chivillas Formation.

In the eHf & eNd vs. La/Sm plots (Figures 9.44 & 9.45) the enriched group

display higher La/Sm than the depleted group and have similar compositions to the

SCVF high Nb samples. The depleted group in this instance do not lie on a mixing line
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between the SCVF high Nb source and DSDP 487 marine sediment but instead show

a progression towards the EPR N-MORB end-member.
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Figure 9.44. eNd; (age corrected to 130 Ma) vs. La/Sm diagram for the igneous
samples taken from the Chivillas Formation. SCVF high-Nb field & DSPD 487 "bulk"
sediment marker constructed from data in Cai et al., 2014; East Scotia Ridge field
from Barry et al., 2006; EPR N-MORB average marker from PetDB (Class & Lehnert,
2011); Mexican lower crustal xenoliths from Vervoort et al., 2000 and Roberts &
Ruiz, 1989.

The La/Sm ratio may record the evolution of the magmatism towards the N-
MORB end member, as is observed in the back arc samples of the East Scotia Ridge
(Figures 9.44 & 9.45). Again the lower continental crust does not appear to have had
a significant input to either the enriched or depleted groups of the Chivillas

Formation.

324 | Page



Chapter 9: Geochemistry and Hf-Nd isotope results

20
EPR N-MORB
average East Scotia Ridge
15 o back arc field
| 7 P T
10 SRR SCVF High-Nb
o, field
5 s
s % u
<0 DSDP 487
w "bulk"sediment
-5
-101 [ = SCVF high Nb
+ = East Scotia Ridge
-151 |« = Enriched Oaxaquia type
m = Depleted continental crust
-20
0 1 2 3 4 5 6 7 8
La/Sm

Figure 9.45. eHf; (age corrected to 130 Ma) vs. La/Sm diagram for the igneous
samples taken from the Chivillas Formation.

The trends in each of the ratio plots suggest that the enriched group of the
Chivillas Formation have a source compositionally similar to the SCVF high Nb lavas
found in the Trans Mexican Volcanic Belt (TMVB). Such magmatism has been
associated with metasomatism of the overlying lithospheric mantle caused by melts
of the subducting oceanic plate and it’s sediment that is pulled down with it (Cai et
al., 2014). The depleted group appears to contain more of an input from a marine
sediment end member (e.g. DSDP 487 bulk sediment). The signature of the depleted

|II

group is more associated with “typical” asthenospheric mantle metasomatism in
subduction environments, as the slab dehydrates it causes fluids to percolate
through the overlying mantle wedge that carry mobilised elements from subducting
sediments with them. Whether the subducting slab produces melts or just
undergoes dehydration is likely to be controlled by its temperature which in turn is

dictated by the age of the plate (Defant et al.,, 1992). This issue will be discussed

further in Chapter 10.
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Studies have shown that slab melt metasomatism of a depleted mantle
source breaks down mineral phases such as olivine, orthopyroxene, clinopyroxene
and spinel in the mantle peridotite and replaces them with garnet, phlogopite, Na-
rich clinopyroxene, Fe enriched orthopyroxene and pargasitic amphibole (e.g.
Kepezhinskas et al., 1995; Rapp et al., 1999; Prouteau et al., 2001; Hastie et al.,
2011). It is thought that the pargasitic amphibole formed in this reaction scavenges
Nb and Ta from the slab derived melts (Sorenson & Grossman, 1989; Hastie et al.,
2011). If this metasomatised mantle source subsequently undergoes partial melting
(e.g., through decompression as rifting in a back arc progresses and/or the addition
of hydrous liquids from the subducting slab) the pargasitic amphibole is among the
first phases to break down (Hastie et al., 2011), producing enriched magmas similar

to those of the Chivillas Formation.

The elevated Nb and Ta compositions of the enriched group of the Chivillas
Formation can therefore be interpreted as the initial melts of a depleted mantle
source containing pargasitic amphibole. As magma generation continued below the
Chivillas basin the pargasitic amphibole would have become scarcer. Consequently,
the contribution of Nb, Ta and alkalis from the metasomatised mantle to the melt
would be considerably reduced, forming the more depleted Chivillas group. The
magmas of the depleted group represent a depleted mantle source that has been
enriched by subducted sediment and slab-derived fluids. This interpretation of
enriched magmatism followed by depleted magmatism is consistent with the field
relationships (Chapter 7) whereby the depleted basalts are seen to intrude enriched

diorites.
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9.8.7 Basin Maturity

There are no examples in the basin of true N-MORB like magmas in the
Chivillas Formation which suggests spreading stopped before it evolved into a
mature oceanic basin. There is however evidence in the Th/Yb-Nb/Yb plot (Figure
9.29) of a progression towards N-MORB which may represent the latest part of the
basins evolution where influence from the subducting slab was becoming more distal
and less pronounced. Most of the samples from the Chivillas basin plot in the
continental arc field which suggests that they formed at quite an immature phase of
basin evolution. However, there are three samples from the depleted group that plot
close to the MORB array, suggesting that they may have formed at a later stage of
basin evolution. This can also be seen in the La/Sm ratio (depleted group values
range from 3.1-1.2) and in the Zr/Nb-Nb/Th plot (Figure 9.33) where the initial trend
moves from the OIB field (interpreted here to represent lithospheric mantle altered

by slab and sediment melts) to the arc field and then towards the N-MORB field.

9.9 Summary

] Plutonic and volcanic rocks of the Teotitlan Migmatitic Complex and
Xonamanca Formation appear to have formed in a continental arc tectonic

setting ca. 140-133 Ma (Chapter 8).

° Compositional differences in the rocks of the Chivillas submarine basin do not

appear to be controlled by fractional crystallisation processes.

° Degree of partial melting may contribute to the compositional differences,

with the enriched groups forming from lower degree of partial melting than
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the depleted group. However source heterogeneities appear to be a more

dominant factor.

o The enriched group relates to unusual subduction associated metasomatism
whereby melts from the slab and associated sediments metasomatise the

overlying asthenospheric mantle.

o The depleted group displays more typical subduction signatures whereby
fluids derived from the dehydrating slab and associated sediments

metasomatise the overlying mantle wedge.

o The high niobium basalts of the enriched group likely represent the initial
stages of magmatism under low degrees of partial melting where pargasitic

amphibole was broken down to form magmas rich in Nb, Ta and alkalis.
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10 Petrogenesis and paleogeography of the Cuicateco

Terrane

10.1 Introduction

The geochemical results presented in Chapter 9 clearly indicate an influence
from subduction in the Early Cretaceous magmatism of the northern Cuicateco
terrane. These findings suggest that the Cuicateco basin opened in association with
back arc extension, rather than continental rifting in response to the opening of the
Gulf of Mexico as suggested Mendoza et al. (2010), or the separation of North and
South America as suggested by Angeles-Moreno, (2006). Ages for the extensional
igneous rocks of the northern Cuicateco could not be obtained but detrital zircon
studies on coeval sediments constrain the maximum age of deposition to the
Barremian (131-126 Ma), with population peaks at 130 Ma (this study) and 126 Ma
(Mendoza et al., 2010). This chapter will investigate possible relationships between
the subduction related northern Cuicateco terrane and other Early Cretaceous
subduction systems that existed in Mexico, in order to define a tectonomagmatic

model for the origin of the terrane.

10.2 Early Cretaceous subduction in Mexico

As discussed in the geological overview of Chapter 6, subduction in Mexico
during the Early Cretaceous is characterised by the Guerrero island arc system and
associated back arc of the Arperos basin (Martini et al., 2014 and references
therein). The initiation of continental extension in the Arperos basin is recorded in

the Esperanza Formation (Figure 10.1), which has been dated by U/Pb on zircon to
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ca. 150-145 Ma (Martini et al., 2011). The Esperanza Formation is overlain by the
Early Cretaceous Valenciana Formation (Figure 10.1) which has been interpreted to
have formed from the erosion of the carbonate platform that existed in Mexico
during the Early Cretaceous. Thermal resetting of the basalts that formed during
oceanic extension in the basin has resulted in imprecise “°Ar/**Ar plagioclase
crystallisation ages (Martini et al., 2014). However, detrital zircons studies on the
sediments of the basin indicate it was still being filled until the Barremian (Martini et
al., 2011). Sediments of the Ojo de Agua Assemblage in the Guerrero terrane yield a
maximum age of deposition of 118 Ma (Martini et al., 2014). These sediments are
interpreted to represent syn-collisional deposits during the accretion of the Guerrero

terrane to Mexico (Martini et al., 2014).

Prior to the opening of the Arperos basin, arc rocks formed as a result of the
subduction of the Farallon plate. These are preserved in the Xolapa terrane of
Southern Mexico (Figure 10.1) and have been dated to ca. 165-158 Ma (Guerrero-
Garcia et al.,, 1978; Ducea et al., 2004). Other granitic dykes (El Pozuelo granite)
interpreted to be arc related in the Xolapa terrane yield igneous crystallisation ages
of ~133-129 Ma (Solari et al., 2007). This magmatism is coeval with the closure of the
Arperos basin, so was presumably related to the subduction of this oceanic crust
beneath Mexico. However, the proximity of these dykes to the Arperos basin suture
zone (tens of kilometres) and the likely shallow angle of subduction of the young
(and so hot and buoyant) Arperos oceanic crust, mean that it may be better

interpreted as localised near-trench magmatism rather than the arc front itself.
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Figure 10.1. A) Present day map of Mexico with terranes (G= Guerrerro terrane; M= Mixteca terrane; X= Xolapa terrane; Z= Zapoteco terrane; C=Cuicateco terrane; My=
Maya terrane; TMVB= Trans Mexican Volcanic Belt; SM= Sierra Madre terrane.) The dashed lines mark the suture zone of the Arperos basin and the red line marks the
approximate transect of B & C. B & C show regional tectonic reconstructions of Southern Mexico during the late Jurassic-Early Cretaceous adapted from Martini et al.,

(2011).
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10.3 Petrogenesis of the Cuicateco terrane

The extrusive and intrusive magmatic rocks of the Xonamanca Formation and
Teotitlan Migmatitic Complex, as well as the basalts that formed in the extensional
basin of the Chivillas Formation, clearly have signatures that are influenced by
subduction (see Chapter 9). The Xonamanca Formation and Teotitlan Migmatitic
Complex can be interpreted as having formed in a continental arc environment
between 140-133 Ma and so it is proposed here that these units together form part
of an Early Cretaceous “Zongolica arc” (named from its location in the Sierra de

Zongolica mountains; Figure 10.1 C).

The subduction related geochemical signature of basalts from the extensional
basin of the Chivillas Formation suggests that these rocks are likely to have been
formed in a back arc environment (Chapter 9). Several examples of unusual basalts
(enriched group) that are enriched in Nb and Ta can also be found in the Chivillas
Formation, which have been interpreted to have formed from a mantle source that
has been metasomatised by slab and sediment-derived melts (Chapter 9). The trace
element signatures suggest the Chivillas Formation never evolved into a mature
oceanic basin. However, there is evidence for the basin to have been ‘oceanised’ as
indicated by an incipient trend towards N-MORB in the Zr/Nb-Nb-Th and Nb/Y-Zr/Y

plots (Figures 9.33 and 9.34).

An obvious interpretation for the northern Cuicateco terrane would be to
associate the Early Cretaceous extensional basin with the contemporaneous Arperos
back arc basin. The suture of the Arperos basin above the Trans Mexican Volcanic

Belt (TMVB) lies on strike with the location of the northern Cuicateco terrane (Figure
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10.1). It is therefore possible that the Cuicateco represents the southern extent of
the Early Cretaceous Arperos back arc basin, with the central portions buried
beneath the Cenozoic TMVB. However, when tracing the suture of the Arperos basin
below the TMVB, outcrops are found running along the western boundary of the
Mixteca terrane (Elias-Herrera et al., 1998; Freydier et al., 2000; Martini et al., 2011;
Figure 10.1). This indicates that the northern Cuicateco is unlikely to represent the

southern extent of the Arperos Basin.

An alternative model linking the Arperos basin and the Cuicateco basin is that
the Cuicateco represents a failed rifted limb of the Arperos back arc basin. In this
model rifting in the Cuicateco basin would be expected to initiate approximately at
the same time (ca. 150 Ma) as in the Arperos Basin (Esperanza Formation). However,
extension did not begin in the Cuicateco until the end of the spreading in the
Arperos basin, with detrital zircon studies indicating a maximum age of deposition of
126 Ma. It is therefore apparent that the Cuicateco extensional basin is not directly

linked to the Arperos back arc basin.

It is generally accepted that the Arperos basin was closing through the Early
Cretaceous, eventually leading to the accretion of the Guerrero terrane to
continental Mexico by the Aptian (Dickinson and Lawton, 2001; Martini et al., 2011).
There are “°Ar/*Ar ages for Arperos basin basalts that suggest that the accretion did
not occur until the Cenomanian (Elias-Herrera et al., 2000; Martini et al., 2014).
However, dykes that intrude these basalts have been dated to 129 Ma (U/Pb zircon)

which suggests they have been thermally reset.
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Very little is understood about the mechanism of the Guerrero terrane
accretion to continental Mexico and what happened to the oceanic crust that
formed in the Arperos basin. It is thought that sea floor spreading in the Arperos
basin initiated at ca. 145 Ma, after around 5 Ma of continental extension (Martini et
al., 2011). Additionally, syn-tectonic sediments of the Ojo de Agua Assemblage
indicate that Guerrero accretion to continental Mexico had initiated by ca. 118 Ma
(Martini et al., 2014). This gives an approximate period of 25 Ma where oceanic crust
was being formed in the Arperos back arc basin. Given that extension rates of
current back arc basins range between 10 mm/year (Mariana Trough) to 150 mm/yr
(Lau Basin), the total amount of oceanic crust formed in the Arperos basin could be
anywhere between 250-3750 km (assuming extension continued until the basin was
closed). These values for basin width may be somewhat of an overestimation as the
assumption that the spreading rates remained continuous whilst the basin was being
closed seems unlikely. However, we can still infer that a substantial amount of
oceanic crust would need to be consumed by subduction, either beneath the

Guerrero terrane or continental Mexico.

The existence of the Early Cretaceous Zongolica arc indicates that the closure
of the Arperos basin was accommodated (at least in part) through the eastward
subduction of the oceanic crust beneath continental Mexico (Figure 10.1 C). This arc
system would have formed ~250-300 km from the trench (using its current location
from the Arperos suture). Given that this oceanic crust was <10 Ma old, and so was
hot and buoyant, it was likely subducted at a shallow angle, which is consistent with

the presence of an arc ~250-300 km from the trench. The 133-129 Ma Pozuelo
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granite (Solari et al., 2007) as discussed in Section 10.2 was probably too close (tens
of kilometres) to the trench of the subducting Arperos basin to represent the arc
front. It instead may have formed by localised near trench crustal melting. This
melting could have occurred as a result of the high heat flux from the young
subducting crust, or perhaps more likely, from a slab-window being formed when
the spreading ridge of the Arperos basin was subducted. A similar model has been

proposed for Pliocene magmatism of Southern Chile (Forsythe et al., 1986).

It seems likely that the magmatism preserved in the Chivillas extensional
basin, which has strong subduction signatures, is linked to the proximal Zongolica
arc, and is therefore in turn is associated with the subduction of the Arperos basin.
Whether the Zongolica arc and Chivillas basin magmatism were coeval, or if the
extension marks the end of the arc magmatism is difficult to determine. The fact that
there is a ~7 Ma gap between the youngest dated granites of the Zongolica arc (133
Ma; Chapter 8) and the maximum age of deposition for the Chivillas basin (126 Ma
population of zircons from Mendoza et al.,, 2010) indicates that the initiation of
extension may have stopped arc magmatism. On the other hand the zircons from the
sediments of the Chivillas basin are igneous in origin and do not appear to be far
travelled. An alternative proximal igneous source of this age is difficult to determine
so it may be that the youngest expressions of the Zongolica arc were eroded away

into the Chivillas basin.

10.3.1 Mechanism for back arc extension
An issue with the back arc hypothesis for the Early Cretaceous Chivillas basin

of the northern Cuicateco terrane is determining the mechanism of extension in a
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system that was undergoing compression as the Arperos basin was being closed.
Extension in back arc environments is classically attributed to older, denser slabs
causing roll-back. However, Heuret and Lallemand, (2005) demonstrate that the age
of the slab has little control on this roll-back effect, demonstrating that in the right

conditions young slabs can roll-back easily also.
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Figure 10.2 Cross-plot of back-arc deformation style versus trench-normal component of upper
plate absolute motion (V,,n), adapted from Heuret and Lallemand, (2005). The blue area
represents subduction zones that have back-arc deformation style consistent with upper plate
motion (correspondence between back-arc extension and upper plate retreat and between back-
arc compression and upper plate advance). The red area represents back-arc deformation style
inconsistent with upper plate absolute motion: The dashed line delimits the global trend, that is
increasing extension with increasing upper plate retreat and conversely for compression. Back arc
abbreviations: ANDA=Andaman, SUM= Sumatra, JAVA= Java, NEG=Negros, MAN=Manila,
RYU=Ryukyu, NAN=Nankai, MAR=Mariana, 1ZU=Izu-Bonin, JAP=Japan, KUR=Kuril, KAM=Kamchatka,
ALE=Aleutian, ALA= Alaska, CASC=Cascadia, MEX=Mexico, COST=Costa-Rica, COL=Colombia,
PER=Peru, NCHI=North Chile, JUAN=Juan Fernandez, SCHI= South Chile, TRI= Chile triple junction,
PAT= Patagonia, ANT= Antilles, SAND= Sandwich, KER= Kermadec, TONG= Tonga, NHEB= New
Hebrides, NBRIT= New Britain

Extension in a back arc environment is instead thought to be mainly
controlled by upper plate absolute motion (Heuret and Lallemand, 2005). Figure 10.2
shows that in the vast majority of cases around the world if the upper plate of a

subduction zone is in retreat, then extension will occur in the back arc and, if the
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upper plate is advancing, then compression in the back arc region will be observed
(assuming the subducting plate is at least partially anchored). However, there are
some exceptions to this e.g.,, New Hebrides, where an advancing upper plate is
undergoing extension in the back arc region (Figure 10.2). In these scenarios it
appears that localised and/or regional asthenospheric flow controls back arc

extension (Schellart et al., 2002; Heuret and Lallemand, 2005).

Asthenospheric flow may have been an important control on the extension
observed in the Chivillas Formation of the Cuicateco terrane. The initiation of
extension in the Chivillas Formation appears to coincide with the magmatism of the
Pozuelo granite (Solari et al., 2007) in the Xolapa terrane (interpreted here to
represent near trench magmatism in response to ridge subduction of the Arperos
oceanic crust). The continual subduction of the spreading centre would have
resulted in a tear, or slab-window, to form in the subducting crust. Studies show that
localised mantle flow through slab-windows or tears, can cause slab roll-back to
occur (Schellart et al., 2002). This therefore represents a potential mechanism for
extension in the back arc region of the Zongolica arc, regardless of the absolute
motion of the upper crust. The formation of a slab-window during the subduction of
the Arperos crust also explains the basalts of the Chivillas Formation that appear to
have been enriched by slab and sediment derived melts. Studies have shown (Hastie
et al.,, 2011 and references therein) that phases such as pargasitic amphibole
scavenge Nb and Ta during such slab melt-mantle interactions (discussed in Chapter

9).
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Another factor that may have facilitated extension in the Chivillas Formation
is the delamination of the lithospheric mantle beneath the Zongolica arc causing
subsidence of the continental crust. Delamination could have occurred in response
to a shallow angle of subduction in the Arperos oceanic crust. Such extensional
forces are observed in the forearc region of the TMVB arc system in Mexico today

(Gérault et al., 2015).

10.3.2 Back-arc Model: 150-140 Ma

e Extension in the Arperos back arc basin initiated ca. 150 Ma, separating the
Guerrero terrane from continental Mexico.

e The continental rifting stage lasted ~5 Ma, and resulted in the felsic magmatism
of the Esperanza Formation (Martini et al., 2010).

e (Ca. 145 Ma oceanisation of the basin initiated and extension continued for ~5 Ma
with passive margins. At ca. 140 Ma the Arperos basin would have been at peak
width. Modern analogues of slow spreading ridges (Mariana ridge) and fast
spreading ridges (Lau basin) indicate that the Arperos basin could have been 50-
750 km wide at this time.

e The eastward dipping subduction of the Arperos oceanic crust beneath
continental Mexico initiated ca. 141 Ma.

e Subduction of the Arperos oceanic crust led to the formation of the Zongolica arc
system (Figure 10.3 A) ~300 km from the trench, suggesting flat slab subduction.
The early arc rocks are found in the volcanics and tuffs of the Xonamanca
formation and preserved as tonalites in the Teotitldan Migmatitic Complex, dated

to 140-138 Ma (U/Pb zircon).
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Arc magmatism resulted in metasomatism of the overlying mantle by fluids
released from the dehydrating slab and sediments (normal subduction related

metasomatism).

10.3.3 Back-arc Model: 133 Ma (Figure 10.3 B)

The rate of subduction of the Arperos oceanic crust exceeded the rate of ocean
spreading, leading to the closure of the basin throughout the Valanginian (139-
134). By ca. 133 Ma the spreading centre had been subducted.

As the spreading centre was subducted a slab-window formed, causing near
trench magmatism to occur (El Pozuelo granite of the Xolapa terrane).

The subduction of the ridge initiated localised mantle flow that escaped through
the slab-window, causing slab roll-back.

The slab roll-back caused extension in the back arc region of the Zongolica arc,
initiating the Chivillas basin.

Lithospheric mantle delamination caused by the shallow angle of the subducting
slab may also have contributed to the extension.

The extension appears to have split the Zongolica arc front, causing a
southwestern migration of the arc (Teotitlan Migmatitic Complex).

Ridge subduction led to unusual metasomatism of the overlying mantle caused
by slab derived melts.

Under normal subduction conditions the Nb and Ta are locked in rutile which is a
stable phase in the slab. However if partial melts of the slab occur these

elements can be released into the mantle.
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10.3.4 Back-arc Model 130 Ma (Figure 10.3 C)

Continuing extension in the Chivillas basin led to decompression melting of the
asthenosphere.

The first phases to break down during this melting are those that formed from
the slab melt metasomatism caused by the subduction of the Arperos Ridge.
These melts represent the Nb-enriched alkali basalts and diorites that are found
in the Chivillas Formation.

Erosion of the Zongolica arc resulted in the deposition of sediments in the
Chivillas basin contemporaneous with magmatism. Sediments in the Arperos
basin may also be derived from the Zongolica arc but the magmatism of the
Pozuelo granites represents a more proximal source.

The near trench magmatism of the El Pozuelo granite continued until 129 Ma.
This suggests either the subducting ridge had passed deeper into the mantle at
this point or upwelling of the asthenosphere through the slab-window had

stopped.

10.3.5 Back-arc Model 126 Ma (Figure 10.3 D)

Magmatism in the Chivillas basin eventually exhausted the alkali and HFSE
enriched component in the underlying mantle, caused by slab-window
metasomatism.

Subsequent melts produced magmas more typical of immature back arc basins,
with prominent signatures from slab derived fluids (Enriched LREEs and Th;

Negative Nb, Ta and Ti anomalies).
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e These magmas are represented by the depleted basalt groups found in the
Chivillas Formation of the Cuicateco terrane.

e The depleted group display trends towards N-MORB in the trace element ratio
diagrams (Figures 9.33 and 9.34), indicating that extension in the Chivillas basin
eventually led to the oceanisation of the crust. However, Spreading in the
Chivillas basin never reached a mature oceanic basin (N-MORB) stage, with an
apparent influence from subduction in all of the igneous rocks.

e [tis difficult to determine whether at this point the Zongolica arc magmatism and
extension in the Chivillas basin were coeval.

e The maximum depositional age of 126 Ma for the sediments and
contemporaneous magmatism of the Chivillas basin tells us that basin extension
likely stopped by the Aptian.

e The Aptian age for the end of spreading in the Chivillas basin broadly coincides
with syn-tectonic sediments of the Ojo de Agua Assemblage (maximum
depositional age of 118 Ma), which have been interpreted to have formed during
the collision of the Guerrero island arc system to continental Mexico (Martini et
al., 2014).

e The maximum age of deposition for the Chivillas basin therefore provides a new
constraint on the timing of the collision of the Guerrero terrane with continental

Mexico.
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10.4 Summary

e The Zongolica arc of the Cuicateco terrane (Xonamanca Formation and
Teotitldan Migmatitic Complex) formed in response to the subduction of the
Arperos oceanic basin ca. 140 Ma.

e The spreading centre of the Arperos basin reached the trench of the
Zongolica arc ca. 133 Ma (El Pozuelo Formation). Ridge subduction caused
localised asthenospheric convection, which initiated extension in the back arc
region of the Zongolica arc. Ridge subduction also triggered enriched slab and
sediment derived melts that were released into the overlying mantle.

e Continued extension in the back arc region led to the oceanisation of the
basin, as is recorded in the Chivillas Formation of the Cuicateco terrane.

e Spreading in the Chivillas Formation stopped around 126Ma in response to

the collision of the Guerrero terrane with continental Mexico.
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11 Conclusions

The crystalline basement of the Western Gulf of Mexico provides a rare
insight into pre- and post-collisional magmatism associated with the formation of

Pangaea in Mexico.

Geochronological results reveal three phases of magmatism in the crystalline
basement of the Western Gulf of Mexico, the first relating to the Early Permian, the

second to the Late Permian-Earliest Triassic and third to the Early Jurassic.

1. Two granitoids yield a homogeneous Early Permian age of 294 Ma, which
correlates with Late Carboniferous-Early Permian granitoids of Southern Mexico
(Ortega-Obregon et al., 2014).

2. The dominant pulse of magmatism found in the Western Gulf of Mexico
occurred in the Late Permian-Early Triassic, with 14 samples yielding igneous
crystalline ages of 274-243 Ma. Inherited zircon cores are a common feature of this
phase of magmatism, with inheritance from Grenville-age zircons (Oaxaquia) and
Late Carboniferous-Early Permian zircons. The Late Permian-Early Triassic granitoids
of the Western Gulf of Mexico are comparable in age to granitoids found in Northern
Mexico (Arvizu & Iriondo, 2011), Southern Mexico (Weber et al., 2005; Ortega-
Obregon et al., 2014) and Colombia (Cochrane et al., 2014).

3. The final minor phase of magmatism recorded in the basement of the
Western Gulf of Mexico is Early Jurassic in age, with two samples yielding ages of
189 Ma and 164 Ma. This igneous event probably relates to the Nazas arc that

existed in Mexico during the Early Jurassic (Dickinson & Lawton, 2001).
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The major and trace element geochemistry of both the Early Permian and
Late Permian-Early Triassic granitoids of the Western Gulf of Mexico display trends
that are typical of continental arcs. Granitoids of the same age from Northern
Mexico (Arvizu & Iriondo, 2011), Southern Mexico (Weber et al., 2005; Ortega-
Obregon et al., 2014) and Colombia (Cochrane et al., 2014) also display major and
trace element signatures indicative of a continental arc tectonic setting. However, Hf
model ages indicate that whilst the Late Carboniferous-Early Permian granitoids of
the Western Gulf of Mexico and Southern Mexico and the Late Permian-Early Triassic
granitoids of Northern Mexico and Colombia display evidence for a continental arc
setting (mantle source assimilating continental crust), the Late Permian-Early Triassic
granitoids of the Western Gulf of Mexico and Southern Mexico do not. It is instead
apparent that these granitoids formed from crustal anatexis, with no mantle source
contributing to the magmatism. It can therefore be concluded that the arc like major
and trace element signatures for the Late Permian-Early Triassic granitoids of the
Western Gulf of Mexico and Southern Mexico were inherited from the continental
crust from which they formed (Oaxaquia continental crust and Late Carboniferous-
Early Permian granitoids). This geochemical inheritance is common in magmatism of

a post-collisional tectonic environment (e.g. Pearce et al., 1984; Grimes et al., 2015).

The geochemical data indicate that the Late Carboniferous-Early Permian
granitoids of the Western Gulf of Mexico and Southern Mexico (Ortega-Obregon et
al., 2014) are related to the same continental arc system on Oaxaquia (Gondwanan)
continental crust. This is likely to be associated with the final stages of the closure of

the Rheic Ocean, which occurred ca. 290-280, during the amalgamation of Pangaea
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(Pindell and Dewey, 1982; Pindell, 1985; Ross, 1986; Sedlock et al., 1993; Dickinson
and Lawton, 2001; Talavera-Mendoza et al., 2005; Vega-Granillo et al., 2007 and

2009).

The Late Permian-Early Triassic anatectic magmatism of the Western Gulf of
Mexico and Southern Mexico likely relates to a post-collisional igneous event, after
the final amalgamation of Pangaea. Late Permian-Early Triassic granitoids of
Northern Mexico (Irvizu & Iriondo, 2011) and Colombia (Cochrane et al., 2014) on
the other hand appear to be associated with an arc, and are probably formed by
subduction of the Paleo-Pacific beneath the Pangaea supercontinent. Subsequent
rifting during the breakup of Pangaea and opening of the Gulf of Mexico has resulted
in some portions of the Late Permian-Early Triassic anatectic magmatism to move to
the south (Oaxaca and Chiapas Massif), and given the basement of the Western Gulf

of Mexico a linear trend.

Extension in the northern Cuicateco terrane appears unrelated to the post-
Pangaea rifting associated with the opening of the Gulf of Mexico and is instead
linked to back arc extension during the subduction of the Arperos Oceanic crust

during the Early Cretaceous.

Geochronological results for the units of the Cuicateco terrane reveal the
Pochotepec Formation to be composed of Grenville aged meta-sediments and
granitoids, most likely related to Oaxaquia continental crust and not deeper portions

of the Chivillas Formation as previously suggested by Angeles-Moreno (2006).
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Age overlap (within error) is observed between the extrusive volcanic rocks
of the Xonamanca Formation (140-139 Ma) and the tonalites of the Teotitlan
Migmatitic Complex (138-133 Ma) indicating that they may have formed in the same
igneous event. The host rocks that the tonalites of the Teotitlan Migmatitic Complex
intrude into yield igneous crystallization ages of 247 Ma (amphibolite; probably part
of the same igneous event that formed the Permo-Triassic basement of the Western
Gulf of Mexico) and detrital zircon maximum depositional ages of 354 Ma

(paragneiss).

Chivillas Formation sediments from this study have been found to have a
maximum depositional age of 130 Ma, which replicates the Barremian maximum
depositional age obtained by Mendoza et al. (2010) and Alzaga and Pano (1989).
Field relations suggest that sedimentation and magmatism in the Chivillas Formation
were contemporaneous. Therefore the maximum depositional age of the sediments

can also be used as a best estimate for the age of magmatism.

Major and trace element geochemical results for the extrusive igneous rocks
of the Xonamanca Formation and Teotitlan Migmatitic Complex indicate that both
suites formed in a continental arc environment. The mafic igneous rocks of the
Chivillas Formation can be split into groups that are enriched or depleted in the
HFSEs and alkali elements. The depleted group displays trace element signatures
that are typical of subduction fluid related magmas, whereas the enriched group
appear to be more influenced by slab and sediment derived melts. It is therefore
likely that the extensional basin represented by the Chivillas Formation, and the

plutonic and extrusive igneous rocks found in the Teotitlan Migmatitic Complex and
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Xonamanca Formation respectively are all related to Early Cretaceous subduction,
rather than the opening of the Gulf of Mexico as proposed by Mendoza et al. (2010),
or the separation of North and South America as proposed by Angeles-Moreno

(2006).

The subduction of the Arperos basin beneath continental Mexico is likely to
have initiated the Early Cretaceous arc related magmatism observed in the northern
Cuicateco terrane. The arc itself, known here as the Zongolica arc, is represented by
the 140-133 Ma magmatism found in the Xonamanca Formation and Teotitlan
Migmatitic Complex. The eventual subduction of the Arperos ridge led to a slab
window forming, causing localised asthenospheric upwelling which initiated

extension in the back arc region of the Zongolica arc (Chivillas Formation).

The slab window also caused slab and sediment derived melts to be released
into the overlying mantle, carrying with them HFSEs and alkali elements. As
extension in the back arc region of the Zongolica arc progressed decompression
melting ensued. The first mineral phases to break down during melting were those
that had been enriched in the HFSEs and the alkali elements (enriched group of the
Chivillas Formation). As the magmatism progressed the enriched mineral phases
became more scarce, and typical immature back arc magmas were formed (the
depleted group of the Chivillas Formation). Extension in the Chivillas Formation
stopped before it evolved into a mature oceanic basin, and was probably due to the
consumption of the Arperos basin and the collision of the Guerrero terrane with

continental Mexico in the Early Aptian.
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The aim of this project was to gain a better understanding of the
petrogenesis and tectonic history of the crystalline basement of the Western Gulf of
Mexico and the enigmatic Cuicateco terrane of Southern Mexico. From geochemical,
isotopic and geochronological interpretations it has succeeded in doing so, and has
resulted in tectonomagmatic models that can be applied to, and help refine, existing

tectonic models for Mexico over the last ~¥300 Ma.

In terms of future work the models presented in this study would benefit
from more isotopic work, in order to test and strengthen the validity of them e.g. Hf
zircon data from the Permo-Triassic granitoids of the Chiapas Massif, Southern
Mexico and Early Permian granitoids of the Western Gulf of Mexico. Additionally,
further investigation into the centre of the Cuicateco terrane could help determine
the extent of the Early Cretaceous units of the northern Cuicateco and identify the

boundary with the Late Cretaceous units of the southern Cuicateco.
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