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Abstract / Zusammenfassung

Abstract

Major and trace elements, Sr-, Nd-, Pb-, and O-isotopes and “°Ar/*Ar dating of
igneous rocks from the Cordillera de Panama and the Son& and Azuero Peninsulas
define the magmatic evolution over the last 95 Ma in western Panama. An initial
phase of intraplate magmatism derived from a Galapagos-type plume source and
forms the Caribbean Large Igneous Province basement at 95-69 Ma. Younger
accreted terranes with enriched trace element patterns were amalgamated between
71 and 21 Ma. A distinct magmatic suite in the Son& and Azuero Peninsulas shows
trace element patterns suggesting the initiation of subduction at 71-68 Ma (Sona—
Azuero arc). Arc magmatism continues in the cordillera with a first pulse between 66
and 61 Ma in the Chagres and Bayano area and a second pulse from 50 to 42 Ma
(Chagres—Bayano arc). A third phase of younger arc magmatism started after a
significant magmatic gap of about 20 Ma from 19-7 Ma along the whole Cordillera de
Panama (Cordilleran arc). The youngest magmatic phase consists of isolated
volcanic centers of adakitic composition in the Cordillera de Panama that developed
over the last 2 Ma (Adakite suite).

Initiation of arc magmatism at 71 Ma coincides with the cessation of Galapagos
plateau formation, which insicates a causal link. The transition from intraplate to arc
magmatism occurred relatively fast (3 Ma) and introduced a new enriched mantle
source. The transition between early Chagres—Bayano arc and younger Cordilleran
arc (41 to 19 Ma) involves a change to more homogeneous intermediate mantle
wedge compositions through mixing and homogenisation of sub-arc magma sources
through time and/or the replacement of the mantle wedge by a homogeneous,
relatively undepleted asthenospheric mantle. The break-up of the Farallon plate at
this time (~ 25 Ma) may have triggered these changes. Adakite volcanism started
after a magmatic gap, enabled by the formation of a slab window.

The validity of these results is supported by alteration studies. Even though strong
petrographic evidence for alteration and new growth of minerals is found, the
compositional and isotopic systematics are changed relatively little by hydrothermal
alteration at variable temperatures and diverse water—rock ratios. Therefore source
composition determinations are possible as long as oxygen isotopes are used as

tracers even if the samples are affected by alteration.

Vi



Abstract / Zusammenfassung

Zusammenfassung

Anhand von Haupt- und Spurenelemente, Sr-, Nd-, Pb-, und O-isotope sowie “°Ar/*°Ar
Datierungen von magmatischen Gesteinen aus der Cordillera de Panama und von den
Halbinseln Sona und Azuero, wird die magmatische Entwicklung von West-Panama Uber die
letzten 95 Ma beschrieben. Eine initale Phase von Intraplatten-Magmatismus, mit einer
Galapagos-typ Plumesignatur formte das ,Caribbean Large Igneous Province* Grundgebirge
zwischen 95 wund 69 Ma. Junge akkretionierte Terrane mit angereicherten
Spurenelementmustern wurden zwischen 71 und 21 Ma an den Plateaurand angeschlossen.
Eine klar ausgepragte magmatische Serie von den Halbinseln Sona und Azuero zeigt
Spurenelementsignaturen die den Beginn der Subduktion auf 71-68 Ma festlegen (Sona—
Azuero arc). Der Subduktionszonen-Magmatismus hélt an und verlagert sich in das Chagres
und Bayano Gebiet in der Cordillera de Panama (Chagres—Bayano arc). Diese Phase ist
durch 2 Schiibe/Pulse gekennzeichnet, von denen der erste von 66-61 Ma und der zweite
von 50 bis 41 Ma auftrat. Eine dritte Phase von jungem Subduktionszonen-Magmatismus
begann nach einer prominenten magmatischen Licke (20 Ma) entlang der Cordillera und
dauerte von 19-7 Ma (Cordilleran arc). Die jingste magmatische Phase besteht aus
isolierten vulkanischen Zentren mit adakitischer Zusammensetzung die entlang der
Cordillera verteilt sind (Adakite suite). Diese Phase entwickelte sich in den letzten 2 Ma.

Da die Initierung des Subduktionszonen-Magmatismus vor 71 Ma mit dem Ende der
Galapagos-Plateaubildung zusammen fallt, liegt ein Zusammenhang nahe. Der Ubergang
von Intraplatten- zu Subduktionszonen-Magmatismus verlief relativ schnell (3 Ma) und
beinhaltete eine neue angereicherte Mantelquelle. Der Ubergang zwischen dem Chagres—
Bayano arc und dem jingeren Cordilleran arc (41 bis 19 Ma) ist charakterisiert durch die
Bildung eines homogeneren intermedidaren Mantelkeils, der entweder durch Mischung und
Homogenisierung der Subarc-Quelle mit der Zeit und/oder Austausch des Mantelkeils durch
einen homogenen und relativ unverarmten asthenospharischen Mantel entstanden ist. Das
Auseinanderbrechen der Farallon Platte zu dieser Zeit (~25 Ma) koénnte diese
Veranderungen ausgeldst haben. Adakite Vulkanismus setzte nach einer magmatischen
Licke ein, ermdglicht durch die Bildung eines so genannten ,slab window".

Die Giltigkeit dieser Ergebnisse wird durch Alterationsstudien unterstiitzt. Obwohl deutliche
petrographische Beweise flr Alteration und Mineralneubildungen gefunden wurden, sind
sowohl die Element-Zusammensetzung als auch die Isotopensysteme relativ wenig durch
hydrothermale Alteration, bei unterschiedlichen Temperaturen und verschiedenen Wasser-
Gestein-Verhaltnissen, beeinflusst. Auf Grund dessen ist die Bestimmung der
Zusammensetzung der Magmenquellen, solange Sauerstoffisotope als Tracer verwendet

werden, mdglich, auch wenn die Proben alteriert sind.

VIl
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1.1 GENERAL INTRODUCTION
1.1.1 The Rio Chagres Project
Over the last 70 Ma, the Central American land bridge is a “hot spot” of fundamental

Introduction and geological setting

changes over the last 70 Ma which affected large areas of the world (e.g. Maury et
al., 1995). The arrival of the Caribbean plateau in the position of the today’s Azuero
and Sond& peninsula led to the development of a volcanic arc system which builded
and eventually closed the Central American land bridge ca. 3 Ma ago (Haug and
Tiedemann, 1998). This newly formed narrow landmass facilitated flora and fauna to
exchange between the Americas. On the other hand the pathway from ocean to
ocean was closed. As an outcome of this, e.g. Haug et al. (2001) showed differences
between Pacific and Atlantic developed in terms of foraminifera population, sea level
(Atlantic ~0.7 m below the Pacific) and salinity (Atlantic: 3.54%; Pacific: 3.45%). In
addition new ocean currents were formed leading to global climatic changes (e.g.
Pliocene warm period followed by northern hemisphere glaciations).

Today the Panama region is still of special interest and global importance, less in an
ecologic than in an economic way. The Panama Canal is one of the most important
artificial water ways in the world. In April 2006 the enlargement of the canal was
initiated. Until 2014 the canal will be broadened and new locks will double today’s
capacity. Prior to these works the international, multidisciplinary “Chagres project”
was founded. The aim of this project is to characterise the Rio Chagres basin, the
main water supplier for the Panama Canal, in terms of biology, soil science,
meteorology, hydrology, remote sensing and geology (Harmon, 2005). In special
focus are the quantification of hydrologic processes and the modelling of flow
dynamics with regard of sediment transport toward the Canal Zone. For these topics
lithology is a key information in terms of erosion potential, river profiles and runoff
dynamics. Therefore petrological and geochemical analyses were carried out to
investigate the magmatic basement of the Chagres basin. In addition to this
submarine oceanic island complex called “Charges Igneous Complex” other samples
were taken along the Cordillera de Panama from the border to Costa Rica in the west
to the Bayano area in the east to define the magmatic history of the Central American

land bridge in Panama through time.
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1.1.2 Subduction Zone Arc Magmatism

Introduction and geological setting

Subduction zones and related arc magmatism are of scientific interest for a long time
already. They are studied world wide with the main focus on “the ring of fire” around
the Pacific Ocean (e.g. Brantly, 1994). Subduction zones are regions of destruction
of oceanic crust but more dominant of production of new continental crust. These
processes are the essence for continental build up. In the special tectonic case of the
Central American subduction zone the formation of a preliminary island arc and then
a new continental arc led to the formation of a land bridge between North and South
America. As a consequence the ocean currents changed accompanied by climatic
changes along the globe. This process of land bridge formation occurred between
6.2 and 3.5 Ma (Duque-Caro, 1990; Coates et al., 1992, 2000; Collins et al., 1996;
Haug et al., 2001). However the origin of uplifted basaltic crust started much earlier
with the beginning of the formation of the Caribbean Large Igneous Province (CLIP)
at around 139 Ma (Hoernle et al., 2004). During this long time period several tectonic
rearrangements took place and as a consequence different magmatic phases fed
from different mantle sources contributed to the genesis of the magmatic arc.
Geochemical studies in this region so far dealt either with the origin of the CLIP
basement and younger mafic complexes (Goossens et al., 1977; Hauff et al., 1997,
2000; Hoernle et al., 2002, 2004; Hoernle and Hauff, 2007) or the formation of
Quaternary volcanic centers (de Boer et al., 1988, 1995; Defant et al., 1991a, 1991b;
Drummond et al.; 1995; Abratis und Wodrner, 2001; Carr et al., 2003). Only scant
attention existed to link the CLIP basement with the younger volcanic arc phases (de
Boer et al., 1988, 1995).

Based on major and trace elements, age data and isotope data this study fills this
gap of knowledge. It will describe the different arc magmatic phases starting at
around 70 Ma and developing until today and link them to their specific magma
sources. In addition the origin and composition of the different magma sources will be
characterized. Associated tectonic events will be described and their influences on
magma genesis will be constrained. Furthermore using the example of the Chagres
igneous complex (CHICO) alteration processes of magmatic arc rocks in a
submarine and tropical environment will be characterized. Based on the alteration
results the consistence of the isotope and geochemical data and following conclusion

will be shown.
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1. 2 GEOLOGICAL BACKGROUND
Most of the volcanoes of the world are related to subduction of oceanic crust forming

Introduction and geological setting

volcanic arcs. Arc magmatism is restricted to active convergent continental and
oceanic margins where an oceanic plate is subducted beneath a continental or
oceanic one. Released slab fluids in specific depths lead to melting of the overlying
mantle wedge. Resulting magma rises and creates plutonic intrusions or volcanic
eruptions near or on the surface. In the case of present day Central America the
Nazca and Cocos plate are subducted in an eastward dipping subduction zone
beneath the Caribbean plate. In Panama the subduction zone is blocked and the
plate movements are taken up by thrust movement in the northern and eastern
Panama deformed belt (Mann and Kolarsky, 1995). Therefore, no active arc
magmatism along Panama in recent times exists. Only in the very west volcan Baru
shows adakitic volcanism in historic time.

The history and geological evolution of the land bridge in this work will be considered
from ca. 70 Ma ago starting with the formation of the Sona —Azureo arc. The oldest
sample dated here is a 71 Ma old dacite from the Azuero peninsula. However the
evolution of the rock units that form the land bridge today started earlier with the
formation of the Caribbean Large Igneous Province (CLIP, Hoernle et al., 2004). This
overthickened oceanic plateau formed in the region of the today’s Galapagos hot
spot, moved eastward and reached the position of the present Caribbean Plate
between northern South America in the south and the Chortis Block in the north in
the Campanian (Fig.1.1). Subduction and associated arc magmatism at its newly
formed western margin started at ~71 Ma in the region of Son4 and Azuero
peninsulas. This arc magmatism continues for ~5 Ma and then moved towards the
present day Chagres and Bayano area (Fig. 1.1, 1.2). This arc magmatism lasted
~25 Ma and after a period of magmatic lull arc magmatism commenced along the
Cordillera de Panama at ~22 Ma. This is a consequence of the break up of the
Farallon plate into the Cocos and Nazca plate slightly earlier at ~25 Ma
(Barckhausen et al., 2008). During the time of convergence Galapagos seamounts
accreted to the margin (Hauff et al., 1997, 2000; Hoernle et al., 2002; Buchs et al.,
2010). The collision of the Panama block with the South American plate around 13-7
Ma (Coates et al., 2004) or 25-23 Ma (Farris et al., 2011) led to uplift and bending of

the orogen.
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Figure 1.1. Reconstruction of the tectonic evolution of the Central American land
bridge from late Cretaceous to present (based on Mann et al., 2007; Pindell et al.,
2006, and respective references there in). Bold arrows indicate direction of plate
motion. NoAm-North America, SoAm-South America, CB-Chortis Block,
CLIP-Caribbean large igneous province, G-Galapagos hot spot, GAa-Greater
Antilles arc, LAa-Lesser Antilles arc, OIB-Ocean island basalt, CBa-Chagres-
Bayano arc, Ca—Cordilleran arc, AS—-Adakite suit.

The formation of different fault systems, the Panama Canal Zone fault in the west,
the northern and southern Panama deformed belt, and the Atrato fault in the east
enabled the movement of the Chocd block to the north relative to the stable
Chorotega Block. ‘Normal’ arc magmatism stopped in the upper Miocene and is
followed by a magmatic gap in the region of western Panama for 2-3 Ma. During this
time the cessation of spreading in the Panama Basin took place (Lonsdale and
Kilgord, 1978) and the isthmus closed between 6.2 and 3.5 Ma (Duque-Caro, 1990;
Coates et al., 1992; Collins et al., 1996; Haug et al., 2001; Coates et al., 2000).

4
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These tectonic rearrangements are accompanied by choked subduction. However at
around 2 Ma isolated, scattered adakitic volcanism started in western Panama fed by
a slab window beneath Costa Rica and the northern part of Panama (Johnston and

Thorkelson, 1997; Abratis and Worner, 2001), leading to the present day situation.

1.3 OUNTLINE OF THIS STUDY

This thesis is subdivided into six chapters. Chapter 1 gives a brief introduction to the
Rio Chagres project, subduction zone arc magmatism in general and the geological
background of this study.

Chapter 2 summarizes the sample collection and sample preparation as well as all
analytical methods used.

Chapter 3 describes the hydrothermal alteration processes attributed to high- and
low-temperature water/rock interactions in a submarine magmatic setting using the
example of Chagres igneous complex and its implications for the isotope and trace
element interpretation in the later chapters.

Chapter 4 documents preliminary results about the history of the Panamanian land
bridge based on major and trace element data from samples collected from 2002 to
2006 and nine already present Ar-Ar ages. The ~200 samples from 2006 were
processed, analysed and combined with the data of the earlier field trips. Major ideas
about timing, spatial distribution and sources of magmatism were developed and
changed slightly with time and between chapter 4 and 5, which are based on
published papers. Mainly based on trace element patterns and literature data as well
as a few initial Ar-Ar ages we defined three different groups of basement rocks of the
Caribbean large igneous province and three additional magmatic arc groups of
different age and composition. We assumed a developing arc system along the
Cordillera de Panama propagating from east to west. The younger arc samples are
exposed in isolated centers near the Pacific coast and older samples are found
further North up in the Cordillera de Panama (Fig. 1.1A). The distinction between the
younger and the older arc rocks has been done by field observation based on
petrography of the rocks and morphologic features of the volcanoes due to a lack of

age data.
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! w== CLIP arc
=== Early Arc
=== Miocene Arc
A Adakites

=== Sona-Azuero arc
=== Chagres-Bayano arc
=== Cordilleran arc

A Adakite suite

Figure 1.2. DEM (digital elevation model) map of Panama showing the location of the
different magmatic arcs, (A) according to chapter 4 and (B) after chapter 5, discussed
in this thesis. CLIP-Caribbean large igneous province.

Chapter 5 is build on the previous one and provides detailed insights to magma
source compositions, timing and spatial distribution of the different arc phases,
initiation of the subduction zone and changes in magma sources trough time related
by tectonic rearrangements. These improved findings were possible to draw based
on Sr-, Nd-, Pb-, and O-isotope analysis of 40 samples and 26 new Ar-Ar ages. As a
consequence we found the location of the older arc from chapter 4 needed to be
modified. Based on extended Ar-Ar age data the arc is more localized in the area of
Chagres and Bayano region. The Cordillera de Panama west of the Panama Canal is
solely composed of younger arc rocks (Fig.1.1B).

Chapter 6 supplies a summary of conclusions from all chapters.
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The electronic Appendix provides a full data table, detailed Ar-Ar results and two

additional maps showing the sample regions in detail.
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2.1 SAMPLE COLLECTION
Figure 2.1 shows the locations of the analysed samples. The study area extends

along the Central Cordillera of Panama from the Lake Bayano region in the east at
9°11'54”N, 78°23'13”"W to the Costa Rican border in the west at 8°41°43"N,
82°48’40”W. Samples were also collected in a NW-SE traverse along the Panama
Canal, throughout the Upper Rio Chagres region northeast of the Panama Canal,
and from the Azuero and Sona peninsulas in southern Panama. Most of the samples
are volcanic and plutonic rocks of Upper Cretaceous to Quaternary age, but there are

also some samples from the Cretaceous basement included.
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Figure 2.1. DEM (digital elevation model) map of Panama showing the geographic
distribution of the samples analysed for this study. Grey symbols represent sample
locations from which we obtained major and trace element data. Yellow symbols
define samples with additional isotope data and the red symbols display samples
with Ar-Ar dates available.

]

A set of 438 samples of the least altered rocks were selected from a larger suite of
samples collected from central-western Panama over an E-W distance of about 500
km from the Lake Bayano area in the east to the Costa Rica border in the west
(Fig. 2.1) between 2001 and 2006 in six individual field sessions. Only the freshest
rocks were sampled in the field, but due to the tropical environment and the alteration
history of these rocks some samples exhibited minor but noticeable degrees of
chemical alteration. The samples were cleaned from alteration rimes, where present,
in the field and the rocks were chipped to pieces (ca. <5 cm). Depending on the rock
type (grain size), between 1-3 kg of sample was collected for subsequent laboratory

analysis.
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2.2 ANALYTICAL APPROACH

After preliminary examination and description based on hand specimen and thin
sections, 310 samples were selected for geochemical analysis at the Geosciences
Center at the University of Goéttingen by X-ray fluorescence spectroscopy (XRF) and
Inductive Coupled Plasma Mass Spectrometry (ICP-MS).

Based on theses results as well as on mineral content, lithology, and presumed age
from geological field relations, subsets of 40 samples (mainly separated minerals)
were selected for age dating and determination of 8’Sr/®°Sr, 3Nd/'**Nd as well as
200ppy204py,  207pp204py, - 208pp204pyy gnd 80/'°0 isotope ratios. The samples were
chosen to represent all lithologies and age groups as well as a large spatial
distribution. These samples are chosen to characterise the different arc systems
along the Isthmus of Panama trough time. Amphiboles and K-feldspars were
preferred to pyroxenes and other mineral phases for analysis because these
minerals have elevated REE, K and/or Sr contents which is important for isotopic
analysis and for Ar-Ar age dating. These 40 samples were dated by the “°Ar/*°Ar
method at the UW-Madison Rare Gas Geochronology Laboratory and for 35 samples
Ar-Ar reliable ages were received. As a consequence of strong secondary alteration
of the Sona-Azuero arc rocks, only two samples from his group were suitable for
isotopic analysis. The Chagres-Bayano arc and Adakite suite groups each
contributed 14 samples and 10 samples from the Cordilleran arc group were
analyzed for isotopes and age.

In a different approach another subset of 13 samples of the Chagres igneous
complex were measured in terms of alteration effects produced by hydrothermal fluid
circulation during or shortly after emplacement of these rocks. Polished thin sections
were used for phase characterization via optical polarization microscopy, electron
micro probe (EMP) and Raman spectroscopy. Mineral separates of amphibole,
clinopyroxene and feldspar as well as whole rock powder were analyzed for '®0/'°0

isotope ratios. Whole rock powders were used for loss on ignition determination.

2.2.1 Sample Preparation

After sorting and cleaning, the rock fragments were first broken into small chips in a
jaw crusher and then further reduced in size in a roller mill. Approximately 100 g of
the crushed sample material was separated by a rotary sample divider and then

ground to powder (< 65 um) in an agate ball mill for X-ray fluorescence spectroscopy

11



Chapter®s

Sample collection and analytical methods

(XRF) and Inductive Coupled Plasma Mass Spectrometry (ICP-MS) as well as for
whole rock ®0/'°0 isotope ratios.

The crushed material was further used for mineral separation. These samples were
sieved wet and then the 500-250 um fraction was processed repeatedly in a
magnetic separator to concentrate specific mineral phases of interest (amphibole,
pyroxene, and feldspar). For “°Ar/*°Ar dating and isotopic analysis, separation of
amphibole from the other mineral phases proved challenging. Intergrowth and
inclusions necessitated the time-consuming procedure of hand picking under a
binocular microscope.

Polished high quality thin sections were made for those samples which were
analysed for fluid alteration processes by electron micro probe (EMP) and Raman

spectroscopy.

2.2.2 X-ray Fluorescence Spectroscopy (XRF)

Concentrations of major and minor elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) as
well as selected trace elements (Nb, Zr, Y, Sr, Rb, Ga, Zn, Cu, Ni, Co, Cr, V, Ba, Sc)
were analysed by X-ray fluorescence spectroscopy (XRF). Samples were prepared
for measurement as glass disks. The fully automated fusion instrument, SGE 21 from
Schoeps was used. The glass disks, used for both major and trace element
determination, were prepared by mixing lithium tetraborate and lithium metaborate
(Spectromelt A 12, Merck) with the sample powder. 4200 mg of this flux and 700 mg
of the sample are weighed in platinum-gold crucibles and fused for 15 min at
1100 °C, after which the melt is poured into pre-heated, polished 32 mm-diameter
platinum molds. Measurements were performed using a PANalytical AXIOS
Advanced sequential X-ray fluorescence spectrometer. For the calibration of major
and trace element determination, about 50 reference materials from the US
Geological Survey, the International Working Group "Analytical Standards of
Minerals, Ores and Rocks", the National Research Council of Canada, the Geological
Survey of Japan, the South African Bureau of Standards, and the U.S. National
Institute of Standards & Technology were used. For major element analyses, the
analytical precision is better than 1-2 %; for trace element determinations standard
deviations of consecutive analyses are in the range of 2 to 5 % relative at the level of
20 to 30 ppm. Detection limits vary from 3 to 0.5 ppm for the majority of the

measured elements (G. Hartmann, personal communication).
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2.2.3 Inductive Coupled Plasma Mass Spectrometry (ICP-MS)

Inductive Coupled Plasma Mass Spectrometry (ICP-MS) can simultaneously analyze
a wide spectrum of trace elements from Li to U at low detection limits and high
analytical precision, especially for those elements with masses >80. A general
description of the method is given in Potts (1987). Rare Earth Elements (La-Lu), High
Field Strength Elements (Nb, Ta, Zr, Hf), Large lon Lithophile Elements (Rb, Sr, Ba,
Cs) and a group of other trace elements (Li, Sc, Cu, V, Cr, Co, Ni, Zn, Y, Pb, Th, U),
were measured using a Perkin EImer SCIEX ELAN DRC Il inductive coupled plasma
mass spectrometer. Sample solutions were prepared following an approach modified
from Heinrichs & Herrmann (1990). First, 100 mg of sample powder (< 65 ym) was
dissolved in 1 ml HF and 2 ml HNO3 by pressure digestion (180 °C / 8 h). The
solutions were evaporated to dryness for 1 hour at 140°C. For the second pressure
digestion for 8 hours at 180 °C, the samples were subsequently dissolved in 1 ml HF
and 1 ml HCIO4. The solutions were evaporated and different quantities of HCIO4 and
HCI were added in succession and evaporated. After this procedure, 2 ml HNO3 and
10 ml de-ionised water, together with 200 pl of an internal standard containing Ge,
Rh, In, and Re, was added to the sample. This solution was transferred into a 100 ml
quartz-glass flask and the remaining volume was filled with de-ionised water. The
resulting solution contained the sample in a dilution 1:1000 with 20 ppb Ge, Rh, Re,
and In as internal standards. Based on co-processing the laboratory internal
standards and the international standards JB-3 and JA-2 as unknown samples, the
20 error of the analytical method was estimated to be <20 % for Nb and Ta, <10 %
for Be, Cs, Cu, Hf, Li, Y, Rb, Pb, Tl, Th and U and ca. 5 % for the REE.

2.2.4 Thermal lonization Mass Spectrometry (TIMS)

Isotope ratios of 8 Sr/%®Sr, ™3Nd/"**Nd, 2°°Pb/2**Pb, 2°’Pb/?**Pb, and 2°°Pb/***Pb were
measured using a Thermo Finnigan TRITON Tl thermal ionization mass
spectrometer (TIMS). For Sr-, Nd-, and Pb-isotope ratio determinations, 30 mg of
hand-picked feldspar and 50 mg of amphibole were leached with 1 ml 0.18 N HCI at
50 °C and 100 °C each for 15 min. After repeated rinsing and drying the mineral
separates for Sr and Nd were dissolved in 4 ml HF: HNOj3 (1:1) for 24 hours at 200
°C in Savillex beakers within a pressure vessel . The solution was evaporated at 140
°C to complete dryness and subsequently dissolved in 4 ml 6 N HCI| and again

evaporated to dryness. Finally the samples were dissolved in 2.5 ml 2.6 N HCI,
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transferred in PE vials and centrifuged. During the separation procedure the sample
solution was rinsed with 2.6 N HCI through columns containing ion exchange resin
BIORAD AG 50W-X8, 200—-400 mesh. The Sr-rich elution was collected and
evaporated to dryness and stored until measured. For Nd separation, the REE-rich
fraction of the first separation step was separated in a second set of columns. Nd
was rinsed with 0.18 N HCL through columns filled with Teflon powder impregnated
with ion-exchanging HDEHP Bis-(2-etylhexy)-Phosphate. For TIMS measurements,
the separated Sr and Nd was dissolved in 3 pl HNO3; and 3 ul H3POj4. Both fractions
were loaded on Re-double filaments (~1 pg). The measured Sr- and Nd-isotope
ratios were corrected for mass fractionation to %°Sr/®®Sr = 0.1194 and "*°Nd/"**Nd =
0.7219 and then normalized to values for NIST SRM-987 (0.710245), and La Jolla
(0.511847), respectively. Measured values of these standards over the period of the
study were 0.710258 £+ 0.000007 (10 analyses) and 0.511848 £+ 0.000005 (10
analysis). External 20 errors are estimated at <0.001 % for Sr and Nd.

For Pb separation about 100 mg of leached minerals were dissolved in 4 ml HF:
HNO3 (1:1) in Savilex pressure vessels at 200°C for at least 12 hours. After pressure
digestion and evaporation, the samples were dissolved 2 x in 1 ml 0.5 N HBr and
evaporated. For centrifugation, the samples were dissolved in 1 ml 0.5 N HBr. Pb
was separated on anion exchange columns containing resin (Biorad AG1-X8, 200—
400 mesh). The samples were first washed with 1 ml 0.5 N HBr then with 0.3 ml 2 N
HCI and finally eluted with 1.5 ml 6 N HCI. Alkalis and earth alkalis, were removed by
a repeated separation process. The Pb fraction was mounted on Re single filament
using 3 ul HNO3; and 3 pl silica-gel. lonization temperature for Pb measurement was
held £ constant between 1150 °C-1300 °C and controlled by an optical temperature-
reader. Measured Pb-isotope ratios were corrected to NIST SRM-981 using a mass
fractionation factor of 0.069 % for *®Pb/***Pb, 0.077 % for **’Pb/***Pb and 0.049 %
for 2%Pb/?**Pb. Thirteen standard measurements gave means of 2°Pb/?*Pb = 16.92
+ 0.01, 2"Pb/?*Pb = 15.47 + 0.01, ?®*Pb/?*Pb = 36.73 + 0.03. The total error (20)

was < 0.1 %.

2.2.5 Dual inlet Gas-source Mass Spectrometry
Stable isotope ratio mass spectrometry was used to determine the '®0/'°0 ratios | of
single or a few amphibole, pyroxene, and feldspar grains. Measurements were

carried out at a Thermo MAT 253 dual inlet gas-source mass spectrometer. The gas
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extraction line used is similar to that described by Sharp (1990) except that F» is used
for fluorination instead of BrFs and that O, is measured directly and not reacted to
CO,. For a measurement, ~1 mg of minerals, which typically comprised 1 to 3
crystals at a grain size of 500-250 um, were used. For each batch of analyses, 12
samples and 4 standards were loaded into a Ni sample holder and evacuated over
night. The samples were heated (>2000 °C) by a CO»-laser in an atmosphere of F»,
liberating molecular oxygen and forming residual fluorides. Excess F; is then
removed by reaction with NaCl at ~150 °C to form NaF and any Cl, produced is
collected in two liquid nitrogen traps at -196 °C. Finally, purified sample O, is trapped
on a molecular sieve at -196 °C and then the O, is expanded into the mass
spectrometer inlet system for a simultaneous analysis of masses 32, 33, and 34 by
heating of the molecular sieve to ~80 °C. The sample gas is compared with a
reference O, of known §'®0yswow (Vienna Standard Mean Ocean Water) of +12.5 %o
to determine its O-isotope ratios. For further details see Pack et al. (2007). Measured
§8'%0 values were corrected for machine drift by normalization to measured standards
(NBS 28 quartz, San Carlos olivine, UWG-2 garnet).

2.2.6 °Ar/**Ar Age Determination

“OAr/ *Ar incremental heating experiments were performed on amphibole, K-feldspar,
plagioclase crystals, and matrix material in the Rare Gas Geochronology Laboratory
at the University of Wisconsin-Madison using a defocused 25 W CO;, laser. Individual
grains were analyzed from four samples, but in most cases, multi crystal aliquots (~
10 mg) were lased to yield sufficient argon for analysis. Prior to each laser step-
heating experiment, samples were pre-degassed at 2.0 % power to remove water
and atmospheric argon. Experiments yielded largely concordant age spectra with 4-
10 steps comprising > 82 % of the gas released. Isotopic analyses and data

reduction followed the procedures of Smith et al. (2006).

2.2.7 Electron Micro Probe (EMP)

The electron micro probe JEOL JXA 8900 RL was used for backscattered electron
images (BSE) and quantitative wavelength dispersive (WDX) measurements to
determine the different secondary mineral phases which formed during hydrothermal
alteration to quantify the element values in specific minerals to find differences

between unaltered and altered species and fluids, to give ideas about element

15



Chapter®s

Sample collection and analytical methods

mobility. Measurements were carried out on polished thin sections coated with
carbon to ensure conductivity. BSE images were taken in the composition (COMPO)
mode at 15 kV accelerating voltage and 15 nA beam current in a slow scanning
mode to increase resolution. WDX measurements were carried out at the same
beam conditions with a beam diameter of 5 ym for the sample and 20 um for the
standards. The oxides SiO,, Al,O3, TiO,, FeO, MgO, MnO, CaO, Cr,03, Na,0O, K0
and BaO were quantified on a 24 oxygen basis in the main silicate minerals like
feldspar, amphibole, pyroxene and dark mica with a general silica program. The
counting times on the peak were 15 s for all elements except for Ba (30 s). The
background on both sides of the peak was counted each 5 s except for Ba (15 s).
The results were corrected with the phi-rho-z method. The detection limits for the

different elements were between 100 ppm for K and around 300 ppm for Ba.

2.2.8 Raman spectroscopy

Raman spectroscopy was used in addition to the electron micro probe for secondary
mineral phases identification. A Horiba Jobin Yvon LabRam-HR 800 UV micro-
Raman spectrometer with a focal length of 800 mm was used. The samples were
excited with a wavelength line of 488 nm of an Argon lon Laser (Melles Griot IMA
106020B0S) with a laser power of 20 mW. The laser beam was dispersed by a 600
I/mm grating on a CCD detector with 1024 x 256 pixels, yielding a spectral dispersion
of 0.43 cm™. The acquisition time was 15 s for a spectral range of 100-2000 cm™. For
calibration of the spectrometer a silicon standard with a major peak at 520.4 cm™ was
used. The spectra were acquired and processed using LabSpec™ version 5.19.17

(Jobin-Yvon, Villeneuve d’Ascq, France).

2.2.9 Loss on Ignition (LOI) Determination

To measure the water content in the different samples the loss on ignition was
determined. For this purpose 5 g of whole rock powder (< 65 ym) was weighted in
and heated over a temperature ramp to 1050 °C for 24 h. The powder was weighted

afterwards and the water content was calculated following the equation:

LOI(g)x100 _ g
initialweight(g) ~— /OHZO
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3.1 ABSTRACT

The 5'%0 values of 13 whole rock samples and their major phenocrysts (amphibole,

Sub-seafloor alteration

pyroxene and plagioclase) from magmatic rocks from the Chagres igneous complex
(CHICO) were measured in order to asses alteration processes on submarine arc
lavas.

The values range for 8'°Oumpn from 0.8-6.1%o, for 8'®0piaq from 4.8-10.2%. and for
5"%0wr from 4.2-9.5%0. Based on these values three types of alteration were defined.
Type 1 represents samples which are affected by low temperature hydrothermal
alteration. Type 2 + 3 comprise samples that experienced a subsequent second low
temperature alteration with a low water-rock ratio (2) and high water-rock ratio (3).
The mobility of major and trace elements does not systematically correlate to
alteration types. Geochemical variations in magma source composition, additional
slab fluids and one or rather two types of alteration can not be resolved.

5'®0wr values for most altered samples show that the over all enrichment or
depletion in 5'%0 is less than 1%o. Based on the 5'°0wr data the degree of alteration
of the CHICO is minor compared to mid ocean ridges and oceanic seamounts where
high-T alteration is often expressed more strongly. This lower degree of alteration
shows only little influence on isotope systematics and element patterns which leads
to a good interpretability in relation to source compositions based on correct isotopes

and trace elements.

3.2 INTRODUCTION

3.2.1 The Chagres Igneous Complex

Sub-seafloor exchanges between igneous rocks and fluids are very diverse and vary
from cold water to hot hydrothermal solutions and from low to high water-rock ratios.
These processes are well studied for the upper oceanic crust at spreading ridges and
ophiolite complexes (e.g. Alt et al., 1996; Bach et al., 2001; Bednarz and Schmincke,
1989) as well as oceanic seamounts (Schiffman and Staudigel, 1994, 1995).

The Chagres igneous complex (CHICO) in central Panama is a 66 Ma old submarine
volcanic arc complex (Worner et al, 2009).1t formed in response to the subduction of
the Farallon plate beneath the Caribbean plate. The CHICO area was magmatically
active in two major pulses over a long time (66-42 Ma). This provides time and heat
to develop different fluid circulation systems which lead to multiple alteration events.

Today the CHICO is exposed to the deeper parts of the intrusion level as part of the
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Central American land bridge in Panama. A large variety of different magmatic rock

Sub-seafloor alteration

types are exposed in one volcanic complex. The spectrum comprises gabbro to
granite intrusive and basalt to dacite volcanic rocks. The CHICO is mainly build by
different submarine volcanic lithologies which are composed of pillow lava, rare pillow
breccias and submarine debris flows, but most abundantly massive submarine sheet
flows, dykes and dyke swarms. Some of the debris flows contain oxidized clasts
which indicate a subaerial eruption. The deeper level consists of massive granite,
tonalite, granodiorite, diorite and gabbro intrusions. Several of these intrusions are
cut by dykes of different but mainly basaltic composition. These lithologies show that
the CHICO is mainly a submarine volcanic complex with high magma eruption rates
with only a small eruptive part above sea level. Thus the CHICO gives an excellent
base to investigate various fluid/rock interactions in a submarine volcanic complex.

In this work we present petrological, isotopic and geochemical data on 13 samples
from 26 mineral separates and 13 whole rock powders to verify alteration processes
in the CHICO. The results provide ideas about element mobility as well as
petrological, mineralogical and isotopic changes in microscopic and macroscopic

scale, caused by various hydrothermal alterations of a submarine volcanic complex.

3.2.2 Geological Background

The plate tectonic history of this region (Pindell et al. 2006) is characterized by intra
oceanic triple plate interactions and numerous overlapping tectonic events since
Cretaceous. Here only a very brief overview is given. The formation of the rocks that
comprise the Central American land bridge started ca. 139-110 Ma (Hoernle et al.,
2004) ago in the region of the today’s Galapagos hot spot with mafic volcanism
forming the Caribbean large igneous province (CLIP). This young oceanic plateau
moved on top of the Farallon plate eastward and reached its position of the present
Caribbean Plate between South America and the Chortis Block, a geological
province of continental affinity, in the Campanian. The CLIP forms the basement for
subduction associated arc magmatism which started 71 Ma in the region of the
Azuero and Sona peninsula (Wegner et al. 2011). The magmatic arc then continued
and formed the CHICO 66 Ma ago as part of the new submarine chain of arc
volcanoes which was later moved in the today’s Chagres-Bayano area. This kind of
early arc volcanism continued in the Chagres-Bayano area for 25 Ma. Then a period

of volcanic lull followed. A new, less depleted type of arc magmatism commenced to
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the west of the older arc along the Cordillera de Panama (de Boer et al., 1995) and
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lasted from 22 to 7 Ma. During the time of arc magmatism (69-16 Ma) seamount
terrains with Galapagos affinity such as Quepos, Osa, Burica, Sona and Azuero
accreted to the active margin (Hauff et al., 1997, 2000; Hoernle et al., 2002; Buchs et
al., 2010). These terrains today are important parts of the basement of this region.
Arc magmatism stopped in the Upper Miocene and is followed by a magmatic gap in
the region of Western Panama for 2-3 Ma. In the same time interval the cessation of
ocean floor spreading in the Panama Basin took place (Lonsdale and Kiltgord, 1978)
and the isthmus closed between 6.2 and 3.5 Ma (Coates et al., 1992; Collins et al.,
1996). These tectonic events are accompanied by further tectonic rearrangements.
Thrust movement in the northern and eastern Panama deformed belt and the
Panama fracture zone (Mann and Kolarsky, 1995) took up the plate convergence due
to choked subduction which lead to the magmatic gap.

There is only little evidence for active subduction and no sign for “normal” arc
volcanism in Panama today (de Boer et al., 1991). However there is isolated, rare
Adakite volcanism in western Panama since the last 2 Ma (Defant et al., 1991a;
1991b; Johnston and Thorkelson, 1997; Abratis and Worner, 2001; Wegner et al.,
2011).

3.3 SAMPLES AND METHODS

13 samples from the Chagres igneous complex (CHICO) from 13 localities in the
Chagres basin (Fig. 3.1) were selected out of 76 samples which were previously
analyzed for major and trace elements (Wegner et al., 2011). Samples were chosen
to cover a large spatial distribution throughout the complex, different rock types
representing the entire spectrum of SiO, and comprise plutons as well as volcanic
rocks. Representative samples of between 1 and 3 kg were selected for XRF and
ICP-MS analysis of whole-rock chemical composition. For further details of sample
processing see Wegner et al. (2011).

The 5'80 values of mineral separates (amphibole, pyroxene and feldspar) and the
whole rock powders were determined using a Thermo MAT 253 dual inlet gas-source
mass spectrometer. For a measurement, ~1 mg of rock powder and minerals, which
typically comprised 1 to 3 crystals at a grain size of 500-250um, were heated
(>2000°C) by a COg-laser in an atmosphere of F; to release the oxygen. The sample

gas is compared with a reference O, of known 5'®Ovsmow (Vienna Standard Mean
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Ocean Water) of +12.5%0 to determine its 8'2O-isotope ratios. The measured 5'0
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values were corrected for machine drift by normalization to co-processed NBS 28

quartz standard.

Figure 3.1. Topographic map section of Panama showing the location of the samples
taken from the Chagres igneous complex (CHICO). Map based on Google maps
2011.

The electron microprobe JEOL JXA 8900 RL was used for backscattered electron
images (BSE) and quantitative wavelength dispersive (WDX) measurements to
determine the different secondary mineral phases that formed during hydrothermal
alteration. Elemental concentrations in unaltered and altered minerals species were
measured to constrain element mobility.

Raman spectroscopy was used for secondary mineral phase determination and was
carried out using a Horiba Jobin Yvon LabRam-HR 800 UV micro-Raman
spectrometer with a focal length of 800 mm. As excitation wavelength the 488 nm
line of an Argon lon Laser (Melles Griot IMA 106020B0S) with a laser power of
20 mW was used.

Whole rock water concentrations were estimated by loss of ignition (LOI). 5 g of
whole rock powder (< 65 um) was weighted in and heated over a temperature ramp
to 1050 °C for 24 h.
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3.4 RESULTS
3.4.1 Lithology and Petrology

The CHICO is mainly composed of submarine lava flows, dikes, volcaniclastic rocks

and coarse grained intrusive rocks of different SiO, content (Fig. 3.2).

Chagres Volcanic Complex

p N . .
y O\ sealevel at time of formation

Red-oxidized, highly vesicular scoria, formed by Pillow basalts, formed by submarine volcanic eruptions

subaerial eruptions

Granite-Granodiortie-Tonalite intrusion formed by
slow cooling of highly differentiated magmas

Submarine debris flow, with bowlders up to 2m in
diameter, All clasts are volcanic rocks

Diorites intrusions formed by slow cooling of - Volcaniclastic breccia, pillow breccia, reworked
intermediate magmas submarine volcanic rocks

Gabbros, formed by slow cooling of mafic magmas - Fine- to medium- grained clastic sediments,
mudstones, siltstones, sandstones, turbidites; mostly

volcanogenetic clasts
Sheatflows of basaltic composition formed by - Oceanic basement ( ,normal* oceanic crust), not
large-volumen submarine eruptions exposed in the Charges region

dykes of basaltic, andesitic and dacitic composition
formed by frequent submarine injections

Figure 3.2. Schematic sketch of the Chagres Volcanic Complex a submarine edifice
based on the rock units found in the area of the Rio Chagres Basin (3:1 vertical
exaggeration). Modified after Wérner et al. (2005).

Most submarine flows are of basaltic to andesitic composition displaying a fine

grained vesicle free texture with rare phenocrysts of pyroxene, amphibole and

22



Chaptergs.

plagioclase. The abundance and massive character of the sheet flows and only rare
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intercalations with pillows and volcaniclastics reflect submarine effusive events with
high eruption rates. The volcaniclastic rocks are composed of mainly dense clasts,
however rare red vesicular scoria also occurs. The dikes are also mainly of basaltic
and andesitic composition and vesicle free. In some places dike swarms are
abundant. Often multiple dike inflictions are observed to coalesce into small diorite
intrusive bodies. These observations imply again high eruption rates. The dense
nature of most of the volcanic rocks argues for an emplacement below the
vesiculation depth of ~ 200 m for water (Worner et al., 2005). The intrusive rocks are
coarse-grained granites and gabbros whereas the diorites are mostly fine grained
micro-diorites. For our alteration study we took samples representing most of the

above mentioned lithologies.

Table 3.1. Petrographic composition of the different samples used for alteration

investigations.
Primary minerals Secondary minerals
Sample T;p(z( Feld Px Amp Qz Bt Op Chl Prh Ep Sc Cc Py

Group |

Grano-
PAN-02-10 diorite XX (x) XX X X (x) X X
PAN-02-33 gabbro XX XX X X (x)
PAN-02-55 gabbro XX XX X XX X (x)
Group Il
PAN-02-44 granite XX (x) XX (x) X X X (x)
PAN-03-04 34@0 XX X XX X X (x) X X X X

iorite

PAN-03-28a granite XX (x) (x) XX (x) X X X X

Micro
PAN-06-100 diorite XX XX XX X (x) (x) (x) (x) X
Group Il
PAN-02-34 basalt[c XX XX X X X

andesite
PAN-02-41 basalt[c XX X X X X X

andesite
PAN-02-67-1 basalt XX XX X (x) X
PAN-06-103 andesite XX XX X X X X (x)
PAN-06-206 dacite XX X XX (x) X X X X
others
PAN-02-47 granite XX X XX X (x) X (x) X
Feld: feldspar, Px:pyroxene, Amp: amphibole, Qz: quartz, Bt: Biotite, Op: opaque, Chl: chlorite, Prh: Prenite, Ep:
epidote, Sc: Sericite, Cc: calcite, Py: pyrite
xx: dominant, x: few, and (x): rare

The petrographic composition of the samples is shown in Table 3.1 The dominant
igneous phase in all samples is feldspar followed by pyroxene and amphibole.
Depending on the degree of differentiation, quartz and biotite are common too.
Opaque minerals are present in all samples, however, they contribute only little to the
volume. Beside these primary minerals a large variety of secondary alteration

minerals are present. Figure 3.3 shows different alteration phenomena in microscope
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scale. The most common secondary mineral is chlorite which comprises between <1

and 25 vol% of the sample. Replacement of pyroxene and amphibole by chlorite is
abundant in volcanic and intrusive rocks. The chlorites are sometimes intergrown
with prehnite. Many samples show secondary calcite. Most notably calcite is more
abundant in volcanic rocks and display significant amounts in the ground mass and in
fractures of the phenocrysts. Other common alteration processes are saussuritization

and sericitization of plagioclases which are preferentially found in high silica

intrusives. Secondary pyrite is also observed in the two micro-diorite samples.
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Figure 3.3. (previous page): Photomicrographs of different alteration phenomena in
studied rocks. All pictures are taken in crossed-polarized transmitted light.
Abbreviations: Cc, calcite; Chl, chlorite; Cpx, clinopyroxene; Prh, prehnite; Feld,
feldspar; Ep, epidote; Qz, quartz; Bt, biotite; Amp, amphibole; IH, iron hydroxide. (A)
Secondary calcite and chlorite in a basalt fills fractures in a large clinopyroxene
phenocryst. (B) Intergrowth of prehnite and chlorite in granite. (C) Typical chlorite in a
gabbro showing abnormal brownish or blue-greyish interference colours. (D)
Saussuritization of feldspar in granite with epidote and chlorite inclusions. The
feldspar is partly altered to pyllosilicates which leads to the greyish structures. (E)
Transformation reaction of feldspar in basaltic andesite. (F) Typical alteration pattern
in granite with chlorite and iron hydroxides associated with amphibole, biotite and
quartz.

According to these observations all samples are affected by secondary low or high
temperature alteration. Comparing volcanic and intrusive rocks most alteration takes
place in the smaller grain sizes. In both rock types large minerals are less affected
than smaller ones except for saussuritization and sericitization. In some volcanic
rocks there tend to be two generations of the same mineral (pyroxene and
amphibole) some are altered and others are fresh. In conclusion there is a large
variety of different minerals and no systematic assemblage has been observed with

respect to rock type.

3.4.2 Oxygen Isotopes

We analysed '®0/'®0 ratios from whole rock powder and minerals for plagioclase,
amphibole and clinopyroxene for 13 samples. Measured '®0/'®O are displayed in
Table 3.2 using the “5’-notation 5O, = (**0/"°Osample/'°0/"®Ostangart -1)x1000)
relative to VSMOW. Theoretical and experimental mineral-mineral and mineral-melt
isotopic fractionations will be used to assess equilibrium considerations between the
mineral phases. The samples analyzed span a wide range in bulk composition from
49 % to 77 % SiO,. Figure 3.4 shows the distribution of the 5'°0 values for the
different minerals and the whole rocks. 380 values of the extrusive rocks are shifted
to significantly higher values compared to the intrusive rocks. This phenomenon is
most pronounced in the whole rock and plagioclase samples (Fig.3.4A, C) and less
well in the amphiboles. The total range of 5'®0 values is the same for plagioclase
(5.3 %o), amphibole (5.3 %o) and whole rocks (5.4 %.). However most amphiboles tend
to have low 5'°0 values (0.8-5.1 %o) but two samples show equilibrium 3'%0 values
(5.5-6.1 %o).
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Since analysed samples are clean, handpicked minerals, theses values imply that
the magmatic 5'°0 values also should have been low probably caused by
assimilation of hydrothermally altered country rock material or a cryptic high
temperature alteration which is not recorded as petrographic evidence but in the %0
values (see discussion below). The plagioclases and whole rocks show enriched,
depleted and pristine 5'®0 values. A whole rock pristine 5'®0 value in this case is
defined as the value expected for a melt of certain SiO, content without alteration or
assimilation influence (see below). Plagioclase 8'®0 values range between 4.8 %o

and 10.2 %o and the whole rocks between 4.2 %o and 9.5 %e..

6' _c_.}i ®
A) Whole rock s
5 | g
I (=}
— 4 |
g vl
£ 3 equilibrium with basalt :
- from normal mantle |
= 2 |
|
1 {
R (Il
6 - -
5 B) Amphibole
Pyroxene
4 >
8 equilibrium with basalt BN intrusive
g 3| from normal mantle [ extrusive
prd 2 B pristine values
L0
6
: )
C) Plagioclase s
5] 5
[=1
- 4
4]
0
£ 3
= equilibrium with basalt
P 2 from normal mantle
14

ﬂﬂﬂ

01 2 3 4 5 6 7 8 9 10 11
5"°0 (permil VSMOW)

Figure 3.4. Histogram of 5"%0 values illustrating the O-isotope variation in (A) whole
rock, (B) amphibole/pyroxene and (C) plagioclase for CHICO rocks. Dark grey
displays intrusive rocks, light grey for extrusive rocks. VSMOW - Vienna standard
mean ocean water.
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To characterize 3'®0 variations and alteration processes we plotted bulk rock,
amphibole/pyroxene and plagioclase 5'®0 values versus the SiO, content and the
water content of the sample (Fig. 3.5). The 5'®0 values are not correlated to SiO,
content with no difference between basalts/gabbros and granites. Only two
pyroxenes show extreme low values (0.8 %o and 2.3 %o) in the granites where as the
whole rock (4.2 %0-9.5 %o) and plagioclases (4.8 %0-10.2 %0) are in the same range.
Overall 5'0 variations are largest for low silica rocks and slightly decrease towards
higher SiO, values where the baseline formed by the amphiboles/pyroxenes stays
constant and the plagioclase and whole rock values decrease. However two
pyroxenes fall below the baseline at high SiO, content and low water content. In
addition a gap in sample composition exists in the range from 63-74 wt% SiO,. The
plot of 5'80 values of the different minerals and the whole rock versus water content
shows no trend. However, extrusive rocks show consistently higher water contents
than the intrusive rocks with a tendency to higher 8’0 values. The trends for
plagioclase and whole rock 5'80 values are parallel for most water contents and in
the same range, where as the trend for amphibole/pyroxene is different. This
observation is consistent with the mass balance because plagioclase is the
dominating phase and therefore the plagioclase values dominate the whole rock
values. The few amphiboles and pyroxenes are systematically lower, however, they

do not affect the whole rock as much as the plagioclase.
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Figure 3.5. Plot of 5'%0 values versus (A) silica content and (B) water content of the

whole rock. The data for whole rock, amphibole/pyroxene and plagioclase show no

trend with SiO, and slightly increased values of H,O for extrusive rocks relating to

intrusive rocks. Shaded areas display sample distribution; grey: all, blue: whole rock
and plagioclase, yellow: amphibole/pyroxene.
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To assess different alteration processes and element nobilities we defined some
unaltered 5'®0 values for our rocks and minerals. Based on the work of Eiler et al.
(1996, 1997, 2000) and Bindemann et al. (2004, 2005), fresh arc basaltic melts
should have 5'®0 values in the range of 5.8 + 0.2 %o. Matsuhisa (1979), Harmon and
Gerbe (1992) and Bindemann et al. (2004) showed that high-silica dacites and
ryolithic melt that was derived solely by closed system fractionation should have
higher 5'®0 values up to ~ 7 %.. Accordingly, for samples from the Galapagos
spreading centre off shore Panama Muehlenbachs and Byerly (1982) found 5'®0wr
values from 5.9-7.1%o for mafic and differentiated rocks. Wegner et al. (2011) showed
that CHICO magmas derived from a mantle source that was modified by a few % of
sediments. Therefore we define our pristine melt values (5'®Omer) for reference to
altered rocks as follows: <52 wt% SiO2 = 6.0 %o, 52-57 wt% SiO2 = 6.5 %o, 57-63 wt%
SiO2 = 6.7 %0 and >67 wt% SiO, = 7.0 %o. Our whole rock measurements on fresh
samples should represent the melt values however, plutonic rocks may have
accumulated crystals. Based on these defined pristine melt values we used the
equations developed by Bindemann et al. (2004) to calculate the pristine mineral

values for plagioclase, amphibole and pyroxene.

50 11on o =00, — (0.061% SO, (Wt%) — 2.27)
o0, =5"0

melt

plag mat — (0.027*Si0O, (wt%) —1.45)

The thus equated mineral values are only approximations not taking directly into
account the anorthite - albite ratio of the plagioclase, and the variation value of Mg/Fe
ration of amphibole and pyroxene. To take this into account we allowed for a
uncertainty of £ 0.4 %o for the individual pristine values.

The equated pristine 8'20 values were compared with the measured ones. We found
distinct differences which were beyond the allowed uncertainty. Based on these
findings we define tree different groups of samples (Tab. 3.2). The first group is the
most coherent in terms of 3'20 values and consists of three samples: a granodiorite
PAN-02-10, and two gabbros PAN-02-33 and PAN-02-55. Theses samples are
characterized by low whole rock 5'80 values which range between 4.2 %o and 6.1 %o,
low amphibole 3'®0 values from 0.8 %o to 4.6 %o and low plagioclase 5'®0 values in
the range between 4.8 %o and 5.6 %.. The main characteristics of this group are

therefore low 580 values for all measured phases, which imply that these rocks
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contain a component that underwent high temperature hydrothermal alteration which
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leads to the '®O-depletion. For further details see the discussion.

The second group is characterised by uniform whole rock &'®0 values at typical
values (6.6 %o -7.0 %o) but low 5'%0 values for amphiboles/pyroxenes (2.3 %o-4.5 %o).
The 3'%0 values for plagioclase are either slightly elevated or pristine (6.1 %o-7.2 %o).
This group comprises two granites (PAN-02-44 and PAN-03-28a) and two diorites
(PAN-03-04 and PAN-06-100). These results are consistent with a combination of
high temperature and low temperature hydrothermal alteration.

The unique feature of the third group is the high whole rock 5'80 values in the range
between 6.8 %o and 9.5 %o. The amphibole/pyroxene &'20 values are low or pristine
(4.7 %0-6.1 %o0) and for the plagioclases mainly high between 7.4 %o and 10.2 %o
except of PAN-02-41 which shows a pristine value of 6.4 %o. This group contains five
volcanic samples and is composed of a basalt (PAN-02-67-1), two basaltic andesites
(PAN-02-34 and PAN-02-41), an andesite (Pan-06-103) and a dacite (PAN-02-206).
The data suggest again a combination of high temperature and low temperature
hydrothermal alteration. However this alteration is different from that of type 2. The
5'®0 values for whole rocks and minerals are generally more enriched than in the
second group. For whole rock and plagioclase values this leads to the highest
differences between the calculated pristine 8’0 values and the measured values.
For amphibole/pyroxene in contrast the differences are the smallest. These results
suggest a stronger influence of the low temperature hydrothermal alteration
particularly reflected in the plagioclase compared to group two samples.

One granite sample does not fit any of the three groups (PAN-02-47). From the
oxygen isotope point of view the sample PAN-02-47 looks completely pristine. All
oxygen values for whole rock (7.0 %.), amphibole (5.2 %0) and plagioclase (6.4 %o)
are within the pristine range. However this sample is not pristine at all. Petrographic
observation shows abundant secondary chlorite, dirty brownish to greyish
plagioclases with pyllosilicates and epidote inclusions and remarkable ion hydroxides
(Fig. 3.3F). Taking these facts into account it seems that only by mere chance the
combination of different alteration processes lead to pristine 5'®0 values. Therefore
we treat this sample as an altered one, however, we cannot integrate it in one of the
above groups.

In order to interpret major- and trace element mobility in the following, we need some

unaltered reference samples which we identify by &'®0 values and petrography. In
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the case of gabbro PAN-03-07 the whole rock and amphibole 3'®0 values are
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pristine but the plagioclase values are low. Petrographic inspection shows that most
of the sample is free of alteration. The amphiboles are fresh, there is almost no
chlorite, most plagioclases appear unaltered only a few are cloudy and there are only
rare other secondary phases. However, rare pyroxenes show some alteration to
chlorite. Even though we hand picked clean mineral separates it seems possible that
the measured plagioclase oxygen isotopes values are affected by the rare cloudy
plagioclases. The samples PAN-03-29 and PAN-04-04 a basaltic andesite and an
andesite show pristine 5'®0 values for pyroxene and plagioclase, (no whole rock
measured). There are a few secondary phases and alteration features in the thin
section similar as in the sample PAN-03-07. For the granite PAN-02-45 the oxygen
data for minerals and whole rock are missing however the petrography shows the
least altered composition of all granites analysed in the CHICO and thus we also
include this sample for trace element reference. Based on these observations we
define these samples (PAN-03-07, PAN-03-29, PAN-04-04, PAN-02-45) as nearly
unaltered and use them as reference for the chemical element mobility
considerations later in this study.

The granite samples PAN-02-47 and gabbro PAN-03-07 show that it is difficult from
50 values alone to assess alteration. It is really necessary to combine
petrographical and oxygen isotope evidence of different phases and whole rocks to

evaluate alteration of a rock sample.

3.4.3 Tropical Weathering

In the case of the CHICO located in the tropic rain forest in Panama, tropical
weathering is a possible process for element mobilization and oxygen isotope
changes. Based on Striepe (2007) we can almost entirely exclude weathering
phenomena for our samples. He studied element mobility of a gabbro sample with
characteristic weathering crust from the CHICO area. Based on La-ICPMS and EMS
measurements it was found that during weathering processes certain elements are
almost completely leached from the rocks. He described the processes with regard
to element mobility and petrography. The mobile behavior for the different elements
is as follows: Ca > Na > K, Rb, Sr>Ba > La > (Ce) > Pr> Nd > Sm > (Eu) > Y, Sc >
Gd > Tb > Dy > Ho >Er>Tm > Yb > Lu > Cr, Mn, Fe, Co, Zn > As, Sb, Ge, Ga > U,

Th > Hf, Zr,V > Ta, Nb. This means for example an inverse behavior of K and U
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compared to low temperature alteration (Alt et al., 1996; Staudigel et al., 1996).
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However the main point for our study is that the weathering is restricted to a ca.
3.5 cm wide layer which was exposed to the surface. Deeper in the sample only
unweathered, homogeneous values are detected which reflect the composition of the
variably altered gabbro. This finding implies that weathering effects can be excluded
if samples do not contain the weathering rinds which are optically easy to distinguish
form the unweathered rock. Our sampling method accounted for that, therefore we
can ignore this tropical weathering as a cause for element mobilization.

For the oxygen isotopes this general statement cannot be made because for 5'0 no
data are available form that study. With respect to oxygen isotopes low temperature

surface weathering leads to enrichment in "0 in the whole rock (Hoefs, 2009).

3.4.4 Major Elements versus Alteration Proxies

Major- and trace-element compositions for 13 whole-rock samples are reported in
Table 3.3. The samples range in composition from gabbro to granite and from basalt
to dacite (Fig. 3.6A). The intrusive rocks belong to the low-K tholeiitic series and the
extrusive rocks plot directly on the border between low-K tholeiitic and medium-K
calc-alkaline series (Fig. 3.6B). The bulk rock compositions of the samples represent

the large variety of composition present in the CHICO.
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Figure 3.6. Chemical classification and nomenclature of volcanic rocks. (A) Total
alkali verus silica (TAS) diagram according Le Maitre et al.(1989) and (B) Subdivison
of subalkaline rocks after Rickwood (1989).

With regard to alteration selected element ratios are plotted versus the two available
alteration tracers: water content and 3'0 value (Fig. 3.7). The potential effect of

alteration is expressed as A'®0 measured-prisine Which is here defined as the difference
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between the measured §'®0 value and the calculated pristine 8'®0 value for the
respective composition. The pristine composition is estimated following the
approached described earlier. All deviations are expressed as positive values.
However this parameter is not a simple alteration indicator like water content
displaying increasing alteration with increasing value. For A0 measured-pristine Values
superimposed high and low temperature processes can not be resolved and would

potentially cancel each other out.
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Figure 3.7. Variation of major element ratios relative to the two alteration proxies
water content and positive A0 measuredprisine Which is defined as the difference
between the measured 520 whole rock values and the defined pristine 5'°0 whole
rock value (see text for details). (A)+(B) A mobile element versus immobile, (C)+(D)
two immobile elements and (E)+(F) a intermediate element versus an immobile.
Colours indicate different alteration groups based on 520 values.
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Following the work of Bach et al. (2001) we choose TiO, as our normalization value.
Ti and Al were tested against all other elements to identify the most immobile
reference element. Ti appears to be best, however, there are some variations with
differentiation (Fe-Ti-oxid-fractionation) and plagioclase accumulation. The ratio
Al,O3/TiO, shows the ratio of two immobile elements (Fig. 3.7A, B). The ratio does
not show any correlation with the alteration tracers as expected. In fact, the ratio
should be more or less constant for mafic samples. The highest values are observed
for granites due to Ti-oxid-fractionation. The scatter in concentration of the less
differentiated samples is attributed to the highly variable bulk rock compositions,
inherited from the different mantle sources and slightly influenced by differentiation
processes and therefore most likely not caused by alteration.

In the case of K,O/TiO, (Fig. 3.7C, D) a mobile element (K;O) is normalized to an
immobile element (TiOy). For a clear alteration signal variable but increasing K20 is
expected with increasing alteration at low temperature conditions (Bednarz and
Schmicke, 1989; Alt et al., 1996; Staudigel et al., 1996; Nakamura et al., 2007).
However Seyfried and Mottl (1982) found a loss of KO at low temperature in their
experiments. A different behaviour is expected for high temperature conditions where
Bednarz and Schmicke (1989) as well as Nakamura et al. (2007) found depletion in
K20 with increasing alteration. However such trends are not observed. For samples
with low water content and small A"0 yeasured-pristine Values of the whole rock a large
variation in K;O content is observed. The type 1 samples which are only affected by
low temperature alteration (see discussion below) show relatively small scatter in
both alteration proxies. Type 2 and 3 show a decrease in K,O/TiO, with increasing
water content. In terms of A0 measured-pristine Values the variation in KO is largest in
the type 2 samples and less pronounced in type 3. No clear distinction between the
different groups is recognized, however.

The MgO/TiO; ratio (Fig. 3.7E, F) is representative for the behaviour of an element
which is slightly mobile during low temperature and high temperature alteration and
decreases with increasing alteration under Ilow temperature conditions
(Muehlenbachs and Clayton, 1972; Bach et al., 2001).

For high temperature alteration Nakamura et al. (2007) proposed enrichment of MgO
with increasing alteration. The groups show internally high variations and inconsistent

behaviour between water and A'®0 measured-pristine Values.
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Table 3.3. Major, minor and trace element bulk rock composition.
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An increase in MgO is observed for increasing H.O for type 2 and 3. For A0

Sub-seafloor alteration

measured-pristine Values the samples of type 2 scatter at low A'®0 measured-pristine Values, the
type 1 samples show a roughly negative trend and the type 3 forms a more or less

horizontal array with moderate scatter.

3.4.5 Trace Element variations due to Source variation, Slab fluid and Alteration
In Figure 3.8A the trace elements are plotted in a multi element diagram normalized
to primitive mantle. The plot shows a clear subduction signature expressed by the
Nb, Ta trough and the high enrichment peaks for the fluid mobile elements Cs, Rb,
Ba, K, Pb and Sr. Ti shows a negative peak which is attributed to differentiation.
Variable Nb and Ta values indicate the variation in the mantle source composition
(Wegner et al., 2011), because these elements are immobile and should not changed
during slab fluid addition and alteration. As illustrated by the rare earth elements
(REE) and Nb and Ta (excluding sample PAN-02-55) the source variations are
relatively large, however, some of the variation is attributed to differentiation. The
mobile large-ion-lithophile elements (LIL) like Cs, Ba, Rb, Pb and Sr are expected to
show enrichment due to slab fluid addition displayed as peaks in the spider diagram.
Some samples show negative peaks in these elements what is attributed to
alteration. From this observation we know that alteration influences the mobile

elements.
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Figure 3.8. Trace element patterns, for all analysed samples from the CHICO. Values
in (A) normalized to Sun and McDonough (1989) primitive mantle, in (B) normalized
to least altered sample of similar rock type and differentiation degree. Elements are
plotted according to their decreasing incompatibility from left to right. Colours indicate
different alteration types based on 5'20 values. Bold lines indicate granites.
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The samples of the different alteration groups show variations in both, source
composition and the degree of fluid enrichment in addition to variable alteration.

In Figure 3.8B the samples are normalized to a least altered sample the of same
differentiation degree to account for differentiation and different initial trace element
patterns. However, the inhomogeneous source composition and the variable slab
fluid enrichment still will lead to differences between samples that are not dependent
on alteration (see discussion for detail). The gabbro PAN-02-55 is the most depleted
sample in the CHICO. In the whole dataset (Wegner et al., 2011) seven samples fill
the gap between this most depleted one and the majority of the samples displayed
here. For this sample PAN-02-55 the effect of a depleted source composition of the
trace elements is so extreme that consideration of alteration is not possible. However
for major elements and oxygen isotopes this sample is normal.

In the following the mobile elements will be examined for their behavior during low
and high temperature alteration conditions. A special focus is laid on the type 1
samples because they are only affected by high temperature alteration. The low 5'%0
values of all samples can only explained by either high temperature alteration or
assimilation of material which was altered under high temperature conditions (see
discussion for details). The Cs values of all types are variable. Type 1 and 2 samples
show enrichment and depletion, type 3 shows enrichment for all samples. For Cs Alt
et al. (1996) and Staudigel et al. (1996) postulate enrichment in the rock for low
temperature alteration. For high temperature alteration only experimental data are
available (Seyfried et al., 1998) which indicate Cs depletion. A simple interpretation
based on the literature data is thus not possible for our data. For Rb the type 1
samples are highly depleted. Type 2 and 3 rocks show mainly enrichment and few
slightly depleted values. Type 1 depletion is consistent with literature data of high
temperature hydrothermal alteration (Nakamura et al., 2007; James et al. 2003). The
effect for low temperature hydrothermal alteration is opposite to high temperature
alteration (Alt et al., 1996; Staudigel et al., 1996). Alt and Teagle (2003) showed
enrichment for Ba under low temperature alteration conditions whereas Seyfried and
Mottl (1992) found depletion in their experiments. For high temperature alteration
depletion is observed (Nakamura et al., 2007; Mottl and Holland, 1978). Type 1
samples are depleted or unchanged in Ba which is consistent with high temperature
alteration. Type 2 and 3 samples show variable depletion and enrichment. Chen et

al. (1986) described the behavior of Pb during hydrothermal alteration as variable.
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Depletion is proposed by Michard and Alberede (1985) for high temperature
hydrothermal alteration. Our samples show depletion for all samples of type 1 and
enrichment for most of the type 3 samples. Type 2 samples scatter around
unchanged values with only minor enrichment and depletion. Sr mobility during high
temperature hydrothermal alteration is poorly defined. Nakamura et al. (2007) found
depletion, James et al. (2003) found enrichment and Mottl and Holland (1978) found
both depletion and enrichment depending on experiment conditions. Our high
temperature alteration samples of type 1 show weak enrichment. During low
temperature alteration Sr should be depleted (Christidis, 1998; Seyfried and Mottl,
1982; Alt and Teagle, 2003). This trend is shown by the type 2 samples which are all
weakly depleted. For type 3 samples we observe enrichment and depletion. The
variation in Sr content is smallest compared to the other mobile elements.

Trace element variations that can be partly ascribed to alteration thus do not behave
systematically in the different types defined on the basis of their 5'°0-systematics. At
least type 1 samples should show a coherent enrichment and depletion behavior
because they are only affected by high temperature alteration. Since the other two
types show combinations of variably intense high temperature and low temperature
alteration, no systematic trace element variations are expected.

Taking all the information from major and trace elements in account, we conclude
that we can not easily resolve changes in element bulk rock composition caused by
alteration and allocate these to high and low temperature conditions of alteration. The
sequential processes under changing thermal conditions (on top of already
inhomogeneous source material) lead to different and partly contrasting exchange

processes of the major and trace elements.

3.4.6 Influence of primary Petrography on Alteration

The dataset comprises intrusive and extrusive samples as well as differentiated and
mafic samples. Mineral alteration is independent of primary rock type. Based on 30
values the alteration is independent from the degree of differentiation. We find mafic
and differentiated samples displaying the same alteration type. However there is a
difference between extrusive and intrusive rocks. The extrusive rocks form an
exclusive group with the special alteration type 3. The extrusive rocks are also

characterized by the highest water contents.

38



Chapterss

Sub-seafloor alteration

Mobility of major and trace elements are independent of the nature of the parent rock
during alteration which is in contrast to findings by Christidis (1998). The extrusive
rocks form the most coherent group in alteration patterns, however, they do not
display particular features. We can conclude that the degree of differentiation is
irrelevant for alteration but the emplacement mechanism is important. Extrusive
emplacement leads to direct contact with high quantities of low temperature
seawater. Thus the main difference between alteration of intrusive and extrusive
rocks is temperature and the water rock ratio which is lower, respectively higher for

the extrusive rocks.

3.5 DISCUSSION

3.5.1 Genesis of low 5'%0 Values

The most unusual feature of the measured samples is the relatively depleted 5'%0
values for amphiboles and pyroxenes, in reference to mantle melt values in all
groups. Three processes are known to produce low 5'0 values: (1) A low 50
mantle source (Macpherson et al., 2000), (2) contamination of low 3'0 wall rocks
produced by hydrothermal alteration (Thirlwall et al., 1997; Garcia et al., 1998; Eiler
et al., 1996, 2005), and (3) high temperature hydrothermal alteration (McCulloch et
al., 1980).

If the low 5'®0 values are indeed magmatic, then equilibrium should be observed
among the coexisting mineral phases. In Contrast we observe a significant
heterogeneity of the different mineral phases. Some phases show low values some,
pristine and some high 820 values. For a mantle source signal the mineral phases
should be in mutual equilibrium and the 3'®0 values should correlated to SiO, which
is not the case here. Therefore we exclude the influence of a primarily depleted
mantel source.

The second possibility, assimilation of a young high-T hydrothermally altered crust or
slab component, is also not detectable. There is no correlation of decreasing 5'20
with increasing SiO,. Crustal contamination in variably evolved magmatic rocks
generally increases with the extent of differentiation (Taylor, 1980). Therefore
differentiated samples are expected to show systematically lower 3'0 values than
mafic rock if crustal contamination involves low 520 altered country rock.

Having excluded a primary depleted source and assimilation for most rocks, we favor

the third alternative. The low 3'20 values of amphiboles and pyroxenes are attributed
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to a dominantly high temperature hydrothermal alteration. This is consistent with all

facts observed for petrographically altered minerals.

Figure 3.9. Photomicrographs of two fresh minerals without alteration aspects and
solution-precipitation signs however characterized by low 580 values. (A) Amphibole
from PAN-06-206 dacite and (B) feldspar from PAN-03-04 microdiorite.

However there is a group of minerals from different samples which look absolutely
fresh but display low 3'®0. Diffusion as an exchange process is ineffective and
solution-precipitation processes can be excluded by microscopy (Fig. 3.9). For these
rocks assimilation of wall rock material which was hydrothermally altered under high

temperature conditions cannot be excluded.

3.5.2 Evolution of the different Alteration Types

We propose a two stage model to explain the 5'®0 data (Fig. 3.10). Before the first
stage a “normal” mantle source forms fresh magmatic rocks which show “normal”
pristine 5'80 values for the mineral phases and the whole rock. This pristine rock is
influenced by a fluid under high temperature conditions. The results of this high
temperature fluid overprint are lowered §'®0 values for all mineral and the whole
rock. An alternative process with the addition of hydrothermally altered crustal
material is proposed for rocks with rare fresh minerals of low 5'®0. Samples of type 1
represent this first stage. These rocks are the precursors for the following second
stage. The second stage is subdivided into two possible scenarios. One with a lower
water/rock ratio and the other with more fluid involved. Starting with the “dry” case,
the rocks modified in the first step experience a second alteration event under low
temperature conditions. This second stage alteration produced higher 3'®0 values

compared to the precursor.
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Figure 3.10. Schematic sketch showing the two stage process of the formation of the
observed 5'%0 values.

As we started with low 580 values in all phases, the second event leads to a visible
increase of the previously depleted 5'®0 values. Depending on the stability of the
different phases for alteration the weakest phase plagioclase is most easily affected.
Consequently we observe for plagioclases of this group reset “normal” or even
elevated 5'®0 values. For the more resistant amphiboles and pyroxenes we still see
the low values formed by the first high temperature fluid alteration event. The whole
rock values of these samples of type 2 show reset “normal’ values, attributed to the
mixture of mineral phases with different 5'20 signatures: resistant phenocrysts show
low 5'0 values whereas the matrix and weaker phases are strongly modified. In the
fluid-rich case the effects of the low temperature alteration is more intensive. The
plagioclases 5'®0 values are all shifted towards high values (up to 10.2%o) and even
the amphiboles and pyroxenes are shifted toward higher values and some show

reset “normal” 820 values. According to the more intensive alteration of matrix and
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interstitial phases whole rocks of the type 3 all show elevated 5'®0 values. All
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samples of type 3 are extrusive, which is consistent with a fluid-rich alteration

environment.

3.5.3 No Correlation between Elemental Composition and Alteration Proxies

Our samples do not show any convincing correlation between water content, mineral
assemblages or the 3'°0 values of the whole rock and their minerals. Oxygen
isotopes and petrography argue for moderate to extensive alteration in three different
environments. The trace elements however do not mirror theses distinctions. A first
step to solve this problem is the examination of scaling effects. The 8'°0 mineral
values and petrographic results represent small spatial scales in the size of several
mineral grains. In this scale range we find mineral transformations which are clearly
connected with processes of element reorganization and mobility. These alteration
reactions are accompanied by changes in local mineral composition and oxygen
isotopes. An example is given in Figure 3.11 for the alteration of pyroxenes and
amphiboles to chlorite. Ti is set free during the alteration of pyroxenes and
amphiboles to chlorite. Ti, which does not fit into the chlorite structure, is immobile
and taken up by other phases like titanite and rutile. The same is true for Ca during

the chloritization. Even though Ca is mobile, it is taken up locally by e.g. calcite.
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Figure 3.11. Plot of Al,O3 versus (A)TiO, and (B) CaO in pyroxenes, amphiboles and
chlorites. (A) The TiO, loss during chloritization is compensated by formation of Ti-
rich phases like rutile and titanite. (B) The released CaO is taken up by calcite.

Similar element reorganizations from one phase to another one are known for the

sericitisation for example. For these small scale processes we conclude that there
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are diverse processes present which lead to a redistribution of elements and
isotopes. This can explain the formation of secondary minerals and the differences in
oxygen isotopes between altered and fresh minerals during alteration processes.
However as these processes operate only on a small scale this may imply that at a
hand specimen scale the effects of mineral alteration are balanced with respect to
dissolution and precipitation and less chemical differences are detectable between
altered and fresh bulk rocks. Element mobility at different spatial scales then is
reflected in highly variable but potentially unsystematic variation of whole rock
compositions.

However, this simple solution does not apply for 8'0 values in whole rocks. These
values represent the same fraction of the sample as the major and trace elements. If
the above explanation applies also to the d'®0Owr values these also should be
unchanged. As shown before this is not the case. In the following we give some
ideas how this paradoxon could be explained. A reason is the depiction of the
mobility of the major and trace elements. The CHICO provides characteristics which
make it really difficult to precisely infer the mobility patterns of the particular
elements. First, there is no definite fresh rock as a reference for a given altered rock
type. Also, variable initial magma compositions due to different sources cannot be
resolved from alteration effects. This is attributed to the high age (66 Ma) and the
long activity period (ca. 25 Ma) of the CHICO. For alteration normalization we are
therefore forced to use the least altered samples assuming that it represents the
fresh rock. Second, our only tools to constrain the alteration conditions are oxygen
isotopes and petrography. The composition of the fluid or the fluids involved in
alteration is not known for the Chagres region, therefore the contribution of the fluid
can not be considered. However a composition similar to seawater is most likely due
to the submarine setting. These limitations lead to uncertainties in the identification of

element mobility.

3.5.4 Oxygen Isotopes as Tracer for multiple Alteration Events

The most reliable and direct proxy for alteration are 3'®0 values. However the
fractionation is smallest under high temperature hydrothermal conditions, but 5'0
values of amphibole, pyroxene, plagioclase and whole rock are changed significantly.
This implies intensive hydrothermal system under high temperature conditions

causing the alteration early in the history of formation of the CHICO.
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Figure 3.12. Plot of H,O versus the the A"®0 measured.prisine value (defined as the
difference between the measured 5'°0 whole rock values and the calculated pristine
580 whole rock value) for amphibole/pyroxene, whole rock and plagioclase. Note
that the two alteration parameters are not correlated. Colours indicate different
alteration types based on &'°0 values.

These alteration patterns are still recorded as higher or lower 3’0 values of the
amphiboles and pyroxenes (Fig. 3.12). The plagioclases in contrast mainly show the
influence of the subsequent low temperature alteration. The whole rocks represent
the combination of all mineral phases, grain boundaries and matrix. Lecuyer and
Reynard (1996) found that there is no major change in cations with pronounced 30
depletion for fluid alteration under high temperature conditions. Hydration, 5'°0
values and element mobility increases with decreasing temperature of alteration. This
implies that the depleted 5'®0 values may be reset or even reversed by the low
temperature alteration event as long as fluids permeabilities are present. Apparently
such resetting occurred in CHICO rocks but incompletely. Additionally the major and
trace elements should more resemble the low temperature alteration conditions.

The alteration potential of the CHICO can be estimated with the help of 3'%0 values
and the amount of secondary minerals per sample. Apart form three extreme
samples most of them plot in a +1%o field around the pristine values in 5'®0Owr
composition (Fig. 3.12) but still show between 5-25% secondary mineral phases in
thin section. Compared to mid ocean ridge and ophiolithic settings (Barrett and
Friedrichsen, 1987; Gregory and Taylor, 1981) this indicates that chemical exchange
and mobilization occurs on smaller length scales below the size of hand specimen.
The hydrothermal system appears to be relatively inefficient compared to the hot
zones of the oceanic crust and ocean island volcanoes. This might be due to
differences in the state of the hydrothermal system between e.g. mid ocean ridges

and the CHICO setting. The heat and water supply at the mid ocean ridge is rather
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continuous and steady. Therefore established fractures and pathways can be used
by fluids offering a good permeability. As a consequence defined alterations zones
are developed. At the CHICO in contrast the thermal supply is rather periodic and
single rocks cycle through different thermal environments caused by multiple
intrusions. This successive alteration is less intense. Beside the thermal aspect the
CHICO provides only limited fluid pathways attributed to high eruption rates which
formed vast stacks of sheet flows compared to OIB seamounts which show lower
eruption rates resulting in pillows and breccias. This limitation of fluid pathways leads

also to lower permeability and hence lower alteration intensity.

3.5.5 Implications of Alteration for Interpretations of Mantle Sources

As a surprising result, even with strong petrographic evidence for alteration and new
growth of minerals, the compositional and isotopic systematics are changed relatively
little. This leads creditability to the interpretation of Wegner et al. (2011) who
postulated changing mantle sources based on trace element pattern and Pb-, Nd-,
Sr- and O- isotopes during the time of CHICO formation and subsequent magmatism
along the landbrige of Panama. However, sample PAN-02-47 shows that
superimposed processes with contrary effects can cause apparently “normal” values,
which would lead to misinterpretation in source composition constrains. However the

probability that such rocks are produced in a significant amount is very low.

3.6 CONCLUSIONS
Based on oxygen isotopes, petrographic investigations and major and trace element
composition the following conclusions for the CHICO can be drawn:

1. The formation of secondary alteration minerals in different amounts and
composition lead to small scale element exchanges between different mineral
phases.

2. Oxygen isotopes reveal three different alteration events. First all samples
experienced a high temperature hydrothermal alteration. A subset of some
samples (type 2 and 3) was subsequently affected by a second low
temperature hydrothermal event which partly reset the changes of the former
alteration. The low temperature event is subdivided into a group with low

fluid/rock ratio (type 2) and high seawater/rock ratio (type 3).
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3. Major and trace element variations due to alteration are not correlated to
oxygen isotopes, partly due to highly inhomogeneous source compositions
and variable slab fluid enrichments which caused elemental variations even
before alteration. In addition subsequent alteration events under changing
temperature conditions and fluid rock ratios lead to contrasting element
mobility. This can either intensify, smoothen out or reverse existing element
patterns.

4. Weathering effects can mostly be excluded for major and trace elements. For
oxygen isotopes the effects of low temperature alteration would be intensified.

5. The alteration potential of the CHICO rocks is less pronounced than the one of
mid ocean ridges and ocean island volcanoes. Therefore even massive
submarine volcanism of the CHICO type would not lead to extensive
exchanges between seawater and magmatic rocks.

6. Taking the Chagres igneous complex as an example it is shown that even with
strong petrographic evidence for alteration and new growth of minerals, the
compositional and isotopic systematics may change relatively little. This leads
creditability to the interpretation of changing mantle sources based on trace
element pattern and Pb-, Nd-, Sr- and O- isotopes

For further investigations, alteration studies are easier in regions of homogeneous

source composition and without subduction fluid addition. For more detailed

results of the CHICO the knowledge about the composition of the alteration fluid
and the fresh rock would facilitate the investigations and lead to real numbers for
element fluxes. Additionally more mineral phases like quartz and the secondary
phases like chlorite, epidot and prehnite should be measured for oxygen isotopes

to better constrain the alteration trends by complete mass balance.

5.7 REFERENCES

Abratis, M., and Worner, G., 2001, Ridge collision, slab-window formation, and the
flux of Pacific asthenosphere into the Caribbean realm: Geology, v. 29, no. 2,
p. 127-130.

Alt, J. C., and Teagle, D. A. H., 2003, Hydrothermal alteration of upper oceanic crust
formed at a fast-spreading ridge: mineral, chemical, and isotopic evidence
from ODP Site 801: Chemical Geology, v. 201, no. 3-4, p. 191-211.

Alt, J. C., Teagle, D.A.H., Laverne, C., Vanko, D.A., Bach, W., Honnorez, J., Becker,
K., Ayadi, M., and Pezard, P.A., 1996., Ridge-flank alteration of upper ocean
crust in the eastern Pacific: synthesis of results for volcanic rocks of Holes

46



Chapterss

504B and 896A, in Alt, J. C., Kinoshita, H., Stokking, L.B., and Michael, P.J.
(Eds.), ed., Proc. ODP, Sci. Results, 148:: College Station.

Bach, W., Alt, J. C., Niu, Y., Humphris, S. E., Erzinger, J., and Dick, H. J. B., 2001,
The geochemical consequences of late-stage low-grade alteration of lower
ocean crust at the SW Indian Ridge: results from ODP Hole 735B (Leg 176):
Geochimica Et Cosmochimica Acta, v. 65, no. 19, p. 3267-3287.

Barrett, T. J., and H., F., 1987, Oxygen-isotopic composition of basalts from young
spreading axes in the eastern Pacific: Canadian Journal of Earth Sciences, v.
24, no. 11, p. 2105-2117.

Bednarz, U., and Schmincke, H. U., 1989, Mass-Transfer during sub-seaflor
alteration of the uper Troodos crust (Cyprus): Contributions to Mineralogy and
Petrology, v. 102, no. 1, p. 93-101.

Bindeman, I. N., Eiler, J. M., Yogodzinski, G. M., Tatsumi, Y., Stern, C. R., Grove, T.
L., Portnyagin, M., Hoernle, K., and Danyushevsky, L. V., 2005, Oxygen
isotope evidence for slab melting in modem and ancient subduction zones:
Earth and Planetary Science Letters, v. 235, no. 3-4, p. 480-496.

Bindeman, I. N., Ponomareva, V. V., Bailey, J. C., and Valley, J. W., 2004, Volcanic
arc of Kamchatka: a province with high-[delta]180 magma sources and large-
scale 180/160 depletion of the upper crust: Geochimica et Cosmochimica
Acta, v. 68, no. 4, p. 841-865.

Buchs, D. M., Arculus, R. J., Baumgartner, P. O., Baumgartner-Mora, C., and
Ulianov, A., Late Cretaceous arc development on the SW margin of the
Caribbean Plate: Insights from the Golfito, Costa Rica, and Azuero, Panama,
complexes: Geochemistry Geophysics Geosystems, v. 11.

Chen, J. H., Wasserburg, G. J., Vondamm, K. L., and Edmond, J. M., 1986, The U-
Th-Pb systematics in hot-springs on the East Pacific Rise at 21° N and
Guaymas-basin: Geochimica et Cosmochimica Acta, v. 50, no. 11, p. 2467-
2479.

Christidis, G. E., 1998, Comparative study of the mobility of major and trace elements
during alteration of an andesite and a rhyolite to bentonite, in the Islands of
Milos and Kimolos, Aegean, Greece: Clays and Clay Minerals, v. 46, no. 4, p.
379-399.

Coates, A. G., Jackson, J. B. C., Collins, L. S., Cronin, T. M., Dowsett, H. J., Bybell,
L. M., Jung, P., and Obando, J. A., 1992, Closure of the Isthmus of Panama:
The near-shore marine record of Costa Rica and western Panama: Geological
Society of America Bulletin, v. 104, no. 7, p. 814-828.

Collins, L. S., Coates, A. G., Berggren, W. A, Aubry, M.-P., and Zhang, J., 1996, The
late Miocene Panama isthmian strait: Geology, v. 24, no. 8, p. 687-690.

de Boer, J., Drummond, M., Bordelon MJ, Defant MJ, Bellon H, and RC, M., 1995,
Cenozoic magmatic phases of the Costa Rican island arc (Cordillera de
Talamanca), in Mann, P., ed., Geologic and Tectonic Development of the
Caribbean Plate Boundary in Southern Central America: Boulder, Colorado,
Geological Society of America, p. 35-55.

de Boer, J. Z., Defant, M. J., Stewart, R. H., and Bellon, H., 1991, Evidence for active
subduction below western Panama: Geology, v. 19, no. 6, p. 649-652.

Sub-seafloor alteration

47



Chapterss

Defant, M., Clark, L., Stewart, R., Drummond, M., de Boer, J., Maury, R., Bellon, H.,
Jackson, T., and Restrepo, J., 1991a, Andesite and dacite genesis via
contrasting processes: the geology and geochemistry of El Valle Volcano,
Panama: Contributions to Mineralogy and Petrology, v. 106, no. 3, p. 309-324.

Defant, M. J., Richerson, P. M., De Boer, J. Z., Stewart, R. H., Maury, R. C., Bellon,
H., Drummond, M. S., Feigenson, M. D., and Jackson, T. E., 1991b, Dacite
Genesis via both Slab Melting and Differentiation: Petrogenesis of La
Yeguada Volcanic Complex, Panama: Journal of Petrology, v. 32, no. 6, p.
1101-1142.

Eiler, J. M., Carr, M. J., Reagan, M., and Stolper, E., 2005, Oxygen isotope
constraints on the sources of Central American arc lavas: Geochemistry
Geophysics Geosystems, v. 6.

Eiler, J. M., Farley, K. A., Valley, J. W., Hauri, E., Craig, H., Hart, S. R., and Stolper,
E. M., 1997, Oxygen isotope variations in ocean island basalt phenocrysts:
Geochimica et Cosmochimica Acta, v. 61, no. 11, p. 2281-2293.

Eiler, J. M., Farley, K. A., Valley, J. W., Hofmann, A. W., and Stolper, E. M., 1996,
Oxygen isotope constraints on the sources of Hawaiian volcanism: Earth and
Planetary Science Letters, v. 144, no. 3-4, p. 453-467.

Eiler, J. M., Gronvold, K., and Kitchen, N., 2000, Oxygen isotope evidence for the
origin of chemical variations in lavas from Theistareykir volcano in Iceland's
northern volcanic zone: Earth and Planetary Science Letters, v. 184, no. 1, p.
269-286.

Garcia, M. O., Ito, E., Eiler, J. M., and Pietruszka, A. J., 1998, Crustal Contamination
of Kilauea Volcano Magmas Revealed by Oxygen Isotope Analyses of Glass
and Olivine from Puu Oo Eruption Lavas: Journal of Petrology, v. 39, no. 5, p.
803-817.

Gregory, R. T., and Taylor, H. P., 1981, An oxygen isotope profile in a section od
cretaceous oceanis-crust, Samil orphiolite, Oman- Evidence for delta-18-O
buffering of the oceans deep (less tha 5 km) seawater-hydrothermal circulation
at mid-ocean ridges: Journal of Geophysical Research, v. 86, no. NB4, p.
2737-2755.

Harmon, R. S., and Gerbe, M. C., 1992, The 1982-83 eruption at Galunggung
Volcano, Java (Indonesia): Oxygen isotope geochemistry of a chemically
zoned magma chamber: Journal of Petrology, v. 33, no. 3, p. 585-609.

Hauff, F., Hoernle, K., Schmincke, H. U., and Werner, R., 1997, A Mid Cretaceous
origin for the Galapagos hotspot: volcanological, petrological and geochemical
evidence from Costa Rican oceanic crustal segments: Geologische
Rundschau, v. 86, no. 1, p. 141-155.

Hauff, F., Hoernle, K., van den Bogaard, P., Alvarado, G., and Garbe-Schoénberg, D.,
2000, Age and geochemistry of basaltic complexes in western Costa Rica:
Contributions to the geotectonic evolution of Central America: Geochemistry
Geophysics Geosystems, v. 1, no. 5.

Sub-seafloor alteration

Hoefs, J., 2009, Stable Isotope Geochemistry: Heidelberg, Berlin, New York,
Springer, 308 p.

Hoernle, K., Hauff, F., and van den Bogaard, P., 2004, 70 m.y. history (139-69 Ma)
for the Caribbean large igneous province: Geology, v. 32, no. 8, p. 697-700.

48



Chapterds

Sub-seafloor alteration

Hoernle, K., van den Bogaard, P., Werner, R., Lissinna, B., Hauff, F., Alvarado, G.,
and Garbe-Schonberg, D., 2002, Missing history (16-71 Ma) of the Galapagos
hotspot: Implications for the tectonic and biological evolution of the Americas:
Geology, v. 30, no. 9, p. 795-798.

James, R. H., Allen, D. E., and Seyfried, W. E., 2003, An experimental study of
alteration of oceanic crust and terrigenous sediments at moderate
temperatures (51 to 350 degrees C): Insights as to chemical processes in
near-shore ridge-flank hydrothermal systems: Geochimica Et Cosmochimica
Acta, v. 67, no. 4, p. 681-691.

Johnston, S. T., and Thorkelson, D. J., 1997, Cocos-Nazca slab window beneath
Central America: Earth and Planetary Science Letters, v. 146, no. 3-4, p. 465-
474,

Le Maitre, R. W., Bateman, P., Dudek, A., Keller, J., Lemeyre J., Le Bas, M., Sabine,
P., Schmid, R., Sorensen, H., Streckeisen, A., Wooley, A., and Zanettin, B.,
1989, A classification of igneous rocks and glossary of terms: Oxford,
Blackwell Publishing, 193 p.

Lecuyer, C., and Reynard, B., 1996, High-temperature alteration of oceanic gabbros
by seawater (Hess Deep, Ocean Drilling Program Leg 147): Evidence from
oxygen isotopes and elemental fluxes: Journal of Geophysical Research-Solid
Earth, v. 101, no. B7, p. 15883-15897.

Lonsdale, P., and Klitgord, K. D., 1978, Structure and tectonic history of the eastern
Panama Basin: Geological Society of America Bulletin, v. 89, no. 7, p. 981-
999.

Macpherson, C. G., Hiltonb, D. R., Matteya, D. P., and Sintonc, J. M., 2000, Evidence
for an 180-depleted mantle plume from contrasting 180/160 ratios of back-
arc lavas from the Manus Basin and Mariana Trough Earth and Planetary
Science Letters, v. 176, no. 2, p. 171-183

Mann, P., and Kolarsky, R., 1995, East Panama deformed belt; structure, age, and
neotectonic significance in Mann, P., ed., Geologic and Tectonic Development
of the Caribbean Plate Boundary in Southern Central America: Boulder,
Colorado, Geological Society of America, p. 111-130.

Matsuhisa, Y., 1979, Oxygen isotopic compositions of volcanic rocks from the east
Japan island arcs and their bearing on petrogenesis: Journal of Volcanology
and Geothermal Research, v. 5, no. 3-4, p. 271-296.

McCulloch, M. T., Gregory, R. T., Wasserburg, G. J., and Taylor, H. P., 1980,
Neodymium, Strontium and oxygen isotopic study of the Cretaceous Samail
ophiolite and implications for teh petrogenesis and seawater-hydrothermal
alteration of the oceanic-crust: Earth and Planetary Science Letters, v. 46, no.
2, p. 201-211.

Michard, A., and Albarede, F., 1985, Hydrothermal uranium uptake at ridge crests:
Nature, v. 317, no. 6034, p. 244-246.

Mottl, M. J., and Holland, H. D., 1978, Chemical exchange during hydrothermal
alteration of basalt by seawater. 1. Experimental results for major and minor
components of seawater: Geochimica et Cosmochimica Acta, v. 42, no. 8, p.
1103-1115.

49



Chapterds

Sub-seafloor alteration

Muehlenbachs, K., and Byerly, G., 1982, O-18-enrichement of silicic magmas caused
by crystal fractionation at the Galapagos spreading center: Contributions to
Mineralogy and Petrology, v. 79, no. 1, p. 76-79.

Muehlenbachs, K., and Clayton, R. N., 1972, Oxygen Isotope Studies of Fresh and
Weathered Submarine Basalts: Canadian Journal of Earth Sciences v. 9, no.
2, p. 172-184.

Nakamura, K., Kato, Y., Tamaki, K., and Ishii, T., 2007, Geochemistry of
hydrothermally altered basaltic rocks from the Southwest Indian Ridge near
the Rodriguez Triple Junction: Marine Geology, v. 239, no. 3-4, p. 125-141.

Pindell, J., Kennan, L., Stanek, K. P., Maresch, M. W., Draper G., 2006, Foundations
of Gulf of Mexico and Caribbean evolution: eight controversies resolved:
Geological Acta, v. 4, p. 303-341.

Rickwood, P. C., 1989, Boundary lines within petrologic diagrams which use oxides
of major and minor elements: Lithos, v. 22, no. 4, p. 247-263.

Schiffman, P., and Staudigel, H., 1994, Hydrothermal alteration of a seamount
complex on La Palma, Canary Islands: Implications for metamorphism in
accreted terranes: Geology, v. 22, no. 2, p. 151-154.

Schiffman, P., and Staudigel, H, 1995, The smectite to chlorite transition in a fossil
seamount hydrothermal system; the basement complex of La Palma, Canary
Islands.: Journal of Metamorphic Geology, v. 13, no. 4, p. 487-498.

Seyfried, W. E., Chen, X., and Chan, L. H., 1998, Trace element mobility and lithium
isotope exchange during hydrothermal alteration of seafloor weathered basalt:
An experimental study at 350 degrees C, 500 bars: Geochimica Et
Cosmochimica Acta, v. 62, no. 6, p. 949-960.

Seyfried, W. E., and Mottl, M. J., 1982, Hydrothermal alteration of basalt by seawater
under seawater-dominated conditions: Geochimica Et Cosmochimica Acta, v.
46, no. 6, p. 985-1002.

Staudigel, H., Plank, T., White, W. M., and Schmincke, H., 1996, Geochemical fluxes
during seafloor alteration of the upper oceanic crust: DSDP Sites 417 and 418,
in Bebout, K., ed., Subduction From Top to Bottom, Geophysical Monograph,
p. 19-38.

Striepe, S., 2007, Elementmobilitdt wahrend der tropischen Verwitterung eines
Gabbros; Panama [Beachelor thesis thesis]: Universitat Gottingen, 92 p.

Sun, S. S., and McDonough, W. F., 1989, Chemical and isotopic systematics of
oceanic basalts: implications for mantle composition and processes:
Geological Society, London, Special Publications, v. 42, no. 1, p. 313-345.

Taylor, H. P., 1980, The effects of assimilation of country rocks by magmas on
180/160 and 87Sr/86Sr systematics in igneous rocks: Earth and Planetary
Science Letters, v. 47, no. 2, p. 243-254.

Thirlwall, M. F., Jenkins, C., Vroon, P. Z., and Mattey, D. P., 1997, Crustal interaction
during construction of ocean islands: Pb-Sr-Nd-O isotope geochemistry of the
shield basalts of Gran Canaria, Canary Islands: Chemical Geology, v. 135, no.
3-4, p. 233-262.

Wegner, W., Woérner, G., Harmon, R. S., and Jicha, B. R., 2011, Magmatic history
and evolution of the Central American Land Bridge in Panama since

50



Ghaptergs

Sub-seafloor alteration

Cretaceous times: Geological Society of America Bulletin, v. 123, no. 3-4, p.
703-724.

Woérner, G., Harmon, R., Hartmann, G., and Simon, K., 2005, Geology and
Geochemistry of Igneous Rocks in the Chagres River Basin, in RS, H., ed.,
The Chagres Basin, Multidisciplinary Profile of a Tropical Watershed: Water
Science and Technology Library, Springer, p. 65-82.

Woérner, G., Harmon, R. S., and Wegner, W., 2009, Geochemical evolution of
igneous rock and changing Magma Sources during the Evolution and Closure
of the Central American Landbridge, in S. M. Kay, V. A. Ramos, and
Dickinson, W. R., eds., GSA Memoir, Backbone of the Americas: Shallow
Subduction, Plateau Uplift, and Ridge and Terrane Collision: Boulder,
Colorado, p. 183-196.

51



Chapters,

Geochemical evolution of igneous rock and changing
magma sources during the formation and closure of the

Central American land bridge of Panama

Gerhard Wérner?, Russell S. Harmon?, and Wencke Wegner*

'Abt. Geochemie, GZG, Universitat Gottingen, Goldschmidtstr. 1,
37077 Géttingen, Germany
2Army Research Office, U.S. Army Research Laboratory, P.O. Box 12211,
Research Triangle Park, NC 27709, USA

The Geological Society of America Memoir 204, pages 183-194
2009



Chaptergs.

Geochemical evolution

4.1 ABSTRACT

The geological development of Panama’s isthmus resulted from intermittent
magmatism and oceanic plate interactions over approximately the past 100 m.y.
Geochemical data from ~300 volcanic and intrusive rocks sampled along the
Cordillera de Panama document this evolution and are used to place it within a
tectonic framework. Three distinct trace element signatures are recognized in the
oldest basement rocks: (1) oceanic basement of the Caribbean Large Igneous
Province (CLIP-basement) that display flat trace element patterns, (2) CLIP terranes
show enriched ocean-island basalt (OIB) signatures, and (3) CLIP rocks exhibit arc
signatures.

The Chagres Igneous Complex represents the oldest evidence of arc magmatism in
Panama. These rocks are tholeiitic, with enriched but highly variable fluid-mobile
element (Cs, Ba, Rb, K, Sr) abundances. Ratios of these large ion lithophile elements
(LILEs) to immobile trace elements (e.g., Nb, Ta, middle and heavy rare earth
elements) have a typical, but variably depleted, arc-type character that was produced
by subduction below the CLIP oceanic plateau. These early arc rocks likely comprise
much of the upper crust of the Cordillera de Panama and indicate that by 66 Ma the
mantle wedge beneath Panama was chemically distinct (i.e., more depleted) and
highly variable in composition compared to the Galapagos mantle material from
which earlier CLIP magmas were derived.

Younger Miocene andesites were erupted across the Cordillera de Panama from 20
to 5 Ma and display relatively uniform trace-element patterns. High field strength
elements (HFSEs) increase from a tholeiitic to medium-K arc compositions. The
change in mantle sources from CLIP basement to arc magmas indicates that
enriched sub-CLIP (i.e., plume) mantle material was no longer present in the mantle
wedge at the time that subduction magmatism commenced in the area. Instead, a
large spectrum of mantle compositions was present at the onset of arc magmatism,
onto which the arc fluid signature was imprinted. Arc maturation led to a more
homogeneous mantle wedge, which became progressively less depleted due to
mixing or entrainment of less-depleted back-arc mantle through time.

Normal arc magmatism in the Cordillera de Panama terminated around 5 Ma due to
the collision of a series of aseismic ridges with the developing and emergent Panama

landmass. Younger heavy rare earth element-depleted magmas (younger than 2 Ma)
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which still carry a strong arc geochemical signature, were probably produced by

oceanic-ridge melting after their collision.

4.2 INTRODUCTION AND GEOLOGICAL SETTING

The western part of the Central American land bridge between the Santa Elena
transform fault in northern Costa Rica, which is the boundary with the continental
Chortis terrane of northern Central America, and the Atrato fault zone in northern
Colombia, which is a westward extension of the South Caribbean fault, is
characterized by a series of mafic complexes (Fig. 4.1) that form the foundation of
the Central American land bridge. These mafic terranes represent the major
constructional elements of the Central American crust of Costa Rica and Panama.
Similar terranes are known from Colombia and northern Ecuador (Goossens et al.,
1977; Reynaud et al., 1999). Goossens et al. (1977) first noted their age range, from
the Cretaceous to the Eocene and described their distribution from northern Costa
Rica to the northern Colombian Andes. Based on similar lithology and common
tholeiitic character Goossens et al. (1977) also proposed their correlation and
common origin as accreted oceanic terrains. More recently, Hauff et al. (2000) and
Hoernle et al. (2002, 2004) suggested the term Caribbean Large Igneous Province
(CLIP) for this region and linked these CLIP rocks to the Galapagos plume and the
thickened oceanic crust of the Caribbean Plate. They interpreted these mafic
terranes as a series of aseismic ridges and ocean islands from the Galapagos plume,
equivalents of which can be observed as aseismic ridges on the Nazca Plate (Fig.
4.1). These authors also confirmed the Cretaceous to Tertiary age for these terranes
first proposed by Goossens et al (1977) based on more precise Ar-Ar dating (139
and 50 Ma, see recent compilation by Hoernle and Hauff, 2007). Still, the origin of
these terranes and the Caribbean Plate remain a matter of debate and involves a
complex and controversial tectonic history (Pindell et al., 2006 and reference therein)
for the Caribbean plate with which they are associated. Hypothetical origins that have
been proposed include: (1) A change from westward-dipping subduction of the
Farallon plate to an eastward-facing Caribbean arc system in Aptian time (Pindell et
al., 2005); (2) Formation of the Caribbean Large Igneous Province (CLIP), either
subsequent to the development of the Galapagos plume as a consequence of
subduction of the proto-Caribbean spreading center and formation of a slab window

(Pindell et al., 2006), or by successive accretion of oceanic ridges over some 70 m.
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y. (Hoernle et al., 2004); (3) Northwestward movement of the Caribbean plate
between North and South America with southwest subduction of the proto-Caribbean
oceanic crust and associated magmatism in the Greater Antillean arc; (4)
Consumption of the Proto-Caribbean oceanic crust by trench-trench collision with
South America during Late Cretaceous-Paleocene time (i.e., 60-70 Ma; Pindell et al.,
2006); and (5) Establishment of a more recent northeastward-verging subduction
zone, terrane accretion, and arc magmatism that developed at the western margin of
the modern Caribbean plate (Mann and Kolarsky, 1995; de Boer et al., 1988; Pindell
and Barret, 1990).

Subaerial volcanic rocks in Costa Rica and Panama were produced by a younger
island arc system that evolved from the Oligocene to present from a tholeiitic to a
more mature arc calc-alkaline character (Alvarado et al., 1992; de Boer et al., 1995;
Abratis and Worner, 2001). Presently-active arc volcanism in Costa Rica,
westernmost Panama, and northern Colombia is associated with the northwestward

(northeastward) subduction of the Cocos and. Nazca Plates respectively (Fig. 4.1).
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Figure 4.1. Plate-tectonic setting of the Central American land bridge following
Meschede and Barckhausen (2001); accreted mafic complexes from Goossens et al.
(1977). CLIP - Caribbean large igneous province.
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Two volcanic gaps presently exist in the region, the first where the Cocos Ridge
collided with the arc in southern Costa Rica, and the second in central and eastern
Panama where plate convergence has been accommodated since the mid-Miocene
time by movement along the N-S trending Panama Fracture Zone and in the Panama
deformed belt of the Caribbean plate (Fig. 4.1). As a consequence, the convergent
plate boundary in central and eastern Panama has locked, arc volcanism has
ceased, and related northward displacement of Panama has been accommodated by
strike-slip motion, oroclinal bending, and resulting E-W-extension (Fig. 4.1,
Escalante, 1990). The result of this complex tectonic situation was a zone of low
topography in central Panama were the final closure of the land bridge occurred
some 3-2 m.y. ago (Collins et al., 1996; Haug et al. 1998; Coates et al., 2000).

The Panama Canal was built in this region, between mountainous landscapes
generated by the compressional regime to the west and transpressional deformation
in eastern Panama and northern Colombia.

Based on data from the literature combined with our new analyses, this paper
documents changing magma compositions over the past 66 m.y. in western-central
Panama and traces their changing mantle sources through this time interval. These
changes reflect the crustal growth and arc maturation that, together with the juvenile
magmatic addition to the upper plate, led to the final closure of the land bridge and

fostered its consolidation.

4.3 ANALYTICAL METHODS

Some 300 samples of Late Cretaceous- to Quaternary- age igneous rocks were
collected at 207 localities along the Cordillera de Panama (Fig. 4.2). Representative
samples of between 1 and 3 kg of the most unaltered rock present at each location
were selected for X- ray fluorescence (XRF) spectroscopy and inductive couple
plasma-mass spectrometry (ICP-MS) determination of whole-rock chemical
composition. For some of the more altered samples, secondary veins were removed
by handpicking after initial crushing. About 100g of this sample material was then
ground to powder (<65 um) in an agate mill.

Major- and minor- element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) abundances were
measured by XRF on fused glass discs. Measurements were undertaken on a Philips
PW 1480 XRF spectrometer. Based on multiple measurements of internal and

international reference material, the analytical error for both major and minor
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elements is +0.4-1.8%. Trace element (Nb, Ta, Be, Cs, Cu, Hf, Li, Y, Pb, Rb, Tl, Th,
U and rare earth element [REE]) abundances were measured by ICP-MS. Sample
were digested in pressurized Teflon vessels by dissolving a 100 mg sample in a
solution of 3 ml HF and 2 ml HNO3;. Samples were then repeatedly dried down and
redissolved in a mixture of 1 ml HCIO4, and 1 ml HF. In a final step, an internal
standard containing 20 ppb Rh, Re, and In was mixed into a mixture of 750 ul HCIO,,
500 ul HF, and 2 ml HNO3, and the final solution was diluted with deionised water to
a volume of 100 ml. A blank solution and standards were prepared for each batch of
18 samples. The spiked solution was analyzed using a FISONS VG PQ STE
instrument. Standard JA2 was analyzed every 11 samples. The +2c error of the
method is estimated to be <20% for Nb and Ta, <10% for Be, Cs, Cu, Hf, Li, Y, Pb,
Rb, TI, Th and U and ~5% for the rare earth elements (REEs).

“ CLIP-0IB's
B CLIP-ARC's
@ Early arc

® Miocene arc : / o] | 75 Kilometers

A Adakites 5 LT S 50 75 Miles

Figure 4.2. Map of Panama showing the sample locations of this study. The different
symbols refer to the tectonic association of each sample. CLIP — Caribbean large
igneous province; OIB - ocean-island basalt; ARC - arc rocks of variable age.

4.4 RESULTS

Geochemical analyses of representative samples are provided in Table 4.1, where all
data have been normalized to volatile-free compositions and total Fe is reported as
Fe**O. A complete data set of major and trace element analyses is in the GSA Data

Repository, or, alternatively, a full data table is provided in the electronic appendix.
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Table 4.1. Major- and trace-element composition of representative sample.

Group 1: CLIP oceanic basement Group 2: CLIP-OIB
PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN-

Sample 06-197 06-198 05-029 05-018 05-009 | 05-019 05-028 05-020 05-011 05-026
Region Sona Sona  Azuero Azuero Azuero | Azuero Azuero Azuero Azuero Azuero
EASTING | 459472 460897 503618 538893 546883 | 510795 509629 510795 539597 510795
NORTHING | 853859 853719 842217 831487 831171 | 824126 824335 824126 820923 824126
Lithology basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
SiO; 47.9 48.2 47.9 48.7 48.4 39.9 42.0 454 48.3 46.1
TiO, 1.02 1.08 2.02 1.30 1.99 0.76 1.27 3.46 2.80 3.05
Al,O3 1437  14.17 14.40 14.10 14.90 4.20 6.30 13.40 13.40 13.80
Fe,0s 10.44 11.31 13.18 12.73 13.36 12.66 13.85 13.13 11.46 11.76
MnO 0.18 0.18 0.25 0.18 0.22 0.17 0.17 0.17 0.15 0.16
MgO 8.34 8.32 6.83 7.71 4.70 30.91 26.30 5.74 6.80 5.53
Ca0 13.24 11.07 10.64 12.47 8.19 5.09 5.08 8.79 9.38 7.86
Na,O 1.93 3.05 3.22 1.89 4.68 0.01 0.74 3.54 3.82 3.04
K20 0.07 0.11 0.17 0.07 0.17 0.02 0.16 1.24 0.64 0.17
P20s 0.077  0.088 0.194 0.101 0.215 0.079 0.134 0.383 0.273 0.383
Total 97.57  97.59 98.80 99.25 96.82 93.80 96.01 95.25 97.03 91.84
Sc 64 57 53 51 43 15 19 30 35 35
\ 333 327 357 317 383 96 145 299 287 304
Co 42 45 45 49 41 109 105 43 40 44
Ni 97 103 73 90 28 1463 1155 57 98 83
Zn 70 76 132 100 124 88 117 134 116 120
Rb 2.23 24 1.9 0.7 25 2.6 5.7 271.7 7.8 34
Sr 141 111 198 113 265 21 134 429 427 346
Y 21 24 51 26 42 8 13 36 29 38
Zr 57 70 82 49 86 34 58 178 132 147
Nb 2.88 3.29 3.47 4.04 3.92 4.39 8.41 35.30 25.36 29.09
Ta 0.13 0.16 0.19 0.27 0.25 0.15 0.34 1.94 1.63 1.69
Cd 0.10 0.10 0.13 0.15 0.22 0.05 0.07 0.13 0.11 0.17
Cs 0.03 0.05 0.08 0.005 0.11 0.04 0.17 0.13 0.004 0.05
Ba 48 17 62 21 96 10 30 255 212 78
Hf 1.43 1.70 3.35 2.06 3.52 1.26 2.14 6.53 5.11 5.70
Pb 0.34 0.43 1.64 0.52 2.72 0.79 0.69 1.28 1.15 1.33
Th 0.19 0.21 0.26 0.26 0.49 0.52 0.76 243 1.70 1.97
U 0.08 0.08 0.10 0.09 0.16 0.29 0.22 0.68 0.51 0.55
La 2.46 3.08 5.13 3.31 6.31 4.90 7.95 24.08 18.42 20.24
Ce 6.96 8.60 16.36 9.42 17.55 12.34 19.05 55.18 43.43 47.41
Pr 1.16 1.41 297 1.57 3.07 1.60 2.65 7.73 6.14 6.67
Nd 6.29 7.39 16.74 8.50 16.63 7.44 12.30 35.05 27.93 30.98
Sm 2.21 2.49 5.54 2.76 5.20 1.80 3.00 8.19 6.54 7.25
Eu 0.84 0.94 1.89 1.04 1.90 0.60 0.98 2.55 2.18 2.38
Gd 2.93 3.35 6.97 3.51 6.34 1.80 2.92 7.98 6.58 7.25
Tb 0.54 0.61 1.28 0.64 1.10 0.27 0.45 1.19 0.98 1.08
Dy 3.52 3.98 8.87 4.45 7.39 1.61 2.66 7.01 5.84 6.55
Ho 0.75 0.86 1.85 0.92 1.56 0.30 0.48 1.28 1.08 1.24
Er 2.22 2.54 5.52 2.68 4.52 0.77 1.22 3.24 2.74 3.31
Tm 0.30 0.35 0.78 0.38 0.65 0.10 0.16 0.43 0.36 0.45
Yb 2.03 2.33 4.99 2.44 412 0.62 1.01 2.49 2.14 2.73
Lu 0.30 0.35 0.75 0.37 0.62 0.09 0.14 0.37 0.31 0.40
Note: Major-element data is reported as wt% oxide. Trace-element concentrations are given as ppm. CLIP -
Caribbean large igneous province; OIB - ocean-island basalt; ba. andesite — basaltic andesite.
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Table 4.1. Major- and trace-element composition of representative samples

(continued)
Group 3: CLIP-arc Group 4: Early arc
PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN-
Sample 06-204 06-203 06-205 05-004 05-008 | 03-007 03-004 05-031 06-088 06-206
. Sona Sona Sona  Azuero Azuero | Chagres Chagres Santa Fe  Penonome Bayano
Region Traverse Loop
EASTING 464621 464621 468175 540343 546883 | 681638 675034 496224 545793 787121
NORTHING | 870824 870824 870544 846613 831171 | 1020020 1027177 921091 953830 1017837
basaltic micro- grano-
Lithology andesite andesite dacite andesite dacite | gabbro diorite andesite andesite diorite
SiO; 54.9 56.6 64.4 57.0 59.4 48.6 53.8 58.3 57.6 61.6
TiO, 0.38 0.51 0.53 0.25 0.18 0.42 0.71 1.00 0.78 0.42
AlLOs 15.81 16.03 14.65 14.60 13.10 19.10 17.90 16.40 15.69 16.20
Fe,0s 9.07 8.36 5.71 8.68 7.49 6.37 7.12 8.10 7.01 6.09
MnO 0.18 0.14 0.12 0.16 0.22 0.13 0.11 0.13 0.15 0.16
MgO 5.86 4.63 2.28 5.16 6.45 7.07 453 2.50 2.50 2.93
CaO 9.15 8.47 6.71 7.32 4.10 15.13 11.56 6.85 5.67 5.86
Na,O 2.24 3.08 2.91 2.91 3.38 1.35 2.58 2.83 2.95 3.36
K20 0.29 0.40 0.78 1.95 0.46 0.51 0.12 1.92 3.41 1.09
P20s 0.169 0.153  0.117 0.078 0.081 0.156 0.116 0.308 0.302 0.110
Total 98.02 98.40 98.16 98.11 94.86 98.83 98.55 98.34 96.03 97.82
Sc 40 38 32 40 30 53 29 27 19 18
\% 278 312 212 236 174 226 180 177 166 137
Co 31 22 13 26 23 37 19 21 16 15
Ni 35 25 10 13 31 43 25 6 6 10
Zn 82 67 61 77 167 49 42 93 80 67
Rb 5.3 8.2 13.6 23.0 4.4 8.8 23 39.9 77.6 18.1
Sr 349 578 270 321 359 456 240 428 511 252
Y 23 21 18 12 9 15 31 31 24 16
Zr 32 67 64 21 33 46 27 91 150 73
Nb 0.54 1.58 1.16 1.25 1.14 2.20 1.49 8.08 9.40 1.44
Ta 0.03 0.09 0.07 0.14 0.09 0.14 0.11 0.49 0.50 0.09
Cd 0.10 0.07 0.06 0.07 0.25 0.08 0.10 0.07 0.05
Cs 0.16 1.08 1.38 0.17 0.07 0.19 0.01 0.66 0.91 0.20
Ba 195 242 351 884 295 298 43 934 859 601
Hf 0.83 1.76 1.68 0.99 1.37 1.39 0.94 3.66 3.99 2.05
Pb 1.81 3.61 1.85 2.80 3.38 1.25 0.39 5.57 5.43 1.83
Th 0.38 1.09 0.49 0.70 0.95 0.71 0.48 3.20 4.02 1.41
u 0.15 0.46 0.20 0.34 0.39 0.24 0.17 1.15 1.59 0.46
La 4.60 5.86 4.75 412 7.04 8.53 4.55 18.09 20.47 7.80
Ce 7.58 1143 10.54 9.20 14.02 18.30 10.29 35.72 39.81 15.15
Pr 1.41 1.93 1.79 1.45 215 2.30 1.71 5.13 5.19 2.22
Nd 6.65 8.87 8.65 6.53 9.67 10.10 9.12 23.09 21.03 9.56
Sm 1.79 2.44 2.41 1.55 2.14 2.59 3.16 5.46 4.51 2.23
Eu 0.61 0.71 0.77 0.38 0.61 0.83 1.00 1.43 1.23 0.70
Gd 2.23 2.89 2.80 1.66 1.95 2.91 4.50 5.52 4.69 2.30
Tb 0.37 0.48 0.47 0.26 0.25 0.44 0.76 0.88 0.66 0.39
Dy 2.55 3.10 3.03 1.82 1.42 2.58 5.18 5.66 4.03 2.57
Ho 0.61 0.70 0.66 0.41 0.28 0.52 1.1 1.14 0.83 0.55
Er 1.99 2.19 2.01 1.28 0.77 1.42 3.21 3.27 2.43 1.71
Tm 0.29 0.32 0.29 0.20 0.12 0.20 0.44 0.48 0.34 0.26
Yb 2.04 2.23 1.95 1.39 0.78 1.29 2.71 3.11 2.38 1.83
Lu 0.33 0.35 0.30 0.22 0.13 0.20 0.40 0.48 0.36 0.30
Note: Major-element data is reported as wt% oxide. Trace-element concentrations are given as ppm. CLIP — Caribbean
large igneous province; OIB - ocean-island basalt; ba. andesite — basaltic andesite.
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Table 4.1. Major- and trace-element composition of representative samples

(continued)
Group 5: Miocene arc Group 6: Adakites
PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN- PAN-

Sample 06-114  05-056  06-011 03-032 06-219 05-049 06-097 06-166 06-177 06-180g

Ré)ad to Canal- %Tgrt: Coclecito Campana La El Valle Baru Baru Baru
Region ocas Tour Loop Traverse Yeguada
EASTING 358387 644264 311164 561246 614431 515419 594961 340254 326350 330650
NORTHING | 1007756 1000475 976475 956056 954900 | 932671 953725 973213 955330 973680

basaltic basaltic basaltic basaltic basaltic
Lithology andesite andesite andesite andesite dacite dacite dacite andesite andesite  andesite
SiO, 52.2 51.4 52.6 55,2 62,6 69,1 64,2 57,2 57,0 54,9
TiO, 0.84 1.70 0.88 0,76 0,56 0,28 0,22 0,72 0,73 0,72
AlLO5 21.50 16.00 17.18 15,60 16,70 16,10 15,72 16,80 16,50 16,30
Fe,0, 5.70 11.18 9.08 8,72 5,07 1,56 2,37 6,54 6,28 7,05
MnO 0.20 0.18 0.35 0,17 0,06 0,04 0,06 0,11 0,10 0,12
MgO 1.91 419 3.91 4,78 1,86 0,74 0,84 3,44 3,30 6,39
CaO 6.94 8.53 8.65 8,40 5,72 2,96 4,19 7,48 6,64 8,03
Na,O 4.22 3.55 2.95 2,31 3,62 4,47 4,64 2,95 2,80 3,31
K20 3.31 0.71 1.85 2,31 1,56 2,70 1,40 2,40 3,03 1,36
P20s 0.478 0.458 0.290 0,272 0,149 0,110 0,099 0,242 0,289 0,202
Total 97.30 97.89 97.78 98,52 97,90 98,07 93,73 97,87 96,67 98,37
Sc 6 36 27 29 13 2 3 18 9 17
\Y 147 308 249 245 128 24 37 197 120 165
Co 12 31 28 33 15 4 5 22 15 23
Ni 7 24 46 33 21 5 4 27 29 73
Zn 97 110 92 81 59 33 37 72 72 74
Rb 28.5 13.5 27.3 51,50 18,65 28,57 12,25 43,30 46,00 33,60
Sr 1334 446 1571 585 300 706 670 1500 1250 1030
Y 22 35 17 23 23 5 4 13 8 10
Zr 163 113 123 124 93 36 62 139 121 100
Nb 14.34 10.71 6.58 7,83 4,71 11,92 1,89 5,70 8,53 6,40
Ta 0.66 0.64 0.33 0,41 0,30 0,76 0,11 0,32 0,48 0,36
Cd 0.04 0.17 1.65 0,18 0,05 0,03 0,02 0,03 0,03 0,06
Cs 2.45 0.14 0.40 0,56 0,17 0,72 0,18 0,62 0,59 0,51
Ba 1354 344 850 1100 546 1336 475 1065 1175 856
Hf 3.68 3.93 3.27 2,92 2,78 1,76 1,78 3,78 3,34 2,68
Pb 14.15 5.50 6.22 4,59 2,23 7,85 4,34 7,58 6,60 4,98
Th 5.55 2.10 5.79 2,64 1,82 9,08 2,12 6,36 6,81 4,05
U 1.35 0.66 1.52 1,07 0,51 1,96 0,82 2,01 2,03 1,30
La 34.09 19.41 32.57 18,20 11,88 26,01 6,35 28,10 31,00 21,40
Ce 60.44 39.55 57.06 36,00 20,44 48,72 13,64 54,70 57,70 40,00
Pr 8.93 5.33 7.73 4,34 3,09 5,00 1,69 6,65 6,51 4,74
Nd 35.67 23.72 30.15 18,20 13,26 17,06 6,66 26,10 24,47 18,53
Sm 6.38 5.69 5.31 4,11 2,85 2,40 1,28 4,56 3,87 3,26
Eu 2.06 1.86 1.54 1,30 0,87 0,63 0,42 1,35 1,13 1,02
Gd 5.27 6.19 4.44 4,51 3,12 1,72 1,13 3,74 2,92 2,66
Tb 0.70 0.98 0.53 0,65 0,49 0,19 0,14 0,45 0,33 0,34
Dy 4.07 6.40 297 3,84 3,20 0,98 0,76 2,52 1,73 1,96
Ho 0.78 1.29 0.57 0,80 0,70 0,18 0,15 0,46 0,31 0,37
Er 212 3.67 1.54 2,29 2,15 0,41 0,39 1,22 0,77 1,00
Tm 0.31 0.52 0.21 0,33 0,31 0,06 0,06 0,17 0,11 0,14
Yb 2.07 3.43 1.44 2,15 2,03 0,42 0,40 1,10 0,69 0,94
Lu 0.31 0.51 0.22 0,34 0,33 0,07 0,06 0,16 0,11 0,14
Note: Major-element data is reported as wt% oxide. Trace-element concentrations are given as ppm. CLIP - Caribbean
large igneous province; OIB — ocean-island basalt; ba. andesite — basaltic andesite.
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Variations in major element composition for the igneous rocks of the Cordillera de
Panama are illustrated in the total alkali-silica diagram (Fig. 4.3). With few
exceptions, all rocks are subalkaline, and the suite of samples spans the entire
compositional range from basalt and gabbro to rhyolite and tonalite/granite. Higher
Na,O+K;0 values (i.e., mildly alkaline rocks) could contain an introduced effect

resulting from secondary alteration. These samples have been omitted.

16
& CLIP's @ Early arc

14 - £XCLIP-OIB’s © Miocene arc
BECLIP-ARC’s A Adakites

12 -
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Na,0+K,0 wt%
o
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Figure 4.3. Total Alkali — Silica diagram for the volcanic and intrusive rocks from
central and western Panama analyzed in this study. CLIP — Caribbean large igneous
province; OIB — ocean-island basalt; ARC — arc rocks of variable age.

The remaining samples were subdivided into four groups, based on their age and
tectonic setting.

(1) Compositional data from CLIP oceanic basement rocks have been compiled from
a range of localities throughout Central America (Nicoya, Azuero, Sona Peninsulas
and other minor occurrences; Hoernle et al. 2002, 2004; Hauff et al., 2000, 1997,
Sinton et al., 1997, 1998) and combined with own data from Sona, Azuero and
Nicoya. CLIP rocks have been dated by Hoernle et al. (2002, 2004). These rocks

have been further divided on the basis of their trace element signatures (as
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discussed later) into: (a) oceanic basement rocks of the Caribbean plate from 139 to
55 Ma (ANS8: 139 +1 Ma from Hoernle et al. [2004]; OS4: 55 +2 Ma from Hoernle et
al. [2002]), (b) rocks from accreted ridges and ocean-island complexes as young as
21 Ma (G22: 21+1 Hoernle et al. 2002), and (c) rare samples from the CLIP terranes
from Sona, Azuero that have a clear subduction-zone signature of unknown age (this
paper and Buchs et al., 2007).

(2) “Early” arc rocks are defined as those between 66 and 42 Ma, which are
dominated by samples from the Chagres Igneous Complex. These mostly represent
deeply exposed sections of submarine volcanic and volcaniclastic rocks and
intrusions that range in composition from gabbro to tonalite.

(3) Miocene arc rocks are from central and western Panama, and they erupted
between 36-5 Ma.

(4) Pliocene-Holocene rocks exhibit steep heavy REE (HREE) patterns, which occur
in the “magmatic gap” of south-eastern Costa Rica and western Panama (previously
referred to as “adakites” by Defant et al. [1991a, 1991b]; Abratis and Waorner, 2001).
The following sections will concentrate on the trace-element signatures for rocks in

these groups in order to identify the change of magma sources through time.

4.4.1 Age, Composition and Mantle Source of CLIP Terranes

The oldest known rocks in the central portion of the Central American land bridge are
terranes of oceanic basalt from the Nicoya peninsula in Costa Rica; (Fig. 4.1) which
yield ages between 139 and 111 Ma (Hoernle et al., 2004). Younger CLIP ages down
to 55 have also been found (Hauff et al., 2000a, Hoernle et al., 2004, 2002 and
references therein). With respect to the initiation of subduction zone magmatism (66
Ma, see following) it is interesting to note that the accretion of seamounts from the
Galapagos hot spot track (ocean-island basalts) commenced at 66 Ma (data
compilation in Hoernle et al, 2004). The oldest CLIP rocks in Panama come from the
Azuero peninsula (Fig. 4.1) where most ages range between 50 an 66 Ma (Hoernle
et al, 2002), one sample from Sona gave 71+2 Ma, which is the oldest dated rock in
Panama (Hoernle et al., 2002, see also compilation by Hoernle and Hauff, 2007).
Hoernle and other workers (Hoernle et al. 2002; Hauff et al., 2000, 1997; Sinton et
al., 1997, 1998) documented the geochemical and isotopic signature of these rocks.
As originally noted by Goossens et al. (1977), the larger basaltic terranes are

tholeiitic in character (Hoernle et al. 2004). Younger (20-66 Ma) and smaller
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occurrences represent intraplate ocean-island basaltic (OIB) rocks (i.e., seamounts)

from the hotspot track that have accreted onto the evolving active margin since 66
Ma.
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Figure 4.4. Chondrite-normalized (following Sun and McDonough, 1989) trace
element patterns for volcanic and intrusive rocks from central and western Panama.
The data set has been filtered for compositions with <67% SiO; in black and >57%
SiO; in dark grey to avoid effects of fractional crystallization and variable degrees of
melting on the trace-element patterns. Light grey paterns are literature data from
Hoernle et al. (2002, 2004). (A) Caribbean large igneous province (CLIP) oceanic
basement from Azuero and Sona. The CLIP field is also given for reference in the
other diagrams to aid comparison. (B) Accreted ocean-island basalt (OIB) terranes
derived from the Galapagos hot-spot. Plots A and B include published analyses from
Hoernle et al (2002) for reference. (C) Rare arc-rocks from Azuero and Sona. (D)
“Early” arc rocks (66-42 Ma) that are dominated by a large set of samples from the
Chagres Igneous Complex. (E) Miocene arc centers of the Cordillera de Panama of
western Panama, (F) Adakites (including data from Abratis and Wérner, 2001 and
Defant et al, 1991a, 1991b). ARC-arc rocks of variable age;, n-MORB-normal mid-
oceanic-ridge basalt. See text for further discussion.

The trace element patterns of CLIP rocks described by Hauff et al. (2000, 1997) and

our new data set from west-central Panama are typically flat or only slightly enriched
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(Fig. 4.4A). The scatter in some mobile elements (K, Sr, Ba) is attributed to
secondary, low-temperature hydrothermal alteration of these submarine basalts and
should not be taken as a subduction- zone signature. Younger (70-20 Ma) accreted
terranes are invariably more enriched in incompatible trace elements, akin to an
intra-plate OIB signature, and can be related to the Galapagos hot spot track
(Hoernle et al., 2002; Fig. 4.4B). In addition to these CLIP and Galapagos-derived
OIB rocks, rocks of undoubted arc signature (12 samples) have been found that are
associated with the Azuero and Sona CLIP terranes (Fig. 4.4C). Similar arc rocks
have also been reported from Osa peninsula in SE Costa Rica (Fig. 4.1; Buchs et al.,
2007). These enigmatic rocks may hold significant clues to the earliest volcanic arc
development along the southern margin of the Caribbean plate. At this point,
however, information about their structural relations with CLIP rocks and ages is

lacking due to insufficient outcrop and the absence of datable material.

4.4.2 The “Early” Arc in Central Panama (66-42 Ma)

Our sampling and analytical work on these rocks concentrated on the Chagres
igneous complex located in the mountains east of the Panama Canal (Fig. 4.1). The
deepest and oldest sections of the Central American arc are exposed in this region.
As a consequence of an international, multidisciplinary research project on the Rio
Chagres watershed (Harmon, 2005), the region was accessed and its geology
studied.

The geological basement of the Chagres region consists of hydrothermally-altered
submarine volcanic rocks represented by highly deformed basalts, basaltic andesites
as sheet flows, rare pillow lavas and volcaniclastic sequences. These are intruded by
dike swarms, some of which evolve into intrusive complexes as multiple dike injection
inflated the intrusions. Gabbros, and diorites with chemically more evolved
granodiorites, tonalities, and granites are also common. Younger and relatively
undeformed basaltic andesite/andesite dikes and dike complexes crosscut all
lithologies. Intercalated volcaniclastic breccias and rare sandstones have also been
observed. Rare oxidized scoria in volcanic debris flows provides evidence for
subaerial eruptions and their redeposition on the seamount flanks. The Chagres
igneous complex thus represents a deeply eroded section of a submarine lava flow-
dike complex, associated with overlying and intercalated volcanic breccias, and

subvolcanic intrusive rocks, dike swarms, and large intrusive complexes of gabbroic
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composition. Our geological reconstruction envisages a large, mostly submarine
seamount and volcanic island complexes with large magma chambers represented
by the intrusions. The predominance of sheet flows and abundance of dikes and
larger intrusive bodies suggests a relatively high eruption rate for these submarine
volcanoes. Ultramafic rocks, that would provide evidence for an ultramafic oceanic
basement (i.e., mid-ocean-ridge basalt [MORB] crust or oceanic mantle) in the
Chagres region, are absent. Most rocks, in particular the volcanics, volcaniclastic
sediments and granites, show evidence of brittle deformation along shear zones,
sometimes grading into mylonites. Chemical alteration is ubiquitous in these
submarine rocks, but mineralizations by sulfides are primarily observed near the fault
zones.

On a water-free normalized basis, major element concentrations vary from (rare)
ferro-gabbros with 45% SiO; to granites that have 78.5% SiO,. Potassium contents
are generally below 1%, often much lower. This attests both to the initially low KO
contents of many rocks and the post-emplacement low-temperature chemical
alteration. The majority of rocks (about 60% of the samples analyzed) have SiO;
contents that range between 48% and 57%. Rocks of intermediate composition, such
as amphibole-bearing andesites, are present but rare. In essence, the rocks of the
Chagres igneous complex define an assemblage that is bimodal in composition
between basalts, basaltic andesites, and their intrusive counterparts, on the one
hand, and granodiorites, tonalites and granites, on the other.

Normalized trace element patterns (Fig. 4.4D) display typical arc signatures i.e.,
depletions in Nb and Ta and enrichment in fluid-mobile elements such as Sr, Pb, K,
and Ba. Note, however, that the less incompatible trace elements on the right side of
the diagram have a flat pattern and are similar in elemental abundances to CLIP
rocks. The large range in Nb and Ta abundances is quite distinct, however, and trace
element patterns show Nb-Ta troughs of highly variable magnitude reflected by
variable Nb and Ta values and a relatively large range in Ba/Nb ratios. Both of these
observations argue for a mantle wedge with variable extents of enrichment prior to
the influence of a (large ion lithophile element [LILE]-enriched) slab fluid. In
comparison, the early arc mantle wedge was initially highly variable, i.e., partly more
depleted and partly more enriched relative to the earlier CLIP mantle source. This
compositionally variable mantle was then subsequently overprinted by slab

components from a subducted oceanic plate, which resulted in enrichment of the
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fluid-mobile elements. It is interesting to note, that the (as yet undated) arc rocks
from the CLIP terranes (see previous discussion; Buchs et al., 2007) are more
restricted in composition with respect to normalized Nb and Ta vales compared to
these (younger ?) early arc rocks.

Age dating of these arc rocks has been initiated using Ar-Ar techniques and initial
results indicate ages between 66 and 42 Ma (Worner et al., 2006).

Further east in Panama, “early” arc rocks consisting of low-K gabbros, tonalities,
granites, and andesites with similar ages of 61-55 Ma have been reported by Maury
et al., (1995) from areas between the Panama Canal and the Darien region. Thus,
the first occurrence of arc magmatism in Panama is dated at 66 Ma (Maury et al.,
1995; Buchs et al., 2007). Although the compiled data for this group of “early” arc
rocks are dominated by the large set of samples from the Chagres igneous complex
(Fig. 4.4) there is no systematic difference in composition between these “early” arc
rocks and other arc rocks in western Panama of similar age.

A primary conclusion drawn from these observations and our initial age data (Worner
et al., 2006 and Buchs et al, 2007) is that subduction and arc magmatism
commenced around 66 Ma, lasted until at least 42 Ma, and involved large volumes of
low-K tholeiitic basaltic magmas and their derivatives. Even though most CLIP ages
are significantly older than the onset of arc magmatism, there is in fact some overlap
in ages between 50 and 66 Ma (see compilation by Hoernle and Hauff, 2007)
between CLIP basement and arc magmatism. It is interesting to note, that Hoernle et
al. (2004) concluded that OIB seamounts began to be accreted onto CLIP basement
at around 66 Ma. We, therefore, conclude that there should have been a significant
rearrangement in the plate-tectonic setting in Panama at the Cretaceous-Tertiary
boundary, which is expressed in the onset of subduction and arc magmatism at that
time.

The highly variable range of trace element patterns represents both tholeiitic and
calk-alkaline magmas and this implies that the mantle source either changed or
remained variable during this period (66 Ma to 42 Ma), and thus is geochemically
distinct compared to that from which the older CLIP magmas were derived more than
70 m.y. ago. As sufficient age data on this series of rocks is lacking, it is not possible
to determine at what time the change from tholeiitic to calc-alkaline magmas
occurred within the age range of 66-42 Ma, and whether or not it was synchronous

across western and central Panama. A similar change has been documented for arc
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rocks in Costa Rica, however, at a much more recent time (17 Ma; Alvarado et al.,
1992; Abratis and Worner, 2001).

4.4.3 The Miocene Arc (36 to 5 Ma)

Younger sections of volcanic arc rocks occur along the entire Cordillera de Panama
in west-central Panama (Drummond et al., 1995; de Boer et al., 1988, 1991). The
oldest K-Ar ages for this group of rocks fall in the range of 36-29 Ma (Kesler et al.,
1977). These rocks are calc-alkaline andesites and dacites located within the
Cordillera de Panama, where morphological expression of these volcanic centers is
poor due to deep erosion and cover by younger deposits. This may be the reason
why these Miocene arc centers can easily be overlooked, as emphasized by de Boer
et al. (1991) and Maury (1995). However, series of younger stratovolcanoes and
isolated centers in the Cordilleran and forearc regions have been identified on the
basis of morphology and have yielded K-Ar and Ar-Ar ages from 21 to 5 Ma (de Boer
et al., 1988, 1991; Defant et al., 1992; Drummond et al., 1995; this study).

Trace element patterns of all “younger arc” rocks (younger than 35 Ma) have a less-
pronounced Nb-Ta depletion relative to LILE compared to older arc rocks in this
region, and, in contrast to the volcanic rocks produced during the earlier period of
magmatism, very few of the Miocene arc rocks have depleted trace element patterns
(i.e., Nb and Ta normalized concentrations below 1; Fig. 4.4E). This indicates that the
change from (depleted) tholeiitic trace-element patterns to more mature (enriched)
arc magmatism must have been completed prior to 36 Ma, which is significantly
earlier than in Costa Rica (17 Ma; Alvarado et al., 1992; Drummond et al., 1995;
Abratis and Wérner, 2001).

4.4.4 Magmatic Gap and HREE-depleted Andesites and Dacites (<2 Ma)

“‘Normal” arc magmatism in Central Panama ceased at around 6 Ma. Londsdale and
Klitgord (1978) first identified a gap in magmatism between about ca. 6 and 3 Ma in
west-central Panama and southeastern Costa Rica. Following this magmatic gap,
younger volcanic products (1-3 Ma) are invariably HREE-depleted rocks (Abratis and
Worner 2001; Fig. 4.4F). This observation is explained by the cessation of active
spreading in the Panama Basin during late Miocene time. More recently, the
Pleistocene uplift of the Cordillera de Talamanca in the region where young arc

volcanoes are absent was proposed to have been caused by the collision of the
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Cocos Ridge with the subduction zone in southern Costa Rica. As discussed by
Abratis and Worner (2001), the timing of this collision was determined from
sedimentological and tectonic evidence as having occurred between 3 and 4 Ma (von
Eynatten et al., 1993; Krawinkel et al., 2000). However, Silver et al (2004) presented
evidence that a first “disturbance” in the deep-marine environment occurred at 8-10
Ma, which may have been related to the initiation of collision. However, the cessation
of “normal” arc magmatism throughout Panama at this early time probably must have
had a different cause, since the full ridge collision and associated Cordilleran uplift
occurred much later, and uplift is only located in the present Cordillera de
Talamanca. Rather, as indicated by Londsdale and Klitgord (1978), the convergence
between the Cocos Plate and Panama, and thus also active subduction, stopped at
this time as plate motions were progressively accommodated inside the Caribbean
plate by the Panama Deformed Belt (Fig. 4.1). In essence, there are two unrelated
causes for the magmatic gap in southern Costa Rica and Panama: (1) a plate-
tectonic rearrangement after cessation of subduction of the Cocos Plate throughout
Panama at 6 Ma, and (2) the collision of the Cocos Ridge in Costa Rica beginning at
about 4 to 5 m.y. ago.

Following this evolution, scattered volcanic centers in southern Costa Rica, as well
as a few large stratovolcanoes in western Panama, erupted andesites and dacites
with an unusually depleted heavy REE character (Fig. 4.4F, Defant et al., 1991a,
1991b; Johnston and Torkelson, 1997). This particular trace-element pattern in arc
rocks has been attributed to the melting of basalts at high pressure under conditions
where garnet is a stable residual phase (Defant et al., 1991a, 1991b; Drummond et
al., 1995; Kay et al., 1993; Johnston and Torkelson, 1997; Abratis and Wérner, 2001,
Goss and Kay, 2007). A slab window and melting of Cocos plate MORB following
subduction of the Panama spreading center have been proposed as an explanation
(Johnston and Torkelson, 1997; Thorkelson and Breitsprecher, 2005). An alternative
view was presented by Abratis and Woérner (2001), who argued that the Pb-isotope
composition of these rocks is not consistent with the melting of MOR basalts and,
therefore, favored melting of the leading edge of the Cocos ridge after its collision
with the Central American land bridge as an alternative explanation. Fig. 4.4F
includes data for El Baru volcano in westernmost Panama from this study and that
from other centers in the Cordillera de Panama and in southern Costa Rica (Defant
et al.,, 1991a, 1991b; Drummond et al., 1995; Abratis and Worner, 2001). All HREE-
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depleted arc rocks in this region have very similar trace-element patterns. In addition
to the fact that Cocos plate MORB is inconsistent with the Pb-isotope composition of
these rocks, preliminary trace-element modeling requires a basaltic precursor more
enriched in incompatible trace elements compared to MORB. From both of these
lines of evidence, we conclude that likely sources for these HREE-depleted andesites
and dacites include CLIP basement or Galapagos ridge basalts (e.g., from subducted

portions of the Cocos or Coiba Ridge).

4.5 DISCUSSION: CHANGING MANTLE SOURCES THROUGH TIME

This work has documented systematic variations in magma compositions for Tertiary
volcanic and intrusive rocks (66-6 Ma) from west-central Panama based on a
compilation of published and new data. These compositional variations reflect
changing magma sources and mantle source compositions over the last 66 m.y. On
a wider scope, the igneous basement of the Central American land bridge has been
constructed since ca. 139 Ma from basaltic rocks derived from a large oceanic
igneous province (CLIP) produced by the Galapagos plume (Hauff et al., 1997, 2000,
Hoernle et al., 2002, 2004; Sinton et al., 1997, 1998; Thompson et al., 2004). At this
time, the thickened CLIP oceanic crust must have been underlain by a plume-mantle,
which had been variably mixed with asthenospheric mantle material during plume
ascent and spreading below the lithosphere (Hoernle et al., 2004; Sinton et al., 1997,
1998; Thompson et al., 2004). Magmas, which subsequently were derived from this
mixed plume mantle until 55 Ma (Hoernle et al., 2004) range from 1 to 30 in
chondrite-normalized compositions for the most incompatible high field strength
elements (HFSEs) such as Nb and Ta, whereas Zr contents are much more
restricted (Fig. 4.4A, and 4.4B). It is important to note that arc magmatism (“early
arc”; Fig. 4.4D) followed directly after the main phase of CLIP magmatism from 66
Ma onward. Immobile HFSEs, which should be unaffected by enrichments from the
subducting slab, exhibit a similar range of chondrite-normalized trace-element
contents as the CLIP rocks, but they extend to much lower values (0.01 for chondrite-
normalized Nb and Ta). The mantle wedge of the “early” arc system consisted of
mantle material that was only in part similar to that of the previously underlying the
Caribbean plate: it contained, in addition, a much more depleted component. Either a
depleted asthenospheric mantle, which was underlying the plume source, was

introduced in the melting region of the arc mantle wedge, or an entirely new, depleted
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mantle source was introduced into the melting region of the arc rocks laterally. In any
case, arc magmatism initiated with a large melt volumes and eruption rates in an
almost entirely marine setting at 66 Ma, as documented by the Chagres igneous
complex and other age data (Maury et al., 1995, Buchs et al., 2007). The enigmatic
arc rocks in the CLIP terranes all have relatively low Nb-Ta contents compared to
CLIP rocks, and were entirely derived from a depleted mantle source. However, the
“early arc” rocks, while showing an overall large range in Nb and Ta values, include
compositions that were derived from an even more depleted mantle. The large
variation in early arc rocks (Fig. 4.4D) could represent a transitional phase of
magmatism when subduction was initially established. We do not know the ages of
the enigmatic arc rocks found on CLIP terranes (Fig. 4.4C), but if an age around 65
Ma from Osa peninsula (Buchs et al., 2007) is confirmed for other occurrences on
Sona and Azuero, then these CLIP-arc rocks could hold a clue to our better
understanding of arc initiation at the Cretaceous-Tertiary boundary in Central
America. High-precision age dating of these rocks is necessary to better constrain
changing plate arrangements at this time.

Based on existing evidence, we propose a major plate-tectonic rearrangement at this
time (55 to 65 Ma) which involved: (1) initiation of voluminous submarine arc
magmatism in Panama, (2) a sudden change in magma sources towards variably
depleted mantel and strong slab fluid signatures, (3) onset of seamount accretion
onto the active southern Caribbean plate margin, (4) cessation of CLIP magmatism.
With time, and increasing maturation of the arc system, the mantle source beneath
the Cordillera de Panama became more homogeneous. Chondrite-normalized Nb-Ta
values for volcanic rocks erupted between 66 and 36 Ma cluster in a restricted
compositional range (Fig. 4.4E). Two interpretations, or possibly some combination
thereof, can explain this observation: either the mantle wedge became thoroughly
mixed and homogenized and/or the mantle wedge was replaced by a more
homogeneous mantle. In either case, two conclusions can be drawn: (1) strongly
depleted mantle material, which gave rise to magmas with chondrite-normalized Nb-
Ta values near 0.01 ceased to exist in central Panama, and (B) the mantle wedge
and the subduction system must have changed significantly between the “early” arc
and the Miocene arc system. One possibility that can explain this change in mantle
sources is the tectonic reorganization of the Pacific plate after the breakup of the

Farrallon plate at around this time (Londsdale, 2005). Arc magmatism appears to
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have been derived from the same, relatively homogeneous mantle wedge between
36-5 Ma, since large compositional heterogeneities or changes in trace-element
signatures are not observed during this time.

As indicated by both morphological evidence and age-dating, “normal” arc
magmatism ceased in southern Costa Rica and west-central Panama at ca. 5 Ma as
the consequence of a major change in tectonic setting and dynamics of the
subduction system. Renewed, but highly localized magmatic activity in western
Panama since about 2 Ma is characterized by HREE-depleted andesites and dacites
(adakites) that have similar radiogenic isotope signatures to Galapagos-derived CLIP
and OIB basalts (Hoernle et al., 2004; Abratis and Woérner, 2001).

We consider that (1) cessation of “normal” arc magmatism around 5 Ma, (2) uplift of
the Cordillera de Talamanca in southeastern Costa Rica and western Panama, (3)
collision of the Cocos and Coiba ridge, and (4) development of the Panama fracture
zone and Panama deformed belt (Fig. 4.1) are all related events that resulted in little
to no plate convergence and thus the end of active subduction below Panama as
documented by Mann and Kolarsky (1995). Apparently, another major plate
rearrangement also occurred at this time. “Occom’s razor” principle ( i.e., that the
simplest explanation tends to be the correct one), demands that all these events
should be in some way related to one another and also to the origin of the HREE-
depleted andesite and dacite magmatism in this region. Since the geochemical data
strongly indicate that Galapagos ridge material, rather than Cocos plate MORB, was
the precursor to these magmas and, because the crust in Panama is not sufficiently
thick to stabilize garnet in the residue of partial melting, one is left with two options to
explain the observed HREE-depleted magmatic geochemistry. (1) Westernmost
Panama is underlain by a slab window and melting occurs at the leading edge of
subducted Cocos and Coiba Ridge (Abratis and Worner, 2001), or (2) that CLIP- and
ridge-type material is being tectonically eroded and involved in the magma source
region (Goss and Kay, 2007, and discussion therein). In the course of such tectonic
erosion (v. Huene and Scholl, 1991), material from the upper plate may be removed
(tectonically eroded), subducted below western Panama and southeastern Costa
Rica and then partially melted in the region of magma generation of the subduction
zone (Goss and Kay, 2007). More “normal” arc magmatism is absent in the region,
and thus subduction, slab dehydration, and mantle-wedge melting do not occur here.

At the same time, arc magmatism is observed in abundance to the northwest and
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southeast, respectively (Carr et al., 1990), of the arc magmatic gap in northwestern
Costa Rica and northern Colombia. Therefore, we find it difficult to envision melting
of tectonically eroded material only occurs where normal arc magmatism is absent,
even though CLIP and Galapagos Ridge basalts occur (and may become tectonically
eroded almost everywhere along the leading upper plate). Thus, we favor instead an
interpretation involving slab window formation and melting of the exposed leading
edges of subducted oceanic ridges that were originally derived from the Galapagos
hot spot. De Boer et al. (1995) suggested that mantle-wedge material was introduced
to the northwest below Central Costa Rica and to the southeast (western-most
Panama) by the subducted mass of the Cocos Ridge. A similar idea was postulated
by Hoernle et al. (2008), who argued, based mainly on Pb-isotopic composition of arc
rocks, that a geochemical component from the subducted seamount chain and ridges
can be identified in the arc magma source below Costa Rica. We would like to
emphasize that at present, the plate-tectonic situation is highly complex, that
geochemical signatures in arc magmas can be highly varied, and that mantle sources
could move laterally. In this context, it is very difficult to interpret the compositional
characteristics observed for rocks from Panama, which are highly variable spatially,
cover a time span of many millions of years in a plate-tectonic setting that may have

changed rapidly and may have been equally complicated in the past as it is today.

4.6 SUMMARY AND CONCLUSIONS

The geologic development of Panama can be divided into four stages: (1)
development of a genetically complex basement prior to about 70 Ma, (2)
development of an “early” volcanic arc between ca. 65 and 40 Ma, (3) development
of a “younger” volcanic arc between ca. 40 and 5 Ma, and (4) localized HREE-
depleted magmas since ca. 2 Ma. Three distinct trace element signatures are
recognized in the oldest (younger than 95 to older than 66 Ma) basement rocks: (1)
flat trace-element patterns in oceanic basement of the Caribbean large igneous
province (CLIP), (2) enriched OIB signatures in CLIP terranes, and (3) an arc
signature in CLIP rocks. The mantle source involved in CLIP magmatism is related to
the Galapagos plume. The change from intraplate CLIP magmatism occurred at ca.
66 Ma. The arc magmas generated between 66 and 42 Ma were derived from a
highly compositionally variable mantle source that ranged from highly depleted to

somewhat less depleted in character, onto which a slab signature was imprinted. The
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“younger” arc magmatism that began at ca. 40 Ma, orientated from a relatively
homogeneous, and slightly enriched mantle wedge. The changes observed in mantle
sources for these Panamanian igneous rocks may be related to replacement of
plume-mantle in the mantle wedge and/or homogenization by corner flow, and
involvement of less depleted mantle material with time. Cessation of “normal” arc
magmatism occurred around 5 Ma as a result of the collision of the Cocos ridge in
southeastern Costa Rica and cessation of convergence in Panama. The occurrence
of HREE-depleted magmas in part of the arc-magmatic gap during the past 2 m.y.
was the result of melting of the leading edge of subducting Cocos and Coiba Ridges

at the margins of a slab window.
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5.1 ABSTRACT

Chemical compositions for 310 igneous rocks from the Cordillera de Panama and the
Sona and Azuero Peninsulas were supplemented by “°Ar/*°Ar dating and Sr-, Nd-,
Pb-, and O-isotope analysis to determine the magmatic evolution and oceanic plate
interactions over the last 100 Ma in western Panama. An initial phase of intraplate
magmatism, having geochemical characteristics of the Galapagos hotspot, formed
the oceanic basement of the Caribbean large igneous plateau (CLIP) from 139 to
69Ma. Younger accreted terranes with enriched trace element patterns (accreted
ocean island basalt [OIB]) were amalgamated between 70-20 Ma. A second
magmatic phase in the Azuero and Sona Peninsulas has trace element patterns
(Sona-Azuero arc) suggesting the initiation of subduction at 71 to 69 Ma. Arc
magmatism continued in the Chagres basin region (Chagres-Bayano arc) from 68 to
40 Ma. A third phase formed discrete volcanic centers across the Cordillera de
Panama (Cordilleran arc) from 19 to 5 Ma. The youngest phase consists of isolated
volcanic centers of adakitic composition (Adakite suite) in the Cordillera de Panama
that developed over the last two million years.Initiation of arc magmatism at 71 Ma
coincides with the cessation of Galapagos plateauformation, suggesting a causal
link. The transition from intraplate to arc magmatism occurred relatively quickly and
introduced a new enriched mantle source. The arc magmatism involved progressive
transition to more homogeneous intermediate mantle wedge compositions through
mixing and homogenization of subarc magma sources through time and/or the
replacement of the mantle wedge by a homogeneous, relatively undeleted
asthenospheric mantle. Adakite volcanism started after a magmatic gap, enabled by

the formation of a slab window.

5.2 INTRODUCTION AND GEOLOGICAL SETTING

The Central American Land Bridge (Fig. 5.1) is located between Nicaragua and
northern Columbia and occupies a critical position connecting the continents of North
America and South America. Its formation around 3 million years ago (Coates et al.,
2000, 1992) was a consequence of Caribbean regional tectonics possibly combined
with interaction of the paleo-Galapagos hotspot tracks with the Central American
subduction zone (Hoernle et al. 2002) and had significant effects on marine and
terrestrial faunal distributions and global oceanic circulation patterns (Duque-Caro,
1990; Coates et al., 1992; Collins et al. 1996; Haug and Tiedemann, 1998).
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Figure 5.1. Tectonic setting of the Central America Land Bridge region (after
Meschede and Frisch 1998). Abbrevaitions are as follows COL-Colombia, CR-Costa
Rica, NIC-Nicaragua, PAN-Panama.

The plate tectonic history of the region has been reviewed by Pindell et al. (2006),
who postulate a Pacific origin of the Caribbean plate and significant displacement
since Cretaceous time relative to the westward-moving North American and South
American plates. Arc magmatism, together with high-P/low-T metamorphic rocks,
dates the onset of westward-dipping subduction at the eastern margin of the
Caribbean plate that resulted from a relative eastward movement of the Pacific
region at 125 to 113 Ma (Pindell et al., 2005; 2006). An Aleutian-style transcurrent
plate boundary at the eastern margin of the Pacific (Farrallon) plate was converted
into a west-facing subduction zone that subsequently changed to be east-facing
during Aptian time. The initial Greater Antilles arc and the present Lesser Antilles
subduction zone was a consequence of this convergence at the eastern margin of

the Caribbean plate. The western plate margin may have been inactive until the time
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when eastward facing subduction commenced between the Pacific and Caribbean
plates, probably by Late Albian time (c. 95 Ma; Pindell et al., 2006). The origin and
the role of the thickened Caribbean plateau have been much debated. Some authors
(e.g. Duncan and Hargraves, 1984) have suggested that the plateau formed as a
result of the arrival of the Galapagos plume below the Pacific plate and subsequent
development of the Carribean Large Igneous Province (CLIP) on Jurassic oceanic
crust. This over-thickened crust caused choking of Pacific subduction and initiated
the west-facing subduction (e.g., Kerr et al., 2002; Hauff et al., 1997, 2000a). Pindell
et al. (2005, 2006), however, argued that an age of 92 to 88 Ma for rocks of the
Caribbean plateau is inconsistent with older high-P/low-T rocks that suggest an
earlier subduction reversal. However, Hoernle et al. (2004) published six Ar-Ar ages
for CLIP rocks from the Nicoya Peninsula in the range of 139 to 110 Ma that would
permit an older age for the plateau, thus reviving the idea of a possible link between
Galapagos and CLIP. This result opens the possibility that plateau formation began
at this early time, caused the subduction reversal at ~110 Ma (Pindell et al., 2005),
and then continued to develop until ~69 Ma (Hoernle et al., 2004) well after the
initiation of convergence on its eastern margin.

The geochemical composition and the age (139 to 69 Ma, Hoernle et al. 2004) of the
CLIP mafic complexes along the Central American Land Bridge between the Santa
Elena transform fault (i.e., the southern tectonic border to the Chortis continental
block that contained present-day Guatemala, Honduras, and most of Nicaragua) in
the north and the Atrato fault (the continuation of the south Caribbean fault along the
northern margin of South America) in the south, have been taken as evidence of the
important role of the Galapagos hotspot for the development of the Central American
Land Bridge (Hauff et al., 2000a, 2000b; Hoernle et al., 2002). These mafic terranes
either comprise a major part of the Central American crust or are fragments
amalgamated tectonically to the Chortis block (Goossens et al., 1977; Reynaud et al.,
1999). However, the link between the Galapagos hotspot and these terranes remains
disputed. Pindell et al. (2006) argue, based on absolute plate motion reconstruction,
that linking Galapagos to these terranes would require migration of the Galapagos
hot spot some 1000 km within in the fixed mantle reference frame. Therefore, the
tectonic history of the western margin of Caribbean plate requires continued

investigation.
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Magmatic rocks in Panama and Costa Rica have been formed by subduction zone
volcanism since early Tertiary time (64 or 61 Ma, Maury et al. [1995] and Lissinna et
al. [2006], respectively). A broad temporal change in magma compositions from
tholeiitic to (low-K) calc-alkaline has been observed beginning in the Oligocene
(since >30 Ma) by Alvarado et al. (1992); de Boer et al. (1995), and Abratis and
Worner (2001). This change continued from low-K ckalc-alkaline toward high-K-calc-
alkaline compositions, which started between the middle to late Miocene (Gazel et al.
2009). During this time, additional ocean islad basalt (OIB)-type basalt complexes,
derived from seamounts related to the Galapagos hotspot, were accreted to the
continental margin until ~16 Ma (Alvarado et al., 1992; Hauff et al. 1997, 2000a;
Hoernle et al., 2002). Typical arc volcanism in southern Costa Rica and western
Panama ceased during the upper Miocene due to the collision of the Cocos Ridge
with the Chortis block. This collision took place at 2-3 Ma (MacMillan et al., 2004).
This was followed by a 2-3 million year gap in magmatic activity. At the same time,
spreading ceased in the Panama basin (Lonsdale and Klitgord, 1978) and subduction
also stopped on the Pacific coast of eastern and central Panama, but continued plate
convergence was accommodated by movements in the N-S striking Panama fracture
zone and the eastern and northern Panama deformed belt (Mann and Kolarsky,
1995). The progressive closure of the oceanic connection between the Caribbean
Sea and Pacific Ocean occurred during the interval between 6.2 and 3.5 Ma (Duque-
Caro, 1990; Coates et al., 1992; Collins et al., 1996; Haug et al., 2001; Coates et al.,
2000) as a consequence of terrane collision, magmatism, and tectonic uplift (Hoernle
et al. 2002, de Boer et al. 1995) along transverse fault systems in present-day central
Panama. Subsequently, volcanism of adakitic composition was initiated in western
Panama and southern Costa Rica at ~2 Ma (Defant et al., 1991a, 1991b; Johnston
and Torkelson, 1997; Woérner and Abratis, 2001); its source and petrogenesis remain
controversial.

Previous geochemical studies on volcanic rocks of the Central American Land Bridge
region have focused on three main issues: (1) the origin of the mafic (Caribbean
large igneous province and “younger”) complexes (Goossens et al., 1977; Hauff et
al., 1997, 2000a; Hoernle et al. 2002, 2004 and references therein; Hoernle and
Hauff, 2007), (2) the subsequent evolution of Paleocene-Miocene age rocks on the
western Caribbean margin having a volcanic arc affinity and (3) the tectonic context

and origin of Quaternary volcanic centers in western Panama and Costa Rica (de
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Boer et al., 1988, 1995; Defant et al.,1991a, 1991b; Drummond et al., 1995; Abratis
and Worner, 2001; Carr et al., 2003). However, the link between the Caribbean large
igneous province basement and the volcanic arc setting, i.e. Paleocene to Miocene
volcanism, has received relatively little attention (de Boer et al., 1988, 1995) due to
limited exposure and difficult access to the Central American Cordillera.

Based on existing data related to the magmatic history of southern Central America,
this study fills an important knowledge gap by providing new high-resolution *°Ar/ **Ar
dates, major and trace element analyzes, and Nd-, Sr-, Pb-, and O-isotope ratios for
a large suite of volcanic and intrusive rocks from western and central Panama that
document the magmatic history and petrogenetic evolution of the Central American
Land Bridge region over the past 71 million years. This study examines the temporal
evolution of magma compositions and variations in associated magma sources

during this period and discusses the tectonic processes which led to these changes.

5.3 SAMPLE COLLECTION AND ANALYTICAL METHODS

Figure 5.2 shows the geographic locations of the samples analyzed. The study area
extends over an E-W distance of ~500 km across the Central Cordillera of Panama
from the Lake Bayano region in the east to the Costa Rican border in the west (Fig.
5.2). Samples were also collected in a NW-SE traverse along the Panama Canal,
throughout the Upper Rio Chagres region northeast of the Panama Canal, and from
the Azuero and Sona peninsulas in southern Panama. The majority of the samples
are volcanic and plutonic rocks of Upper Cretaceous to Quaternary age, but also
include some samples from the Cretaceous basement. The samples are divided into
six geographic-temporal groups (Caribbean large igneous province, accreted OIB,
Sona-Azuero arc, Chagres-Bayano arc, Cordilleran arc, and Adakite suite) on the
basis of age, spatial distribution and trace element characteristics (see discussion
that follows). Only the freshest rocks were sampled in the field. However, many
samples exhibited minor but noticeable degrees of alteration. 310 samples were
selected for geochemical analysis at the Geosciences Center at the University of
Gottingen by X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma
mass spectrometry (ICP-MS). Based on mineral content, lithology, and presumed
age from geological field relations, subsets of 40 samples (rocks and separated
dated minerals) were selected for determination of isotopic composition (2Sr/*®Sr,
SNd/*Nd, 2°°Pb/2*Pb, 2°"Pb/?%Pb, 2%%Pb/?**Pb and '80/'®0 ratios) representing all
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lithologies and age groups. Separated clean, acid-etched minerals (amphiboles, K-
feldspars and pyroxenes) were used for isotope analysis rather than whole rocks
because clean minerals record magmatic values and should be less affected by

alteration processes.
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Figure 5.2. Topographic map of Panama showing the locations and volcanic features
referred to in the text and the geographic distribution of the samples (A: all samples
studied, B: only dated samples with labelled ages) collected for this study. The
symbols (explained in the figure) represent the different arc groups sampled
sampled.

Based on mineral content, lithology, and presumed age from geological field
relations, subsets of 40 samples (rocks and separated dated minerals) were selected
for determination of isotopic composition (3’Sr/2®Sr, Nd/'*Nd, 2°°Pb/%**Pb,
7pp/204pp, 28pp2%ph and '®0/'°0 ratios) representing all lithologies and age
groups. Separated clean, acid-etched minerals (amphiboles, K-feldspars and

pyroxenes) were used for isotope analysis rather than whole rocks because clean
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minerals record magmatic values and should be less affected by alteration
processes. Of these same minerals 35 were also used for age dating by the high-
precision “°Ar/*°Ar method at the University of Wisconsin-Madison Rare Gas
Geochronology Laboratory. As a consequence of strong secondary alteration of
rocks from the Sona-Azuero arc, only two samples from this group were suitable for
isotopic analysis, whereas 14, 10, and 14 samples from the Chagres-Bayano arc,
Cordilleran arc, and Adakite suite groups, respectively, were analyzed for isotopic
composition.

Concentrations of major and minor elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and
P) as well as selected trace elements (Nb, Zr, Y, Sr, Rb, Ga, Zn, Cu, Ni, Co, Cr, V,
Ba, andSc) were analyzed by XRF on glass fusion discs on a PANalytical AXIOS X-
ray fluorescence spectrometer. About 50 reference materials from the U.S.
Geological Survey; the International Working Group on Analytical Standards of
Minerals, Ores and Rocks; the National Research Council of Canada; the Geological
Survey of Japan; the South African Bureau of Standards; and the U.S. National
Institute of Standards and Technology (NIST) were used for the major and trace
element calibration. For major element analyzes, analytical precision is better than
1%-2%; for trace element determinations standard deviations of consecutive
analyzes are in the range of 2% to 5% relative at the level of 20-30 ppm. Detection
limits vary from 3 to 0.5 ppm for the majority of the measured elements.

Rare-earth elements (REE; La to Lu), high-field-strength elements (HFSE; Nb, Ta, Zr,
and Hf), large-ion-lithophile elements (Rb, Sr, Ba, and Cs) and a group of other trace
elements (Li, Sc, Cu, V, Cr, Co, Ni, Zn, Y, Pb, Th, and U), were measured using a
Perkin Elmer ELAN DRCII ICPMS. Sample solutions were prepared following an
approach modified from Heinrichs and Herrmann (1990) and diluted to 1:1000 with
20 ppb Ge, Rh, Re, and In as internal standards. Based on co-processing the
laboratory internal standards and the international standards JB-3 and JA-2 as
unknown samples, the 20 error of the analytical method was estimated to be <20%
for Nb and Ta, <10% for Be, Cs, Cu, Hf, Li, Y, Rb, Pb, Tl, Th and U and ~5% for the
REE.

Isotope ratios of 8 Sr/%8Sr, 3Nd/"**Nd, 2°°Pb/2**Pb, 2°’Pb/?**Pb, and 2°®Pb/***Pb were
measured using a Finnigan TRITON TI thermal ionization mass spectrometer (TIMS).
For Sr-, Nd-, and Pb-isotope ratio determinations, 30 mg of hand-picked feldspar and
50 mg of amphibole were leached with 1 ml of 0.18N HCI at 50 °C and 100 °C, each
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for 15 min and dissolved in 4 ml of HF:HNO3; (1:1) for 24 h at 200 °C in Savillex
beakers inside a pressure vessel. For Sr separation we used columns containing
BIORAD AG 50W-X8, 200—400 mesh ion exchange resin. For Nd separation, the
REE fraction of the first separation step was separated in a second set of columns
filled with Teflon powder impregnated with ion-exchanging HDEHP bis-(2-etylhexy)-
phosphate. For TIMS measurements, the separated Sr and Nd was dissolved in 3 pl
HNO3; and 3 ul H3PO4 and loaded on Re double filaments (~1 ug). Measured Sr- and
Nd-isotope ratios were corrected for mass fractionation to %°Sr/®Sr = 0.1194 and
“ONd/"**Nd = 0.7219 and normalized to values for the NISTstandard reference
materials (SRMs) (¥’Sr/%®Sr = 0.710245), and La Jolla (***Nd/"*Nd = 0.511847)
standards. Measured values of these standards over the period of the study were
87Sr/%®Sr = 0.710258+7 (10 analyses) and "*Nd/"*Nd = 0.511848+5 (10 analyses).
External 20 errors are estimated at <0.001% for Sr and Nd. The total blank for Sr
was 261 pg and for Nd 135 pg and thus considered negligible. For Pb-isotope
analysis, separation ~100 mg of leached minerals were dissolved in 4 ml HF:HNO3
(1:1) in Savillex pressure vessels at 200 °C for at least 12 h. After pressure digestion
and evaporation, the samples were dissolved twice in 1 ml 0.5N HBr and centrifuged.
Pb was separated on anion exchange columns containing resin (Biorad AG1-X8,
200—400 mesh). The Pb fraction was mounted on Re single filament using 3 pul HNO3
and 3 pl silica-gel. lonization temperature for Pb measurement was held constant
between 1150 and 1300 °C and controlled by an optical temperature-reader.
Measured Pb-isotope ratios were corrected to NIST SRM-981 using a mass
fractionation factor of 0.069% for *°Pb/***Pb, 0.077% for **’Pb/***Pb and 0.049% for
208pp204pp - Thirteen standard measurements gave means of 2°°Pb/2Pb =
16.920.01, *°’Pb/***Pb = 15.47+0.01, and ***Pb/***Pb = 36.7320.03. The total error
(20) was < 0.1%. The total blank for Pb was 500 pg.

80/'%0 ratios were determined on one to three grains (~1 mg) of amphibole,
pyroxene or feldspar using a Thermo MAT 253 dual-inlet, gassource mass
spectrometer. The gas extraction line used is similar to that described by Sharp
(1990) except that F» is used for fluorination instead of BrFs and that O, is measured
directly and not reacted to CO,. Twelve samples and four standards were loaded into
a Ni sample holder and evacuated overnight. The samples were heated (>2000 °C)
by a CO,-laser in an atmosphere of F», liberating molecular oxygen and forming

residual fluorides. Excess F, was then removed by reaction with NaCl at ~150 °C to
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form NaF and any Cl, produced was collected in two liquid nitrogen traps at -196 °C.
Finally, purified O, was trapped on a molecular sieve at -196 °C and the O, then
expanded into the mass spectrometer inlet system for the simultaneous analysis of
masses 32, 33, and 34 by heating the molecular sieve to ~80 °C. The sample gas is
compared to a reference O, of known 3'®0Oyswow (Vienna standard mean ocean
water) of +12.5%0 to determine its O-isotopic composition. For further details see
Pack et al. (2007). Measured & '®0 values were corrected for machine drift by
normalization to measured standards (National Bueau of Standerds [NBS] 28 quartz,
San Carlos olivine, UWNG-2 garnet).

Incremental heating experiments for “°Ar/**Ar analysis were performed on amphibole,
K-feldspar, plagioclase crystals, and matrix material in the Rare Gas Geochronology
Laboratory at the University of Wisconsin-Madison using a defocused 25 W CO,
laser. Individual grains were analyzed from four samples, but in most cases,
multicrystal aliquots (~ 10 mg) were lased to yield sufficient argon for analysis. Prior
to each laser step-heating experiment, samples were pre-degassed at 2.0% power
(0.06 W) to remove potentially large amounts of water and atmospheric argon. Very
little *°Ar (< 0.1% of total *°Ar in the sample) is released during this pre-heating
procedure. Experiments yielded largely concordant age spectra with 4-10 steps
comprising > 82% of the gas released. Isotopic analyses and data reduction followed
the procedures of Smith et al. (2006). Details of the method and results are given in

the appendix (complete Ar-results)

5.4 RESULTS AND DISCUSSION

The results of the 310 chemical analyses and their locations are given in the
appendix (full data table and sample regions Panama). Our Caribbean large igneous
province and accreted OIB groups were defined based on regional geology and
similarities to published trace element data (Hauff et al., 2000a, Hoernle et al., 2002).
The other groups are defined on the basis of stratigraphy and field morphology of
sampled units, together with petrology and spatial vicinity of the dated samples of the
same group. To ensure that our sample grouping indeed represents mostly time
rather than only regional geographic distribution, dated and undated samples of
different groups were compared for chemical and isotopic similarities. The within-
group consistency is much higher than the intergroup consistency of neighboring

samples.
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Figure 5.3. Chemical classification and nomenclature of volcanic rocks displayed in
total alkali versus silica (TAS) diagram according Le Maitre et al. (1989). Shaded
areas highlight the two largest arc groups: dark grey for Chagres-Bayano arc and
light grey for Cordilleran arc. Samples for which “°’Ar/*°Ar ages were obtained are
denoted with crosses. CLIP—-Caribbean large igneous province; OlIB-ocean island
basalt.
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Figure 5.4. (this and previous page) Subdivision of subalkaline rocks after Rickwood
(1989) based on the basis of K0 versus silica content: (A) all samples and (B) only
dated samples. Open data symbols denote altered samples (see text for discussion).
The numbers by the data points in (B) are the “°Ar/**Ar ages. CLIP-Caribbean large
igneous province; OlB-ocean island basalt.

Most volcanic and plutonic rocks of westerncentral Panama are subalkaline in
character (Figs. 5.3 and 5.4). Although care was taken to analyze only fresh
samples, thin section examination has revealed minor degrees of secondary
alteration in some samples. Therefore, some alkali values in the data table (full data
table in the appendix) and Figures 5.3 and 5.4 may not be absolutely reliable due to

the fact that these elements are easily affected by secondary alteration.

5.4.1 Major Element Geochemistry

The Caribbean large igneous province suite in Panama consists mainly of submarine
flood basalts (43-51 wt% SiO») that are characteristic of the oceanic basement of the
Caribbean plate generated between 139 to 69 Ma. Most Caribbean large igneous
province basement samples are classified in Figure 5.4 as tholeiites following
Rickwood (1989). The remaining five types are subdivided into two more subgroups
on the basis of trace element patterns (Fig. 5.6). Accreted OIB denotes accreted
ridges and ocean islands that have an enriched, intraplate geochemical signature

(Alvarado et al., 1992; Hoernle et al., 2002). Also, there are some rare samples with
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an arc signature that have been found within the Caribbean large igneous province
terranes in central and western Panama (Sona-Azuero arc), which are similar in
composition to the Chagres-Bayano arc rocks.

The Chagres-Bayano arc is represented mostly by samples from the Upper Rio
Chagres region located northeast of the Panama Canal (Wérner et al., 2005, 2009;
Fig. 5.2). The Chagres Igneous Complex is an exposed section through a highly
tectonized Late Cretaceous to mid-Tertiary submarine lava flow-dike complex,
associated subvolcanic intrusive rocks (gabbros to granites), and overlying and
intercalated volcanic breccias. This magmatic sequence formed between 66 and 42
Ma (see discussion of age data below) and was previously grouped into the
Caribbean large igneous province domain by previous workers (e.g. Hoernle et al.,
2002 and others). However, as will be shown below based on trace element
systematic, all rocks of the Chagres-Bayano region have a clear arc geochemical
affinity.

We define a Cordilleran arc mostly based on the regional occurrence of deeply
eroded volcanic edifices and their intrusive counterparts along the western
Panamenian Cordillera that were originally described by deBoer et al. (1988) and
Defant et al (1991a,1991b). Ages for rocks from the Cordilleran arc fall into the
Oligocene to Miocene, which correspond to magmatic activity in southern Costa Rica
around that time (Drummond et al., 1995). This group is mostly comprised by lavas,
dikes and intrusives that are variably altered. However, fine-grained aphyric
andesites also occur, which are particularly fresh and have been preferentially
sampled.

The last sample group (Adakite suite) comprises a suite of andesitic to dacitic rocks
(Fig. 5.3) from geographically scattered locations in central-western Panama that are
associated with isolated stratovolcanoes in the Veraguas and Chiriqui provinces and
occur as remnants of dacitic ignimbrites that span the Panama-Costa Rica border
(Defant and Drummond, 1990; Defant et al., 1991a, 1991b; Johnston and Torkelson,
1997; Abratis and Waorner, 2001). These rocks have 58-71 wt. % SiO,, steep heavy
REE patterns, and high (Sm/Yb), ratios of 2.47-10.3 and are generally younger than
5 Ma (Fig.5.5). As illustrated in Figures 5.3, the three arc suites (Sona-Azuero arc,
Chagres-Bayano arc and Cordilleran arc) span the entire compositional range from
basalt to rhyolite and from gabbro to granite (45 wt% to 78.5 wt% SiO,). Samples

from the Caribbean large igneous province and accreted OIB groups are mostly of
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basaltic composition and most samples from the two older arc groups, Sona-Azuero

arc and Chagres-Bayano arc, fall into the low-K array (Fig. 5.4A).
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Figure 5.5. (A) Age distribution of CLIP rocks and Galapagos-derived seamounts
(after Hoernle et al. 2004). Data sources: Alvarado et al. (1997); Christie et al.
(1992); Hauff et al. (2000a); Hoernle et al. (2002, 2004); Kerr at al. (1997, 2002);
Lapierre et al. (1999); Revillon et al. (2000a); Sinton et al. (1996, 1997, 1998); White
et al. (1993). (B) Age distribution of arc rocks in central and western Panama and in
southern Costa Rica; Grey bars— “°Ar/°Ar data from Abratis and Worner (2001);
black bars—this study; hatched bars— K/Ar data from Keseler et al. (1977), de Boer et
al. (1991), Defant et al. (1991 a, 1991b, 1992), Drummond et al. (1995), and Maury
et al. (1995). CLIP-Caribbean large igneous province.

A few analyses plot in the medium-K and high-K field, most likely as a consequence
of secondary alteration and thus these samplesare not considered further.
Considering only the dated, pristine samples, the Sona-Azuero arc and Chagres-

Bayano arc plot only in the low-K and lower part of the medium-K array. The
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Cordilleran arc samples are extremely variable in K;O content, spanning the range
from low-K to shoshonitic compositions. Some of this scatter is likely due to
alteration.

Considering only the dated and pristine samples, the rocks of the Cordilleran arc plot
exclusively in the medium-K array (Fig. 5.4). Samples of the Adakite suite also show
some scatter with respect to KO (Fig. 5.4A), but all adakite samples are fresh and
unaltered and the majority fall in the medium-K and high-K field (Fig. 5.4). It is not
possible from our age data to precisely determine the timing for the change from
tholeiitic to calc-alkaline magmatism (Figs. 5.3 and 5.4). Rocks of the Sona-Azuero
arc and Chagres-Bayano arc are mainly tholeiitic but both groups contain some calc-
alkaline samples. The Cordilleran arc is composed of both tholeiitic and calc-alkaline
samples. No compositional evolution through time is seen within single rock suites.
Therefore, it is likely that the change from largely tholeiitic to predominantly calc-
alkaline magmatism took place at different times in different locations across Panama
during Cordilleran arc magmatism. This is consistent with the general age pattern for

volcanism in southern Costa Rica (MacMillan et al., 2004; and discussion below).

5.4.2 “°Ar/*°Ar Dating

High-precision “°Ar/**Ar ages were determined for a subset of 35 samples. Plateau
ages, determined by incremental heating are listed in Table 5.1 and displayed in
histogram form in Figure 5.5 (see also complete Ar-results in the appendix). These
samples span the entire range with respect to composition and geographic location
across west-central Panama. Although K;O values are relatively low in the whole
rocks, precise dating of mineral separates of amphibole and K-feldspar was possible.
There now is sufficient geochronologic data to examine the temporal nature of
magmatism across southern Central America over the past 100 million years. The
small overlap in age between Caribbean large igneous province (>69 Ma) and arc
rocks (<71 Ma) is shown in Figure 5.5; in fact, only two samples fall into the overlap
interval between 69 and 71 Ma. Our oldest ages of 71- 67.5 Ma for Sona-Azuero arc
samples come from the Azuero and Sona Peninsulas (Fig. 5.2). Thus, the age data
strongly imply that subduction-related magmatism in Panama commenced ~71
million years ago in the vicinity of the CLIP complexes on the Azuero and Sona
peninsulas, subsequently shifting into the Chagres region (Fig. 5.2) of the central
Cordillera de Panama at 66 Ma (Fig. 5.5B).
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Table 5.1. Summary of “°Ar/*°Ar incremental-Heatig experiments

(for details see complete Ar-results in the appendix)
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Table 5.1. Summary of “°Ar/*°Ar incremental-Heatig experiments (continued)

Plateau Icochron
*Ar Age (Ma) “OAr/°Ar; Age (Ma)
Sample Easting Northing Mineral %  MSwWD t20 N t20 MSWD t20

Adakite suite

PAN-05-047 515419 932671 amph 100.0 099 0.26 *0.04 7 of 7 2979 +6.6 1.08 0.23 *0.08
PAN-05-049 515419 932671 amph 100.0 0.76 046 +0.07 6 of 6 3023 %127 0.65 0.34 +£0.21
PAN-06-006 308969 976393 amph 925 0.33 132 £0.18 5 of 6 2947 %50 0.39 145 +0.78
PAN-06-010 311164 976475 amph 100.0 1.06 149 %010 6 of 6 290.7 £13.5 0.21 163 +0.16
PAN-06-014 312003 975064 amph 100.0 0.23 0.63 +*0.06 6 of 6 296.1 +5.0 0.28 0.62 +0.09
PAN-06-043 415967 935660 amph 100.0 0.71 0.82 £0.13 5 of 5 2978 *11.1 0.95 0.78 *0.25
PAN-06-044 415724 938624 amph 100.0 0.28 0.92 *0.16 5 of 5 299.0 +6.8 0.03 0.82 *0.26
PAN-06-073 535861 925254 amph 100.0 0.96 1.37 £0.09 6 of 6 296.8 +10.5 1.18 1.34 +0.24
PAN-06-136 324735 940222 amph 99.7 049 032 £0.06 5 of 6 296.7 4.2 0.55 0.28 +£0.13
PAN-06-166 340254 973213 amph 994 025 0.18 £0.08 6 of 7 2955 %29 0.31 0.18 +£0.12
PAN-06-168 337490 974820 amph 928 0.73 019 £0.09 4 of 6 299.2 +£16.5 0.99 0.13 £0.15

PAN-06-176 326350 955330 amph 100.0 0.48 048 *+0.08 6 of 6 2955 +5.9 0.60 0.48 +0.15
All ages calculated using the decay constants of Steiger and Jager,1977, (Asox = 5.543 x 107" yr'™")

J-value calculated relative to 28.34 Ma for the Fish Canyon sanidine (Renne et al., 1998) unless noted otherwise
* J-value calculated relative to 28.02 Ma for the Fish Canyon sanidine (Renne et al., 1998)

T Mean and 2x standard deviation reported for plateau age of this sample due to heterogeneity

Age in bold is preferred. MSWD-mean square weighted deviates; amph—-amphibole; wr-whole rock;Kfled—K-feldspar;
plag—plagioclase

This conclusion is consistent with published K-Ar data (Kesler et al., 1977),
stratigraphic evidence of Fisher and Pessagno (1965) and Weyl (1980), and a recent
study by Buchs et al. (2007) who concluded that arc magmatism in Costa Rica and
Panama was initiated in Late Cretaceous to early Tertiary time. However, Pindell et
al. (2006) cite evidence from clasts in boreholes and detrital minerals in older
sediments to suggest a possible onset of arc magmatism during Albian time ~95 Ma.
However, because the latter evidence is scarce and not based on measured trace
element character of these rocks, and because of the consistent and abundant age
data discussed above, we conclude that a later onset of subduction in the western
margin of the Caribbean plate at around 71 Ma is much more likely.

The oldest Chagres-Bayano arc rocks of the Cordillera de Panama (66 Ma) are found
in the Chagres and Lake Bayano areas east of the Panama Canal (Fig. 5.2), but
younger rocks of this group in the same region range in age down to 41.6 Ma (Table
5.1). Given the abundance of ages determined and the complete coverage of
lithologies and their spatial distribution, the paucity of ages between 61.5 and 50 Ma
in Figure 5.4 is interpreted to be geologically meaningful. Earlier (66.4-61.5 Ma) and
later (49.4- 41.6 Ma) magmatic suites within the Chagres-Bayano arc suite, however,

are indistinguishable geochemically. Based on the wide regional distribution and the
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dozens of Chagres-Bayano arc samples dated, this temporal gap is unlikely to be
due to insufficient sampling. A temporal gap during the Chagres-Bayano arc
magmatic episode is also supported by the work of Kesler et al. (1977), who
determined K-Ar ages for amphibole and feldspar from 65 to 53 Ma on the Azuero
peninsula (Fig. 5.2) and 62- 51 Ma at Cerro Azul on the eastern boundary of the
Chagres region. The K-Ar ages of Maury et al. (1995) extend the volcanic arc toward
the east into the Darien region of Panama from 61 to 55 Ma (the Rio Morti area east
of Lake Bayano in Fig. 5.2). These data fall within the age range observed for the
Chagres region and Kesler et al. (1977) reported K-Ar ages for feldspar and
amphibole of 49- 48 Ma for an in-situ quartz diorite from the Rio Pito mineralized area
farther east.

All of these observations above are in good agreement with the work of Recchi
(1975) who postulated an E-W-trending volcanic arc between the Sona peninsula in
Panama and northwestern Colombia during Late Cretaceous time (Fig. 5.1), which
subsequently was offset by a sinistral motion along a northwest-trending fault zone
that is located in the vicinity of the present-day Canal Zone. However, based on our
high precision *°Ar/ **Ar age data, we hold that magmatism of the Chagres-Bayano
arc system was discontinuous in time and that the majority of arc magmatic products
were generated in two main periods from 68 to 60 Ma and from 50 to 40 Ma.

Rocks of the Cordilleran arc suite underlying the El Valle and La Yeguada volcanic
areas, scattered regions of the Cordillera de Panama, and domes from the forearc
region (Fig. 5.2) range mostly in K-Ar-ages from 22 to 7 Ma (de Boer et al., 1988,
1991; Defant et al., 1992; Drummond et al., 1995) with few exceptions (Fig. 5.5;
Kesler et al., 1977 and de Boer et al. 1995). Our new ages from the main Cordillera
de Panama and the forearc regions (19.2 and 6.8 Ma) also fall within this range
(Table 5.1), consistent with the majority of the K-Ar ages. We therefore argue that the
main phase of magmatic activity of the Cordilleran arc occurred between 22 and 7
Ma. This phase was followed by a volcanic lull of 2 to 5 million years (Fig. 5.5B) after
which only adakites were erupted in southern Costa Rica and western Panama. It is
interesting to note that an older volcanic gap between 11 and 6 Ma was also
observed in southern Costa Rica by MacMillan et al. (2004). These authors,
however, noted intrusive activity during this time based on dating plutonic rocks that

became exposed during strong uplift after the collision of the Cocos Ridge. Such
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significant uplift did not occur in western Panama and thus intrusive rocks younger

than 7 Ma may have remained concealed.

The heavy rare earth element (HREE)-depleted andesites and dacites of the Adakite
suite were erupted only at isolated, geographically-scattered volcanic centers in
southern Costa Rica and westcentral Panama over the past 3.5 million years (de
Boer et al., 1995; Johnston and Thorkelson, 1997; Abratis and Worner, 2001; and
new data from this study; Table 5.1). These adakitic rocks are associated with
stratovolcanoes at El Valle, La Yeguada, and Baru, and occur as remnants of dacitic
ignimbrites that span the Panama-Costa Rica border (Defant and Drummond, 1990;
Defant et al., 1991a, 1991b, 1992).

5.4.3 Trace Element Geochemistry

The trace element compositions of the rocks analyzed in this study are compiled in
the full data table (appendix). Mantle-normalized trace element patterns are shown in
Figure 5.6, which displays clear differences in trace element patterns for the different
age groups with respect to levels of incompatible element enrichment and
concentrations of HFSE.

Caribbean large igneous province trace element patterns in Figure 5.6 are almost
horizontal, with only a few, unsystematic variations observed for the fluid-mobile
elements such as Ba, K, Pb, and Sr. These variations are probably a consequence of
secondary, low-temperature hydrothermal alteration.

Accreted OIB shows a clear enrichment in the more incompatible elements and low
rare earth element patterns to the right of Sm (HREE) concentrations relative to
Caribbean large igneous province and primitive mantle (Fig. 5.6). This pattern
indicates an intraplate mantle source, an interpretation that is consistent with the
ideas of Alvarado et al. (1992) and Hoernle et al. (2002) who described a set of 70-
20 Ma accreted terranes from Costa Rica that have this same trace element
signature. These were interpreted as seamounts from the Galapagos hotspot track
that were accreted to the Central American Arc (Fig. 5.1). The Sona-Azuero arc
samples show a clear subduction-related volcanic arc trace element signature that is
characterised by depletion in Nb and Ta and enrichment of fluid-mobile elements
such as Ba, K, Pb, and Sr. These are rare rocks within the Sona and Azuero
peninsulas (Figs. 5.1 and 5.2) and provide important insights into the earliest

evolution of the volcanic arc in this region (Buchs et al., 2007). Unfortunately, we
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have no information about structural relations relative to the other Caribbean large
igneous province rocks due to their very limited exposure. The new “°Ar/ **Ar ages for
Sona-Azuero arc rocks range from 68 to 71 Ma and, thus, are slightly older than

those observed for the Chagres-Bayano arc rocks of the Chagres region (see below).
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Figure 5.6. Trace element patterns, normalized to primitive mantle (Sun and
McDonough 1989), for igneous rocks from central and western Panama. Elements
are plotted according to their decreasing incompatibility from left to right. Dark colours
denote samples with SiO, <67 wt%, whereas pale grey indicate samples with SiO,
>57 wt%. The light-grey field shows the CLIP data for reference. Literature data from
the sources cited in the text are shown in black lines for comparison.
CLIP-Caribbean large igneous province; OIB— ocean island basalt.

Most rocks of the Chagres-Bayano arc were sampled in the Chagres region
northeast of the Panama Canal (Fig. 5.2) and in the Bayano area to the east. The
large geochronological data set shown in Figure 5.5 and, in particular, the new
“OAr/*°Ar ages for the Chagres region show that voluminous subduction magmatism
in this region started somewhat earlier at 66 Ma, slightly later than in the Sona and
Azuero areas where arc magmatism is first recorded at 71 Ma, and lasted until 42

Ma. Most Chagres-Bayano arc samples are characterized by horizontal trace
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element patterns to the right of Sm similar to Caribbean large igneous province

samples, although a few rocks are relatively enriched whereas others are relatively
depleted by comparison. The most obvious geochemical feature of this group is the
large variation in Nb and Ta and for some samples a very strong depletion in these
elements. Some of the samples are even below primitive mantle values in Nb and
Ta.
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Figure 5.7. Plot of Ta/Yb versus Th/Yb for magmatic rocks from central and western
Panama. This diagram can be used to recognize arc magmas generated via
subduction and fluid enrichment of a depleted to enriched mantle sources. Large
symbols denote samples with <567 wt% SiO, whereas small symbols indicate
samples with >57 wt% SiO,. “°Ar/°Ar dated samples are denoted with crosses.
CLIP-Caribbean large igneous province; OIB—ocean island basalt.

Because Nb and Ta are not affected by fluid addition, this implies that the mantle
source region at this time was heterogeneous and subject to large variations in
incompatible element composition prior to fluid enrichment. An alternative view would
attribute this feature to involvement of variable amounts of subducted sediments, or
fluids derived therefrom, in their source (see discussion below). We have insufficient
data to test whether there are systematic compositional changes with time in this
group or if there might be a compositional trend from tholeiitic to calc-alkaline rocks
as the arc matured. However, there is a clear compositional difference between the

Sona-Azuero arc and Chagres-Bayano arc rocks (71-42 Ma) and Caribbean large
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igneous province basement rocks that were erupted before 69 Ma (Hoernle et al.,
2004).

Compared to the Chagres-Bayano arc, samples of the Cordilleran arc exhibit a

slightly narrower range in Nb and Ta concentrations. Only very few samples from this
phase of magmatism have depleted trace element patterns, which is typical of many
of the arc magmas erupted earlier in the development of the Panama volcanic arc
system (Figs. 5.6- 5.8). Based on trace element ratios and patterns (Figs. 5.6- 5.8),
we conclude that the change from a depleted tholeiitic magma source indicative of
the early stage of arc magmatism to a more mature, less depleted magma source
must have taken place at the beginning of the Cordilleran arc magmatic episode at
~22 Ma. This change also involved a transition to a more homogeneous magma

source with time.

10 - ;
° ¢ CLIP

A Q- 12 Accreted OIB

O Sona-Azuero arc

e Chagres-Bayano arc
e Cordilleran arc

g 4 Adakite suite
? A
o 1
N
B A A A
b A
®, .
) | s O O
Wedge () . O ’-'. e o o O
deplition s, e J A
0.1 . : . v ’ -
0 2 4 6 8 10 12

La/Nb c-norm.

Figure 5.8. Plot of chondrite normalized ratios of La/Nb versus Nb/Zr showing the
different affects of wedge depletion and arc signature for the different arc groups.
Large symbols denote samples with <57 wt% SiO,. “Ar/°Ar dated samples denoted
with crosses.

The Adakite suite forms form a separate group that is characterized by steep REE
patterns from Sm to Yb (Fig. 5.6), which is diagnostic of residual garnet in the magma
source. Our samples of this group are all younger than 2 Ma, indicating a gap in
magmatism of a few million years between the cessation of the Cordilleran arc stage
of magmatism and the onset of the Adakite suite phase. There are two models for

genesis of the Panama-Costa Rican adakites. Johnston and Thorkelson (1997)
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argue that a slab window formed due to subduction of the Panama spreading center
and that Cocos plate mid-ocean ridge basalt (MORB) then melted to form adakitic
magmas. By contrast, Abratis and Worner (2001) consider that Cocos MORB is not a
viable source for the adakites and instead, based on Pb isotope evidence, favor
melting of the leading edge of the Cocos ridge (Fig. 5.1) after its collision with the
Chortis block and consequent slab window formation. In any case, the magma
source for the Adakite suite stage of Panamanian magmatism is significantly different
from that which produced the magmas during the earlier Sona-Azuero arc, Chagres-
Bayano arc, and Cordilleran arc stages.

The plot of Ta/Yb versus Th/Yb in Figure 5.7 illustrates the effect of slab enrichment
on depleted mantle source regions with low ratios of Th/Yb and Ta/Yb (i.e., MORB-
source mantle) to mantle sources enriched in both Th and Ta (e.g., OIB-source
mantle). Magmas produced by subduction-related arc magmatism in which
enrichment of a depleted mantle source occurs by the introduction of LILE-enriched
fluids and sediments, are differentiated in Figure 5.7 by their enrichment in Th but not
Ta, i.e., higher Th/Yb ratio at constant Ta/Yb ratio.

The Caribbean large igneous province basement rocks fall largely within the depleted
mantle field in Figure 5.7. By contrast, accreted OIB samples have higher Th/Yb and
TalYb ratios that are indicative of derivation from an enriched mantle source whereas
the Sona-Azuero arc samples have higher Th/Yb ratios that are suggestive of fluid
enrichment of a depleted mantle source. Overall, the Chagres-Bayano arc,
Cordilleran arc, and Adakite suite samples in Figure 5.7 define a trend that is parallel
to the mantle trend with higher Th/Yb ratios. Samples of the Sona-Azuero arc group
form a field contained within the low Ta/Yb portion of the broad field defined by the
Chagres-Bayano arc rocks. This situation is not unexpected, as both groups are
considered to have been derived from a depleted mantle wedge source (see above).
As demonstrated by their trace element patterns (Fig. 5.6), the Chagres-Bayano arc
reflects a fluidmodified but variable depleted mantle source, as documented by the
more than one orders of magnitude range observed in both Th/Yb and Ta/Yb ratios.
By comparison, the majority of rocks of the Cordilleran arc require a more enriched
magma source composition that overlaps the high-Ta/Yb end of the Chagres-Bayano
arc field and extends into high values of the Adakite suite field., The Cordilleran arc is
in the same range as the Chagres-Bayano arc in terms of degree of homogeneity

and fluid modification of the mantle source. The Adakite suite exhibits the highest
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Ta/Yb and Th/Yb ratios, which is interpreted to reflect the strong subduction

enrichment of an already enriched mantle source.

The arc signature is strongest for the Adakite suite and Chagres-Bayano arc samples
(Fig. 5.8). For the Chagres-Bayano arc this may be mainly due to the depleted
source composition, which even for a small amount of arc fluids produces a large
effect. The Cordilleran arc samples display less of an arc signature and most are
clearly more enriched than Chagres-Bayano arc and Sona-Azuero arc samples. The
Sona-Azuero arc is intermediate between the Chagres-Bayano arc and the
Cordilleran arc in terms of wedge depletion and arc signature.

The trace element patterns of Figure 5.6 and ratios of Figure 5.7 and 5.8 document a
systematic temporal evolution in magma composition beginning in Cretaceous time
that continues to the present. We interpret this change in mantle source composition
over more than 100 million years to be related to tectonic rearrangements in a

developing complex arc setting through time (see below).

5.4.4 Oxygen Isotope Geochemistry

The object of the O-isotope portion of the study was to determine the primary
magmatic 8'20 values for a subset of 56 of the Panamanian intrusive and volcanic
rocks using theoretical and experimental mineral-mineral and mineral-melt isotopic
fractionations and thereby establish the O-isotope character of the source region
from which their parental melts originated. The samples analyzed span a wide range
in bulk composition from 46% to 77% SiO,. As a consequence of their age and
complex geological history, the samples were subjected to varying degrees of post-
crystallization alteration and several samples display visible alteration in hand
specimen or thin section. Because of concern about the geochemical integrity of
some samples, it was not appropriate to determine the O-isotope composition of
whole rocks. Instead, '®0/'°O ratios were measured for 87 mineral separates that
appeared to be entirely free of alteration under a binocular microscope that were
obtained by hand-picking from seven intrusive rocks, one magmatic segregation vein,
and phenocrysts from 47 volcanic samples. A particular focus was on the mafic
minerals amphibole and clinopyroxene but plagioclase, which is more susceptible to
the effects of post-crystallation O-isotopic modification, was included where present,
and the glass matrix of three volcanic rocks was also sampled. Measured '®0/'°0

ratios are reported in Table 5.2 in the familiar “5” notation [5'°0(%.) =

99



Chapterdi

Magmatic history

(®0/"®Osampie!'®0/"®Ostandara — 1) x 1000] relative to the VSMOW, together 5'20 values
estimated for equilibrium magmas at high temperature that were calculated following
the procedure of Bindeman et al. (2004). From the analysis below, magmatic §'°0
values were estimated for 410of the 56 rocks of this study, 15 of which were based on
'80/1°0 ratios of multiple minerals.

Table 5.2 presents '®0/'®0 ratio measurements for 47 amphibole, 11 clinopyroxene
and 29 plagioclase separates. The distribution of these 5'®0 values is shown in
histogram form in Figure 5.9 and their ranges for the four groups sampled are
presented in Table 5.3. For the Panama suite as a whole, 5'°0,n = 3.6 to 6.9%o,
5'®0gpx = 4.9 t0 6.6%0, and 50O, = 3.9 to 10.9%. The range of O-isotope variation
observed for feldspar (7.0%o) is much larger than that for amphibole (3.3%o), which in
turn is about twice that recorded for clinopyroxene (1.7%o) which was only separated
from the adakite lavas. The sections which follow discuss the extent to which this O-
isotope data can be used estimate magmatic ®0/'°O for the parental magmas of the
Panamanian igneous rocks.

From studies of peridotite xenoliths (lonov et al., 1994; Mattey et al., 1994) and a
wide variety of volcanic rocks (Eiler et al., 1996, 1997, 2000; Bindeman et al., 2004,
2005), it is known that normal basaltic melts derived from hydrous melting of the
subducting mantle wedge in convergent plate margin settings should have '®0/'°0
ratios in the range of 5'%0 = 5.8+0.2%0 and, as demonstrated by Matsuhisa (1979),
Harmon and Gerbe (1992), and Bindeman et al. (2004), derivative high-Si dacitic to
rhyolitic melts produced solely by closed-system crystal fraction should have elevated
5'0 values that can range up to a maximum of ~7%.. Rare instances of young
subduction-zone volcanic rocks containing olivine with %0 up to 7.1%o, implying
melt 5'®0 values of up to ~8%o, have been documented for Kamchatka (Dorendorf et
al., 2000; Bindeman et al., 2004) and for a variety of adakites from Panama (Abratis
1998; Bindeman et al., 2005) and various other circum-Pacific localities by Bindeman
et al. (2005).

Because most rocks and fluids contain similar concentrations of oxygen, the O-
isotope composition of an igneous rock can be used both as a screening tool for
evaluating effects of secondary alteration and, if high-temperature equilibrium O-
isotope systematics are observed, variations in '20/'°0 ratios also can be used as an

additional petrogenetic indicator and guide to magma source character and process
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because oxygen isotopes provide geochemical information that is complementary to

that derived from trace elements and radiogenic isotopes.

Table 5.2. O-isotope compostion of minerals and 5180magma values
calculatedfollowing the procedure of Bindeman et al. (2004).

Sample Rock type 51"%0mp ®O0cx  5'0png  SiO,(Wt%) MgO (wt%)  Calculated 5'°0 in melt®
Sona-Azuero arc
Pan-05-007 Andesite 6.6 N.D. N.D. 62.74 7.43 N.D.
Pan-05-008 Dacite 5.9 N.D. 7.8 63.12 6.85 7.0
Pan-05-017 Dacite 5.3 N.D. 8.3 67.82 4.28 6.7
Chagres-Bayano arc
Pan-03-004 Microdiorite 4.5 N.D. 7.2 54.99 4.63 N.D.
Pan-03-007 Gabbro 5.4 N.D. 4.7 49.49 7.20 5.7
Pan-03-014 Andesite 5.9 N.D. 7 62.34 2.40 7.10+0.14
Pan-03-022 Granodiorite 3.6 N.D. 9.1 61.97 3.52 N.D.
Pan-03-023 Andesite 6.4 N.D. 9.9 62.96 2.68 N.D.
Pan-03-029 Basalt. andesite 55 N.D. 6 54.05 6.62 6.05+0.07
Pan-04-004 Andesite 5.4 N.D. 7.4 59.42 3.31 6.3
Pan-04-011 Granodiorite 4.9 N.D. 7.4 61.57 3.05 5.9
Pan-06-100 Microdiorite 3.8 N.D. N.D. 57.17 6.56 N.D.
Pan-06-103 Andesite 4.7 N.D. N.D. 56.99 3.71 N.D.
Pan-06-104 Segregation 3.9 N.D. N.D. 53.73 3.33 N.D.
Pan-06-206 Granodiorite 4.7 N.D. N.D. 63.37 3.01 5.8
Pan-06-210 Andesite 5 N.D. N.D. 61.07 3.54 6.0
Cordilleran arc
Pan-03-032 Basalt. andesite 6 N.D. 10.9 56.53 4.90 N.D.
Pan-05-031 Andesite N.D. N.D. 5.8 59.78 2.56 6.0
Pan-05-056 Basalt. andesite N.D. N.D. 6 53.11 4.33 6.0
Pan-05-066 Basalt. andesite N.D. N.D. 6.8 52.77 5.18 N.D.
Pan-06-023 Diorite 4.6 N.D. N.D. 46.02 4.15 N.D.
Pan-06-068 Andesite 4.4 N.D. N.D. 60.78 3.55 N.D.
Pan-06-125 Ryolith N.D. N.D. 71 77.17 0.23 N.D.
Pan-06-131 Dacite 4.9 N.D. N.D. 64.10 1.85 6.1
Pan-06-185a Granite N.D. N.D. 3.9 67.30 1.45 N.D.
Pan-06-218 Ryolith N.D. N.D. 5.9 74.39 0.32 6.5
Pan-06-219 Dacite 52 N.D. N.D. 64.28 1.91 6.4
Adakite suite
Pan-05-047 Dacite 55 N.D. 7.6 69.68 0.92 7.500.76
Pan-05-049 Dacite 5.5 N.D. 6.8 70.57 0.76 7.20+0.14
Pan-06-006 Andesite 5.1 N.D. N.D. 59.93 3.33 6.0
Pan-06-010 Dacite 5.3 N.D. N.D. 63.50 2.67 6.5
Pan-06-014 Andesite 4.9 N.D. N.D. 57.21 3.30 5.7
Pan-06-043 Dacite 6.9 N.D. N.D. 66.96 1.31 N.D.
Pan-06-044 Dacite 3.9 N.D. N.D. 67.22 1.31 N.D.
Pan-06-073 Dacite 4.8 N.D. N.D. 65.60 1.03 6.1
Pan-06-136 Andesite 5.1 N.D. N.D. 60.32 2.93 6.1
Pan-06-137a Andesite 5.9 6.4 7.5 60.76 3.32 7.33+0.40
Pan-06-137b Andesite 4.5 N.D. 7.3 60.46 3.46 6.5+1.41
Pan-06-137d Cndesite 5.8 6.6 75 60.54 3.41 7.37+0.49
Pan-06-138b Dacite 55 N.D. 6.4 65.48 2.02 6.75+0.07
Pan-06-140 Andesite 5 N.D. N.D. 58.23 4.74 5.8
Pan-06-141 Basalt.andesite N.D. 5.4 N.D. 55.99 6.22 6.1
Pan-06-161 Andesite 5.5 N.D. N.D. 60.82 3.24 6.5
Pan-06-165 Andesite 5.3 4.9 N.D. 61.13 3.00 6.1+0.28
Pan-06-166 Andesite 5.2 55 7.3 58.84 3.54 6.65+0.68
Pan-06-168 Andesite 5.2 N.D. N.D. 60.87 3.35 6.2
Pan-06-169 Andesite 5.6 N.D. N.D. 60.67 3.43 6.6
Pan-06-170 Andesite 5.7 N.D. N.D. 59.88 3.58 6.6
Pan-06-173 Andesite 5.2 5.4 N.D. 59.46 3.33 6.20+0.14
Pan-06-174 Andesite N.D. 5.6 N.D. 57.55 4.13 6.4
Pan-06-175 Andesite 5 5.2 6.4 58.39 4.65 6.1010.36
Pan-06-176 Andesite 5.2 5.8 7.5 58.89 3.41 6.8610.70
Pan-06-177 Andesite 4.7 5.1 6.1 59.35 3.44 6.00+0.35
Pan-06-179 Andesite 4.9 N.D. 6.3 61.13 3.10 6.350.21
Pan-06-183 Andesite 4.6 N.D. 6.5 61.38 3.00 6.150.78
Pan-06-184 Andesite N.D. 6.3 N.D. 59.75 3.39 7.2

$Magma "®0/'0 ratios were estimated only for those instances where expected high-temperature fractions were observed for mineral
pairs or where minerals with measured 5'®0 values that fall within the range expected for the unaltered host rock composition. Averages
and standard deviation values are given for multiple estimates of Bmomagma derived from two or three measured mineral 50 values.

Note: Matrix glass was obtained from three Cordilleran Arc volcanic rocks, basaltic andesite Pan-03-032, dacite Pan- 06-041, and

rhyolite Pan-06-218. Respective measured 5'®0 values for these samples are 5.9%o, 8.4%o, and 12.9%.
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Table 5.3. Ranges of 5'°0 variation for Panamanian igneous rocks.

18, 18, 18, 18,
NO- 6 Oamph\bole NO- 6 Oclinopyroxene NO- 6 Oplagioclase NO- 6 Oglass

Sona-Azuero arc 3 5.3t06.6 N.D. 2 7.8108.3 N.D.
Chagres-Bayano arc 13 36t06.4 N.D. 8 471099 N.D.
Cordilleran arc 5 44106.0 N.D. 7 3.9t010.9 3 59t012.9
Adakite suite 26 39t06.9 11 49t06.6 12 6.1t07.5 N.D.

To ascertain if measured ®0/'°0 ratios are pristine and have not been affected by
secondary modification, measured 5'°0 values can be evaluated based on
equilibrium mineral-mineral and mineral-melt O-isotope fractionations expected on
the basis of theoretical considerations (Kieffer, 1982; Zheng, 1991, 1997; Zhao and
Zheng , 2003; Bindeman et al. 2004) or laboratory experiments (Matthews et al.,
1983; Chiba et al., 1989; Chacko et al., 2001). The O content of a bulk rock,
particularly fine-grained magmatic rocks or subvolcanic intrusives, can be readily
modified by water-rock interactions both at high and low temperature (see e.g.
Gregory et al.,, 1989). Radiogenic isotopes systems, particularly Sr, may also be
affected by secondary alteration, if sufficiently intense. Most natural waters are ®0
deficient compared to magmatic silicate rocks. Thus, isotopic exchange as a
consequence of water-rock interaction at high temperatures, where fractionation
coefficients are small, will result in a lowering of rock 880 values. By contrast,
weathering and alteration in the near-surface environment will be characterized by
strong "0 enrichment because fractionation factors are large at low temperatures. A
variety of studies have shown that most Tertiary and older volcanic rocks have
elevated '80/'°0 ratios as a consequence of hydration and weathering at Earth’s
surface (Muehlenbachs and Clayton, 1972; Taylor et al., 1984; Cerling et al., 1985;
Harmon et al., 1987). Silicic glass and feldspar are the phases most susceptible to
secondary alteration, but even minerals like amphibole and pyroxene can have their
'80/"°0 ratios modified through high degrees of water-rock interaction particularly at
elevated temperature. Two approaches can be taken to ascertain whether measured
'80/'°0 ratios are pristine or have been affected by secondary modification.

Based on a careful screening of our data using predicted equilibrium fractionation, 56
of the 87 mineral separates analyzed (Table 5.2) have 50 values that are
considered to be representative of the magmas from which the minerals crystallized
based upon measured '®0/'®0O ratios and mineral-pair fractionations. A group of 31

minerals are considered to have anomalously low or high '®0/'®0 ratios that indicate
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Figure 5.9. Histogram of 5’0 values illustrating the O-isotope variation in (A)
feldspar, (B) pyroxene, and (C) amphibole for Panamanian igneous rocks. The
dashed lines denote the field for the mineral in equilibrium with parental basalts
generated within the mantle wedge in convergent plate margin subduction zone
settings, from 5.6 to 6.0%0 for plagioclase and 4.6 to 5.0%. for clinopyroxene and
amphibole. A process of magmatic evolution through only closed-system
fractionation will produce evolved rhyodacitic magmas from a basaltic parent magma
that are enriched in "0 by <1%. (Matsuhisa, 1979; Harmon & Gerbe, 1992;
Bindeman et al., 2004). Feldspar crystallized under equilibrium from highly evolved
rhyodacitic melts will be enriched in ®0O by ~0.4%. as compared with ~1.5%. for
pyroxene and amphibole. VSMOW-Vienna standard mean ocean water.
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post-crystallization modification (Fig. 5.10). As expected, feldspar is the mineral most
affected by post-crystallization alteration, with only five of the Sona-Azuero arc,
Chagres-Bayano arc, and Cordilleran arc plagioclase separates having O-isotope
ratios that fall within the 5'0 range of 5.6% to 7.0%o. expected for normal subduction
zone magmatic rocks The other 13 feldspars, independent of their age group or rock
type, have lower or higher & '°0,, values that are outside this range and indicative of
post-crystallization secondary modification. Some of these feldspars have a cloudy
appearance in thin section, consistent with this interpretation. Two samples (gabbro
PAN-03-007 with 8'®0, = 4.7%0 and granite PAN-06-185a with 8'°0, = 3.9%0) have
618Op| values below 5.5%c that are indicative of high-temperature subsolidus
hydrothermal alteration. Four other samples (dacite PAN-05-017 with 6180p| = 8.3%o,
granodiorite PAN-03-022 with 8'°0, = 9.1%o, andesite PAN-03-023 with 5'®0, =
9.9%0, and basaltic andesite PAN-03-032 with 5'°0, = 10.9%0) are strongly 'O
enriched with 50 values elevated above 8%. that have been produced by
secondary alteration at low-temperature. Twelve samples have 6180p| values in the
intermediate range from between 7 and 8%, that are more difficult to interpret.
However, based upon either (i) a normal 5'20 value for coexisting amphibole or (i) a
618Op| value higher than expected for the bulk composition of the host rock, these
samples are considered to have not fully retained the original O-isotope signature so
that magmatic 5'®0 values were not estimated for these samples from the measured
feldspar '®0/™0 ratios.

Matrix glass samples were analyzed for three Cordilleran arc volcanic rocks. Two of
these samples, one from dacite PAN-06-041 with 5'®Og = 8.4%0 and the other from
PAN-06-218 with 5'®0g = 12.9%, exhibit strong '°0 enrichment as a consequence of
low-temperature hydration. This is not surprising given the Miocene age and silicic
composition of these glasses. The third glass sample, with 61809| = 5.9%., comes
from basaltic andesite PAN-03-032. This sample contains strongly '®O-enriched
feldspar with 6180p| = 10.9%0 that could only have been produced by post-
crystallization alteration at low-temperature. The 520, = 6.0%0, for the amphibole
from this rock also has elevated relative to the normal basaltic-andesitic range, but to
a far lesser extent than its companion feldspar. Thus, the O-isotopic composition of
the glass, although appearing reasonable for such an arc lava with 3'%0 = 5.9%o,

must be considered suspect.
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Figure 5.10. Plot of mineral %”Sr/*°Sr versus 5'°0 for (A) amphibole and pyroxene
and (B) feldspar for Panamanian igneous rocks. See text for explanation. The two
circles in the figures bound samples that have had their O-isotopic compositions
modified by high- and low-temperature secondary processes as indicated in the
figure and discussed in the text. VSMOW-Vienna standard mean ocean water.
amph—-Amphibole; cpx—clinopyroxene.

In Figure 5.10, 8Sr/®Sr ratios are plotted versus §'°0 for amphibole and pyroxene
(A) and plagioclase (B). The field (A) in each plot denotes the field for the mineral in
equilibrium with normal arc parental basalt magmas having 'Sr/%®Sr = 0.7032-0.7034
and 5'®0 = 5.6-6.0%0. The area (B) above the mantle magma field, bounded by the
light grey lines in each plot, that extends to just above 2'Sr/*®Sr = 0.7042 denotes
mantle source heterogeneity that produces ®’Sr-enriched basaltic magmas with
normal 8'®0 values. The introduction of seawater-derived fluids into the magma
source also can elevate the ®"Sr/*®Sr ratio without affecting O-, Nd-, or Pb-isotope
ratios. The two Adakite suite samples with the highest ®’Sr/*°Sr ratios (PAN-06-073
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and PAN-06-165) have a likely source from the subducted oceanic basalt that had
been affected by such seawater alteration. The area (C) to the right in each figure,
indicated by the grey box, denotes the 'O enrichment possible through closed
system fractional crystallization from basalt to rhyodacitic compositions. Rhyolite
PAN-06-218 with a feldspar 5'0 value of 5.9%0 can be explained in this way. The
different arrows indicate the sense of 8’Sr/%°Sr-5'%0 trends for process that can affect
observed rock and mineral isotopic compositions. Combined assimilation-fractional
crystallization (1) of parental magmas generate both ¥Sr- and '0-enriched
phenocrysts in evolved andesite-rhyolite magmas. Chagres-Bayano arc andesite
PAN-03-023 with 5'®Opagma = 7.10 £ 0.14%0 was likely a product of such an AFC
(assimilation, fractionation, and crystalisation) process. Subsolidus high-temperature
seawater-rock interaction (2) with sub-volcanic intrusives, or assimilation of such
submarine hydrothermally altered crust, will result in concomitant '®0O depletion and
87Sr enrichment. By contrast, subsolidus high-temperature interaction with meteoric
hydrothermal water (3) will result in 'O depletion but not affect 8’Sr/%®Sr ratios,
whereas low-temperature alteration (4) will produce 0 enrichment and not affect Sr-
isotope composition. The two circles in the figures bound samples that have had their
isotopic compositions modified by secondary processes. It can be seen from Table
5.2 and Figure 5.10 that some samples characterized by O-isotope disequilibrium
have been affected by high-temperature alteration (e.g. granite Pan-06-185a with
6180p| = 3.9%0) whereas others have been subjected to low-temperature alteration
processes (e.g. basaltic andesite Pan-03-032 with 520, = 10.9%o).

About half of the Sona-Azuero arc, Chagres-Bayano arc, and Cordilleran arc
amphiboles O-isotope compositions are consistent with a mantle derivation of their
host magmas. Clearly, the amphibole in granodiorite PAN-03-022, with an
anomalously low 8'®0.n value of 3.6%o, has been affected by subsolidus water-rock
interaction at high-temperature, but to a lesser extent than the corresponding
feldspar from the same rock. Samples PAN-06-100, PAN-06-044, and PAN-06-104
have similarly low 5O,y values of 3.8%. and 3.9%. that also document extensive
subsolidus hydrothermal alteration of these rocks. The same is likely the case for
three other samples: andesite PAN-06-068, with 8'®0.n = 4.4%., and both
microdiorite  PAN-03-004 and granodiorite PAN-04-011, with respective §'O.m
values of 4.4%0 and 4.9%o and elevated feldspar 5'®0 values >7%.. The degree of

secondary alteration is lower for these rocks than for PAN-03-022.
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The amphibole 5'®0 value of 6.6%o for Sona-Azuero arc andesite PAN-05-007
indicates that this sample has suffered a significant degree of low-temperature
alteration and 0 enrichment. The large Ap.am values of +1.9%o and +3.0%. for the
two Sona-Azuero arc dacites, PAN-05-008 and Pan-05-01, indicate that the O-
isotope composition rocks is not pristine. With respective amphibole and feldspar
5'80-values of 5.9%0 and 7.8%. for PAN-05-008 and 5.3%0 and 8.3%o for PAN-05-017,
this alteration appears to have been of sufficiently low water-rock ratio that amphibole
80/'°0 ratios were retained intact, while the feldspar '®0/'°O ratios were elevated
~1-2%0 as a consequence of low-temperature alteration. The magmatic 5'°0 values
estimated from the amphibole '®0/'®0 ratios for these two compositionally evolved
lavas are 6.7%o and 7.0%o, respectively.

For the Chagres-Bayano arc, six samples have O-isotope systematic that yield
reliable estimates of magmatic O-isotope composition. With respective 8'®0am and
5'®0, values of 5.5%0 and 6.0%o, and a 5'°Oy.am value of +0.5%0, basaltic andesite
PAN-03-029 had a parental magma &'%0 value of 6.05+0.07%.. Very slightly lower
magma 5'0 values of 5.7%o and 5.9%o are estimated for gabbro PAN-03-007 and
granodiorite PAN-04-011 on the basis of their amphibole '®0/'°O ratios. Three
compositionally evolved Chagres-Bayano arc andesites (PAN-03-023, PAN-04-004,
and PAN-06-210 with SiO; contents between 59 and 62 wt%) have 5'®Opmagma values
ranging from 6.0 to 7.10+0.14%o. The feldspar '®0/'®0 ratios for all Chagres-Bayano
arc samples except basaltic andesite PAN-03-029 have been elevated by low
temperature alteration.

The only Cordilleran arc sample for which it was possible to separate both amphibole
and feldspar is basaltic andesite PAN-03-032. With respective amphibole and
plagioclase 5'®0 values of 6.0%0 and 10.9%o, and a &'%0 y.amp value of +4.9%o, PAN-
03-032 documents a significant degree of isotopic modification as a result of low-
temperature secondary alteration. For the ten other Cordilleran arc samples, either
amphibole or feldspar was analyzed. Two volcanic rocks also exhibit a modest level
of 8 "0, = 6.8%0 and rhyolite PAN-06-125 with 5'°Op = 7.1%0. By contrast, two
samples from Cordilleran arc intrusive rocks and one volcanic sample have been
affected by subsolidus water-rock interaction at elevated temperature, diorite PAN-
06-023 with 83'°0am = 4.6%0, andesite PAN-06-068 with 5'®0.n = 4.4%0, and granite
PAN-06-185 with 5'®0an = 3.9%.. Magmatic 5'0 values falling within the narrow
range from 6.0%o0 to 6.5%0 could be estimated for five Cordilleran arc samples:
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basaltic andesite PAN-05-56 with 5'®0p = 6.0%o, andesite PAN-05-031 with %0, =
5.8%o, dacite PAN-06-131 with 3%, = 4.9%o, and rhyolite PAN-06-218 with 3'°0,, =
5.2%o.

More O-isotope data are available for the Adakite suite because it was possible to
separate amphibole from most samples as well as clinopyroxene and feldspar from
some rocks. Based on their young age, we have calculated magmatic 5'®Ovalues for
all but two of the 29 Adakite suite samples (see below). The least evolved adakite
sample, basaltic andesite PAN-06-141, has a 8'°0,x value of 5.4%o, which yields a
magmatic 5'°0 value of 6.1%. that is consistent with a normal subduction zone
mantle origin. Another eight andesites (PAN-06-141, PAN-06-140, PAN-06-175,
PAN-06-177, PAN-06-173, PAN-06-006, PAN-06-136, and PAN-06-165) and a dacite
(PAN-06-073) have magmatic 5'0 values that fall between 5.7 to 6.2%o indicative of
a similar origin. By contrast, the remainder of the Adakite sample suite of 13
andesites and four dacites exhibit surprisingly variable magmatic '®0/'®0 ratios that
vary more than 1%o. from 3'0 - 6.4%. to 7.5%0 and exhibit the same characteristic
80 enrichment observed for adakitic lavas globally (Fig. 5.11) that were originally
described by Abratis and Worner (2001) and Bindeman et al. (2005). The four
Panamanian adakites analyzed by Bindeman et al. (2005) have magmatic 3'0
values of between 6.4 and 6.9%., which fall toward the center of the 5.7%o to 7.5%o
5'80 distribution determined here for 27 samples.

Two samples, PAN-06-043 and PAN-06-044, are compositionally akin to the other
dacitic Adakite suite lavas analyzed except that they have unusually high and low
5'80.m values of 6.9%c and 3.9%., respectively. These anomalous O-isotopic
compositions for phenocrysts in fresh young lavas are difficult to explain, but may
offer critical insight into the petrogenesis of the Panamanian adakites. Adakites are
widely considered to be the result of melting the subducting slab (Kay, 1978; Defant
and Drummond, 1990; Stern and Kilian, 1996). Bindeman et al. (2005) have argued
that adakites from convergent plate margin settings with modest enrichments in '®0
and %’Sr, like those from Panama and Fiji, may be generated through melting of the
80 enriched upper portion of the subducting slab. Since the unusual O-isotope
values in Central American adakites are related to strongly elevated Sr-isotope
compositions at constant and high Nd-isotope ratios (Abratis, 1998) this signature is
considered a clear indication for melting of seawater-altered basaltic rocks within the

subducting slab.
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Figure 5.11. Histogram comparing 5'°0 values Panamanian adakites (A) with those
from Costa Rica (B) analyzed by Abratis (1998) and various locations worldwide
including Panama (C) analyzed by Bindeman et al. (2005). VSMOW-Vienna
standard mean ocean water.

The broad range of O-isotope ratios observed here for the Panamanian Adakite
suite, with 8'®Omagma = 5.7%0 to 7.5%0, and the two adakite amphiboles with
anomalously high and low 3'®0.m values of 6.9%. and 3.9%., suggests melting
occurred throughout the slab, with both the upper '80-enriched and lower '®0-
depleted zones of the hydrothermally altered basaltic ocean crust involved in the

melting process.

5.4.5 Temporal History of Radiogenic Isotope Variations
The radiogenic isotopic data are listed in Tables 5.4 and 5.5 and plotted as a function

of sample age in Figure 5.12. Since a careful screening was performed based on the
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O-isotope data to identify samples affected by post-crystallization alteration, we will
now consider in the discussion and interpretation of the radiogenic isotopes that
follows only those samples identified to be pristine. A clear temporal trend is
observed for Nd-isotope ratios (Fig 5.12A), with "**Nd/"**Nd for the different groups
progressively increasing over the past 71 million years. The two Sona-Azuero arc
samples have low and uniform Nd-isotope ratios of 0.512864 + 5 and 0.512866 + 4.
The Chagres-Bayano arc suite displays a larger Nd-isotope variation from 0.512929
* 4 to 0.512853 + 4, consistent with large variations in HFSE, distinctly higher
compared to the Sona-Azuero arc and Cordilleran arc groups. The Cordilleran arc
has Nd-isotope ratios from 0.513000 + 3 to 0.512963 + 8 that are significantly higher
than those for the Chagres-Bayano arc. The Adakite suite displays a narrow but high
range of "*Nd/"**Nd ratios from 0.513016 + 9 to 0.512951 + 4. This progressive
increase in "**Nd/"**Nd ratios over the course of the past 71 million years indicates a
more depleted mantle wedge composition through time with respect to Sm/Nd during
the evolution of the Central American arc. Similarly, an increase through time toward
more radiogenic lead is observed for both 2°°Pb/?*Pb and 2*®Pb/?**Pb ratios (Figs.
5.12B, and 5.12C). There is a large difference in Pb-isotope composition between
Sona-Azuero arc and Chagres-Bayano arc samples, especially for 2°°Pb/2**Pb ratios,
whereas the Chagres-Bayano arc and Cordilleran arc samples are of similar Pb-
isotopic composition. The Sona-Azuero arc has low 2°°Pb/2**Pb ratios of 18.65 + 0.01
and 18.53 £ 0.008. The Chagres-Bayano arc lavas show distinctly higher values from
19.04 £ 0.002 to 18.78 = 0.007. The Cordilleran arc is more homogeneous with
208pp294ph ratios ranging from 19.03 + 0.008 to 18.96 + 0.003. The Adakite suite
displays the highest Pb-isotope ratios and largest variation, with 2°°Pb/?**Pb ratios
ranging from 19.34 + 0.005 to 18.89 £ 0.003.

The temporal trends for 2°’Pb/?**Pb and ®’Sr/®°Sr are not as distinct as those for the
other radiogenic isotope systems (Figs. 5.12D, 5.12E). On average, 2°’Pb/***Pb
ratios are similar in all groups. Variation is again largest for the Adakite suite, mainly
due to the high ?*’Pb/?®*Pb ratios of PAN-06-165 and PAN-06-006. The ®'Sr/%®Sr
ratios exhibit an initial decline from Sona-Azuero arc to Chagres-Bayano arc to the
oldest Cordilleran arc samples, but then trend toward a partial enrichment in 8’Sr in
the youngest Cordilleran arc rocks. For the Adakite suite, samples PAN-06-165 and
PAN-06-073 again contribute to the large Sr-isotopic variation of the Adakite suite

samples.
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Figure 5.12 (privious page). (A-E) Plot of Pb-, Nd-, and Sr-isotope ratios for igneous
rocks from central and western Panama over the past 80 million years. Open
symbols are altered samples based on mineral 5'°0 values. The light- grey field
shows references data for the GSC—Galapagos spreading center (compilation from
the PetDB [Petrological Database of the ocean floor]:
http.//www.petdb.org/petdbWeb/search/download_pg.jsp), and the dark-grey field
shows reference data for the southern Galapagos domain defined by Hoernle et al.
(2000) together with data from White et al. (1993). Isotopic evolution has been
calculated back in time. Due to a lack of U, Th and Pb concentrations for the
Galapagos data, we followed the method of Hauff et al. (2000a) assuming a linear
increase with 2°°Pb/%Pb (u= 10%2%°Pb/l%*Pb-175) and “**Th/**U=3 to allow for
comparison of magma sources. Crosses represent data for rocks from accreted
hotspot track from Sadofsky et al. (2009) and Hoernle et al. (2002).

Figure 5.12 also shows reference fields for the Galapagos spreading center (GSC)
from the Petrological Database of the ocean floor (PetDB) and the Galapagos
southern domain (GSD) from White et al. (1993) as defined by Hoernle et al. (2000).
In order to compare magma sources through time radiogenic isotopic evolution has
been calculated back in time. Due to a lack of U, Th and Pb concentrations for the
Galapagos data, we followed the method of Hauff et al. (2000a) and assumed a
linear increase of u with 2°°Pb/?%Pb (u = 10*?°°Pb/2%Pb-175) and **Th/?®U=3. In
addition, data for rocks of accreted terranes from the hotspot tracks outboard of
Central America are also plotted (Sadofsky et al. 2009, Hoernle et al. 2002). Where
clear differences exist for 2°Pb/?**Pb and 2°*Pb/?**Pb ratios between GSC and GSD,
Panama magmas sources are intermediate or displaced from GSC toward GSD
indicating that the Galapagos southern domain may have been an important source
component throughout the entire magmatic history of central and western Panama
from as early as 66 Ma. It is clear from the unsystematic scatter of Sr-isotope ratios,
and in particular their higher values relative to both GSD and GSC (Fig. 5.12), that
some Sr-isotope compositions have been affected by seawater, either by introduction
to their source or as a consequence of rock alteration after formation. Radiogenic
isotopes are presented in Figure 5.13 together with reference data for MORB from
the southern Eastern Pacific Rise (EPR) and from the Galapagos spreading center
(GSC) from literature sources (from the PetDB). Data for the hotspot tracks are taken
from Sadofsky et al. (2009) and Hoernle et al. (2002) and for the active Central
American arc from Carr et al. (2003), Feigenson et al. (2004), and Hoernle et al.
(2008). The global subducted sediment (GLOSS) field is from Plank and Langmuir
(1998) and the local sediment field is form Sadofsky et al. (2009) and Feigenson et
al. (2004).
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Table 5.4. Initial and measured Sr- and Nd- isotopic composition for

separated minerals.
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Table 5.5. Initial and measured Pb- isotopic composition for

separated minerals.
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The Caribbean large igneous province data are from Kerr et al. (1997, 2002) and
Hauff et al. (2000a, 2000b). Initial isotope ratios were calculated based on
parent/daughter ratios of Rb/Sr, Sm/Nd and U/Pb and Th/Pb measured by ICP-MS
for single crystal aliquots from each sample. The mean error for Rb/Sr is 7 % and for
Sm/Nd 6%. U and Th for most samples were below the detection limit of 0.01 ppm for
U and 0.03 ppm for Th for ICP-MS. Therefore we used these values as upper
boundary for U and Th and Pb as measured for our initial calculation. The differences
between measured and initial values are negligible for most samples, except for eight
samples that have particularly low values of Pb.

The "*Nd/™*Nd-8"Sr/%®Sr plot (Fig. 5.13A) and the "**Nd/"**Nd-**°Pb/?**Pb plot (Fig.
5.13B) both show clearly that the Chagres-Bayano arc has a radiogenic isotopic
character that is similar to the Caribbean large igneous province. The two Chagres-
Bayano arc samples PAN-03-007 and PAN-04-011 with low "**Nd/"**Nd have pristine
5"®0meit Values only slightly above the mantle reference value (5.6%o  0.2%o). This
indicates that the low *Nd/"*Nd signature observed for the Chagres-Bayano arc
rocks is a source signal and not a result of assimilation in the arc crust. The
displacement of the Panama field toward GLOSS and the local sediments in Figure
5.13 is likely caused by subducted sediment melts in the Chagres-Bayano arc
source, a feature that is consistent with the variable HFSE contents and Th/La ratios
of Chagres-Bayano arc magmas. These sediments, however, would have to have
been relatively nonradiogenic with respect to Pb isotopes (Fig. 5.13D and 5.13E).
The Sona-Azuero arc is very similar isotopically in the "**Nd/"**Nd-%"Sr/%®Sr plot (Fig.
5.13A), but it is clearly less radiogenic than the Chagres-Bayano arc in terms of its
Pb-isotope composition (Fig. 5.13D and 5.13E). Caribbean large igneous province
rocks are enriched in ®Sr, probably as a consequence of seawater interaction or
possibly a contribution from subducted sediments (low "*Nd/***Nd subfield in Fig.
5.13A). Most probably, Caribbean large igneous province and Chagres-Bayano arc
magmas were derived from a source that contained a mixture of depleted MORB
mantle (DMM) and an enriched, slab component such as subducted sediments
and/or melts thereof. In terms of their Nd- and Sr-isotope compositions (Fig. 5.13A),
the Cordilleran arc samples plot into the Central American arc and Caribbean large
igneous province fields. The higher "3Nd/"**Nd values for the Cordilleran arc and

Adakite suite compared to the Sona-Azuero arc and Chagres-Bayano arc probably
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reflect a more primitive mantle source in a less mature arc system that had been

affected by a lower degree of slab component enrichment.
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Figure 5.13. Plots of initial Sr-, Nd- and Pb- isotope ratios for magmatic rocks of
western and central Panama (A-E) together with reference fields for initial and
measured Caribbean large igneous province (CLIP) (data from Kerr et al., 1997,
2002; Hauff et al., 2000a). GLOSS-Global Subducted Sediment (Plank & Langmuir,
1998); sediment-local sediments (Sadofsky et al., 2009; Feigenson et al., 2004);
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active CENTAM arc—active central American arc (Carr et al., 2003; Feigenson et al.,
2004, Hoernle et al., 2008), EPR-East Pacific Rise; GSC — Galapagos spreading
center (both from the PetDB [Petrological Database of the ocean floor],
http.//www.petdb.org/petdbWeb/search/download_pg.jsp), and the initial hotspot
frack data (Sadofsky et al., 2009; Hoernle et al., 2002). The reference field for
Caibbean large igneous province is subdivided into two parts: a grey shaded-initial
values and grey crosses—measured values. The insert on each figure shows the data
relative to the mantle reference fields (Zindler and Hart, 1986) for depleted
mantle—-DMMa and DMMb; enriched mantle—EMI and EMII; bulk silicate earth—-BSE;
and the enriched Pb reservoir-HIMU. Open symbols are altered samples based on
mineral 5'%0 values. Analytical uncertainty is smaller than the size of data symbols.

In "3Nd/"**Nd versus 2°°Pb/?**Pb space (Fig. 5.13B), the Cordilleran arc plots largely
coincident with the Central American arc and accreted OIB fields, whereas the
Adakite suite closely follows the trend of the hotspot track samples and their plume
mantle source. The Adakite suite consists of the Panama samples that have the most
radiogenic Pb-isotopic composition (Fig 5.13D and 5.13E) and thus most directly
reflect the melting of Caribbean large igneous province basement or subducted
Galapagos seamount basalts, both of which would carry the Galapagos plume
source signature (Abratis and Worner, 2001; Bindeman et al., 2005). Lavas of the
Adakite suite also are enriched in "0, with 580 values up to 7%, a feature that
suggests a magma source component that was strongly affected by low-temperature
seawater alteration. Significant crustal input (i.e. sediment subduction or assimilation)
is not consistent with the relatively high and uniform Adakite suite "**Nd/'**Nd ratios.

Overall, our sample suite can be described in terms of four geochemical
components, each of which contributed to arc magmatism in Panama during the past
71 Ma. It is noteworthy that Sona-Azuero arc rocks, which represent the onset of
subduction at the western margin of the Caribbean large igneous province plateau,
show the highest sediment component, whereas the young Adakite suite magmatism
has the strongest signature from a (seawatermodified) Galapagos source with only
minor sediment addition. The Chagres-Bayano arc and Cordilleran arc samples fall
between these two end-member situations and mix toward a depleted mantle. Three
mantle components have contributed to Panamanian magmatism: (1) depleted
asthenospheric mantle that is present in all groups, (2) subducted sediments that
produced an enriched isotopic signature in the Sona-Azuero arc and Chagres-
Bayano arc, and (3) a Galapagos-plume type source, which is strongly manifest in
the Adakite suite and of only minor significance for the Chagres-Bayano arc and

Cordilleran arc magma sources. An additional ®’Sr-enriched component (4) is
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recognized that reflects a seawater contribution to Adakite suite magmagenesis and
hydrothermal alteration of the other age groups after their emplacement. A ubiquitous
slab-derived LILE-enriched and HFSE-depleted fluid is present in all rocks.

5.4.6 Changing Mantle Sources through Time

Initial Caribbean large igneous province magmatism was derived from a plume
mantle source and resulted in the thickening of the Caribbean oceanic crust over a
period of ~25 million years from ~95 to 71 Ma (Hoernle et al., 2004). The second,
Chagres-Bayano arc phase of magmatism from 66 to 42 Ma was generated within a
subduction-modified depleted mantle source. Significant amounts of oceanic
sediment were subducted and mixed into this depleted mantle during the initiation of
the Panama arc. The earliest Sona-Azuero arc (71-68 Ma) samples are still
geochemically distinct in this scenario. They display trace element characteristics that
more closely resemble the OIB-like Caribbean large igneous province basement than
the rocks of Chagres-Bayano arc (Figs. 5.7 and 5.8), because they are less depleted
in radiogenic isotope character than Chagres-Bayano arc samples. Because the
Sona-Azuero arc represents the transition from plume activity at the Galapagos
hotspot to subduction, the mantle wedge at that time may still have contained a
component of enriched Caribbean large igneous province mantle, but also had a
significant contribution from subducted sediments. This idea is supported by Buchs et
al. (2007), who found arc rocks on the Azuero peninsula with REE compositions
similar to the composition of the Caribbean large igneous province plateau. They
concluded that these proto-arc magmas were derived from the subplateau
lithospheric mantle. During Chagres-Bayano arc time (66-42 Ma), the mantle source
producing arc magmas was still immature and compositionally variable, possibly
reflecting the progressive establishment and progressive maturation of the arc
system by variable compositions of mantle wedge and sediment components. After a
significant temporal gap in arc magmatic activity, the Cordilleran arc lavas erupted
from 19 to 7 Ma (our new Ar-Ar ages) and reflect a less depleted mantle source
compared to that which produced the Chagres-Bayano arc magmas. The final
Adakite suite phase of magmatism during the past 2 million years is distinct because
magma generation is largely independent of mantle wedge composition. Adakite
suite magmas likely formed by melting the leading edge of the subducted Cocos

Ridge and older Caribbean large igneous province basement, either at the margin of
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a slab window or after slab breakoff below west-central Panama (Johnston &
Thorkelson, 1997; Abratis and Worner, 2001).

Initiation of arc magmatism ~70 Ma, at the same time as formation of the Galapagos
plateau ended, removes the structural problem of forming Galapagos-plateau rocks
on the Caribbean side of the proto-Central American arc. It was this issue that led
Pindell et al. (2006) to argue against a link between the Galapagos hotspot and the
thickened Caribbean plate. This temporal coincidence may, in fact, suggest a causal
link.

The change in magma source character from Chagres-Bayano arc to Cordilleran arc
magmatism, defined by trace element composition, is mostly a trajectory toward a
more evolved parental magma composition. This could indicate increased mixing and
homogenisation of sub-arc magma sources with time and/or the replacement of the
mantle wedge by homogeneous, relatively undepleted asthenospheric mantle. The
breakup of the Farallon plate at ~25 Ma (Lonsdale, 2005) which preceded the onset
of the Cordilleran arc (22-19 Ma) may have been the trigger for these changes. The
newly established Cocos-Nasca spreading center led to a change in mantle
dynamics, for example upwelling in the region below the new ridge. The direction of
plate movement also changed between 22.7 and 19.5 Ma, from mainly westward for
the Farallon plate to northwest for the Cocos plate and southwest for the Nazca plate
(Barckhausen et al. 2008). This rearrangement in relative plate motions caused the
changes in mantle source after the brea up. We note that these changes are partly
coincident to gaps in the magmatic activity and probably occurred relatively rapidly.
This suggests that mantle source changes may have been triggered forcibly by the
rearrangement of the plate tectonic setting and that the mantle wedge must have
been relatively mobile in responding to these dynamic changes of plate

configurations.

5.5 CONCLUSIONS

A mantle source composed of the old Caribbean large igneous province source and
variable degrees of a mixed-plume source is inferred for the Sona-Azuero arc, which
represents the switch from island arc volcanism to subduction zone magmatism, with
arc magmatism in the region of the Azuero and Sona peninsulas of Panama
commencing as early as 71 Ma. The developing arc then migrated eastward into the

Chagres- Bayano region of central Panama east of the Panama Canal. During this
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time, magmas were derived from a variably-depleted subarc mantle source.

Subsequently, as the arc system matured, the subarc mantle source evolved toward
a slightly more homogeneous and less depleted state. The two phases of Chagres-
Bayano arc of magmatism, from 66.4 to 61.5 Ma and from 49.4 to 41.6 Ma, are both
distinct in terms of 2°Pb/**Pb isotope ratios from the earlier Sona-Azuero arc
magmatism. This heterogeneous mantle source for Chagres-Bayano arc magmatism
consisted of a mixture of depleted mantle and enriched crustal components, most
likely derived from variable amounts of subducted marine pelagic sediments and
subduction fluids. After a temporal lull of some 20 million years, the Cordilleran arc
stage of magmatism commenced at 19.2 Ma and lasted until 6.8 Ma (our new Ar-Ar
ages). The mantle source at this time was similar in composition to that which is
presently generating magmas below the active Central American arc to the west in
Costa Rica. This mantle source for this magmatism was less depleted in composition
and tended to produce magmas of a more homogeneous intermediate composition.
The difference between Chagres-Bayano arc and Cordilleran arc source
compositions reflects a maturation of the subarc mantle as indicated by increased
mixing and homogenization of subarc magma sources through time and/or the
replacement of the mantle wedge by a homogeneous and relatively undepleted
asthenospheric mantle source. For the most recent Adakite suite magmatism in
western and central Panama (<2 Ma), an origin is envisioned from partial melts of
seawater altered subducted basaltic oceanic crust derived from the Galapagos
hotspot mantle.

Changes in subduction style and resultant variations in magma sources are attributed
to dynamic changes in regional tectonics over the ast 100 million years. The initiation
of Sona-Azuero arc magmatism partly overlaps in time the cessation of the high
plume activity at the Galapagos hotspot. The change from Chagres-Bayano arc to
Cordilleran arc magmatism was likely triggered by the breakup of the Farallon plate
at ~25 Ma. Changes in contributing mantle sources appear to be relatively abrupt,
indicating that the mantle source in the subduction wedge may have been moved
forcibly by these plate rearrangements. Adakite suite magmatism was only possible
because of slab window formation and accompanied melting of Caribbean large
igneous province basement components or Cocos Ridge OIB by intensive slab

hydration.
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6.1. CONCLUSIONS
Based on major and trace elements, Sr-, Nd-, Pb-, and O-isotopes, *°Ar/*°Ar dating
and petrographic investigations the following conclusions for the evolution of the

Central American landbridge in Panama can be drawn:

1. Taking the Chagres igneous complex (CHICO) as an example it is shown that
even with strong petrographic evidence for alteration and new growth of
minerals, the compositional and isotopic systematics are changed relatively
little. This leads creditability to the interpretation of changing mantle sources
based on trace element pattern and Pb-, Nd-, Sr- and O- isotopes.

2. Alteration in the CHICO is characterized by a primary high temperature
hydrothermal alteration followed by a subsequent second low temperature
hydrothermal event which partly reset the changes of the former alteration.
The low temperature event is subdivided into a group with low fluid/rock ratio
and high seawater/rock ratio.

3. The alteration potential of the CHICO rocks is less pronounced than for mid
ocean ridges and ocean island settings. The high magma production rate
leads to the formation of thick stacks of sheet flows which offer only limited
fluid pathways compared to settings with lower eruption rates like OIB
seamounts. These ocean islands are dominantly composed of pillows and
breccias which provide numerous fluid pathways. Therefore even massive
submarine volcanism of the CHICO type would not lead to extensive
exchanges between magmatic rocks and seawater.

4. The geologic evolution of Panama can be divided into five stages: (1)
emergence of a genetically complex basement prior to ~71 Ma, (2) initiation of
the Sona-Azuero arc (3) formation of the Chagres-Bayano arc (4)
development of the Cordilleran arc (5) localized Adakite volcanism.

5. Stage 1: Two distinct trace element signatures are recognized in the oldest (<
95 Ma and > 71 Ma) basement rocks: (a) flat trace-element patterns in oceanic
basement of the Caribbean large igneous province (CLIP), and (b) enriched
OIB signatures in CLIP terranes. The mantle source involved in CLIP

magmatism is related to the Galapagos plume (Fig. 6.1A).
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6.

8.

9.

Stage 2: The Sona-Azuero arc represents the switch from island arc
volcanism to subduction zone magmatism commencing as early as 71 Ma
showing a mantle source composed of the old Caribbean large igneous
province source and variable degrees of a mixed-plume mantle (Fig. 6.1B).
Stage 3: The Chagres-Bayano arc is characterized by two phases from 66 to
61 Ma and from 49 to 41 Ma. The heterogeneous mantle source for this arc
magmatism consisted of a mixture of depleted mantle and enriched crustal
components, most likely derived from variable amounts of subducted marine
pelagic sediments, which evolved toward a slightly more homogeneous and
less depleted state over time (Fig. 6.1C).

Stage 4: After a temporal lull of some 20 million years, the Cordilleran arc
stage of magmatism commenced at 19 Ma and lasted until 7 Ma. The mantle
source for this magmatism was less depleted in composition and tended to
produce magmas of a more homogeneous intermediate composition. This
reflects a maturation of the subarc mantle as indicated by increased mixing
and homogenization of the sources through time and/or the replacement of the
mantle wedge by a homogeneous and relatively undepleted asthenospheric
mantle source (Fig. 6.1D).

Stage 5: For the most recent Adakite suite magmatism in western and central
Panama (<2 Ma), an origin is envisioned from partial melts of seawater altered
subducted basaltic oceanic crust derived from the Galapagos hotspot mantle

enabled by slab window formation (Fig. 6.1E).

10.Changes in subduction style and resultant variations in magma sources are

attributed to dynamic changes in regional tectonics over the last 95 Ma. The
initiation of Sona-Azuero arc magmatism partly overlaps in time the cessation
of the high plume activity at the Galdpagos hotspot. The change from
Chagres-Bayano arc to Cordilleran arc magmatism was likely triggered by the
breakup of the Farallon plate at ~25 Ma. Adakite suite magmatism was only
possible because of slab window formation and accompanied melting of
Caribbean large igneous province basement components or Cocos Ridge OIB
by intensive slab hydration.
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